The CMS group at IPHC

(et sujets de stageslthéses)

Jeremy Andrea,
On behalf of CMS-IPHC group

I I "C UNIVERSITE DE STRASBOURG
Institut Plu %eﬁpl are ’




The status of the SM IPH

Institut Plllj_li‘i isciplinaire

ubert CURIEN
STRASBOURG

 The SM was successfully validated by many
experimental measurements performed over
many years.

 The LHC results have even more -
consolidated the SM :

- with new extremely precise measurements,

- with the discovery of predicted SM
processes/particles : the Higgs boson is the
brightest example.

1 § '—"ﬁ—j « However the MS is incomplete!

* There are new (elementary) particles to
be found !

* One of the goals of the LHC : probe SM
physics and find new physics.
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» Despite it's successful predictions, the SM suffers from limitations/imperfections :

Not predicting the Dark Matter (DM) nor the Dark Energy,
No explanation for matter/antimatter asymmetry,

No massive neutrinos,

No explanation for the observed hierarchy of masses, .
“Unstable” Higgs mass and fine tuning,

Not compliant with the GUT,

- Etc...

« Many models on the market, proposing solutions to these “problems” :
- Super-symmetry (SUSY),
- Extra-dimension, Higgs compositness
- efc...

« How can we search for New Physics at colliders ?

- Direct searches of new particles ! Many (almost infinite
number of) channels, model dependent but has the best
sensitivity.

- Indirect searches ! Re-interpretation of precision
measurements (anomalous couplings, close signatures) or
suppressed processes.




Direct searches : Supersymmetry IPI-IC

Institut Piun isci lmalre

SUPERSYMMETRY @ Good features of SUSY:

* Propose a candidate for Dark Matter
g) @ Solve the hierarchy problem
w Unification of the couplings at high energy
o ;_ v,;' } ;j,u o It's a generic concept (add a boson/fermion
i, - - symmetry).
= gt Mﬁ@ There are many SUSY models.
vt ® ioors @ Foronpuions St @ sugrice * Number of parameters range from 5 (more
constrained) to > 100

Standard particles SUSY particles

e Susy has an extended Higgs sector => can be revealed by observing new Higgs bosons.

« SM : Higgs field is a complex SU(2), doublet, choose minimum — one scalar Higgs field,
give mass to bosons and fermions (Yukawa),

« SUSY : needs at least 2 Higgs doublets, more Higgs boson and Higgs-Higgs couplings.

- MSSM : 2 scalars, 1 neutral pseudo-scalars and 2 charged Higgs,
- N-MSSM : 3 scalars, 2 neutral pseudo-scalars and 2 charged Higgs

Names Spin | Pr | Mass Eigenstates | Gauge Eigenstates

MSsSM | Higgs bosons 0 +1 RO HY AV g+ HE Hdﬂ HT Hy
N-MSSM HyHy Hy Ay A HY H | HY HY HY Hy S
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Model independent searches

* Model independent search :

- Search for deviations from SM predictions <=> precision measurements,
— Search for processes that are not existing in the SM (with no new particles involved at tree level).

 Effective field theory approach :

- New particles contributes at the loop level,
- If the new particles are heavy => modelled as “effective” new vertex that links only SM patrticles.

« Example : Flavour Changing Neutral Current

- Highly suppressed in the SM because of the GIM mechanism,
- Largely enhanced in many new physics models.

TABLE I. Branching ratios for FCNC decays of the top quark in the SM and several possible

u extensions: the quark-singlet model (QS), the two-Higgs doublet model (2HDM), the minimal
\\. : .,JJV supersymmetric model (MSSM) and supersymmetry (SUSY) with R-parity violation. See
Z(— vi) Refs. [14,15] for details.

Process SM QS 2HDM MSSM R SUSY

{ — uZ 8 x 10717 .1 x10°% 2% 1076 3% 1073

g t— uy 3.7 % 10716 7.5 % 1079 2% 1076 [ X 1076

{— ug 3.7 % 10714 1.5 % 1077 8 X 1073 2% 1074

g t — cZ | X 10714 1.1 %104 ~1077 2% 1076 3% 1073
t — cy 4.6 % 10714 7.5 % 1079 ~1076 2% 1076 [ X 1076

t t — cg 4.6 X 10712 1.5 % 1077 ~1074 8 X 1073 23X 1074
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Experimental setup
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« CERN is one of the largest laboratories in the
world, located in the Franco-Swiss border.

« One of the biggest European institutions (20
countries).

e |tinvolves about 10000 scientists from all
over the world.

