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| ntroduction

The first pubdic results pulished recently on the analysis of data taken during 2010
at the CERN Large Hadron Collider (LHC) reveded the excdlent performance of the
detedors, the acaracy of their measurements and the good-cortrol of the signal and
badkgroundrates out of proton-proton colli sions. Therefore, there is no doult that if
ayet-unprobed sedor of the physics (Higgs, supersymmetry, . ..) is ontheir range of
possble measurements, a discovery is "at the corner”. On the contrary, the anourt
of statisticswhich will be recorded in 2011would constitute asignificant data sample
to put strong constraints on new physics. At the sight of this auiccessof the LHC, one
might wonder was it the reasonto devote areseach thesis to the interadions between
phaons exchanged by beamline protons, espedally when one knowsthat it constitutes
only 1% of the total interadions. . .

However, asit will be demonstrated throughthe next chapters, two-phaoninteradions
may play aimportant rolein the next yeasat the LHc. On the one hand, as apowerful
tod to calibrate the total integrated luminosity recorded by the experiments. This
quantity, asit diredly conreds the aosssedion (from the theory) and the event rate
(from the experiment), is one of the most fundamental inpu used by the whae LHC
scientific community. Althoughthe value of the luminasity can be determined through
other methods, the exclusive two-phaon production o muon pairs remains one of the
most acairate and reliable physics channel to measure it.

One the other hand, as a tod to probe and to constrain new sedors in particle
physics. For instance, the detedion o new charged pairs produced through two-
phaoninteradions would al ow for a predse and event-by-event measurement of the
mass pedrum. Thishasto be put in contrast with the research in proton-proton inter-
adionswhich own alarger discovery potential of Beyondthe Sandad Model physics,
but would strugdeto do predsion measurements.



The alvantages enjoyed by the two-phaon produced events are driven by the accu-
rate knowledge of the crosssedions and kinematics of the these interadions, and
the striking experimental signature of exclusive pair production. Thefirst fad al-
lows to predict predsely rates and physicd distributions; so that any deviations from
these expedations would be the sign o something’new’. The second property makes
it easy to deted such interadions: after the (elastic) phaon exchange, the proton re-
mains intadt and is catered at small angle. In exclusive two-phaon interadions, the
final state istherefore composed of two forward scattered protons, the pair of charged
particles produced out the phaonsfusionand. . . nothing el se!

However, it turned to be that the "nothing else” is the most difficult to deted! In
particular becaise two-phaon interadions are occurring at the LHC with a config-
uration which favors dmultaneous interadions within the same bunch-crossng, the
famous pileup effed. The properties of this "nathing else”, namely the exclusivity
conditionsof the event, aretherefore one of the most difficult experimental charader-
istics to determine. One has to ded with many theoreticd and experimental aspeds:
survival probability, inelastic phaon-exchange, forward coverage, cdorimeter noise,
low-pr tradk reconstruction, vertex position resolution, . . .

The posshle upgade of the cms detedor throughthe installation of very forward
detedors afew hunded meters from the interadion pant may however improve the
situationin the nea future. With such dedicated detedors, one may thus tag aphaon
interadion bythe detedion d the assciated ougoing forward proton. The measure-
ment of the proton energy loss and hence the phaton energy, would bring valuable
extrainformation ontheinitial condtions of the event. This projed, suppated by the
High Predasion Sdrometer (HPS) collaboration, has finally a chanceto barn during
the next long LHC shutdown. Once more, pileup effed will play aimportant role &
it may fake exclusive interadions when acddental proton hits in the forward regions
occur simultaneously with ameasurement in the central detecor. Oneway to suppress
this badkgroundconsists in the measurement of the protontime of arrival in HPS, and
to chedk consistency with the cantral measurement positi on with z-by-timing method
A prototype of fast timing detedor with ~10 psresolution, GASTOF, has been built
in Louvain-la-Neuve in the purpose of such measurements.



The study o these unusual i nteradions at hadron colli ders has been condicted during
the thesisthroughtheir diff erent facds. Monte-Carlo simulation, phenomenadlogy, de-
tedor commisgoning, data processng, . .. to study the unique aspeds of two-phaon
interadions. Amongthem:

1. v~ properties. What are the expeded rates of two-phaon interadions at the
LHC? What isthe dfed of inelastic phaon-exchange ?

2. Exclusivity conditions. How to charaderize exclusivity in a complex detedor
(cms) at hadron colli der (LHC)?

3. Two-photon production of muon pair: Isit possbleto deted such events at
the LHC, even with significant pil eup interadions?

4. Luminosity: Isthe pp — pu*pu~p processa goodcanddate to cdibrate the
luminasity asit is claimed in literature?

5. HPs and new physics: With the installation o very forward proton dcetedors,
what kind o measurements are posshble in vy which are nat in namina pp
colli sions?

6. Timing detedors. What istherate of acddental badgroundexpeded and hov
much can be suppressed ?

Thisthesis divided between in four main parts:

Il The montext

The general (and deli berately quali qualitativee state-of-the-art of the particle physics
knowledge & startup o the LHC is presented. The alvantages of two-phaon inter-
adions at hadron colli ders are highlighted, and expeded rates of v+ interadions at
Vs =14 TeV ([1]) and 7 TeV (original) are derived. They serve as abase for the ca-
culation o two-phaon production crosssedion, as for example for supersymmetric
pairs subjed of the last chapter.

Spedfic Monte-Carlo techniques for lepton pairs production are detailed. For the
first time, the LPAIR generator is used in asociation with a dedicated simulation o
the proton remnant to produce together elastic, single-inelastic and doubbe-inelastic
phaons-exchange for the vy — p*p~ process sudied later.



(Il The experimental tools

A large overview of the aurrent and future detedors used to seled events produced
throughtwo-phaon interadions is compiled. It contains description of the cms de-
tedor [2] with an emphasis on the sub-detedors and reconstruction schemes used in
2010to seled exclusive eventsin pp colli sions.

For the future upgade of cms with very-forward stations [3], tagging accegtanceis
computed for the newly chasen locaion o +240m. Besidesthe v~ signal acceptance,
afull study o the proton acddental hits badgroundis performed for the first time
considering the full HPs system [3}/4]. Reduction of the overlap badkgroundrate with
GASTOF fast timing detedor is taken into consideration, along with tests of detedor
design to optimizethe timing resolution [5].

'] The results

The experimental charaderization o the exclusivity condtions within the cms de-
tedor is developed in the first sedion o this part. Starting with the origina ideato
monitor the cdorimetric tower noise for usage & a veto to inclusive events [6], it
clealy shows that the LHC corfiguration with pileup is gaili ng this method There-
fore, a completely new method establishing the exclusivity within the tradker only
—thanks to spedfic vertexing and tradking seledion—is presented.

The demonstration o the performance of these new techniques is achieved with the
observation o the vy — u™pu~ processwith the cms detedor [7], among the data
recorded in 2010 in pileup environment, for which data-driven efficiency corredions
are cdculated and appli ed to the LPAIR Monte-Carlo samples.

The separation o the dastic signal from other contributions is dore thanks to a novel
fit procedure, with afirst appli cationto the cdibration o the 2010 integrated luminos-
ity. Systematics related to exclusive process ®ledion, signal extradion and experi-
mental uncertainties are estimated separately.

Thelook forward

Finally, an exploratory reseach of the vy physics patential with the HPsdetedorsin
the beamline is presented. Using predicted rates from first studies, doube-tag accep-
tanceof HPsderived previoudly, andthe confirmation d the performancefor deteding
exclusive di-leptonic events, the two-phaon production and detedion o supersym-
metric pairs are investigated [8].



An empiricd methodisimplemented, aimingto reconstruct the SUSY mass pedrum
with afew GeV resolution ory. Overlap badkgroundeffed is added to the study; to-
gether with some spedfic methodsto suppressit, includingwith GASTOF detedor [9].
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Chapter 1

M otivation

“ Big Bangmachinescientistslookto exotic findings'
Reuter Press(May 2010

1.1 Thepurpose of the Large Hadron Collider

The purpose of high-energy physics is the study o the building Hocks of matter
and the interadions between them. As aresult of decales of reseach, an (almost)
complete comprehension o the fundamental elements and their properties has been
adhieved. Thisiscodified in the so-cdled Sandad Model (SM). On the one hand, the
constituents of the matter are point-like particles which can be grouped acarding to
some principles of symmetry; on the other hand, their mutual interadions are driven
by elementary forces which can be explained within the framework of gauge field the-
ories.

All the particles can also be described as fields and their interadions as mediated by
gauge fields. Since the fields are quantized, the interadions can aso be though as
caried by particles. All the aurrently known matter and anti-matter particles can then
be described by fermionic fields, while the interadions are represented by basonic
fields. The aurrent scheme of clasdfication, andtherelated issues, arelisted afterward.
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The dementary interaction and matter particles

The bosonic sedor of the SM contains three of the four elementary interadions and
their respedive 'force carier': eledromagnetic (mediated by the masdessand reu-
tral phaon«), strong (mediated by 8 masdessand color charged guors g, ading on
quarks only) and week (mediated by massve bosons W+ and Z°). Indedd, it is not
clea if at the quantum level the gravitational forceis mediated by gauge field andthus
can be described within this framework.

The fermionic sedor contains the quarks and the fermions constituent of the matter.
For eat matter particle, it also exists an anti-matter particle with the same massand
life time but oppasite quantum numbers (and consequently diff erent eledric charge).
The leptons are ompaosed of the dedron (e~), muon () and tau (77), ead hav-
ing eledric charge @ = —1 and nocolor charge; and their correspondng reutrinos
(Ve,vp,v7) which have Q = 0.

Moreover, one can find six quarks namely up (u), charm (c), top (t) with @ = 2/3
and down (d), strange (s) and bdtom (b) with @ = —1/3. However, an important
consequence of the QCD theory is the confinement of the quarks: quarks dor't exist
as freeparticles but are confined into colorless hadrons compased of one quark and
one anti-quark, or threequarks, respedively cdled meson and baryon.

As st of particlesin nature have shown similar properties, this suggests the existence
of symmetries which, from a mathematicd point of view, means use of group the-
ory. The symmetry group d the Standard Model contains the gauge group SU(3)¢
from the Quantum ChronaDynamics (QCD) theory describing the stronginteradions
between colored querk and duors, and the group SU(2)r, ® U(1)y of the unified
eledrowedk interadions proposed by Glashow, Weinberg and Salam (GSW), moti-
vated by the experimental observation of maximal parity violation, and constructed
with the gauge bosons B, and W', i = 1,2, 3.

wr

Clasdficaion o particles content in the GSW model i s displayed in Table[1.1] Within
ead generation, 15 matter fields exist: 2 L leptons, 1 R lepton, 2 x 3 L quarks and
2x3R quark@. Right-handed neutrinos are not included in the theory.

The major problem inthe GSW model i sthat all thefieldsin the considered lagrangian
are masdessand that any explicit massterm likem L, L is al owed withou bresking

1the fador 3 isfor the alor
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L eptons 15t ond 3rd
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Table 1.1: List of known elementary particles constituent of matter with their electro-wesk
quantum numbers. A similar table can be built for anti-matter, with anti-quarks and anti-leptons
(@, d, e, v, ...) .

the gauge invariance and the renormalization o the theory. Any of the gauge fieldsin
the theory can then be assciated with the known gauge bosons. One possble solu-
tion to solve this problem is to introduce asportaneous breging o the dedrowedsk
symmetry.

The Brout-Englert-Higgs medanism

In order to introduce asportaneous symmetry brezking and to solve the massproblem
for fermions and gauge bosons, Brout and Englert as well as Higgs have
postulated that these masses are generated dyramicdly throughan interadion with
a new complex scdar douHet field ¢ , which is assumed to exist everywhere in the
vaauum. They design the patential (the famous ”Mexican hat” potential) so that the
groundktate, i.e. the minimal potential energy, is non-zero and is reatable for any
values of the phase w so there exists an infinity of equivalent groundstates (¢ = vei®).
Asin quantum field theory only one vaauum state may exist, once aparticular value
of the phaseis chasen, it canna change locdly. Therefore, anon-zero vaauum expec
tation value bre&s the locd gauge invariance.

When the dedrowedk interadion is impased, a mixing between gauge bason states
takes place The Wﬁ and B, fields mix to give rise to four new gauge bosons W,
Z9 and .
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Hierarchy and fine-tuning problems of the SM

All the parameters of the SM, including the masses of the basons W=+, Z° and v, have
been measured with high predsion in various recent experiments and all theoreticd
predictions are in goodagreament with the present data. However, the Higgs boson
has not yet been discovered. As it can be seen onthe left side of Figure[1.3] LEP
seaches have put an lower boundmy > 114.4 GeV at [12], and TEVATRON 0nes
have excluded it for 158 < mpy < 175 GeV [13], bath at 95% C.L. On the same
figure, one can seethat the fit of the dedrowed predsion data tends to favor alight
Higgs boson mass(Ax? = 0 for my = 95.74,9°° GeV a 95% C.L.).

Anyway, if the Higgs exists, the radiative corredionsto its masssquared, which come
at first order from the insertion of afermion a boson loopin the Higgs propagation
line (seeFigure(1.1), diverge quadraticadly at high energy:

Am3 ~ O(A?) + ...

where A isthe ait-off scde, i.e. the energy at which the integral is gopped to avoid
quadratic divergence If any new-physics cde isintroduced, it can be mnsidered as
the unificationscde A ~ Mpjunr ~ 101° GeV.

Figure 1.1: First order corredion to the massof the Higgs boson dieto aloop o fermion (left)
and bason (right).

Thisis part of the hierarchy problem of the SM: the massof the Higgs tends to be
nea the highest scae of the theory while indired experimental data shows the con-
trary. One posshle solution consists in a fine-tuning d the parameters bringing to
a cancdlation between basonic and fermionic loop. However, such a mincidencein
the parameters appeas extremely unratural. Moreover, if onetriesto cdculate higher
order corredions to m?, the divergences regppea at eac order of perturbative e-
pansion and reed a new fine-tuning o the parameters.
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1.2 A motivation for Supersymmetry

One of the most popuar theories asauming new physics at the TeV scdeis the super-
symmetry, usualy abbreviated by SUSY. It postulates a symmetry between fermions
and basons, by asauming that ead SM particle with a spin j has a supersymmetric
partner with spin (j — %). The particle spedrum is then doubled and arganized in su-
permulti plets: the chiral multi plets contain the spin 1/2 matter fields and their scdar
partners; the veaor multi plets contain the spin 1 gauge fields and their fermionic part-
ners. All the particlesin a supermulti plet have the same dedric charge, week isospin
and color. Many theoreticd, phenomendogicd and experimental arguments exist in
favor of a such asymmetry uponthe SM, amongthem:

e SUSY solvesthe fine-tuning problem:

The radiative corredion to the Higgs bason masssquared contains, in SUSY, bath
fermion and bason loops (Figure1.1) which, acwrding to Feynman rules, contribute
with an oppaite sign. The aswciation o a scdar to ead fermion automaticdly
cancds the quadratic divergences and solves the fine-tuning problem, providing that
the SUSY partners are not too heavy compared with the fermions of the SM, i.e.
Mmsysy f/ 1 TeV.

e SUSY bringsa candidate for Dark Matter:

By construction, supersymmetric potential could contain some terms violating the
baryon and lepton number conservation. Consequently, some models would predict
the sportaneous decay of the proton throughthe exchange of d, which isruled out by
current data. To avoid such unwanted terms in the potential, one usually introduces a
new symmetry cdled R-parity which is multi pli catively conserved and defined by

R= (_1)3(B—L)+j

where B is the baryon number, L the lepton number and ; the spin. By definition,
R = 1 for al matter particlesand R = —1 for their super-partners. Some important
phenomendogicd consequences of the R-parity conservation are that:

e supersymmetric particles can only be produced by pairs of sparticle-anti-sparticle,
e thedecy products of al SUSY particles must contain an odd number of sparti-
cles.

Consequently, the Lightest SUSY Particle (LSP is heary and raturally neutral and
stable which makes it an excdlent candidate for the dark matter[14].
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e SUSY yields unificaion o the couging constants:

With the SM, theinverse gauge coudings a; (Q?) ~ ¢, a2(Q?) ~ ¢? andaz(Q?) ~
g% depend onthe energy and runlinealy with In(Q?). Althougha; * deaeases with
Q?*whilea; ! and agl increase, the extrapdation d their trend never med to asingle
value (Figure[1.2] |eft). On the contrary, one expeds a unification o these cougings

3t sM | S + SuUSY
60 - Ya, 60 - Yo,
40 40 —
i 1/02 :
20 — 20 —
i /0(3 :
o J A N B ol 1
0 5 10 15 0 5 10 15
log,,(Q/GeV) log,,(Q/GeV)

Figure 1.2: Evolution of the inverse of the gauge cnstantsin the SM (left) and in the MSSV
(right), for which the unification is obtained. The SUSY particles are assumed to contribute
only abowe the dfedive SUSY scde of abou 1 TeV, which cause the change in slope in the
evolution.

at high energy, in the context of a SU(5) Grand Unification Theory. However, with
the introduwction of anew SUSY scde aound1 TeV, the unification o the constants
can bereaded at ascde of 10'¢ GeV (Figure 1.2, right).

e SUSY predicts low-massHiggs boson:

The lightest supersymmetry Higgs bason shoud na weight more than 140 GeV in
most of the SUSY models [15]. This constraint is in agreement with the fit on the
current eledrowed predsion olservable, which tends to favor a light Higgs bason
mass(Figure[1.3).

It hasto be naticed that SUSY is naot the only model solving the masshierarchy prob-
lem, or predicting the existence of new particles nat yet discovered. One can cite
for example the theories of Extra Dimensions, Kaluza-Klein, Technicolor or the 4"
generation to name the most famous ones.
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Figure 1.3: Ax? curve derived from the dl electrowesk predsion observable (but the Higgs
boson masg measured at LEP and TEVATRON, as afunction of m g, asauming the SM to be the
corred theory [16].

13 PhysicsattheLHC

In order to understand the origin of the dedrowesk symmetry bregking for which
the Higgs medhanism is suppased to be resporsible for, and to probe new sedors on
physics, the CERN acceerators fadlity center has made the chaice to buld a high-
energy proton andion colli der in the former tunnel of the LEP close to Geneva.

Starting from hydrogen atoms on which eledrons have been removed, protons are in-
jeded into a linea accéerator LINAC2 up to an energy of 50 MeV. The next steps
of energy increase bring the protons to the BOOSTER (1.4 GeV), to the proton syn-
chrotron Ps(26 GeV) where protons burches are formed, andthen to the sps(450 GeV),
where there ae then sufficiently energetic to be injeded into the LHC ring, as repre-
sented in Figure/1.4. The operation is repeaed 24 times, injeding helf clockwise
and helf anti-clockwise. Final accéeration from 450 GeV to 7 TeV inthe LHC is per-
formed througha radio-frequency (RF) system consisting o 8 single super-condtcting
cavities per ring, providing an eledricd field of 2MV/cavity at 400MHz.

Once in the LHC ring, spedfic optics composed of 1232 dipoe magnets and 992
quadrupde magnets are used respedively to keep the beam ontheir paths andto keep
it focused. Only at four paints of the rings, the beans are cossd:
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e ATLAS (P1) and cMs (P5) are two general-purpose experiments, mainly con
centrated onseach of Higgs bason and new physics,

e ALICE (P2) for the study o heary-ion colli sions,
e LHCb (P8) looking for the CP-violationin b-quark interadions.
Four other caverns are equipped with beam instrumentation as the RF system (P4),

beam dump (P6) and colli mators for the deaning o the betatron (P3) and momentum
(P7) of the beam.

CMS
LHC
Hl:ﬂrmml

ALICE LHCb
__—b ==
sps_ >%
ATLAS ENGS

—— East Area

Figure 1.4: Representation of the CERN accéeration complex.

In 2010run period, the accéerator machine ran with a energy per beam of 3.5 TeV
rather then the nominal 7 TeV for seaurity reasons related to inter-dipole dedricd
conredions. Also, during few daysin 201Q the LHC accéerated and colli ded heavy
lead nuclel (hence the name Hadron Collider). In that case, the accéeration chain
starts from the LINAC3, followed by the Low-Energy lon Ring (LEIR) which store
them before the injedion to the Ps. The primary goal of heavy-ion collisions is to
study the formation and decgy of quark-gluon dasma: a new state of the matter, like
adense’soup of quarks and duors formed at high temperature.
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The chaiceof ahadronic machine, despite the large successof the previouse™e™ col-
lisions at the LEP, has many advantages compared to a leptonic machine, in terms of
discovery patential. Indeed, the nominal design o the LHC (3.5 TeV during phese |,
7 TeV for phase ) alows for partoninteradions at the cm.s. energy around1 TeV,
i.e. in high-energy region where new physics may appea, and provides large lumi-
nosities, i.e. highrate of collisions.

However, the design also brings alot of non-convenient effeds. Firstly, asthe interac
tions happen between partons (quarks and guors) which carry an unknavn fradion
of momentum and energy of the incoming protons, the initial condtions of the event
remain unknavn. Moreover, the parton density functions (PDF) of the proton have
never been measured at these energies, and are just extrapolation o fit from previous
experimental results. That leads to big uncertainties in the hard processcrosssedion
predictions as it fadorizesinto a hard scater part and alongrange part:

1 1
Opp—Xx = Z/O dxq gj@h#%)/() dy g (2, uF) déjr—x (1.1)
ik

where g, isthe PDF which gives the probability for a parton « of the proton to enter
the hard scatter with afradion z of the original momentum.

Seoondy, remrded events produced in hadron colli sions have in general more com-
plex and lessclean final states than at the LEP: stronginteradions result in higher
trad muilti plicity due to gluonradiation, hadronisation o the proton remnant in the
forward diredion and the multi ple partoninteradions. Final states of interest are then
embedded in a compli cated jet-filled environment, asill ustrated in Figure/ 1.5 showing
an inclusive dimuonevent.

Finaly, in order to read such luminosities, the LHC will have to procead to simulta-
neous multiple alli sions per burch-crossng (the so-cdled pil eup events, seeSedion
which will giveriseto alarge occupancy of the detedors.

On the ontrary, high-energy phdon interadions usually result in simple topdogy
of theinitial an final states, and clean experimental environment. Properties of such
interadions have been studied in Sedion[21] while their experimental detedion is
covered in Chapter (5]

Althoughthe rate of phaon interadions (as well as asciated crosssedions) is rel-
atively small, studying processes mediated by phdons at the LHC shoud bring com-
plementary results to the nominal parton-parton interadions with interesting tests of
the SM and searches for beyond SM.
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CMS Experiment at LHC, CERN e
Data recorded: Sun Oct 17 09:22:33 2010 CEST
Run/Event: 148032 / 136797454 e i

Lumi section: 191 o

Figure 1.5: Event display of aninclusive dimuonevents. The event contains4 primary vertices,
172tracks and 9jets.
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14 First SUSY constraintsfromLHC

Thefirst limits on supersymmetry have been pubished recently by the cms coll abora-
tion. Asprobingaspedfic region o theMSSM phase-spaceusuall y requeststo look at
aparticular final state, the observed limits are computed for ead of SUSY signature
independently. The observed 95% C.L. limit for SUSY searches in the (mg, m4 /2)
plane of the MSSM is shown in Figure1.6) With the first 36 pb~! of datarecorded in

CMS preliminary L _ =36 pb'Ns=7TeV

S 400 ! T ———
% -5 = ] coF 7 ans-5,uc0 ]
L@ S
g 350 -—’F &\ DO g, g, tanB=3, u<0
e o were
S

.............. . [ Jiere 7

3001
C tanp=10,A =0,u>0

Jets+MHT

e
800 1000
m, (GeV)

Figure 1.6: Observed 95% corfidence level limits in the MSSM mg, m1 /> parameter plane
for different signature searches.

2010, cms put stronger exclusionlimitsthan at LEP and TEVATRON. In particular, the
absence of excessof signal in the seach of ' jets plus missng energy'- type of events
set the best limits and espedally excludes the low-mass LM 1 benchmark paint.
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Chapter 2

Photon interactionsattheLH C

“And God said, ’'Let there be light, and there was
light God sawthatthelightwasgood”

The Credion, Genesis

Photonsinteradions have been studied mainly at HERA to test the hadronic structure of
the proton. However, similar phenomena have been seen at TEVATRON andat
the LHC [7]. In this spirit, the LHC may be considered asa’ parasitic’ phaon colli der,
aiming to study phdon-phaon, phaonquark and phdon-gluon interadions. This
chapter, devoted to phdon interadion properties, is divided in three sedions. First,
the phenomenology related to the different interadion types is explained in Sedion
followed by the introduction o a convenient mathematicd framework design to
describe these interadions at high energy: the Equivalent Photon Approximation in
Sedion[22. An dternative method wing the full Matrix Element computation is
explained in Sedion[23, At the end o the dhapter, a small sedion is devoted to the
experimental properties of other exclusive processes.

2.1 Photoninteractions at high energies

The ~-exchangein a oolli der experiment is charaderized by striking experimental sig-
natures. Indeed, as colorlessobjed is emitted from the proton, large rapidity regions
of the detedor are devoted of any hadronic adivity between the ceantral state and the
outgoing protons, and ore usually refersto it as rapidity gaps. The experimental as-
peds related to the seledion o exclusive events are establi shed in Chapter (5|

21
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Moreover in case of elastic phaon exchange, the incoming proton survives, is <a-
tered at almost zero-degree angle and escgpes undeteded along the beamline. Far
from the interadion pdnt (1P), some dedicated very forward stations may deted this
proton, tag the phaon-exchange and reconstruct their energies. Studies onthe instal-
lation of such forward stations at 240 m and 420 m of the IP within the HPS projec
are discussed in Chapter 4,

2.1.1 Two-photon interaction

Phaton-phaonfusionisthe dassof interadions where phaons are emitted from both
sides. As shown in Figure'2.1] eac of the two incoming protons emits a virtual pho-
ton. These phaons fuse to give asystem X of particles which is centrally produced.
The proton either survives and is cdtered at small angle in case of elastic emisson,
either dissociates to a hadronic state in case of inelastic emisson (Figure 2.4).

Amongthe phaon-interadions processes, it iswithou doult the most promising class
of events, in particular because the same physicsasin e*e™ collisions at the LEP can
be studied, but thistime probed with energies above the dedrowedk scde. Moreover,

Figure 2.1: Feynman diagram for the exclusive two-phaton elastic production pp(yy) — pXp

asthereisany color flow onany sides of theinteradion, two-phaoninduced proceses
lead to the deanest final states ever: only the result of the phaons fusion X is pro-
duced ou of the aollision, in association with the two centrall y-undeteded scatered
protons.

The most interesting processes to be studied are the pair productions of nontstrongy
interading perticles, as the diffradive badkground contamination is anall and the
badkground from purely—hadronic interadions is easily suppressed based on low-
multi plicity of tradks and/or rapidity gap requirement. In addition, if the entire event
is reconstructed, transverse momentum will also provide large rejedion pawver.
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Some examples of reatable final statesin v+ fusion and their physics potential are:

e thedired pair production o’ new-physics' massve particles, as 4 generation,
SUSY [22], Extra-Dimension [24]. An exploratory study o two-
phaon production of supersymmetric pairsis presented in Chapter(8,

e seach for Diracmonopde [25],

e exclusive SM Higgs prodiction, in case of high H~~ couging, or charged Hig-
gses [26],

e seach for new massve gauge bosons with the anomalous (triple, quartic) gauge

coudings [27,(28,129],
e seach for unparticle physicsinteracion with SM [30],

e pair production o leptonsfor luminosity normalizationat the LHC [31}[32], with
first measurements at cMs discussed in Chapter[7,

e pair production o leptons for HPStradking stations alignment [3].

2.1.2 Photo-production

Photo-production refers to the dass of proceses where the phaon interads with a
gluon a a quark (referred as the parton p) from the other proton, as represented in
Figure[2.2] It results in finad states lessclean than the phaon-phaon processes as
one side of the hemisphere involve aproton kre&ing, but one expeds larger cross
sedionsandlarger c.m.s. energies. Ascrosssedioncdculationsarepartialy based on
PDF, predictions arein general more uncertain. Physics patential of phato-production

includes :
e measurements of the top quark massand charge,
e constraint of the V;;, CKM matrix element with associate Wt production,

e observation d the SM Higgs, with associate W H in case of fermiophobc Higgs

e seach for FCNC with the anomalous production o single-top
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Figure 2.2: Left: Feynman diagram for the phao-production pp(vp) — pX N'. Right: Feyn-
man diagram for the diffradive phao-production pp(vP) — pXp.

2.1.3 Diffractive photo-production

Diffradive phao-production is a sub-classof ~p interadions where the phaon inter-
ads with a QCD color-singlet state. The processcan be fadorized in threestep@ as
shown of Figure(2.2, right : (a) the phaon fluctuates into a ¢ pair; (b) the pair inter-
ads, at leading arder in perturbative QCD, with atwo-gluon state — cdled pcmeror@
(P) — emitted from the proton which remains intad; (c) final state is formed from the
pair. Only states with the same quantum numbers than the phaon can be produced:
P, w, ¢, ¥, J/, T and Z boson. Unfortunately, the relative low-mass quarkonium
resonanceslike J/ U are decging, when they are produced at low-p asin diffradive
phao-production, to final states which are & the limit of the detedion criteria for the
current LHC experiments (small pr, large n), except if spedal triggers are dedicated
to these signals.

Sincethe phaon emissonisrelatively well known, these kind o interadions may be
interesting to probe the pomeron flux from the other proton, and test the QCD satu-
ration effeds resulting from nonlinea gluon dyramics [36]. Indeed, the aoss
sedionis propartional to the square of the gluon density in the proton, which is aup-
pose to be higher at low-z. As a mnsequence, production rates are predicted to rise
as afunction o W, the phaon-proton c.m.s. energy, and is expressed as o ~ W?.
Various measurements at HERA aswell asfit to extrad the § values are summarized in
Figure[2.3/[37]. The detection o exclusive T (Sedion[65) and J/¥ (Sedion[6.6) at
the LHC will therefore extend the aosssedion measurements at higher energies that

1This picture is however only valid in the referenceframe of the proton which have emitted the phaon,
i.e. in areference framewhere the phaon moves very fast.

2The stateis cal ed pameronin hona of the Russan physicist Pomeranchuck who studied the behavior
of vaauum state exchange and pcstulated the existence of a new reggeon.
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Figure 2.3: Diffradive vedor meson phdo-produiction measurements at HERA. The W,
dependence of the aosssedion is parameterized as W, with ¢ extracted from fit [37].

what was probed in ep colli sions.

All the physicsinformationis contained in the ¢ variable which is the four-momentum
squared of the proton which dces nat emit the phaon and is sensitive to correlations
between gluon airs within the proton. This is related to previous quantitiesas § =
4(a(t) — 1) with « the exchanged pameron trajedory. Althought quantity canna be
probed diredly in vP interadions at the LHC, a goodapproximation is the p2. of the
reqonstructed vedor meson.

2.2 The Equivalent Photon Approximation

Based onan original i deaof Fermi who pdnted ou that the field of afast charged
particleis dmilar to an eledromagnetic radiation which can be interpreted as aflux of
phaons, Weizsader and Willi ams independently propased the introduction
of an equivalent red phaon spedrum to compute the aosssedionsfor theinteradion
of particlesin relativistic motion.

In their article of 1975 unitled ' The two-phaon paticle production mechanisn,
Budrev and coll aborators proposed an extension o the Weisader-Willi ams method
including the treament of phaon virtualities [41]. The so-cdled Equivalent Pho-
ton Approximation (EPA) is an approximative method to compute aosssedion o
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eledromagnetic processes by considering them as interadions of fluxes of equivalent
phaons. In the EPA, the scatering amplitude fadorizes as to separate the phaon ex-
changes (processindependent) from the phaonsinteradion (process-dependent) with
the introduction d the equivalent phaon spedrum dN,,:

A0 pp(yy)—pXp = Tyy—X @ ANy, © AN, (21)

This approximation consists to consider the phaon as red and withou polarization,
which is valid orly in case of low-virtuaity phaon exchange. As a mnsequence
the EPA can only be gplied in situations where the aosssedion is not sensitive to
the virtuality of the phaon, i.e. nat for too low mass ystem X. Moreover, this
corresponds only to the region o small proton scatering angles. One example of the
"inapplicability” of the methodis for the aosssedion o the two-phaon production
of lepton pairs pp(yy) — pl*t¢~p. One has then to use the exad matrix element
solution computed with dedicated numericd methods as explained in Secion[23.

After defining the foll owing quantiti es rel ated to the kinematics of the phaon-induced
process

e p* the aolli ding proton momenta,

e p'H the scatered proton momenta,

e ¢" = pH — p'* thevirtua phaon momenta,

o Q*=—(p" —p™)(p, — p),) the momentum transfer,

e z = E,/E, the phaor/proton energy fradion,

one can write the spedrum dN, [43:

a dQ? dx min 2 a? 2
dN = T 07z [(1 — ) <1 - ?FE(Q )) + ?FM(Q ) (2.2)
where F'r, and F; functions are the dedric and magnetic form fadors of the incom-
ing perticles.

The number of equivalent phaons (or the phaon spedrum) is cdculated by integra-
tion ower the whale virtuality range:

(z,Q*)dQ’ (23)

AN Qnaz 2N
f@) = L) = /

T dw Q2 dQ*dx

andis shown at Figure2.5/for elastic andinelastic contributions.
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Elastic photon exchange flux

In the literature, a phaon exchange for which the proton remains intad is cdled
elastic prodiction. In that case, in the equation o the spedrum (2.2), the Fr and
Fyr functions take the values:

4m3G% + Q*G3
p

Fu(Q®) = Gy (24)

using the convenient dipale gproximation for the proton form facor

o\ —2
Ge(@Q*) = (1+g(2)>

o\ —2
(@) = w1+ ) 25)

with p, = G (0) = 2.79and Q% = 0.71 GeV? the dipole form fador [41].
The flux dN/dz isfound sing with:

2
2 e mi— 2 _9Gev? (2.6)
xr

min 1— max

The upper term is motivated by strong v-exchange suppresson die to the presence
of eledromagnetic form fador and to the finite spatial charge distribution o the pro-
ton [41], whil e the minimal value is akinematicd li mit. The full computation is
shown in Figure[2.5] One can naicethat the spedrum is grondy pedked for low-z
values which means that the flux will be mostly composed of low-energetic equivalent
phaons. Asthe flux drops with virtuality as ~ 1/Q?, for low-x the virtudlities are in
general small, (Q?) ~ 0.01 GeV2. As a consequence, the low-virtuality approxima-
tionmade in EPA isvalid in most of the cases. From the kinematic point of view, that
implies very small proton scatering angles, ~ 20urad [42)].
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Inelastic photon exchange flux

Within some ondtions, the proton dssociates due to the phaon exchange into a
hadronic system NV with low-massm y:

my = p''p), (2.7)

as shematicdly represented in Figure2.4| In theliterature, thesekind of processesare
cdled inelastic productions. We usually cdl semi-elastic production, the two-phaon
interadion where one of the proton survives and the other one bre&ks. Similarly,
fully-inelastic production refers to processes where both protons dissociate. The Fi

N

Figure 2.4: Feynman diagram for inelastic prodiction pp(yy) — pX N

and F; functions are integrated functions of the proton structure function £ (x5, Q?)
:

FE(Q2) _ /FZ(Ib,QQ)dl‘b

Tp

Fy(Q?) = / FQ(Z‘%Q;QQ)CZJ% (2.8)

b

with the Bjorgen =, ~ Q%/(m%, + Q?). Thisis equivalent to perform integral over
the phaon wvirtualities and over my from m, to m’}** which is taken as 20 GeV
in the next computations. The F» values can be extraded experimentaly from the
crosssedion measurement of +*p interadions [44].

The flux dN/dz isfound sing with:

2 am? T 2 300 Gev? (2.9)

mwn 1 — max

andis shown at Figure[2.5]
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X

Figure 2.5: Number of equivalent phatonsin case of elastic (plain) and inelastic (dash) phaon
exchange, asafunction of z = E.,/E,. Horizontal and vertical axis are log-scded.

Photon luminosity

In the EPA, eledromagnetic interadions between charged hadrons are seen asinterac
tions of phaons. From this point of view, the LHC can thus be considered as aphaon
collider and the relative phaon luminaosity, i.e. the fradion o the luminasity which
involves phaon interadions to the nominal luminasity, can be computed within the
same framework using the Q?-integrated luminosity spedrum f., (2.3).

In case of two-phatoninteradion, the luminosity spedrum L., includesthe integrated
flux of eadh phdonandis defined as:

AL~ ' W"?v dx
= 2 — ] — 210
el LR .fw< o) & 210
with
Wy, = 2+E,E,, the phaon-phaon c.m.s. energy (211
s = 4FE? the proton-proton c.m.s. energy (2.12

The relative luminosity spedrum jVLVj/: is shown at Figure 2.6/ for elastic-elastic,
elastic-inelastic and inelastic-inelastic proceses. Two incoming proton energies are
taken into consideration: 3.5 TeV and 7 TeV. Again, one shoud nae that since the

spedrum dN,, is peeked for low-energy phdons, the average vy c.m.s. energies are
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relatively small compared to what is accesgble in naminal parton-parton interadions,
but extendto 1 TeV and even beyond

The two-phaon luminaosity is then found byintegrating the eguation over the
vy cm.s. energy. The spedrum is also shown in Figure 2.6 as a function o the

minimum ~-y energy W, to compute the integral, i.e. f;,‘; j‘fvﬂdww.
el

One finds that, for W, = 10 GeV, the dastic-elastic integrated luminosity reades
1.67% (1.08%) for /s = 14 TeV (7 TeV), and the total avail able luminosity includ-
ing inelastic phaonexchanges is 3.1% (2.2%). Althoughthe relative luminosity is
strongy peéeked for low-W,., values, the fradion o the total pp luminacsity available
for elastic two-phaon interadionsis dill 0.1% for W, = 226 GeV (114 GeV). Tak-
ing into acourt the nominal LHC luminasity of 1034em =251, this leals to large
production rate despite the relative low crosssedions.

Crosssedions

For cases where the EPA is sttisfied, the proton-proton crosssedion can be written
as the awnvdution o the probability of the proton to emit a phaon with the phaton-
phaon(parton) crosssedion:

dopp(yy)—pxp = Tyy—x(Wyy) dN (21, Q?) dN (z2, Qg)
dopp(vp)—px ' = Oypox(Wop) dN(z, Q) (213
Using the equivalent luminosity spedrum defined in (2.10), it turnsto:

Vs dL
Upp(w)ﬂpo(s) = /W0 de’{;

1
Tpp(vp)—pX N'(8) = / fo(@) opx (,8) d (2.149)

min

(Wens 8) 0 x (W) AW,

It depends only on the energy of the incoming proton (which modify the flux), the
charge of the produced particles, the mass and the spin, as hown in Figure[2.7] on
which is displayed the dastic-elastic crosssedion for different massand spin state
pairs. As any parton censity function d the proton hes to be acourted, it makes
the two-phaon interadions extremely well-known processes. Taking into acournt
inelastic phaon-fluxes, for which urcertainties remain large and withou posshility
of forward doube-tag, the total crosssedion is rougHy afador 3.5 higher than the
elastic-elastic value.
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Figure 2.7: Proton-proton douby-elastic crosssedion for the two-phaton production of scaar
(spin 0), fermion (spin 1/2) and vedor (spin 1) pairs as a function of the particle mass using
the EPA coded into CalcHEP.

Survival probabili ty

On top o the Equivalent Photon Approximation, we have to take acourt of the
hadronic structure of the proton and add the rescattering effed, i.e. secndary strong
interadions between spedator partons. This rescatering, becaise it happens smul-
taneously to the phaons fusion, has an impad on the experimental signatures with
gap requirement. Indeead, color exchange will forcethe protonto hadronize and then
produce multi ple secondary soft particles which will fill the rapidity gap, similarly to
what happens in an inelastic phaton exchange. For instance, a the TEVATRON, the
rate of exclusive dijet events was measured to be lower by afador 10% compared to
the predicted value [45].

In order to takethiseffed into acourt, the survival probability $? hasbeenintroduced
in the literature & a corredion fador to the theoretica crosssedion. The fador S2
has nat aunique value but depends on the kinematicd configurations of the incoming
hadron, the final states interadions and the impad parameter as

1

Va2

S2 ~ d ~
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which meansthat for low impad parameter d, the interadions gands inside the strong
interadion radius and the protons can "fed” each cther, leading to a small value of
the survival probability. Asthe average Q? increase with the energy, we exped lower
survival for higher c.m.s. energies.

Two-phaoninteradions, sincethey are charaderized by large impad parameters, are
in general not much aff eded by the rescatering and the survival probability isaround
one. On the contrary, for interadions between phdon and quaerk or phaon and guon,
the probability that the survival protoninterads drongdy with the other one is higher.
In general, one dso has S?(yy) > S?(yP) > S?(PP). Varioustheoreticd predictions
exist in the literature, with diff erent models, inputs or methods of computation. With-
out being exhaustive, here ae afew examples of computations for diff erent exclusive
processes:

e The rescatering corredion for the two-phaon produwction o muon peirs was
cdculated in for muon pirs produwced at /s = 14 TeV, with an invariant
massm,,,, = 20 GeV and at zero-rapidity. The corredionisfunction o the pr
of the pair and gves1 — S? < 10~ for pr = 10 MeV and1 — S? < 6 x 10~*
for pr = 30 MeV.

e Similar caculations for the vy — H processpredicts 52 = 90% for a Higgs
massof 120GeV at /s = 14 TeV in [46)].

e Inthe W production via phaon-exchange vp — W + X, the rescatering sup-
presses the aoss ®dion byafador of abou 4 for |t| ~ 0.1 GeV? [47].

o Finally, the Higgs productionthroughcentra exclusive process(seeSedion 24)
iseven more subjed to rescatering effed. Usingtwo possble values of the pro-
tonb-slope, one getsasurvival fador intherange2.4% —4.5% for aHiggs mass
of 120GeV [48/[49.

Rescattering can also appea in inelastic cases, but has a diff erent meaning. The pro-
ton hes already dissociated, so the secondary interadions happen between secondary
particles of the proton remnant. These kind o interadions are not well knowvn and
thus contribute alot to the uncertainties for the inelastic processes crosssedions.
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2.3 TheLPAIR generator

Asarealy quded, the EPA can orly be used under some spedfic condtions, includ-
ing the fad that the aosssedion is insensitive to the phaon virtuditi es. Therefore,
this approximation is not valid for two-phaon production o low-mass X system,
for instance the vy — ¢7¢~ process In that case, the only alternative to compute
crosssedions and kinematics is to use the full matrix element (ME) computation.
The LPAIR generator is a stable computer program devoted to the simulation o
eledro-magnetic production o lepton pairsin lepton-lepton, lepton-hadron a hadron-
hadron interadions throughtwo-phaon interadions.

The Monte-Carlo event generation is based on a stable formula adapted to take
into acourt the spedficities of the two-phaoninteradions. On the one hand, asthere
are two phdonsin the t-channel, most of the aosssedionisfoundto come from the
very small |¢| values of the protons, i.e. o ~ ¢, 't;'. Severe problems appea then
when ore tries to integrate it numericaly (espedally an integration ower an experi-
mental accetance only), except if the integral over the phase-spaceis reformulated.
On the other hand, the evaluation o the ME itself for such processs in a standard
"Feynman rules’ fashionwould lead to bad cancdl ations between various terms.

The philosophy d LPAIR istherefore to consider kinematicdly the two-phaoninter-
adionsasa?2 — 3 processlikein Figure[2.8] All the v physics kinematicd prop-

Figure 2.8: Kinematics of the v~y processasit is considered in the LPAIR program.

erties can be foundin this gystem, independently of the particle content of the three
final systems Y1, Y2 and X. Once the anplitude for the sub-readion vy — pu™p~
has been written in a gauge-invariant way and the ME evaluated for this sub-readion,
the result is multiplied by a structure function o the proton available. For the das-
tic signal, in which protons behave like point-like particles, one needs to multiply by
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the dedromagnetic dipoe form fador [52], to take into acwurt the finite size of the
proton.

In order to simulate the fragmentation step in case of inelastic phaton exchange, the
Lundshower Monte-Carlo implemented in the JetSet software [54] is used, with
two different structure functions on choice. For my < 2 GeV and Q% < 5 GeV?,
the Brasse ' cluster’ fr agmentation is chasen while for the other cases the Suri-
Yenni ’ string’ fr agmentationis applied [56]. Inthefirst case, the low-mass ystem N
mostly decaysto a A™ or AT resonance, which resultsin alow multiplicity states.
Onthe contrary, in the second ore, the high-mass ystem usually decaysto avariety of
resonances (A, p, w, n, K) which produce alarge number of forward protons, pions,
neutrons and phdons. The pseudorapidit spedrum of the beam remnant particles
is shown in Figure2.9,
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Figure 2.9: Pseudo-rapidity (1) distribution particles prodwced in the proton fragmentation
after inelastic phaon emission. The events are smulated with LPAIR interfacal with JetSet
and E, = 3.5TeV, 1.07 < my < 320 GeV.

The kinematicd distribution o the particles in the proton remnant —and hence its
visibility by central detedors- as function d the generated massmy of the proton
remnant has been chedked in Figure(2.10 wsing LPAIR + JetSet. The left side shaws
the most central particle pseudo-rapidity (7,,:,,) chosen anongall particles smulated
in the remnant, while the right sideisfor al particleswith £ > 5 GeV.

One can naticethat for the large majority (z axisislogscaded) of the events generated,
the remnant massis gnaler than 25 GeV and is usualy nat visible by cms centra

3pseudo-rapidity is defined in (3.4).
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Figure 2.10: Contour plots of the most central particle pseudo-rapidity as function of the
proton fragmentation massmy. The events are simulated with LPAIR interfaceal with JetSet
andE, = 3.5 TeV, 1.07 < mn < 320 GeV.
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Figure 2.11: Fradion of events for which the most central particle of the remnant 1,,in ,
computed with 2 different energy threshdds, falls into the cantral cMs accetance The events
are simulated with LPAIR interfaced with JetSet and E,, = 3.5 TeV, 1.07 < my < 320 GeV.

detedors as 1,,;, > 5 on average. For large my, the number of produced forward
objeds increases and thus the probabilit y to have part of the remnant produced within
the accptance of cMs. This detedion efficiency of cMs to the proton remnant from
inelastic phaton exchange is demonstrated in Figure[2.11 which shows the fradion of
events for which the most central particle with energy larger than 5GeV (10 GeV) is
in the accetance of central detedors || < 5. One can ndice aturn-on curve of the
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probability between my ~ 5 GeV (f = 0%) andmy ~ 40 GeV (f = 100%). That
result is hencediredly usable to justify the my < 20 GeV cut that was =t ealier to
compute the inelastic phaonflux asit turned to be very rare that such highmasss are
produced. In addition, in such cases, most of events would be acompanied by visible
remnant.

24 Central exclusive production asa badckground

As dreay introduced before, phaton interadions at hadron colli der lead to unwsual,
striking experimental signature: a central system X, forward region devoted of any
adivity and presenceof undeteded scatered protons. However, background pocesses
resulting in the same topdogicd final states have to be considered.

Indedd, exclusive states may also occur from central exclusive production (CEP) in
which ore gluonfrom ead protonfuseto prodiucethe cantral system X. Inaddition, a
seoond color-screening guonis passed between the interading protons which alows
them to remain intad, as e for instance in Figure2.12. The major experimental
difference with resped to two-phaon processes is the transverse momentum of the
scatered protonwhichis, onaverage, larger in diffracive processesthan in y-induced
Ones.

Figure 2.12: Feynman diagram for the exclusive central production pp(C EP) — pXp.
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Chapter 3

The Compact Muon Solenoid
experiment at the LHC

“There are three prindpal means of acquiring
knowedge. .. obrvation of nature, reflection, and
experimentation. Observation colleds fads; reflec-
tion conbines them; experimentation verifies the re-
sult of that combination’

Denis Diderot (1713- 1789

The cMs experiment is a general multi-purpose detedor, with a structure in layers
designed to enclose a& maximum the oolli sions happening at the center of the detec
tor. Following the general layout of a modern colli der-physics experiment, the cms
detedor consists of aseries of sub-detedor with spedfic ams: atrader to recnstruct
the kinematics of charged particles, an eledromagnetic and hadronic cdorimeters to
measure the energy of ~, e and hadrons, plus some additional muon chambers for
the measurements of y*. All sub-detedors are immersed in a high magnetic field to
ensure predse momenta measurements.

The chapter isdivided in 6 main sedions: an introductionto the LHC accéerator char-
aderistics for physics (3.1), an overview of the cms detedor and its purpose (3.2), a
detail ed description o the central andforward sub-detedors, the principles
of event reconstruction and a highlight on the relevant trigger properties for the
following analyzes (3.6).

41
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3.1 ThelLargeHadron Collider

Thenumber of interadions per colli sion accurring at theinteradion pdnt of cms (1P5)
isfunction o the LHC beam configuration orly andfoll ows a Poisson dstributionwith
a central value of

L

np frev

= Oinel X 3.)
where:

e 0, iSthetota inelastic crosssedion,

e 1, isthe number of colli ding burch pairsin the LHC ring,

e [, istherevolutionfrequency, f,.., = f/3564,

e f isthe oollisionfrequency, i.e. 40 MHz,

¢ L isthe instantaneous luminasity which is given by:

_ Vb f’r‘ev Ng

L=—15 (3.2)

with IV, the popuation o protons per burch, e the transverse beam emittance, 3* the
betatron function at the IP*. The geometric luminasity reduction fador S depends on
the burch length (o), the transverse beam size (o, = o,) and the aossng angle («)

via
2
_ (o o

The designluminasity value will reac 1034 cm~2s~!, which leadsto amost 1 billi on
proton-proton colli sions per second

Thefador n; /3564 derives from the fad that only n;, of the 3564 burchesin thetrain
will be filled with protons while injeding in the LHC. This bean structure is deter-
mined by the injedion scheme and the beam dump kicker rise time of the Ps, spsand
LHC and all ow for maximum n;, = 2808.

The main burch configurations, in addition to the luminasity recorded by cMs during
these fill s are displayed at Table[3.1land dotted in Figure3.1]

1These quantiti es are related to physicd oneswith o, oy =€(*
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Start | Duration | n, | N,(x10') 1/f Slprad] | L [nb~!]
25May 10h 8 3 single 0 5
02 Jul. 37h 4 6—8 single 0 46
15Jul. 38h 8 11 — 12 single 100 114
06 Aug. 93h 16 21 — 24 multi 100 626
19 Aug. 17h 16 42 multi 100 227
22 Aug. 16h 36 45 1250ns 100 362
24 Aug. 14h 35 44 1000n.s 100 328
28 Aug. 14h 1 51 single 100 313
29 Aug. 11h 35 53 1000ns 100 304
22 Sep. 14h 1 25 — 30 singe 100 143
23 Sep. 16h 47 57 — 60 150ns 100 743
25 Sep. 38h 93 | 100 — 114 | 150ms 100 1964
30 Sep. 25h 140 | 156 — 181 | 150mns 100 2081
04 Oct. 20h 186 | 194 — 223 | 150ns 100 2825
08 Oct. 25h 233 | 264 — 278 | 150ns 100 5974
16 Oct. 12h 295 | 300 — 380 | 150ns 100 2812
24 Oct. 11h 295 | 380 — 405 | 150ns 170 2686
25Qct. 42h 348 | 430 — 465 | 150ms 100 20984

Table 3.1: Main LHc burch configurations for 2010 run. Duration is the aumulative time
of life for al fills with the same burch scheme. The number of protons per burch N, may
have varied for different LHC fills with the same bunch configuration. L is the rounced total
integrated luminosity recorded by the cMs detector, taking into acourt efficiency. In total, this
corresponds to rougHy 43pb~" from which 40pb~—' have been dedared as valid for *Muon
physics analysis (tracking and muonsystem flagged as good.

3.2 cmMmSdetedor overview

The central feaure of cMs is a super-condicting solenoid magnet (3.8 T), of 6 m
internal diameter and 13m long, providing alarge bending paver for an efficient mo-
mentum measurement of high-energy charged particles. In the return field ouside the
magnet, 4 muon stations are anbedded within the iron return yoke which is used as
a hadron-absorber. Each station is compaosed of several layers of gaseous detedors:
techndogy o drift tubesis used in the barrel, and cathode strip chambers in the end-
cgps, al complemented by resistive plate chambers.

Within the field valume is the silicon pxel and strip tradker, the aystal eledromag-
netic cdorimeter, and the brassscintill ator hadronic cdorimeter. Finally, cms has
also extensive forward cdorimetry. All these sub-detedors are described in the next
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Figure 3.1: Total integrated luminosity delivered to, and recorded by cms during stable beam
at /s =T7TeV.

sedions, emphasizing the one particularly used in the analyzes.

A 3D-view of the main sub-detedors and their locaions is displayed in Figure[3.2
The longtudinal and transverse views, with technicd lengths, are shown in Figure
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N Detectors
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Compact Muon Solenoid

Figure 3.2: cms detector 3D view
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The design o the detector has been chosen to fulfill the prime goals of the LHC
programs:

for the seach of the Standard Model Higgs bosonin therange 2myz < myg <
600 GeV , one neads a goodmuonidentificaion, momentum resolution, plus a
good dmuonmassresolutionforthe H — ZZ — p™p~ ptpu~ process

within the range 114 GeV < mpyg < 2mg, the two-phaon decay mode of
the Higgs requests good eledromagnetic energy resolution, fine EM granular-
ity, good dphaton massresolution, wide geometric coverage, 7 rejedion, and
efficient phaon and leptonisolation;

for masses above 700 GeV wherethe WIW and Z Z fusion mechanism beames
important, the tagging o resulting high-energy jets in the forward region re-
quests hadron cdorimeters with alarge hermetic coverage and with fine lateral
segmentation;

the physics beyond the Standard model in genera , and supersymmetry in par-
ticular, predicts dgnatures with significant missng energy which demand good
misgng transverse energy resolution;

the cacade decays of supersymmetric particles result in an abundance of b-
jets and 7-jets, demanding an efficient triggering and dfline tagging d these
particular jets with tracking detedors close to the interadion region;

the seach of new massve vedor bosons as Z' — ¢/~ needs also goodlepton
momentum resol ution and ability to determine unambiguously the charge upto
E ~1TeV.

Alongthe next lines, the pseudo-rapidity 7 is used instead of the poar angle 6:

n=—lIln (tgg) (3.9

and varies from 0 (# = 90°) to infinity (6 = 0°). The jargon wualy refers to low-n
region as the central region, while large-n ones are cdled forward regions.
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Figure 3.3: Two-dimensional views of the cms detector. Top: Longtudinal view of a quarter
of detector with metric and rapidity coordinates (the muon station ME42 is missing on the
drawing). Right: Transversal view, z = —2, —1, 0, 1, 2 depending onthe whed concerned. All
dimensions are indicated for magnetic field off.
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3.3 Central sub-detedors

The central region o cMs is compaosed of tradking and cdorimeter detedors which
cover roughy the region between —2.5 < n < 2.5 and -3 < n < 3 respedively
(seeFigure[3.3). The arangement, aiming to enclose & maximum the interadion
paint of the aolli sions, implies a different orientation o the detedors with resped to
the beamline based ontheir position. Asthe modues are placal like ona ¢lindricd
surface one refers to the "barrel” region when they are oriented parall el to the beam
andto the "endcap” regionsfor locaionswith detedors placed perpendicular to beam.

Pixel and Strip detedors

The tradker of cms, the dosest sub-detedor to the interadion pdnt, aimsto the mea
surements of charged particles originating from the alli sions and propagating to the
outer in an hamogeneous magnetic field of 3.8 Tedla. In addition, informations col-
leaed with several close tradks is used to reconstruct primary and secondary vertices
(see3.5.2).

Full silicontedindogy is used for the sensitive modue in order to fulfill the reguire-
ments to have high-granularity and fast resporse, while limiting the anourt of ma-
terial to avoid as much as pasdgble multi ple scatering, bremsgrahlung ~ conversion
and niwelea interadions. Furthermore, sili conis suppased to be radiation-hard able to
survive the high rate density of 1 MHz/mm? on the first layer locaed at a radius of
4 cm fromthe 1P [2].

Thetradker is constituted of 4 diff erent sub-systems as represented in Figure3.4;

o the pixel detecor (PxL) made of 3 cylindric layers of cdls (100 x 150 mm?)
a radii of 4.4, 7.3 and 102 cm in the barrel, complemented by 2 dsks on eath
endcep side. It delivers 3 high-predsion spacepaints at the beginning o the
trajedory.

o the Tracker Inner Barrel (T1B) and Disks (T1D) extendin radiusupto 55¢cm and
are compaosed of 4 barrel layers plus 3 disks of sili con strip sensors. It delivers
up to 4 measurements on the trgjedory with a point resolution between 23 um
and 35um.
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Figure 3.4: Schematic crosssedion throughthe CM S tradker. Each line represents a detector
modue, doule linesindicating badck-to-back modues [2].

e the Tradker Outer Barrel (ToB) with an ouer radius of 116 cm consists in 6
layers of strips. It provides another 6 hit measurements with 35 m and 53 um
resolution.

e the Tradker Endcaps (TEC) cover the region between 124cm< |z| <282cm
and consist in 9 dskswith rings of sili con micro-strips.

Strips are put in parallel to the beam axis in the barrel and radial in the endcaps. In
addition, the moduesin the two first layersandrings of TiB, TID and TOB, aswell as
rings 1, 2 and 5 d TECs cary a seaondstrip modue which is mourted with a stereo
angle of 100mrad to provide ameasurement of the z coordinate in the barrel and the
r coordinate in the disks. This layout ensures to particles emitted within || < 2.4 to
have & least 9 hitsin the sili con strip detedor with at least 4 two-dimensional mea
surements.

The length and thickness of the strips vary with the distance to the 1P in order to
keep the occupancy at an acceptable level. The total material budget increases then
from0.4Xy atn = 0to 1.8 X; a || = 1.4, beyondwhich it fallsto about 1 X at
|n] = 2.5. The cms tradker surface overs 200m? of adive sili con area with a total
of 9.3 milli ons drips and 66milli ons of pixel cdls.



3.3. Central sub-detectors 49

Eledromagnetic calorimeter

The desigh o the ECAL was drawn to increase the cgability of cms to deted the
H — ~+ processat the LHC. The requirement is then to have afast cdorimeter, with
fine granularity and radiation-hard. To fulfill it, lead tungsten (PbW O,) crystals have
been used as there ae dense matter, short radiation length (Xo = 8.9 mm) and fast
enoughto emit within the first 25 ns 80% of the scintill ation light generated by pas-
sage of eledrons and phdons throughit.

The granularity of the barrel EB is360-foldin ¢ and 2 x 85-foldin 7. A total of 61’200
crystals, with truncated pyramidal shape ae mourted with a 3° angle with resped to
the 1P projedion in order to avoid cradks aligned with the particle trgjedories. The
total length is around 25.8 X. Crystals are contained in alveolar structures cdled
sub-modues, grouped into modues of 400-500 crystals depending onthe n paosition.
A pair of avalanche phao-diode is then mourted on ead crystal, which are grouped
5 x 5 inthereadou system.

The EE cdorimeters, coveringtheregion1.479 < |n| < 3.0, are made of 7324 crystals
with off- pointing angles ranging from 2° to 8° for atotal length of 24.7 X,. Endcap
crystalsaregrouped in 5 x 5 crystal structures caled super-crystals.

Front of the EE crystals, the preshower detedor has been installed aiming to identify
neutral pions and singe high-energy phaonwithin 1.65 < |n| < 2.6. Itisasampling
cdorimeter made of lead radiators to initi ate the dedromagnetic shower from e~ /v
particles, and sili con strip sensors to measure the energy deposit. Total thickness of
the cdorimeter is 2.X before the first sensor plane and 3.X, before the second ore,
such that 95% of phaons will start showering before the second sensor layer.
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Hadronic calorimeter

The hadronic cdorimeter is composed of four separate sub-detedors: barrel (HB),
endcgp (HE), outer (HO) and forward (HF). The later one is described separately in
the Forward sedion[34] The barrel oneis a gylindric cdorimeter placed between the
outer extend o the EB (R=1.77 m) and the inner extend d the magnet (R=2.95 m) and
divided into two half sedionsin z. Each half consistsin 18 identicad azmuthal wedges
made of afront (50.5 mm) and badk (75 mm) sted plates around 14 brass absorber
plates (8 of 50.5 mmand 6 of 56.5 mm) aligned parallel to the beam axis. The total
HB-thickness increases with 6 as 1/sin(f), starting with 5.82 hadronic interadion
length (A\;) an = 0 upto 10.6 A; at |n| = 1.3. The aystals from ECAL in front of
HB bring anather 1.1 A;.

Plastic scintill ators are build ou of tiles couded to wavelength shifting (WLS) fibers
to bring ou the light. To avoid reading the 70 000 til es compaosing the HCAL of cMs,
tiles of the same ¢ layer are put together into the single scintill ator tray unit. Light of
ead unit iscolleded bya0.94 mm-diameter WLS fiber placed in amadined groove
into the scintill ator. After exiting the scintill ators, WLS fibers are spliced to clea
fibers, which are finally conreded to phdo-diodes. Each wedge is then segmented in
4 ¢ sedors, andthe plastic plates divided in 16 n towers.

The HE cdorimeter covers the pseudo-rapidity region 1.3 < || < 3.3. The operation
and designare very similar to HB, with the purpase to minimize aadkswith HB, rather
than to have agoodsingle particle resporse. The absorbers are bdted brassplates of
79 mm-thicknessfor atotal length of 10 A;. HE tower granularity is Smilar to HB for
|n| < 1.6 andincreasesto (An x A¢) = 0.17 x 0.17 after |»| = 1.6. In addition,
some regions of HE are dso segmented longtudinaly: towers 27 — 29 close to the
beamline have 3 divisionsin depth that are readout separately, whil e towers 18 — 26
have 2 longtudinal readous.

Finaly, the HO is placeal ouside the solenoid to complement the containment of the
hadrons showers within the central region. HO uses magnet coil as an extra ésorber
to extend the equivalent depth to aminimum of 11.8 A;. Itisthen used to identify late
starting showers and to measure the shower energy deposit after HB. The HO consists
of one or two (in the very-central part) layers of scintill ators tiles locaed in front of
the first layer of the barrel muon cetedor. Scintill ation light is colleaed by WLS
fibers to phao-detedors located on the structure of the return yoke. Each opticdly
independent tiles formed of 4 WL S is then mapped to atower of HB in the readou.



3.3. Central sub-detectors 51

Muon chambers

The muon system is composed of 1'400 chambers forming 4 layers of concentric
cylinders, cdled "station”, and inserted amongthe layers of the magnetic flux return
plates, in bah barrel and endcap regions. Threediff erent kinds of detedors are used,
all workingwith gaseoustechndogy; i.e. colledion o chargesfrom the gasionization
produced by the passage of charged particles throughit.

In the barrel (|n| < 1.2), because of low muonrate and uriform magnetic field, the
muon system uses Drift Tubes (DT). The DT system is composed of 4 layers (la
belled MB1 to MB4 in Figure[3.3) of 60 drift chambers, for atota of approximatively
172 000tubes, ead containing a stretched wire in avolume of gas. The drift time of
the dedrons produced ou of the ionizaion and the position d the wire hits provide
atiming dus 2 D-coordinate measurements. The stations have 8 chambers with wires
paralel to the bean and provide atradk measurement in the » — ¢ coordinates. In
addition, the 3 first stations have dso 4 chambers with wires orthogoral and therefore
measuring the z position alongthe beamline.

In the endcap regions (0.8 < |n| < 2.1) where the muonrate is high and the mag-
netic field ureven, the Cathode Strip Chambers (CsC) are used. It consists of arrays of
pasitively-charged anode wires perpendicularly crossed with negatively-charged cop-
per cahoce strips within a gas volume. Each side contains 4 stations with chambers
perpendicular to the beam, in which strips provide ameasurement in » — ¢, n and
timing information.

A complementary system, the Resistive Plate Chambers (RPCS), is instaled in bah
the endcgp and herrel regions (|| < 1.6) and provide afast, independent and highly-
segmented trigger signal with goodtiming resolution bu coarser pasition resolution
than the DTs and cscs. A RPC consists of two parallel plates, a paositively-charged
anoce and a negatively-charged cathode, bath made of a very high resistivity plastic
material and separated by a gas volume. A total of 6 layers of RPCs are enbedded
in the barrel muon system, 2 in the first 2 stations, and 1 in the last 2 stations. The
redundancy in thefirst 2 stations all ows the trigger algorithm to work even for low-p
tradks that may stop before reading the outer 2 stations. In the endcep region, there
is a plane of RPCs in eath of the first 3 stations in order for the trigger to use the
coincidences between stations.
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34 Forward sub-detedors

At the LHC, the region located at || > 3 is exposed to an extremely high flux of
energy caried by particles produced at small-angles during pp colli sions. The energy
flow was measured to be nonruniform with the rapidity, with maximum energy deposit
at highest n) as foreseen [57]. The design o the forward detedors has therefore been
driven by the ned to survive & least 10 yeas within this harsh environment. As
a monsegquence, quartz has been chosen for the adive materia in the three arrent
forward sub-detedor of cMS (HF,CASTOR and zDC) because of itsradiation hardness
its fast signal resporse and its ability to build compad cdorimeters [5§].

Hadronic Forward calorimeter

The two HF caorimeters are symmetricdly locaed at +11.2m from the 1P cov-
ering the pseudo-rapidity regionn = [2.866;5.205]. It consistsin a 130 cm-radius
165 cm-longcylinder, made of sted absorber (equivalent to 10 A;) in which has been
drilled a grid of groowves parallel to the beamline and separated by 5 mm center-to-
center. Inthese grooves dand some quartz fibers alternating between longfibers (start-
ing at the front of the detedtor) and short ones (starting at 22 cm depth).

The arangement alows to distingush signals generated by eledrons and phdons,
which deposit alarge fradion d their energy in the first 22 cm, from hadrons which
produce gua signals in bah sedions on average. The signal consists of Cerenkov
light generated bythe passage of relativistic charged particlesthroughthe quartz. Only
a small fradion d the light is colleded and couped by light-guides to radiation
shielded PMTs. The cdorimeter of eat side is ssgmented in 18 wedges of 20° in
¢ and 13 rings with almost similar coveragein An ~ 0.175.

CASTOR

The CASTOR detedor [61], which stands for ” Centauro And Srange Objed Re-
search”, isasampling cdorimeter with alternate plates of tungsten (1) —as absorber—
and o fused sili caquartz (@) —as adive medium—, for atotal depth of 10.3 A;. Plates
are tilted with a 45° angle to maximize the clledion o Cerenkov light. Located at
14.38 m from the interacion pdnt on ore side only, CASTOR geometry is designed
to enable the observation o cascade development alongthe passage of the incoming
charged particlesin the accetancerange —6.6 < n < —5.1.

The cdorimeter is sgmented in 16 symmetric sedors in ¢ aroundthe pipe, and 14
sedionsin z: 2 for the EM part and 12 for the HAD one. There is no segmentationin
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7. Eadch EM part consists in a sandwich of 5 W and 5 @ plates of 5 mmand 2 mm
respedively; while aHAD channel iscomposed of 5 W-Q plates of 10 mmand4 mm.
Cerenkov lights produced in these 224 channels are grouped per 5 W-Q plate pairs,
and then coll eded alongthe length and focused by air-core light guides onto PMTs.

The adition o the CASTOR detedor, which extends the full pseudo-rapidity coverage
of cMsto An ~ 11.5 instead of 10 with HFs only, deserves many physics reseach
[62). For instance, to compute MET as asignature for new physics; to seach for very
badkward jet from Higgs production through vedor basonfusion; by means of the Em
and HAD sedions, to study the shower profile and to seach for Centauro-type events,
i.e. high-density showers produced by charged pionsenteringthe amosphere. Besides
these reseaches for new physics, the CASTOR detedor is also useful for QCD-type
of physics: study of multi-parton interadions and underlying events, low-z physics,
diffradion and quark-gluon dasma.

Zero Degree alorimeter

The zDc detedors [63] are, as for CASTOR, sampling caorimeters made of W as
radiator and quertz fibers (QF) as adive medium. Two identicd cdorimeters are lo-
cated at £140m of the interadion pdnt, in the first neutral particle ébsorber of the
LHC (TAN). Thelocaion hes the advantage that charged particles have been defleded
downstream by dipoles which aimed to separate incoming and oucoming beamsinto
two pipes, such that zero-degree cdorimeters are sensitive only to phdons and reu-
tronswith || > 8.1.

Each zDc has an eledro-magnetic and a hadronic sedion o 7.5 A7 intotal. The Em
is compased of asandwich of 33 layers of W (2 mm width) and QF (0.7 mm width)
oriented verticdly and segmented in the transverse diredionin 5 readou towers. The
HAD sedionis composed by a sandwich of 24 layers of W (15.5 mmwidth) and QF
(0.7 mmwidth) tilted by 45° and segmented longtudinally in 4 readout towers. The
design aso includes a 9 mm Cu plate front and badk of ead sedion. The fibers,
grouped in bundes, are diredly conreded to the PMT in EM, while in HAD they are
couped via dr-core light guides.

Althoughzbpc ismainly dedicated to heavy-ion runs, whereit will be used to measure
the readions centrality by courting the number of spedator neutrons, some gpli-
cdions are drealy available in pp mode. For instance, one can qude the tagging
of bremsdrahlung phaons and neutrons from charge exchange readion, but also to
seled diffradive events and rgjed proton-dissociative badground
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Forward Shower Counters

In the late March 2011 the Fsc coll aboration managed to install scintill ator courters
close to the beam-pipeintheregion 60 m < |z| < 115 maroundcms [6465]. These
courters, covering the pseudo-rapidity region7 < || < 11, may deted the showers
creaed by particles produced at small angles and interacting with the pipe or the sur-
roundng material.

Scintill ators, made from 25 x 25 cm? solid hard plastic with 1cm width and embedded
into fibers conreded to phdo-multi pliers, have been placed at spedfic spotswhere the
ellipticd beam isaccessble. Atz = 59.1 mand z = 84.8 m, two beam scintill ator
courters (one aowve, one below the beam-pipe) with half elipticd boundxriesin or-
der to fit the pipe shape aeinstalled. At 114.1 m, four of them are put aroundthe
beamline, ead with a corner cut out by a quarter of a drcle.

The deployment of such detedors will be useful in 2011 runs as they may be used
as (large) rapidity gap detedors for exclusive processes, and as a veto in L1 trigger
for bath incoming and oucoming beam-halo background In addition, they aim to
measure forward showers from low-massdiffradive events.

High Precision Spedrometer projed

Ancther projed consisting o installi ng proton detedors at 240 m and 420 m from 1P5
isalsoin considerationwithin cMs. Aimingto deted forward scattered protons which
survived from an exclusive interadion, the next chapter is entirely dedicated to this.

35 Event flow reconstruction

The recmnstruction process from the particle detedion by the sub-detedors to the
high-level objeds asused in the next analysis, is a 3-step process Firstly, locd recon
structionwithin the respedive sub-detedors, from the "digis’ type of datato "redHits’
type, which are usually position measurements and cdorimeter clustering. Seaondy,
information from diff erent modues of a sub-detedor are combined (ex: all the tradker
redHits are used to bult atradk). Finaly, the last step consists in the combination o
al reconstructed oljeds from diff erent sub-detedors to creae high-level candidates
(ex: combining tracks from the tradker with cadorimetric dustersto get an e/ can-
didate). Only reconstruction o high-level objeds used in the next sedions (trad,
vertex, cdoTower and muon) are described in the next paragraphs.
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35.1 Tracks

The default tradk reconstructionalgorithmin cMs, also used duringthe analysis, isthe
so-cdled’ Combinatorial Track Finder’, or CFT [2][67]. The reconstruction follows a
5-steps procedure in which the pattern recognition gdays aleading role.

Starting with the sead parameters and its covariance matrix, a combinatorial Kalman
filter procedls iteratively to buld trgjedory by extrapdating the track parameters to
the next compatible layers with the equation of motion in magnetic field, taking into
acourt energy lossand multiple scatering. At ead step the dgorithm creaes, for
compatible hits of the layer, a new trgjedory. The track parameters are therefore up-
dated with the new pieces of information o the compatible hitsand corredly weighted
acording to (current and previous) hit measurements and trgjedory predictions. The
procedure of extrapalationisrepeaed urtil either the outermost layer of the tradker is
readed, either no compatible hit isfound

3.5.2 Primary vertex

Using the full set of promptly recmnstructed tradks, the primary vertex (PV) recon
struction is a 4-steps process splitted between the vertex finder and the vertex
fitter agorithms.

The performances of the PV reconstruction is dudied in . One dealy sees
an improvement of the resolution with increases number of tradks and their average
transverse momenta. However, even for exclusive dimuon \ertices composed of 2
low-pr tradks, the dficiency is ill ~ 99%, with aresolution o 180 pm in transverse
and longtudinal diredions. The dfed of misalignment was estimated to be & most
20 — 30 um onthe resolution. An independent crossched of the 2-tracks PV recon-
structionisdore in Sedion[6.3.2, and we founda 98.5% efficiency for a 2-tracks PV.

The dfed of overlap interadions within the same bunch crossng may have two dif-
ferent effeds known as splitti ng and merging which can have influences in the seach
of exclusive vertex. The merging is due to the fad that vertices separated in z by
2 mm or lessare merged into a single reconstructed vertex. This effed was foundto
be 7% in ealy data & 7 TeV where o, = 4.6 cm. The splitti ng rather happens when
a soft interadion with small number of tradks is, due to the fine dustering o 2 mm,
reconstructed as multi ple vertices nea the main ore. It was computed in ealy data
that the probability of splittingis 0.3% only.
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On the one hand, the dfed of the merging implies that exclusive vertices produced
within the same burch crossng and with Az < 2 mm are merged together, with an
imposshility to disentangle the two interadions. On the other hand, splitti ng may lead
to seleding fake exclusive vertices as composed of only 2 tracks.

3.5.3 Calorimeter towers

Rather than using the information from ead singe aystal of the ECAL and HCAL,
analyzes rather use CaloTowers built with information from both cdorimeters. Each
of these non-physicd objeds is constituted with al ECAL and HCAL cdls contained
in arespedive n — ¢ region, following the segmentation o HCAL. The EM and HAD
part of the energy of a CaloTower is obtained by summing ECAL and HCAL RedHits
energies, with aminimum threshald to be readed otherwise set to zero.

Calorimeter tower objeds are used for the cdorimeter-based jet reconstructionand for
the computation o the missng energy. In our purpaose, there will be used to charac
terizethe exclusivity condtionsin the central and HF cdorimeters.

3.5.4 Muon reconstruction

The reconstruction o muors within the central detedor is a multi-step process com-
bining information from the sili con tradker and the muon spedrometer. Full details
abou the reconstruction parameters, algorithms, propagators, etc. may be foundin
[72). After the locd reconstruction o hits within the bT 1D cdl, csc 2D planes and
RPC 1D, tradk segments are built with matched DT and csc hits to provide seeds for
the next steps of recnstructions:

Stand-Alone muon

A prefilter (to refine the sead state) and then the filter, both based on a combina-
torial Kalman technique, are goplied from the outermost (innermost) layer urtil the
innermost (outermost) compatible layer for thefilter (pre-filter) process Based onthe
same Kalman algorithm as the trad fitter in the sili con tracker, muon tradk param-
eters are extrapolated iteratively to the next layers of the muon system, and tragjec
tory parameters are updated at ead step with the information from the new measure-
ment. The propagationis dore taking into aceurt multi ple scatering, ionizaion and
bremsdrahlungin the dhambers and the iron yolke. To consider the non-uniformity
of the magnetic field further, the propagation is performed with smaller steps with a
helix parameterization in regions with large inhamogeneities in the field.
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Global muon

For ead stand-alone muon, atracker track matchingis performed, starting by defining
aredanguar region o interest in n — ¢ to choose the initial set of tradks candidates
rougHy compatible with the stand-alone muon Seandy, the matching o the tradker
and muontradks is done by comparing parameters after extrapolation ona common
surface Depending onthe case, this surfacemay be the tradker outer surface the in-
nermost boundxry of the muon system, the detedor surfaceof the outermost tracker
trad hit or the innermost muontrack hits. The seledion is thus done such to min-
imize the covariant error matrix of the propagated tradks and to reduce the number
of matches per muon Finaly, for all matching pair of a tracker-tradk — stand-alone
muon, aglobal refit of the sili con hits and muon hitsis performed in orce

Tracker muon

A complementary approach to the global reconstruction consists to rather consider all
tradker tradks as muon candidates and chedk for compatible segments in the muon
system. This type of reconstruction is particularly suited for low-pr muors which
may not leave enough lits in the muon stations to be reconstructed as a stand-alone,
or to recover muors lost between wheds gap.

3.6 Trigge system

In order to observe amaximum of colli sions during the bean life-time, the beam-
crossngrate & the center of cms is configured to be high, with amaximum of 6 MHz
during 2010(and upto 40 MHz for the nominal design). Moreover, for ead bean-
crossng, severa collisions occur simultaneously. Since it is impasshble to process
and to store the large anourt of data produced during these wlli sions, one nedls to
perform alarge reduction o the rate. Thistask is achieved by the trigger system and
isdivided into two steps:

e theLevel-1 system (L1), based oneledronic hardware to reduceit to 100 kHz,

e the High-Level system (H LT), a software system to filter the rate to 100Hz.

The L1 uses coarsely segmented data provided by the csc,bT and RPC independently
(4 muon candidates) and bythe ECAL, HCAL and HF (8 e/~ candidates, 8 jets, 4 7,
S Er, Emss) . .)) asinpu for logicd dedsions. The L1 trigger, which has to an-
alyze eab event, has a maximum latency of 3.2 us between a given burch-crossng
andthedistribution o itsdedsionto the front-end eledronic memoriesin which high-
resolution datais temporarily stored. Consequently, the processneeds to make use of
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abuffer, designed to store amaximum of 128events.

The HLT, onthe contrary to the L1, has accessto the complete read-out data and
can therefore perform complex cdculations. A farm of athousand o commercia pro-
cesrsis used to runthe seledion algorithms. A longlist of trigger paths have been
creged, for commissoning a physics purposes. Amongthem, one can spot the Zer-
oBias trigger which seleds every bean-crossng event whether there is an interadion
or nat; it will be used for the commissoning o the exclusivity conditions in Chapter
5. It is aso worth mentioning the existence of an exclusive e/~ pair trigger, seled-
ing events with low occupancy in the HF detedors. For all triggers, the aut values as
well asthe gplied prescdes are varying alongthe data-taking periodin order to keep
the output rate constant at 100 Hz while the beam intensity and crossng frequency
are changing. The detail s about the dimuon triggers used for the 2010 analysis are
contained in Appendix /Al



3.6. Trigger system

59




60

Chapter 3. The Compad Muon Solenoid experiment at the LHC




Chapter 4

TheHigh Precision
Spedrometer projed and
Gastof detedors

“To goforward isto movetoward perfedion”
Kahlil Gibran

The HPS projed consists in the installation o very-forward detedors close to the
beamline of the LHC with the purpose to reconstruct outgoing protons from an exclu-
sive interadion. The physics motivations, an overview of the prototypes and expeded
acceptance ae quated in Sedions(4.1}4.2]and[4.3respedively. Finally, studies onthe
GASTOF detedor aiming to reduce badkgroundfrom acddenta triple aoincidence ae
reported in Sedion[4.4/and[4.5!

41 Physicswith very forward detedorsat the LHC

In the LHC opticd environment, magnets will work as a spedrometer and bend the
protonswhich havelost asmall fradion o their initial energy (asfor instanceoutgoing
protons from pp(yy) — pXp), asitis shown in Figure/4.1|

Similar techniques of proton spedrometers with forward detedors have drealy been
applied at cDF and DO [74] experiments at TEVATRON , H1 and zEUS
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Figure 4.1: Proton path for different energy loss Path is stopped when the proton encourters
aobstacle from the LHC beamline (quadrupde, bean monitor, . . .)

at HERA, PR2PP[77] and STAR (proposal) at RHIC or TOTEM at the LHC.

Detedors have to be installed in the high-dispersion region at £240 m and £420 m,
where the scatered protons are well distinguishable from the ones of the beamline.
Figures[4.2 show the contours for pasitions and angles of a redistic sample of sca-
tered protons from the pp(yy) — pW W ~p processat /s = 14 TeV simulated
with MadGraph and propagated into the LHC line with the Hedor software
asauming half-crossng angle of 142.5 urad, with an angle dispersion o 30.25 urad
and a beam energy dispersion o 0.79 GeV. The 90% contour of the 7 TeV protons
is also highlighted by the red elli pse. The x position of the scatered protonsin very
forward regionis, at first approximation, only function o the fradion o energy loss
as.

AB

Az = D(s) Z

4.0
where D(s) isthe bean dispersion and is afunction of the total path length s as one
can see 4 Figure[4.1] As there ae no beam dispersionin y, the spread in y is just
due to the vertex smeaing. The positions and angles of the same sample of scatered
protons as afunction o the energy lossis displayed in Figure/4.3,

The original motivationto install very forward detedorsat the LHC isfor the search of
exclusive Higgs productionin CEP, asin Figure2.12] Indeed, measurements of outgo-
ing proton momenta and energy loss—asthey are diredly related to the invariant mass
of the system— alow a Higgs massrewonstruction with a 2 GeV resolution, irrespec
tively to the decay mode, even for final states containing jets or neutrinas, thanks to
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the missng massmethod[82]. In addition, if this measurement isdore in coincidence
with the central detector, kinematics of the Higgs boson are then fully constrained and
al quantum numbers are accesble, including the spin. Beyond Higgs physics, the
addition o such detedorswould help to achieve the physics goals of cmslisted in[3.2
and would open upanew rich program of QCD, EWK and BSM physics.

In the first stage, when HPs-240 orly will be avail able, only the protons which have
lost asignificant energy would be detedable, and henceonly the masses above 200GeV
will be reatable (Figure4.5). However, such a limited apparatus will alrealy give
accessto some interesting and urique physics subjeds, with for instance the study o
QCD in diffradion, in CEP and in ~p interadions. The high-masseledrowe&k sedor
can also be probed in v+, by seaching for anomalous cougingsinyy — W+W~ or
deviationsin the mass gedrum from BSM physics. As an example, the phenomenal-
ogy d the two-phaon production of supersymmetric pairsis gudied in Chapter[8]

In the second stage, the inclusion o detedors at 420 m will extend the range of de-
tedable energy lossdown to 20 GeV, and also provide extra measurements in the
intermediate regime thanks to crossed 240 x 420 detedion. That includes the mea
surement of the massand quantum numbers of the Higgs bason. The reason o the
delay between the install ation o 240 m and 420 m stations is mainly due to the extra
engineaing realed for the replacanent along cryogenic connexion by a warm pipe
sedion dus a ayogenic bypass[83].

4.2 HighPredasion Spedrometer detedor overview

Thedetedor stations consist of asili contradking system which can be moved transver-
sally thanksto aspedal movable bean pipe with the detedorsintegrated onit. During
beaminjedion, accéerationinto the LHC pipe andluminasity tuning, the detedorsare
parked in a safe placefar from the bean line; when beam cleaning and colli mation
have been performed, the detedors can move step-by-step to their optimal positions.

The methodto reconstruct the energy of the scattered protons initial energy isto mea
sure the displacanent and the angle & several pointsin a ~ 8 meters-long region.
To oltain the target resolution o 2 GeV onthe central system mass one would need
resolutions of ~ 10 umin x and ~ 1 prad in 6: these resolutions can be obtained in
the tradking system by the use of 3D or pixel sili con detedors. In addition, 3D silicon
has the advantage to own very small dead space ad fast resporse.
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43 HPSacceptance

In the foll owing, a phaon-exchange processis assumed tagged if the scattered proton
is deteded into very forward stations at 240 m or 420 m. The detedion criteria taken
in the next imply that the proton pasition hasto be measured at both 240 m and 248 m
to be considered as deteded in HPS-240, and similarly for HPS-420. Partialy deteded
protons by only one of the two stations at ~ 240 m are considered to be dfeded, and
not detedable & 420 m anymore, althoughthere may be in the accgtance It hasits
importance when considering nonedgeless §li con detedors for instance The design
of the 8 stations (£428, £420, £248, £240 m) was considered identicd for whale of
them, except the distance gproad. For the next figures, it was chasen 2.5 mm for
HPS-240and 4 mmfor HPS-420. That correspondsto a distance of respedively 16 o,
and 120, from the bean center on average.
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Figure 4.4; Scatered proton energy spedrum (and hence phaon energy spedrum) for
pp(yy) — pWTW " p processs. Kinematic regions where proton detection is alowed are
marked, considering a2.5 mmand 4 mm approach with no dead zore.

The forward station tagging acceptance for scattered forward proton from aredistic
sample of pp(yy) — pW W ~p processwhich is given at Figure/4.4/is as afunction
of Ej,s, Of the proton orly, whil e it actually depends on the momentum transfer Q2 as
well. However, it was shown in [81], at low momentum transfer the acc@tance only
depends on the energy, and orly at high-Q? the accgtanceis lowered because of the
larger proton scatering angle induced by the phaon emisson. Asthe average phaon
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virtuality is relatively small , (Q?) ~ 0.01 GeV?2, one can consider that equation|4.1
isvalid. There exists anall dead zone (mainly for B2), for protons with energy loss
between ~ 85 GeV and ~ 120 GeV, dueto the fad the protons are too energetic to be
deteded at 240 m, but not enoughfor 420 m.

The mnvdution o bath proton-tagging efficiencies is made to build the accetance
curves for doule-tagging, (exclusive) single-tagging and notagging as afunction o
the v+ center-of-massenergy in Figures(4.5] Only two-phaon produced events with
central system X within |n| < 2.5 are mnsidered to buld the graph. The aurves
are eaily understoodif one remembers the proton energy range for tagging at 420 m
(from ~ 20 to ~ 100 GeV) and at 240 m (from ~ 100 to ~ 700 GeV). The single tag
spedrum from bottom left is shown separately for 240 m, 420 m and the sum; several
regimes are observed.
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Figure 4.5: Doule-tag (top), single-tag (bottom left) and notag (bottom right) acceptances
for [ny| < 2.5, asuming a2.5 mmand 4 mm approach with no dead zone.
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To optimizethe accptancefor low energy-lossprotons, the detedors must operate &
close & possble from the bean-line & 420 m, with amaximum of 5 mm (from bean
center to the edge of the sensitive aeg at 420 m to be sensitive to masses around
100 GeV. For 240 m however, the positions of the detedors will have large influence
onthe accetance at 240 mandat 420 m. Thisisill ustrated in Figure/4.6, showingthe
accetance for 3 different scenarii of beam-distance and techndogy. With resped to
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Figure 4.6: Acceptancefor |y | < 2.5. Full lineis for an edgeless2.5 mm distance approadh,
dashed lines are for edgeless2 mm and 0.5 mm-edge 2 mm distance.

the nominal 2.5 mm edgelessdetedors asaumed here, 2 others have been considered:
some edgelessdetedors at 2 mm and some & 2 mm with 0.5 mm dead-edge. In the
first case, the gpproach of 0.5 mmextrain the beam bringsa~ 5% gain in accetance
for central system within 75 GeV and 550 GeV. In the seaond case, when the detectors
themselves are & 2 mm from the beam, but the sili con areastarts to be sensitive only
0.5 mm &after, the accetanceis deaeased by 5% in the range [50, 500] GeV. Thisis
dueto the shadowingeffed of 240 m on420 m stations, asit i sill ustrated in Figurel4.7.
Going too close to the beam in HPS-240, one starts to enter in the accetance one of
HPS420; but if that incursion is covered by dead material protons are dfeded and
canna be measured neither at 240 or 420 m. Thus, the accgtance can be optimized
by choasing dff erent distance-to-beam for Beani and Bean?.

1For the HPS-240, single-tag is generally possble when ore gets asymmetric energies corfiguration
as 100 < Ey, < 700 GeV and E,, < 20 GeV (W, < 235 GeV) or E,, > 700 GeV (W, =
530 GeV). The HPS-240 single-tag probeability reades aimost 100% for W, ~ 1400 GeV and then
deaeaseslinealy , sincefor larger two-phaon masses both protons get often ouside the accetancerange.

Thisisaso seeninthe’no-tag’ acceptance arve & the bottom right which behavesreversely. Similarly, the
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Figure 4.7: Shadowing effed of the HPS-420 byHPS-240 stations for an edgeless2 mm ap-
proach.

The differencein beamline with resped to detedors locaed at 220 m —as it was as-
sumed in many previous papers—is small. The extra magnetic dements will anyway
imply adslight modification in forward angles of the scatered protons kinematics, be-
tween £220 m and +240 m, but also between +240 m and —240 m:

For the Beant:

e a4.8 m-long qedrupde (MQML), from s = 225.99 m to 230.79 m,

e a0.9 m-longarc orbital verticd corredor (VKICKER), from s = 230.98 m to
231.88 m,

e adrift sedion o ~ 24 m with constant angles o, = 3.41 prad and o, =
4.65 prad, urtil the next colli mator located at s = 255.78 m.

whil e for the Bean®:

e a4.8 m-long quadrupde (MQML), from s = 225.99 mto 230.79 m,

o adrift sedion d ~ 26 m with constant angles «, = 0.45 prad and o, =
—2.25 prad, until the next colli mator located at s = 256.61m.

with angle values quaed for 7 TeV bean protons. The aonfiguration has not much
influenceon the forward (z, y) positions, and hencethe accetance, but the 6, and 6,
angles at forward pasitions are quite different, asit may be seen in Figure/4.2] Asthe

HPS-420single tag can be obtained with 20 < E,, < 100 GeV and E-, < 20 GeV (W, < 100 GeV)
or B, > 700 GeV (W, 2 235 GeV).
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horizontal drift angle is rougHy 8 times bigger for B1 than for B2, the dispersion of
forward angles for beam and scétered protons is amost null at —240 m and extend
upto 210 prad at +240 m.

The phaon-phaon spedrum displayed in Figure[2.6 for 7 TeV bean energy, after
HPS acceptance (cdculated withou |yx| constraint), is shown in Figure(4.8. The
nominal very forward detedor setup will t herefore be dficient to tag ~~ interadions
with invariant masses between ~ 20 GeV and ~ 1400 GeV.
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Figure 4.8: Relative (left) and integrated (right) phaon-phaton luminosity with HPs doule-
tag acceptance
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44 HPSbackground reduction

Since the processes of interest by the HPS projed are on the femto-barn level, the
detedors need to be ale to run at the highest instantaneous luminasity, upto £ =
103* cm~2s~ L. With the increased luminacsity, the number of simultaneous inter-
adions per burch-crossng is raising too. Therefore, the probability to have fake
triple mincidence event with one or two protons coming from parasitic interadions
as hown in Figure/4.9would be so high that it would daminate the signals.

(a)' ® ' © "‘

*—o o—— " — o — —

l | I

Figure 4.9: Schematic illustration of overlap badkgrounds to exclusive prodiction: (a)
[pI[X][p]: 3 interadions, one with a central system, and two with oppasite diredion single
protons (b) [ppl[ X]: 2 interadions, one with a central system, and the secondwith two oppaite
diredion protons (c) [p][pX]: 2 interadions, one with a central system and a proton, the second
with a proton in the oppdsite diredion, copied from [3].

In order to reducethis overlap badkground one posshble technique consists to request
astrongmatching between the vertex reconstructed by the central tracker of cms and
the point of origin of two scatered protons reconstructed with a z-by-timing method
One only neels to measure the relative arival time of the two protons at forward
stations, t7, and tz. Asauming that the two protons are originating from the same
interadion, the z pasition can be reconstructed as

1
Zpp = i(thtR) X C (42)

Theresolution o the vertex position dz,,, istherefore only function o the timing res-
olution 6¢ onsinge-side & dz,, = —50t. In order to achieve the predsion resolution
of 2 mm on the recnstructed pp vertex, one therefore needs a 10 ps time resolution
on ead measurement.

In case the two protons are nat coming from the same interadions, the reconstructed
vertex positions z,, and z¢ars Will not match in general, allowing a large rejedion
fador.
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Overlap eventsat the LHC

The rate of acddental triple aoincidence badkgroundwithin the central and forward
detedors is obviously function d the delivered instantaneous luminosity. Therefore,
the overlap badkgroundwill be computed for two benchmark luminasiti es correspond
ingto’low’ ( £ = 2. 103 ecm~2s~!) and high' ( £ = 10%* cm~2s~1) pileup regime
at /s = 14 TeV. The labelling convention to use square bradets to spedfy the in-
teradion to which the proton belongs is used in the following. For instance, two
singe-diffradive events plus an prompt inclusive event will be noted by [p][ X][p],
whil e two-phaon production would be [pXp].

Thetota crosssedion predictionfor /s = 14 TeV from Pythiaisaround100 mb and
iscomposed of the following processs:

e Elastic production: pp — pp, simulated with MSUB( 91) , isnaot contributing to
thevisible aosssedion;

e Singediffradion: pp — pX or pp — Xp, smulated with MSUB( 92) or
MBUB( 93) , has aproduction crosssedion of 14.3 mb;

e Doubediffradion. pp — X, simulated with MSUB( 94) , with a 10.21 mb
crosssedion value;

o Nondiffradiveinelastic production: pp — X, simulated with MSUB( 95) and
also sometimescdled low-pr production, hasthe largest contributionwith 54.71

The energy spedra of all charged particles with || > 7 are displayed for ead sub-
processindependently in Figures/4.10, with the same color code.

Only asmall fradion o the produced particles will read 240 m or 420 m locaions,
but enoughto lead to significant concern at high luminasity.

The fradion of events with single and doulbe tag is shown in Table[4.1]for ead Min-
imumBias processindependently. The aosssedion for events at the LHC containing
a forward particle deteded in HPS is then clealy dominated by single-diffradion.
Reweighting individual probabiliti es of Table[4.1] the probabiliti es of single and dou
ble tag per pil eup event turn to be:

Fi = 2.69% foy = 2.78% Fiop) = 0.05% (4.3)

mb.
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Figure 4.10: Zoom on forward particle spectrum, with HPS-240 and -420 acceptance, for
MBUB( 94) (top left), MSUB( 95) (top right) and MSUB( 92) , MSUB( 93) (bottom) processes.

with the single tag efficiency computed for both sides sparately. It has to be no-
ticed that not only protons are sources of overlap badkground Althoughthere ae the
main source (93.7%), one dso expeds some significant contributions from forward
7t (2.5%), &1 (2.2%) and K+ (1.8%).

Process Single Tag only Double Tag
+240m  -240m  +420m  -240m
pp(yy) — pWTW ™ p 896% 6.00% 7.34% 8.45% 57.45%
Single diffradion (92 1.03% 1323% 0.07% 11.35% 0.25%
Single diffraction (93) 138% 1.14% 1224% 0.07% 0.27%
Double diffradion (94) 142% 157 0.09%  0.08% 0.02%
Non-diffractive Inelastic (95) 030% 034% 0.01% 0.01% <0.01%

Table 4.1: Fradion of events with single/doulle tag for MinBias and signal.
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The aosssedion for overlap badkgroundmay therefore be estimated as [84]:

oo /\Nefk )\N -
Gotap = 01x) | D 5 Pt (N —1) + Z Ppp) (N = 1)
N=3 N=2
)\N —A
+ opx) Z 7 (N =1) (4.4)
= o] (Epiwl + Ewpl) + Twx1E) (4.5)

where o) istheinclusive aoss dionwith the samefinal state X of interest, A isthe
average number of pp interadions per burch crossng and N is the adual number of
interadions in the considered burch crossng. The sum is performed ower al possble
number of interadions and weighted for ead configuration by a Poisson dstribution.
In the first term, Py, ) (n) is the probability that, given n interadions, there ae &
least two events that produce aforward particle deteded in HPS (one on ead side),
which is given by [84]:

n r+q—1

Py (n) = Y Z b ra)d (f[iﬁ)r (f[Zl)q (1_%_@)%%4

r+q=2 g=1

(4.6)

where, for example, f[;j ] isthefradion o eventsthat produce aforward particle within
HPS-240 a HPS-420accetance from equation[4.3,

In the second term, Py, (n) is the probability that there is at least one event that
contains an HPshit onead side of the 1P, andis distributed as abinomial distribution:

n

n! n—q
Plpp) (n) = q; o old (Fom)" (1 = fiop) 4.7

Finally, the third term stands for the aoincidence probabilit y between an overlap event
and a single-diffradive event pp — pX which produce the same fina state of inter-
est plusaHPshit. Py, (n) istherefore defined as the probability that there is at least
one event with a forward particle deteded onthe oppdsite side of the 1P to the sin-
gle diffradive proton from the hard event. The crrespondng formulais dmilar to
Py,p)(n) but using the event fradion fi,).

The Poison mean number of interadions A = 5.03 for the "low-luminosity” period,
and A = 25.14 for the "high-luminasity” periods, correspondrespedively to £ =
2x10% em™2s tand £ = 1 x 1034 cm—2s~! if one considers a40 MHz frequency,
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the nominal number of 2808 proton burches in the pipe and a total visible aoss
sedion o 79.22 mb. Therefore, the computation o integrated probabiliti es gives:

Eplp = 1.12% for low lumi

= 23.36% for highlumi (4.8)
Epp) = 0.20% for low lumi

= 1.23% for highlumi 4.9

At leading arder, that means that in high-pil eup conditions rougHy 25% of the beam
crossngswill produce afake doule-tagged event. In the next studies, the low proba
bility due to [pX][p] has been negleded.

For similar computations assuming oy forward stations at HPs-240as it will be the
case for thefirst stage of the HPSprojed, one finds a probabilit y of acddental doude-
tag events of 0.6% and 12.4% for 'low’ and’high’ luminosity condti ons respedively.

Acddental coincidence reduction

Although om burch crossng ower four will produce acedental forward coincidence
at high luminasity, such kind o badgroundcan be reduced by several techniques. As
the overlap events are uncorrelated, one can request kinematics consistency between
central and forward detedors. Also, as final state of interest is usually produced in
asciation with many trads attadched to the prompt vertex, on contrary to the two-
phaoninteradions where the pair is produced exclusively, a constraint onthe number
of neighbaed tradks will already suppressacddental coincidence badkgroundto an
accetable level.

The third technique uses the comparison o the ceitral and forward vertex paositions,
the latter ones being built with the proton time of arrival at the very forward stations.
The rejedion fador will depend onthe following parameters, discussed afterwards:

intrinsic timing resolution dt,

longtudinal spread of the interadion pdntso.,

vertex sizewindow,

differencein path length between left and right sides
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The main source of degradationin the timing resolutionis mainly due dotheintrinsic
jitter of the Photo-Multiplier tubes (PMT) use to deted the Cerenkov phdons. Cur-
rently, atime resolution o 10 ps was achieved in laboratory (testing PMT only) and
in test beam condtions (including signal amplificaion and oscill oscope processng)
with Photek-brand tubes.

The other important factor influencing the rejedtion is the longtudina spread of the
vertices positions: broader the distribution, lower the probability to have acédental
triple mincidencewith matched vertices. The spatial andtime distributions of the aur-
rent densities, as well as the aossng angle have influence on the spread value. The
full computation o the luminasity profile dongz integrated over time and takinginto
acourt al LHC madine parameters for the nominal design asthe half-crossngange
of 142.5 prad hasbeen dorein andresultino, = 48.2 mm. For protons not com-
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Figure 4.11: Simulation of the distance between reconstructed vertices for signal ([pXp]) and
overlap ([p][X][p]) events, taking into acourt avertex spread of o, = 48.2 mm and atiming
resolution of 10 ps.

ing from the same interadion, the distance between the "false” vertex reconstructed in
the forward station zy p and any prompt vertex in the central detedor z¢ s Will be
reconstructed on average & a Gaussan with o = /1.5 o, ~ 59 mm, as represented
inFigurel4.11,

The vertex sizewindaw is the degreeto which we require the reconstructed pp vertex
to match with the central vertex. Asit is clealy analysis-dependent, the value shoud
be balanced between a small (higher badkgroundrejedion) and alarge (higher signal
seledion) vertex size For the study o two-phaon production of supersymmetric
pairs in Chapter 8, the highest value of S/+/B was obtained for a window of 1.5,
i.e. seleding 87% of the signal events. The dficiency seledions for a 1.50 vertices
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matching, for the signal and the overlap events, are displayed onthe table next page
asauming dff erent timing resolutions.

Processtype | 6t =5ps dt = 10ps dt = 20ps
[pPXp] 87% 87% 87%
[PI[X][p] 2.13% 4.26% 8.4%
PP [X] 1.84% 3.68% 7.36%

Table 4.2: Forward and central vertices matching efficiencies for different timing resolutions.
The 1.50 window sizeis set here.

Finally, asit can be seen from the Figures 4.12 computed with HECTOR, the difference
between left andright sideis at most 8 um which leads to a negligible contributionto
the timejitter of around2.5 x 102 ps.
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Figure 4.12: Total path length for 2-HPs hits protons.

45 Gadof asafad timing detedor

451 GASTOF detedor overview

The concept of a dedicaed timing detedor for the HPS experiment needs to take the
following reguirements into acourt:

e thefull system timing resolution shoud be O(10 ps) for measurement of single
protontime of arrival,
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o the sensitive detedors have to survive & the rate of scatered forward (signal
and badkground particles,

e the complete setup hes to disturb as lessas possble kinematics of the proton
candidates

To fullfill them, the design invalves detedion o Cerenkov light produced by the pas-
sage of forward scatered particles within a gas volume [86]. The gasis contained in
aredanguar box o few 10s cm length with a very thin wall adjacent to the beamline
and aligned onthe parrallel with the scatered proton propagation axis, as shown in
Figures4.13for a ~ 35 cm long GASTOF . The use of gas medium as aradiator has
the advantage to creae fast light pulses, with well predicted kinematics.

Figure 4.13: 3D view of Gastof detector, for the 30 cm-long version.

The propaosed gas, arealy in use in the prototypes, isthe C, F at arelative pressure
of ~ 1.2 barswhich has arefledive index n = 1.0014 and thus produces light cone
with a narrow angle of 3° in the [200, 650] nm wavelength range. Produced phdons
are then refleded by a thin metalli ¢ front-surfacemirror on a fast Photo-Multiplier
Tube (PMT), placed out of the protons trgjectory. The mirror has a speda aluminium
coating with a magnesium fluoride overcoat which proteds the duminium and en-
hances the refledivity for short wavelengths. It has a sphericd shape with radius of
10 cm which dlightly focuses refleded phdons. Mirror is aligned such that the sym-
metry axis of the boxis projeded onthe center of the phao-cahode surface as drawn
in Figure/4.14, and event displays from Figures/4.15, Usage of alensto further focus
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Figure 4.14: 2D view of Gastof detector, with technical distances, for the 30 cm-long version.

isalso in consideration for future upgrades.

In the reference design, the main source of timing resolution degradation is coming
from the transit time spread in the PMT, i.e. difference of time distribution between
phaon impinges the phao-cahode and current colledion onthe anoce. Indeed, for
a 15 cm length GASTOF, the Cerenkov light production shoud last only 2 ps, and
phaons would travel at speed closeto ¢ in gas; such that the spead of time of arrival
of phaons on the phao-cathode islimited to 1.5 ps, as hown with simulationin Fig-
ure/4.19

The phao-multiplier tubes used for last GASTOF detedors are the Micro-Channel
Plates PMT (MCP-PMT). These ae spedal PMT consisting d a2D array of paralle
glasscapill arities of afew pm diameter, cal ed channel. Each channel, of which inner
wall i s covered by material with secondary eledron properties, works as an indepen-
dent eledron multiplier. The MCP-PMTs are well suited for fast timing measure-
ments as a strongeledric field is applied parallel from the phao-cathode to the MCP
entrance and from the MCP exit to the anode. Thanks to this drongfield, effeds of
emisgonang e distribution and initi al-velocity distribution d phao-eledrons, which
usualy have tendency to broaden the signal pulse, are avoided.
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The other type of timing detedor QUARTIC (QUARtz TIming Cerenkov) is using a
different techndogy. Insteal of gas, it has fused sili ca bars as Cerenkov radiators,
oriented with resped to the beam line & the arerage Cerenkov angle (48°) aiming
to minimizethe light refledions into the bars. These 4 bars (in «x — z plane) are then
couped to traditional MCP-PMT. The main advantage of QUARTIC isitsposshility to
measurethetime of arrival of several protons per burch, thanksto its z —segmentation.

A pair of QUARTICswill beinserted, in their own pocket, at the very badk of the HPS
station as they may disturb the proton trgjecories with multiple scatering. On the
contrary, the anourt of material that has to travel scatered protons into GASTOF is
relatively small (athin front aluminium layer, the ticknessof the mirror, and the back
thin aluminium layer) and therefore detedors are expeded to be placed anongsili con
tradking stations.

4.6 Raytradngsimulation

Work donein collaboration with Tomasz Pierzchda

The simulations of forward scattered protoninteradionswith the detedor, the Cerenkov
rays development and the signal emisson ou of the PMT deserve two aims. On the
one hand, for its prediction onthe average number of phaons or phao-eledrons col-
leded in GASTOF for typicd events, as the resolution o time measurement is up-
posed to be diredly related to the number of deteded phdons. On the other hand, it
can become apowerful tod to seach for the best design with spedfic constraints.

Next studies concentrate on the derivation d GASTOF properties considering first a
reference prototype and then some variations in the design. Most of technicd figures
asrefledance, refradionindex, .. .are placed in the Appendix (B!

46.1 Software details

Asthe geometry (aredanguar boxwith a drcular output) and the physics (Cerenkov
effed) of the proton interadion are quite simple, the simulation software was devel-
oped in C++ languege, rather than using heavy full simulation software like GEANT.
The ooncept is therefore based on linea geometry and transmisgorvrefledion ef-
ficiency dependence with the energy. The simulation, from proton incoming into
GASTOF up to signal pulse out of the PMT, is depped in different parts detailed in
the next:
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1. Photon generation: Cerenkov light is generated along the proton peth in the
gas volume;

2. Photon propagaion: ead light ray is propagated individuall y into the volume,
interading with walls, mirror, lens, etc. upto the exit window of GASTOF;

3. Photon detedion: surviving phdons are clleded on the phao-cahode and
output signal pulseis smulated;

For the next figures, a redistic distribution o proton x and y entrance positions in
GASTOF has been assumed asin HPS-240 -asill ustrated in Figure/B.1-with the detec
tor aligned parall €l to the proton dredion. Otherwise explicitely quaed, thefoll owing
geometric and physicd assumptions have been set for the reference detecor:

e GASTOF latera positionisat 2.5 mmfor the LHC beamline, such that z = 0 in
the plots corresponds to x 1, o = 2.5 mm;

e horizontal (x) and werticd (y) widths are 30 and 37 mm-long respedively, z
lengthis 16 cm from indoa faceto the exit window center;

e mirror has asphericd shape of 10 cm radius andit covers0 < z < 30 mmand
6 < y < 37 mm; itsrefledion efficiency is assumed as hown in Figure[B.3;

e gasisC,F, at apresaure of 1.3 bars;
e adrcular exit window of 12.5 mmradius, centered onmirror focus point;

e PMT isthe R3809U- 50 from Hamamatsu with Quantum Efficiency (QE) as
in FigureB.6land Colledion Efficiency (CE) of 25%;

o refledion o the thin wall close to beam is st to 20%, while other walls are
considered as blad;

Basic geometry asit i simplemented in the software and seen by the Frog event display
is shown in Figure/4.15

Cerenkov photon generation

Phatons are aeded along the whole path of the proton within the gas volume. In
order to optimize the event ssmulation cpu, it was dedded to attach a weight to eadh
generated phdon rather than simulate alarge sample and count the surviving ores.
The initial weight associated to ead produced phdon corresponds to the probabilit y



82 Chapter 4. The HPSand Gastdf projects

Figure 4.15: Event display of the implemented geometry and atypical event in GASTOF. The
gas is contained within the box (green lines) which is fully hermetic but at the exit window
(red circle), where rays can exit and touch the phao-cathode (blue disc). Proton (blueline) and
phaons (orange lines) paths are displayed for atypical event.

of Cerenkov phdon emmisgonwith atypicd energy, normali sed by the total number
of phaons emitted alongthe path length. Thistotal number isfixed per trajedory and
easily computed as.

@

N = E sin®
d hchd sin”(0)

« 1
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with dz the total path length of the protonin the gas, and dE the energy distribution.
In the simulation process the phaon wavelengths are generated oy from 160 to
900 mm, as light produced ouside this range would na be reflected by the mirror
and/or deteded by the PMT.

Rays are generated at the Cerenkov angle of ~ 3° since refradive index, which is
afunction o the incoming energy, varies between 1.0013 and 1.0017 in the energy
regime we ae restricted as displayed in Figure[B.2] The ¢ angle is chosen randamly
among|0, 27].

Cerenkov photon propagation

Light rays are propagated into the volume, starting from their generation pasition on
the proton path, at the group \elocity rougHy equivalent to 1/n. Photons propagate
fredy following a straight line urtil they read a surface At ead surface cossng,
the diredion and the weight of the phaton are modified, with adions depending onthe
encourtered material:

e bladk wall: phaonisabsorbed bythewall, so the weight associated toray is st
to zero;

e aluminium wall: phaon weight is multiplied by the assumed aluminium re-
fledance (20% in the examples below), and the diredion is modified as for a
refledion byaflat surface

e mirror: phaonweight is multiplied by the mirror refledance, which is afunc-
tion o the phaton energy (seeFigure[B.3), and the diredion is modified as for
arefledion byahemisphere;

In addition, timing informationis updated at ead surface cossng.

Cerenkov photon detedion

If the Cerenkov ray readies the it windowv of GASTOF detedtor with a non-null
weight, its trgjedory is continued ouside the redanguar box towards the PMT. The
sensitive aeaof the phao-multiplier, the phao-cahode, is dmulated by a disk of
5.5 mm radius. Prior the mlledion by the phao-cahode, phaons have to travel a
guartz layer of 3.2 mmwidth which is meant to proted the cahode itself. Asthere-
fledive index of quartz (from 1.54to 1.82for the wavelengths under consideration) is
different from the gas, the trajedory of the phaoninto quartz will be slightly modified
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with resped to the initial diredion. The modificaion o the phaon peth length into
the quartz is smehow very limited and increases the time-of-flight by 6.5 ps on av-
erage for the total | ength. On the contrary, the velocity in quartz being dff erent from
the velocity in the gas, the propagation o the phaon into 3;208”;““ of quartz leads to
an increase of 0.2 ps for the time of arrival on the phao-cahode of different phaons
from the same proton. As an example, the distribution o the time of arrival with and
without quartz window for the reference setupis shown in Figure/4.19.

The weight of ead colleded phdon by the phao-cahode is then multiplied by the
Quantum Efficiency (QE) and Coll edion Efficiency (CE) of the PMT under consider-
ationin order to simulate the generation o phao-eledrons. For the Hamamatsu tubes
that were tested so far, the QEs dependencewith the inpu wavelength are displayed in
FigureB.6, derived from the phao-cathode sensitivity also shown in the same Figure.
The CE, for which value remains unknowvn, was fixed to 25% as the best value to fit
2009Test Bean data.

After computing the probability of such a N(photon) to N (photo-electron) trans-
formation, ssimulation o the signal pulse height is performed as a convdution o N
single-phaon response aurves as Figure[B.7, with NV arandam number from Poison
distribution with mean of expeded phdo-eledrons.

4.6.2 Referencedesign predictions

The distribution dof the phaon ht pasitions onthe phao-cathode from aredi stic sam-
ple of pp(vy) — pWTW ~p events at HPS-240 s displayed in Figure(4.16 (right)
where two zones with higher density can be observed. There ae both due to the high
density of protons hittingthe front surfaceof GASTOF detedor at = ~ 3 mm, observed
in Figure B.1] The highest zore lleds phaonemitted in the diredion o the detector
center and phdons refleded by the duminium wall. The other zone, lessdense, isdue
to the Cerenkov phdons emitted in the diredion o the beam-wall, but not enoughto
hit it before reading the sphericd mirror.

For comparison, the same hits distribution for entrance points distributed uriformly
horizontally and fixed to mid-height verticdly is shown onthe same Figure. The dis-
tributionisrater uniform but two same zones due to the spherica mirror configuration.

Theresporse of the detedor asafunction d theincoming proton pasitionis gudiedin
Figure/4.17, Protons are generated with fixed y position at the middle of the detector
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Figure4.16: Two-dimensional distribution of the phaton hit positions onthe phao-cathode for
horizontally uniformly distributed proton entrance points (left) and for redistic HPs-240 case
(right) and reference design.

(indeed, y dispersion o scattered proton in forward detedor is very limited), and =
pasitions uniformly distributed amongthe full range of GASTOF accetance One can

=
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Figure 4.17: Mean number of produced phdo-electrons in the reference design as a function
of the horizontal proton entrance position X,-.:0n, @nd vertical position Y fixed to the mid-
height (Y'=16.5 cm). The maximal signd is expeded for X,ot0n in the middle of the detector,
and efficiency deaease is observed when X010, @pproaches awall as (part of) the Cerenkov
light is absorbed.

clealy natice the slight deaease of the mean signal for horizontal entrance pasition
moving aways from the center, as part of the Cerenkov emisson will be (highly or
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fully) absorbed by the wall material. Compared to protons emitted on the detector
symmetry axis, protons with initial position close to the bean wall produce a40%
smaller signal if the refledance of the duminium wall i s st to 20%, or even 50% if
it is asumed fully blad as the oppasite-beam wall. It is worth to nate that the fi-
ciency never drops to 0% on average anyway, thanks to the geometric distribution of
the Cerenkovrays asa cone.

The spedrum of these deteded phdonsisadually shownin Figure4.18. Startingfrom
the pure spedrum of emitted Cerenkov rays, the dfeds of the wlledion and phdo-
eledron transformation are visible. For the phao-eledron curve, the wavelength is
the one from the original phaton. At the end o the process the spedrum of phaons
contributing to the signal i s peaked for wavelengths around 250 m, mainly due to the
higher PMT quantum efficiency in this region.
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Figure 4.18. Spedrum of the produced Cerenkov phdons, collected phdons and phdo-
electrons as afunction of the v wavelength, for redistic HPs-240case andthe referencedesign.
For the phao-electrons, the wavelength corresponds to the one of the initial phaton.

One of the most important quantity (with the eficiencies dependence) that could be
derived from the simulation, is the phaon time of arrival on the phao-cahode. In-
dedd, the time spread of the hits on the PMT will contribute to the timing resolution
itself. For the ~ 15 cm long GASTOF, the RVS of the time distributionis only 1.5 ps
asit is shown in Figure4.19, on which effea of the 3.2 mm quartz window is also
visible.



4.6. Ray tradng simulation 87

N
<)

3.2mm Quartz
Mean 749
RMS 1.502

# events / 70 ns
=
o N

[

0.5

o L S Y —
740 745 750 755

Time of flight [ps]

o
Pr
a

Figure 4.19: Time of arrival of phaons on the phao-cathode for redistic HPS-240 case and
the referencedesign. The dfead of the 3.2 mm quartz window placed front the phao-cathode is
emphasized by potting the nonredistic case without such quartz layer.

4.6.3 Design variation

The same simulation padkage may also be used to seach for the best design by the
optimization o the detedion efficiency andthetime spread. Various modificationsare
under study; and few of them are addressed in the following. All the parameters st
for the reference design are fixed, but the one under consideration.

Length influence

Thetotal length of the GASTOF detedor, and hencethe path length of the protoninside
the gas volume, has an influence on the timing measurement. Indeed, longer GASTOF
implies more Cerenkov phdons creded, but also larger time spread of the phao-
cahock hits. The dfed is shown in the table below for diff erent lengths computed as
the distance from the front faceto the mirror. The redistic benchmark simulation at
HPS-240 has been asumed.

Length Nphe- Mean Time | RMS Time
0.162m | 2.56+0.01 749 8 141
02m | 2.944+0.01 876 15 1.46 s
0.25m | 3.28+0.01 1043 5 151
0.3m | 351+0.01 1210 1.60 s
0.35m | 3.65+0.01 1377 5 1.66 ps
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Asan example, rougHy doulingthe total length of the detector (16.2 to 30mm), the
number of phao-eledronsincreases by ~ 35% for only a 0.2 ps extra contribution to
the RVS.

Presaire

Presaure inside the box haes two effeds on the physicd processas the gas refradive
index isafunction o the presaure:

n(p) = V1+p (n?(1) - 1) (4.11)

with p the presaure expressed in units of atmosphere. Therefore, increased presaure
implies a larger refradive index and hence alarger Cerenkov angle of emisson. In
additi on, from equation[4.10, increased index also means that more Cerenkov phdons
are amitted. Thevariation d the mean number of phao-eledronsfor redistic HPS-240
caseis plotted in Figure/4.20,
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Figure 4.20: Mean number of prodwced phdo-electrons as a function of the gas presaure into
the GASTOF volume for redistic HPS-240case.

It is by consequence planned to use the aljustment of the presaure to compensate the
deaease of the quantum efficiency because of the ageingisue.

Refledive wall

One of themajor lossof signal comes from protonswhich are entering closeto thewall
into GASTOF, and for which rougHy half of the Cerenkov light is emitted into the di-
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redion o thiswall. For the nominal simulation case, afixed value of 20% reflectance
has been set for the wall closest to the beamline, and ore can seein Figure/4.21 that
the dficiency deaeases for protonincoming pasition closer to beam-wall .

E
1S F —
5 C R
-~ 6 [T pasad™
A C e —
e F 5 —
z 5 : —
\ F H
4= :—’_l_‘
3
F — Black wall
2=
= Aluminium (20% reflectance)
1= <=+ Mirror
0:i1\\\\‘\\\\‘\\\\‘
0 0.005 0.01 0.015
Proton X [m]

Figure 4.21: Mean number of produced phdo-electrons for redistic HPS-240 case and for
different beam wall material.

For the final design, it is therefore planned to built it with high-refledance material.
To show the dfea of such improvement, the bean wall has been assumed to have the
same refledive properties as the mirror with the refledance plotted in Figure B.3} one
natices that for the same sample of redistic protons, the insertion o the mirror tends
to uniform the signal efficiency over x.

Lens

Finaly, the last upgade posshility that has been crosscheded with the simulation
softwareistheinsertion o alens between the exit windown and the phao-cathode, and
aiming to focus the phaons on the sensitive aeaof the PMT. A redistic commercial
lens with transmisson properties of FigureB.4 has been assumed for the simulation.
The Figure4.22 shows the dfed of the lens on the position o phaon hts on the
phao-cathode where, the 2D distancewith resped to the aea ceter isused. With the
usage of the lens, the whale refleded phaons by the mirror are colleded by the PMT,
while withou focusing part of them were missed.
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Figure 4.22: Distribution of the detected Cerenkov hit distance to the phato-cathode center,
for redistic HPS240 case, without (black line) and with (gray line) lens inserted after the exit
window.

Summary

The simulation o protoninteradionwithin the GASTOF detedor, althoughit was built
with generic C++ classes dmply based onlinea geometry, showed to give valuable
predictionsfor the seach of thefinal design. In particular, it predictsnoregionwithou
signal visibility.

In addition, the insertion d alens and the increase refledance of the wall closeto the
beam are two posshle options to improve the design: the first to increase the signal

colledion onthe phao-cahode, the second to increase the signal for nea-to-wall
incoming protons.
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Chapter 8

Two-photon exclusive
production of supersymmetric
pairs

“ Supesymnetry isa conaete soundbridgingthegap
between silence and noise that can only be picked up
unde immense concentration”

Critics of album ' Supersymmetry’ fr om band’ Underwater Getdow’

Two-phaon production o charged supersymmetric pairs has a dean and urique sig-
nature of 2 forward scatered protons, 2 oppdaite sign leptons and large missng en-
ergy (8.1). Consequently, search for supersymmetry through two-phaton channels
has the advantage to propcse asimpler event topdogy and cleaner final states than
other SUSY seaches in pp collisions at the LHC which have to ded with complex
cascade decgy chains containing severa types of unknawn particles. Thisvantage has
arealy been pdnted out by Ohnemus, Walsh and Zerwas in 1993 in [22], where they
first proposed to search for nonstrondy interading SUSY particlesin 4+ collisions.
However, authors did na discussthe experimental aspeds linked to the detedion o
such events.

Anexploratory study hastherefore been performed at the generator level, withredistic
accetance aits applied for the central andforward detedions. It aimed to determineif
these processes could be visible andto quantify the benefits associated to the detedion
of the forward protonsin HPS.

153



154 Chapter 8. Two-phaon exclusive production of supersymmetric pairs

For low-massSUSY scenarios, significant crosssedionsare expeded and badkground
processes are well controlled. Measurements of the forward proton energies would
alow for apredse massreanstruction o thelightest SUSY particle and right-handed
sleptons with afew GeV resolution. Methodsto reducebadkgrounds
at highluminasity resulting from acddental coincidences between central and forward
detectors are discussed in[8.5

8.1 Two-photon production of SUSY pairs

The two-phaon production o pairs of charged massve particles offers an interest-
ing pdentia for the search of 'beyond the Standard Model’ (BSM) particles. The
production crosssedion for charged pairs is displayed in Figure2.7]as a function of
the particle massfor different spin states. The phaon fluxes parameterization with
the Equivalent Photon Approximation, as discussed in Sedion 22, can be success
fully used for the physics cases developed below, and therefore the rate of produced
particles at the LHC can be well predicted. For instance, the aosssedion for the
(elastic-elastic) production o scdars, fermions and vedor pairs of 100 GeV is0.7 fb,
4.1 fb and 52.0 fb respedively for /s = 14 TeV. The survival probability, which is
asumed to be large for two-phaon interadions as argued in Sedion[22] is taken to
be 100% for the next studies.

Supersymmetry, as it predicts new scdar and fermionic particles abowe the dec
trowedk scde, istherefore an excdl ent candidate for novel and complementary seaches
in v~ interadions at the LHC. Because of the relative low crosssedions for these
processes, it requests large integrated luminasity to ohtain a significant amourt of
statistics. With the LHC nominal plans, that also meansthat this analysis hasto be per-
formed at the design luminasity, when the mean number of pil eup events per burch-
crossng becomes of significant concern. However, tanks to striking experimental
signatures, badkgrounds are expeded to be quite low and well under control.

Therelevant Feynman diagramsfor thetwo-phaon production o sleptonand chargino
pairs are shown in Figure[8.1] In order to ensure the deanest event signature, only the
fully leptonic final states are considered in the following. With the techniques of se-
ledion for exclusive events developed in Chapter (5l for dil eptons and the successul
applicaion to the vy — u™p~ processin Chapter (6, we ensure that the exclusive
dileptonfinal states are seleded with high-efficiency.

Asitis shown in the same Figure, supersymmetric final states are dso charaderized
by the presence of large misgng energy, which is caried ou by the neutrinos and
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Figure 8.1: Relevant Feynman diagrams for the two-phaon production of slepton pairs (left)
and charginos pairs (right), with 2 leptons final state

neutralinos which escepe the detedor withou being deteded. Of course, eventhough
SUSY is taken as main framework to perform the analysis, similar final states can
also oltained in others BSM theories as in two-higgs douldet models, or with heavy
stable charge particles, ... Therefore, the supersymmetric choice has to be understood
as an acalemic caseto display the power of the method, which can be extended to any
"new physics' signal sharing similar charaderistics. In order to have aframework of
redistic physics case, the study has been performed for a spedfic benchmark point,
usualy referred asthe LM 1 pant in the literature.

The MSIM parameters, together with the asociated production crosssedions, are
detailed in Appendix The relevant contribution to the exclusive dilepton signal
comes from the two-phaon production o right-handed slepton pairs, for a total of
0.8 fb, which is 140times amaller than SM vy — W+W ~ process The simulation
of the exclusive states has been performed using the cdcHEP Monte-Carlo generator,
and then passd to Pythia where the decay and hedronisation steps were performed.

8.2 Detedion of exclusive SUSY pairs

Therequested final state, that isapplied in for thisLM1 study but could be generalized
to any low-massSUSY scenarios with low-tg(3), involves

e 2 leptons of oppasite charge within cM s accetance,

o 2 forward scatered protons hitsin HPS,

e misdng energy
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The only irreducible badkground pocessfor this event topdogy is the exclusive two-
phaon production o pairs of W bosons. The aosssedionfor two-phaon production
of W+~ with fully leptonic decay reades almost 7 fb.

The dired lepton pairs two-phaon prodiction pp(yy) — pfte~p (with £ = e, u, 7)
can be eaily suppressed by requiring large a®planarity and/or large missng energy.
For the final figures as well asin Table[8.1 the reverse of cuts used in the exclusive
dimuonseledion have been applied:

[(@(€F) = d(£7)) /x| < 0.9, pr(€7) = pr(¢7)] > 1.5 GeV (81)

Asaiming a LHC multi-purpose detedor like cms, the foll owing cuts have been ap-
plied onthe leptonsin order to simulate the accetanceregion o the central detedor:

pr(et) > 10 GeV, pr(pt) > 7Gev, In(¢*)| < 2.5, (8.2

which are expeded threshald for lepton pair triggering at high luminosity. The lepton
energy and momentum scaes are suppased to be predsely known at that point, such
that null p7 resolutionwill be assumed in the next.

Protons have been transported throughthe beamline using the HECTOR software with
same beam optics and same station locaions and dstances-to-beam (2.5 mmfor HPS
240, 4 mmfor HPs-420) than for theresults of Sedion4.3] The dficiency of deteding
baoth forward protons (amongthose with deteded central adivity) isthen around74%,
so amost the whale relevant phaon spedrum is probed.

The expeded rates of events within 100 fb~!, with 2 deteted leptons with/without
douly-tagged requirement areindicaed in Table8.1/for the signal and W =W~ back-
ground Because the branching ratio BR(/+ — ¢+ + ¥9) ~ 100%, seledronand
smuon fEirs are the major expeded contribution in the analysis of dileptonic final
states. In addition, almost 65% of right sleptons and 75% of left ones fall within the
accetance window. On the contrary, pairs of charginos have other significant decay
modes (including hedronic decgys) therefore only 7% of the produced chargino pairs
will be deteded. Staus, sincethey deca into tau leptons, will produce mostly two
7-jet final states, henceonly 1 and 6% of the 7, and the 7, pairs passaccetance aits,
respedively. Finally, norelevant signal of the charged Higgs bason pairs can be seen,
since H+ — bt isthe dominant decay mode.

The signal to naseratio, athoughit already reades avalue doseto 1/5 after lepton
accetance can be improved considering orly same flavor dil eptonic events. Indeed,
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because the signal is dominated by 7 and 7, pair decays, around90% of the LM1
eventsis composed of ete™ and ut 1~ leptons. At the same time the badkground W
pairs are suppressed by afador 2 by seleding same flavor leptons.

Similarly, as the LM1 benchmark point doesn’t stand in the high ¢tg(/3) region where
coupingsto (s)taus are enhanced, one can rejed events with leptons from + decg/son
adisplacel vertex veto. A conservative value of 1 mm transverse displacanent with
resped to the beamline has been assumed such that, at the generator level, 66% of the
leptons from tau decegys are flagged as displace.

The lepton transverse momentum spedrum of events with central plus forward detec
tionsis also shown onFigure[8.2/for the events passng the lepton acceptance ait, the
same flavor requirement and the 7-veto. One can natice that the lepton energies are
significantly larger than the onesinvaved in the pp(yv) — putp~p anaysis, with a
maximum around15 GeV. That also shows that, even for low-massSUSY scenario, a
stronger cut onthe p7 would nat affed the triggering efficiency dramaticdly.
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Figure 8.2: Transverse momentum spedrum for the signal (stack histogram) and the back-
ground separately, assuming an integrated luminosity of 100 fo~!. Events passng the lepton
acceptance and with douly-HpPstag are considered.
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8.3 Very forward detedor information

In contrast to the nomina pp studies which can only use kinematicd quantities mea
sured with the central tradker, cdorimeters and the muon system, the main experi-
mental advantage of the two-phaon processs relies on the detedion in HPS of the
two forward scatered protons. Indeed, beyond ssimply tagging exclusive interadions
by looking at coincident signals on bah sides of the 1P in HPS, measurement of the
proton energy in the forward detedor —and hencethe reconstruction o the proton en-
ergy lost and the phaon energies— is an urnique and predse todl to derive the initial
condtions of the event. In naminal pp interadions, asthe protonremnant is emitted at
small angle and hence undetedable, the intial energy and momentum of the incoming
partons remain unknavn.

For tagged protons, the phaon energy reconstructionis assumed to be performed with
aresolution of

o(E,) = max(E,/100,1.5 GeV) (8.3

for all protons, foll owing the results obtained in [81].

8.3.1 Two-photon invariant massreconstruction

The first obvious useful quantity reconstructed from the two phdons energy to dis-
criminate between the signal and badkgroundis the two-phaon’initial condtions’ of
the event:

W,y = 2v/E-, Er, (84)

where E,,, E,, are the recnstructed energies of two colliding phdons. Expeded
distributionis shown in Figure/8.3/for L=100fb~!. One can seetwo significant peeks
due to the production thresholds of right slepton (around 250GeV) and o left dep-
tons (around 400GeV) for the LM1 case. In this way, the slepton mass gedrum can
be probed by measuring the threshold energy for ead peak, which is approximately
equal to the sum of masses of the two produced sparticles. It shoud be stressed that
the mass determination in this method depends only on the HPS energy resolution,
and nd onthe resolutions of the central detedtors. Actual predsion d /% and /3 mass
determination is then mostly driven by avail able statistics.

Moreover, this quantity can also be used to suppressthe badkgroundsince the W,
shape distribution for W pairsiswell known and starts at about 2myy,. The choice of
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Figure 8.3: Two-phdon invariant massreconstruction for 100 fo~*.

the analysis cut W;’;m could bethen changed alongthe LHC running period acording
to the SUSY massconstraints coming from nominal pp studies.

8.3.2 Missng massreconstruction

Informations from bath central and forward detedors can also be combined to extrad
the massof the LSP Indedd, the missng energy carried away by the neutrinos andthe
neutralinos can be estimated as

Eriss = E’n + E’yz -k, - Elz (85)

1

where E)1, FE;5 arethe measured leptons energies. A conservative mrredionis made
to acoun for the bremsdrahlung in eledronic decgs. It is assumed that the soft
bremsdrahlung phdons, pr(y) < 10 GeV, are not deteded. Thisresultsin the biased
FE,.iss inasmall fradion o events, but otherwise leptons are very well reconstructed
in the central detedtors. Therefore, as it is assumed that the energy and momentum
of the leptons are known exadly, the resolution o the reconstructed kinematicd vari-
ablesis dominated by the phaon energy resolutionsin HPS.

The misdng invariant massdistribution can then be defined as

Winiss = 1/ E2 P2 (8.6)

miss 1 miss
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where P,,,;ss is the event mising momentum and is cdculated in analogy to F,,,;s5-
Missng massisonaverage larger for the SUSY event sample since asupersymmetric
event will always produce & least two massve LSPs. This can be seenin figure[8.4
where the expeded distributions of 1,,,;,, for 100fb~! is hown.
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Figure 8.4: Two-phaon missing massreconstructed with 100 fo~*.

SUSY distribution is peaked dlightly above 200 GeV, which is twice the massof the
lightest neutralino in this model, while it starts at zero for the SM contribution. This
quantity allows for measuring the LSP masswith a high resolution by performing a
massedge study. It also provides a powerful toal to suppressthe W W~ badkground
by requiringa W™ cut.

miss

8.3.3 Significance

Applying the following analysis cuts driven by the prior studies:

acceptance aits (8.2),

o same flavor lepton seledion,

7-flagged rejedion,
W, > 235GeV and W55 > 195GeV,

lepton peirs acoplanarity and untalanced pr (8.1),
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onereadesa S/ B ratiocloseto 1.5. Thevarious contributions for the signal aregiven
in Table/8.1/for the integrated luminosity L = 100fb~!, and S ~ 36 and B ~ 25
events.

Process aw op wmiss  A¢/x
seledion seledion & W,, & Apr
pp(vY) — PRLARD 28.40 2179 2151 1581
pp(vY) — pELERD 2378 1821 1798 1281

pp(vY) — PR AP 6.76 414 412 331
pp(vy) — péférp 6.51 410 407 335
pp(vY) — pi A p 0.06 004 004 002
pp(7y) = pis o p 0.06 004 004 003
() — PXT X P 1.86 108 108 067
pp(7Y) — PX3 X3 P 0.42 009 009 008

pp(yy) — pWHTW—p | 16841 13700 3116 2453

Table 8.1: Expeded number of eventsfor L = 100 fb~! after eat selection step. Details on
the auts are in the text.

The 50 discovery for the LM1 left and right leptons is then readed already after
45fb~1! thanks to strong suppresson o the irreducible badkground It could till get
better by using additional model-dependent cuts exploring An and AR anglesasitis
dorein [8], where the 50 isreaded only after 25fb~1!.

Finaly, it could be improved even further by including the inelastic two-phaon pro-
duction, in this case however only one protonis deteded and the kinematicd recon
structionisnat so effedive. For the same benchmark point, the nominal proton-proton
studies claim 5¢ discovery after about 10fb~! [106]. However, determination of spar-
ticle masses in this case is much more complicated. Althoughthis benchmark point
has already been excluded by the first LHC data, the method remains valid for higher
MassEs.
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84 SUSY massreconstruction

The main advantage of the two-phaon analysisislarge sensitivity to sparticle masses.
However, the mass determination o /%, /= and % using the prodiction threshdd
values in W, and W,,;s distributions is limited by the number of seleded events.
Ancther approach, based on aher kinematic quantiti es, can provide amethodto mea
sure massof the sleptons rather on an event-by-event basis.

The two-dimensional plots in Figure 8.5 represent event distributions on the W,
Wniss plane for the MSSM processes and for the W+~ badkground after accep-
tance aits. One can observe that for the signal events these two variables are strongy
correlated, and much lessfor the badkground Moreover, it can be shown that the
width of the distributionisrelated to the massof the produced sparticles. Thisdemon-
strates a dose relationship between the MSSM masses, the v+ invariant massand the
missng mass An empiricd quantity has been built i n order to take into acourt this
observation:

(2m7'600)2 = WWQV - ([WQ

miss

- 4m§?]1/2 + [Wl2ep - 4ml2€p]1/2)2 (87)

where W, istheinvariant massof the two lepton system, andm;.,, istheleptonmass
and 2m,..., isthe reconstructed massof the produced sparticles. It can be understood
as the total available energy of the interadtion onwhich we subtrad the missng en-
ergy and the leptons energy, bath correded with massof the produced states. That
relation daes not work well for 7 and y pairs because in general they deca into final
states with more neutrinos and reutralinos. The only needed input in this methodis
the value of the LSPmass which can be derived from the W,,,; 5 distribution.

The reconstruction paver of this empiricd quantity isill ustrated in Figure8.6/for the
integrated luminosity L = 100fb~—!. A narrow pek centered at 21, = 236 GeV
=2 x 118GeV, dlows for efficient and dred determination o the &% and ji; mass
A seoond e, centered at 2my..., = 370GeV = 2 x 187 GeV, with larger width,
corresponds to &1 and /i pairsbut is not so well visible. Right seledron and smuon
massmight be determined using this empiricd methodwith afew GeV resolution.

8.5 Pileup effeda

At the instantaneous luminasiti es at which this analysis has to be performed, the large
number of extraoverlap eventsleadsto high probability to get acddental coincidence
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Figure 8.5: Scatter plots for the LM1 signal and the WW badkground onthe W55, Wi,y
plane. Upper: jif;fi; events (orange) and W TV~ events (red). Lower: fifji; events (green)
and W W~ events (red).

badkgroundwhen a dil eptonic event deteded in the central cM S sub-detedors andthe
two forward scatered protons in HPS dorit come from the same interadion. From
detail ed studies in Sedion[44, the asciated probability to have 2 acddental proton
hitsin HPSper beam crossngisat the level of 1.32% and 24.59% for 'low’ and’high’
luminosity respedively, if one sums contribution from [p][ X][p] and [pp][ X] in equa-
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Figure 8.6: Reanstructed 2 1., variable for the LM 1 benchmark point and L = 100 fo~.
tions'4.8 and(4.9)

The oonsidered inclusive processes with dileptonic final states, likely to mimic an
exclusive SUSY signature if HPS hits match, are the inclusive bason peirs production
pp — WYW= — 04~ vs, pp — ZZ — {74~ + jets and the inclusive Drell-Yan
pp — Z/y* — (T4~ processes, for which production crosssedionsread 7.4 102 fb,
1.110* fband 1.3 107 fb respedively. The expected number of dil eptonic events after
applying the same lepton seledion than for SUSY seach (oppdaite sign, same flavor,
7-veto and within pr, n accetance) is shown in first column of Table 8.2/and hes to
be compared with values from Table[8.1/for the SUSY signal.

Asthe dominant comporent of inclusive dil eptonis comingfrom Drell-Yan processs,
analysis sledionwith pil eupincludes cuts on p*s¢ and onW,.,,, both built from the
leptons kinematicsinformation in order to reducethe’ v« part’ andthe’ Z part’ of the
spedrum respedively. The aonsidered cuts for Drell-Yan veto in the next will be set
as

Ppiss > 10 GeV; Wi, & [87 GeV; 95 GeV| (8.8)

which will remove gpproximately 60% of the remaining Drell -Yan events whil e keep-
ing 93% of the SUSY signal.



Process | (t¢~ track pp Wwmiss  A¢/m  Drell-Yan
seledion exclusivity seledion & W,, & Apr veto
pp — Z/v+ (low PU) | 208M 43k 53195 20185 5539 2138
(high PU) 106k 403540 110743 42752
pp — ZZ (low PU) 87k 2562 032 008 006 002
(high PU) 6.30 169 119 048
pp — WHW~ (lowPU) | 100k 4047 050 015 011 011
(highPU) 9.95 297 229 216

Table 8.2: Expeded number of eventsfor L = 100 fb™* after ead selection step. Details onthe aits are in the text.

pajypdnajid 58

G9T
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This acddental coincidence badgroundcan be reduced at higher level trigger stage
using kinematic constraints as consistency between the central and the forward sys-
temsin rapidity and mass It can be further reduced using the fad that in general the
number of tracks associated to the dil epton vertex is much small er in exclusive events
than in generic collisions, and used similar methods for seleding exclusive processes
as the ones developed in Sedion[53] The performances of the two-tradks vertexing
andthe extra-tradk veto has proved to work in pil eup condti ons throughthe measure-
ment of the pp(yy) — put ™ p process

.
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Figure 8.7: Badkgroundselection efficiency or 'no extratradk with pr > pr’ cut condtion

For ill ustration, tradk-based exclusivity condtionsinefficiency is shownin Figure[8.7
asafunction d the minimum p valuefor tradk reconstruction. The high performance
of the cantral tradking detedor to reconstruct trads even at low p has been provedin
Figure/5.9. One can naticethat additional tracks within the 2 mmyveto size aoundthe
exclusive vertex are reconstructed dowvn to ~ 100 MeV. To ke a conservative value
of a100% track reconstruction efficiency, we request no extra track to the £+ ¢~ ver-
tex with pr > 0.5 GeV. No veto-sizeis applied as, at generator-level, al the particles
arise from the same point. With pr > 0.5 GeV, the extratrad veto method providesa
reduction fador around2500 for inclusive W W, 3000 for inclusive Z Z and 4500 for
Drell-Yan production. However, it has to be emphasized that these reduction facor
are strongy dependent on the Multi ple Parton Interadion model used, and then have
large uncertainty of fador 2.

The dfea of the acédental coincidence badkgroundwith tradk-based exclusivity con-
ditions only is shown in top row of Figure/8.8 for low and high lumincsities. For the
lower one, theinclusive badkgroundremains onan accetable level, so that éﬁ and ﬁﬁ
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masses could still be reconstructed with afew GeV resolution(top left). However, in
case of highluminosity, the probability to have a cetral dil eptonic event acddentally
asciated to HPshitsis 0 large that pedk signal from exclusive supersymmetric pairs
is hidden (topright).
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Figure 8.8: Rewnstructed 2 m,..., variable for different pileup environment. Left: =
2 10%3em™2s7!, Right: = 10%*ecm™2s™!. Top: track-based exclusivity condtions, Bottom:
tradk-based exclusivity condtions plus forward-central vertices matching requirement.

For such harsh environment condti ons, pred se time-of-flight detectors with few pico-
second resolution have to be installed in association to the proton detedor aiming to
measure the relative time of arrival of protons at ead stations ¢, and ¢ z. With the z-
by-timing method, the vertex position o an hypahetic events with triple mincidence
can be reconstructed as

1
Zpp = i(tL — tR) X c (89)

and shoud match with the central vertex reconstructed within cms for ared exclusive
event. On the contrary, for overlap badgroundevents, the pasition measurements of
forward and central vertices disagreefor a large maority of them (see Sedion[4.4).
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Such high badkgroundsuppressonisonly possbleif protontime of arrival measure-
ment is performed with very-fast detedor. Indeed, from atiming resolution o 10 ps
on singe proton measurement, the pp vertex position is reconstructed with a2 mm
uncertainty. So fast detedor isarealy avail able, as the aurrent prototypes of GASTOF
showed aresolution of 10 ps during test beam.

Thus, asauming a timing resolution o 10 ps, and a vertex window size of 1.50p,, ~
3 mm, the correspondng matching efficiencies from Tablel4.2/ have been applied to the
signal and the inclusive overlap badground and expeded distributions are displayed
on bdtom row of Figure[8.8] The large overlap badkgroundsuppresson from vertices
matching requirement is very powerful to get the SUSY signal well visible in the
spedrum.

8.6 Summary and progeds

The present study, althoughit was restricted to a spedfic benchmark point, can be
generadized to any other point of the MSSM plane or to any search of BSM charged
particles. The only limitation to the methodis the amourt of statistics which will be
colleded at the LHC, otherwiseit can be used for any considered BSM spedrum. Asan
example, threeother benchmark points with diff erent topdogy are briefly considered:

L M3-like benchmark

For this paint and in the region around my = 330 GeV, m,,, = 240 GeV, the
exclusive supersymmetric signal is suppcsed to be dominated by the production o
charginas (o(pp(vy) — pXiX;p) =~ 0.649 fb), decaing with the same branch-
ing ratios than the W+ (B.R.(x{ — ¢tX)) = 31.5%). Therefore, SUSY seaches
with fully leptonic final states with same and dff erent lepton flavor final states can be
performed. In additi on, the seledion with diff erent flavor would highly suppressthe
inclusive Drell-Yan badkgroundwhich will survive only through~y/Z — 77~

LM2-like benchmark

Within all the MSSM region aroundmg = 185 GeV, m; /o = 350 GeV, the exclusive
SUSY signal would also be composed of ¥ v, (o =0.144fb). However, asthe paint
LM2 standsin ahigh-tg(3) regime (tg(3) = 35), the prodwction of 7,77, (0.166fb)
is contributing for rougHy the same amourt. Furthermore, the high-tg(3) value en-
hances the mugings to tau and stau such that the phenomendogy o the fina states
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is modified as B.R.(X7 — 7 v;) = 95% and B.R.(7]7 — 77%7) = 100%. Al-
though dl eptonic final states have been considered previously as to have the deanest
final state possble, one can aso perform similar reseach for semi-leptonic or fully
hadronic fina statesin the central detedor. However, the exclusivity condtions are
much difficult to establish. That would demand an extremely high acarragy to deter-
mine which tradks originating from the neighbahood d the vertex belongs to the jet,
and which are due to proton remnants hadronisation a multi ple partoninteradions. . .
with everything enveloped in high-pil eup environment!

Swed-Spot

In additi on, in some non-common SUSY theories, the LSPisnat ! asin MSSM but
rather the gravitino. One interesting framework in which that occursisthe Sved Spad
SUSY [107], where the next-to-LSPis predicted to be the lightest tau 7;", with low
massaround116 GeV. It would be quasi-stable, with a decay time of O(3003). Pro-
duction o %f pairs in phdon-phaon interacions will t hen be deteded by olserving
very exclusive fina states —two heary and stable, oppasite charge particles produced
centrally plus two forward scatered protons. Using the phenomenadlogicd spedrum
of [107, orefindsthe aoss £dionfor thetwo-phaon 7" production o about 0.43 fb.
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Figure 8.9: Phaton-phaon invariant mass distribution after the integrated luminosity

L = 100fb~for pp(yy) — 71 7 )pp With pr(7:5) > 10 GeV requirement.

A usua methodin pp studiesto deted such heary leptonlike pairs relies on the use of
the dE /dx variable, or time of flight measurements, and resultsin apoar recmnstruc-
tion wsing caorimeters and muonchambers [10§. On the contrary, in the two-phaton
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analysis, aimost al the kinematic information is avail able, again thanks to the detec
tion d the forward scatered protons. For example, the two-phaon invariant mass
W, as shown in figure[8.9 for the integrated luminosity L = 100fb~!, assuuming de-
tedion if both staus with p(75) > 10 GeV, and d two forward protons in the full

HPsSsetup. The stau masscan then be diredly measured by comparing the two-phaon
invariant masswith the stau momenta. Such a event-by-event massmeasurement has
avery goodresolution, of about 5 GeV. Finally, the stau spin could be determined by
analyzing the stau anguar distributions in their center-of-massreference system.

Forward trigger

Anocther posshle cnstraint for the nominal seach with fully leptonic final stateis the
limited bandwidth for triggering low-pr lepton peirs. At £ = 10** cm=2 s~1, most
of the L1 bits will be probably used for BSM seach in pp interadions, by requested
high-pr jet and large missng energy signatures. Exclusive seledion o leptons could
therefore suff ers from thislimitation. However, two arguments may improve the situa-
tion. Onthefirst hand, asitis shawnin Figurel8.2, even low-massSUSY scenarios are
leading to relatively high lepton transverse momentum, such that one could imagine
to trigger only lepton pairs with p > 20 GeV withou loosing all the signal.
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Figure 8.10: Triggering performancefromHLT _Doubl eMu3 andHLT_Doubl eEl 10 com-
puted with OpenHLT with/without doube tag requirement as a function of the most energetic
lepton of the pair.

On the second hand, with the future increase of the L1 latency , one may even hope
to have spedal triple mincidences trigger with the central detedor and 240m stations.
The dfed of such a system is demonstrated in Figure[8.10, where the triggering effi-
ciency is shown as afunction o the most energetic lepton o the pair for two trigger
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paths arealy existing in the aurrent HLT mem@. The dficiencies have been com-
puted using pp(yy) — plLlzp Morte-Carlo events generated a the LM1 pant and
informationfrom HLT process The simulation o the proton propagationin the beam-
line is dore with HECTOR asauming the usual set of forward detedors. The binning
changes between p; below 40 Gev (1 GeV 1) and above (10 GeV 1) dueto statistics
matter.

One can natiicethat upto pr = 30 GeV, the dficiency curves for the event tagged in
HPsfoll ow the ones with central detedion orly, with a diff erence of the order of 20%
lessdue to intrinsic forward detector acceptance. After this threshaold, the produced
dileptonic events are usually too heary to have their 2 forward protons tagged, and
then efficiency startsto deaease.

Summary

The first exploratory study o two-phaon production o BSM pairs showed that in-
teresting results can be extraded with significant statistics avail able, thoughthe pro-
duction rates are low relative to pp rates. As an acalemic example, the present study
showed that for asignal crosssedion 140times small er than the SM badkground(0.8
vs 108.5 fb), an efficient seledion leals to a significant amourt of exclusive signa
over alargely-suppressed badkground For higher mass ®aches, stringent cuts on
Winiss and .., would compensate the deaease of expeded signal rate.

It also proves that the insertion of a dedicated very-forward proton detedion system,
when acaompanied with fast timing detedors, would bring valuable and acarrate mea
surements of the BSM model properties, as the mass pedrum.

IHLT Doubl eMu3 and HLT_Doubl eEl €10
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Conclusion

Two-phaon interadions at the LHC, athoughthey suffer from relative low cross
sedions, turn ou to be an important physics channel to consider in order to achieve
the cms goal to probe various new sedors in physics. Expeded rates and avail able
~~ energies al ow for novel and urique measurements aready at /s = 7 TeV.

The first measurement of two-phaon production at the with the cm s detedor showed
the feasibility to seled effedively exclusive pairs even within pileup environment.
With limited statistics, the exclusivity and kinematics €ledions demonstrated the ca
pability to discriminate the dastic-elastic signal from other sources of (semi-exclusive
andinclusive) dimuonevents.

In particular, the gplicdion o tradk-based exclusivity condtions, which consist to
veto events with any tradk originating from 2 mmaroundthe dimuon vertex, proved to
be an excdlent alternative to the usual cdorimeter veto in order to suppressinclusive
events. Remaining badkgroundwas sparated from fitting the singuar kinematicd
distribution o the pr of the pair. Althoughit exists limited statistics in the side-band
regionwhich bringlarge uncertainty ontheinelastic yield, an excdlent agreament be-
tween data and the LPAIR predictions are observed when applying the best-fit values.
That is the cae for the single muon quantities (¢, pr, ) as well as for muon pairs

kinematics (pr (up), n(up), Apr, Ad, ...)

With additional events which will be recorded in 2011, a deaer modelling o the
single-inglastic comporent will be possble. And hence, the total i ntegrated luminos-
ity could be measured with afew percent uncertainty only.

The observation o J/¥ and T phao-produced events also opens up the aility to
measure exclusive vedor meson crosssedions at an energy well abowve the HERA
scde. Badkgrounds dill need to be understood including the inelastic comporent and
the contamination from central exclusive production o x states. In addition, for the
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low-mass $ates, it also neads to come with an acarrate ssmulation o the endcep re-
gionfor the detedion o low-p7 muors.

The ggreament between data and vy — .~ Monte-Carlo expedations also tends
to promote this processto cdibrate the future High Predsion Spedrometer, aiming
to deted forward scatered protons. The integration of such dedicated forward tradk-
ing system into the cms trigger and reconstruction scheme would bring an enormous
advantage to the two-phaon physics. Since both hard scater and outgoing protons
would be deteded, a useful set of extrainformationis available for physics analysis.
For instance, for the two-phaon production o supersymmetric pairs, the vy invari-
ant massand the misgng massdistributions contain diredly valuable information on
the SUSY mass gedrum withou remurse to complex analysis methods. Combina-
tion of both even leads to predse massrecnstruction d some SUSY particles on an
event-by-event basis with afew GeV resolution.

Althoughthe benchmark point studied has already been ruled ou by the first 2010
data analysis, the method remains valid and extremely powerfull to deted and mea
sure two-phaon production o more massve SUSY pairs, or any other 'new physics

signal produced exclusively. The only limitation comes from the statistics colleded
and the maximum phaon energy tagging limited to ~ 700 GeV.

With redistic physics case and LHC beam parameters, simulations show that contam-
ination from acddental forward proton hitsin coincidencewith triggered event in the
central cms deteaor would contribute & anegligiblelevel for relatively low pileupen-
vironment ((V) ~ 5). Such suppresson o the overlap badkgroundmay be adieved
using similar techniques of tradk-veto exclusivity condtions as the one developed in
theyy — pTp~ analysis.

However, with the increase of luminaosity, the rate of acddental triple cincidence
badground kecomes 0 large that an extra technique of badkgroundsuppresson has
to be added. Comparing the central vertex and the "pp” vertex reconstructed with z-
by-timing method, it was demonstrated that rougHy 95% of the overlap badground
are rejeded throughthis method with a 10 ps resolution on poton time of arrival.
Such predsions have drealy been achieved with GASTOF prototypes at recent Test
Beanm, and some improvements are yet possble (mirror beam wall, lens, etc.). The
C++ simulation o the detedor developed may be of help to seach for the best design.



The study d two-phaon interadions at the LHC brough me the oppatunity to bein
touch with various aspeds of the modern high-energy physics. From the Monte-Carlo
generation o these processes, with the complex simulation o the proton remnant
hadronisation. Throughthe experimental charaderizaion o the exclusivity cond-
tions, deding with standard high-level objeds from the cm s reconstruction and with
sub-detedors comporents. Also throughthe aedion o an analysis codeto effedively
seled events of interest among the huge anount of avail able data, by applying bah
purity and physics-motivated criteria. Finally, with the statisticd treament of these
data and their interpretation. For the GASTOF projed, | entered in the world of fast
eledronic, predsion measurement and hardware R& D, which were far from my initial
skill s. In conclusion, a bit of everything. ..






Appendix A

Trigger muon paths

The HLT online muonseledionisadually a chain composed of two diff erent types of
pieces. the muonreonstruction ores and the filter logic ones. The muonrenstruc-
tioniscommonto al paths containing muons and is performed, independently of the
trigger path cdled, onal muoncandidates (upto 4) which have passed an initid filter
based on L1 trigger info. Thefull H LT reconstruction processesin 5 steps:

1. sed cregionfrom L1 muoncandidates

2. L2 (stand-alone) muonrewnstruction

3. cdorimetric isolation

4. L3 (global) muonrewnstruction

5. tradker isolation

with aseries of filters, spedfic to ead path, placed amongreonstruction stepsto stop
the trigger sequenceif the muoncandidates don't satisfy some given conditions.

The 3 doube muontrigger paths used for the online seledion are:

e HLT Doubl eMi0: Seeaded bythe L1 bit L1 _Doubl eMuOpen, it requests at
least two L3 muors, withou any pr cut. Each L3 muonis ®ealed by a L2
muon, also without any p cut, and must be separated by at most 2 cm from the
beam spat (in A(XY)).
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e HLT_Doubl eMuOpen: Sealed bythe L1 bit L1 _Doubl eMuOpen, it requests
amuon eirswithou any further seledion beyond 1.

e HLT Doubl eMi3: Seeded bythe L1 bit L1 _Doubl eMu3 (uptorun 147116
or L1 _Doubl eMuOpen (from run 147198, it requests two L3 muors with
pr > 3 GeV. Each L3 muonis saled by a L2 muonwith pr > 3 GeV and
must be separated by at most 2 cm from the beam spot (in A(XY")).

e HLT_Doubl eMu0_Quar koni umv1: Availablein the menu2E32, it similar
to the HLT_Doubl eMu0 except that it triggers only on opp@ite sign muors,
andfor masseswithin 1.5 < m < 14 GeV.

At the boundry between Run2010A and Run2010B eras, a major modificaion
was dore in the recnstruction algorithm of the L3 muonrs, therefore changing the
name HLT_Doubl eMu3 to HLT_Doubl eMu3_v2. Inthefirst period, the Outside —
InState agorithm was used, consisting in a usua propagation o the L2 state to the
outer tradker layer and the use of that seed for the tradker pattern recogrition.

On the contrary, the "cascade” algorithm is an intelli gent combination o the diff erent
L3 seederswhich work separately and sequentialy: first the Outside — InState seed
buil der, then the Outside — InHit seed bulder (use of the propagated L2 state plus
one hit to make the seal), and finally the Inside — out Hit seed builder (use of pixel
pairs or triplets in the tracking region around L2 state & a seed). The cacade stops
when ore dgorithm leads to a L3 muon, otherwise goes to the next seeder. In 95%
of the time, the cacade mincides with the OIState agorithm, but in 5% of failure
the OI Hit and IO Hit areincreasingthe ficiency, espedally for low—pr L2 muors.



Appendix B

Ray Tracing plots

Technicd plots, mainly dependence of refledion/refradion/transmisson paver with
the incoming phdon wavelength, are shown in FiguresB.1/to/B.7/as they are in use
for the ray tradng simulation.

The distribution o proton initial positionsis shown in Figure[B.1]in 2 dmensionral
view. On the x axis, the origin z = 0 stands on the position o the dosest GASTOF
wall to the beam, and corresponds to abeam-distance of 2.5 mmwhich is assumed for
HPS240(z > 0), i.e. x = 0 onthe plot corresponds to z = 2.5 mm with resped to
the LHC coordinates.

The refradion index of the CyF1 gas running with the incoming proton energy is
displayed in Figure[B.2. It variesfrom n = 1.0017 to 1.0013 in the energy regime of
work.

The mirror refledanceis shown in Figure[B.3as afunction o the phaonwavelength,
derived from " Optics for Reaseach” web data]109. One can natice that the metal-
lic front-surfacemirror used has refledance between 60% and 90% in the ultra-violet
regime.

Thelenstransmisson paver from Figure/B.4/ has been derived from” EdmundOptics”
web data]110. The transmisgon is constant around90% for the wavelengths under
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Figure B.1: Two-dimensionnal distribution of the proton entrance positions in GASTOF, de-
rived from redistic scatered forward proton distributions from pp(yy) — pW W ™ p pro-
ceses with protons detected on bah sidesand |5(X)| < 2.5.
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Figure B.2: Refradive index dependence of the C4 Fi ¢ gas with the wavelength.

consideration.

The quartz refradive index, which is used to simulated the time delay in the 3.2 mm
quartz layer front of the phao-cahode, is shown in FigureB.5] derived from a for-
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Figure B.4: Calcium Fluoride lens transmission dependence with the wavelength.

mulain [117.

The quantum efficiency of 2 tubes used in the prototypes, are displayed in Figure[B.6
(right). Once can natice adrop o the dficiency outside the [] nm range for the com-
monly used R3809U- 50. The QE has been derived from the phato-cahode sensitiv-
ity taken from " Hamamatsu” web data [117 and dsplayed onthe same figure.
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Figure B.6: Photo-cathode sensitivity and derived quantum efficiency for R3809U- 50 (blue
plain) and R3809U- 58 (dash red) MCP-PMTs.

Findly, the single phao-eledron response modelli ng hes been taken from the Pulse
Height distribution from Figure[B.7/taken from [113.
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Appendix C

The LM 1 supersymmetric
benchmark point

The MSSM parametersfor the LM 1 pant considered in the analysis are thefoll owing:
mo = 60GeV, my, =250GeV, tg(fB) =10, sign(p)=+1, Ay=0;

and the correspondng masses of supersymmetric particles derived from running the
renormalization group equations from parameters above ae listed below, together
with the aosssedion value for two-phaon production wsing the EPA:

(%) = m(i5) = 118 GeV o(pp(vy) — plilep) = 0.399 b
(1) = m(jit) = 187 GeV a(pp(vy) — plilep) = 0.091 fb
om(7E) = 111 GeV o(pp(yy) — pi 7 p) = 0.518fb
em (7)) = 190 GeV o(pp(yy) — piy 75 p) = 0.085 fb
em(X7) = 178 GeV a(pp(yy) — pXi X7 p) = 0.602fb
em(Y3) = 360 GeV a(pp(vy) — pX3 Xz p) = 0.041fb
em(H?T) = 381 GeV o(pp(yy) — pHTH p) = 0.041fb

The Lightest Supersymmetric Particle (LSP) in this model is the first neutralino 9
with a correspondng massof 96 GeV.
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Chapter C. The LM 1 supersymmetric benchmark point

The Pythia software was used to perform the decay and hedronisation steps. The
dominant branching ratios for various SUSY states are listed in Table[C.1.

Process Branching Ratio Process Branching Ratio
b, =+ 9182% Py T 85.88%
X1 *ve 5.53% 5t 9.34%
X5 +0 2.65% W +T 4.77%
lp— XY+ 07 100% I e 46.40%
v +7h 19.01%
oo XiET 100% ve+et 17.03%
U, +ut 17.03%
B+wt 0.48%

Table C.1: Relevant decay processesfor produced supersymmetric particlesin the LM 1 bench-

mark point.
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