» Large Hadron Collider : the most powerful
accelerator of gartlcles => colliding protons at
718 and now 13 TeV.

« Four experiments/collaborations to detect
particles:

- Two multi-purpose experiments : ATLAS
and CMS.

- ALICE : studying “dense” collisions
(Lead-Lead).

- LHCDb : study of matter-antimatter
asymmetries.




The LHC in humbers IPHC
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LHC is (mainly) composed of :

- Accelerating cavities, to
accelerate protons.

- >9000 magnets, providing a B
field of 8.5 T, to bend the
proton beams.

» Colliding protons (heavy ions)
underground (-100 m),
27km long.

— First 7 TeV collisions in 2010,
then 8 TeV, stopped fall 2012
for maintenance.

- Long shutdown ongoing, 13
TeV collisions started in 2015.

« 25 years of developments and
construction.




The LHC experiments
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« ATLAS and CMS : multi-
purpose detectors (SM,
Higgs, new physics).

 ALICE : dedicated to the study
“dense” collisions : ions-ions =>
study the matter in conditions of the
early universe.

« LHCDb : dedicated to the study
matter-antimatter asymmetries.




The CMS detector
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CMS DETECTOR STEEL RETURN YOKE

Total weight + 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Owverall diameter :15.0m

Pixel {100x150 pm) ~16m* ~66M channels
Owerall length : 287 m Microstrips (80x180 pm) ~200m™ ~9.6M channels
Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,0004A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PERESHOWER
Silicon strips ~16m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC

CALORIMETER (ECAL)
~76,000 scintillating PbWO,; crystals

HADRON CALORIMETER (HCA
Brass + Plastic scintillator ~7,000 channels
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- Muon

Electron

Charged Hadran (e.g. Fion)
= = = = Neutral Hadron (e.q. Neutron)
‘‘‘‘ Photon

Sillcon
Tracker

Electromagnetic
]:! l' Calorimeter

Hadron Superconducting
Calorimeier Solenoid

Iran raturn yoke intersparsed
with Muon chamibers

[ =
P Barvey, CERN, Felwmnny 2004

Transwerse slice
through CM5

* Reconstructing particles with CMS :

- Muons, electrons, photons, charged and neutral hadrons,

- Based on the particle flow algorithm : combine in an optimal way the information from

the different sub-detectors.
11
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Contributions from CMS@IPHC

I Show all | Total Exotica Standard Model Supersymmetry Higgs \

Top Physics Heavy lon B Physics Forward Physics Beyond 2 Generations

433 papers submitted as of 2015-10-06

July 2015 CMS Preliminary

¢ 7 TeV CMS measurement (L < 5.0 fb™)
¢ 8TeV CMS measurement (L < 19.6 fb™)
PC I S S S R — 7 TeV Theory prediction
- o CRE — 8 TeV Theory prediction
Q Rte) Z CMS 95%CL limit
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Luminosity at run | and I

CMS Integrated Luminosity, pp, 2015, Vs = 13 TeV

Data included from 2015-06-03 08:41 to 2015-09-30 06:44 UTC
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LHC road map

LHC roadmap: according to MTP 2016-2020 V1 B Physics

LS2 starting in 2019 => 24 months + 3 months BC 1 Eh“td"w” o
LS3 LHC: startingin 2024 => 30 months + 3 months BC T::&;ZT:;'SS'D”'"Q
Injectors: in 2025 => 13 months + 3 months BC = i

2015 2016 2017 2018 2019 2020 2021

...............................................................................................................

....................................................................................................................................................

Q1/02!Q3!Q4|Q11Q2!Q3/04|Q1!Q2/Q3!{Q4|Q1{Q2!{Q3!04|Q1!Q21Q3|Q4|Q1iQ2!Q3!Q4 QI 1Q2{23 (74.

LHC
Injectors Run 2 LS 2

® PHASE 1

2022 2023 2024 2025 2026 2027 2028
Q1|/Q2{Q3|Q4|Q1{Q2|Q3|Q4|Q1|Q2|Q3/Q4|Q1|Q2|Q3|Q4|Q1|Q2|Q3|Q4|Q1 2|03 Q4|Q1|Q2{Q3|Q4

""!C Run 3 LS 3 O Run 4
Injectors .
o > o—— PHASE 2
2029 2030 2031 2032 2033 2034 2035
Q1iC2iQ3(Q4|Q1{Q2{Q3|Q4|Q1{Q2|Q3|Q4|Q1|Q2|Q3|a4|Q1iqQ2i03{Q4|Q1|Q2{Q3{Q4|Q1{Q2|Q3|qQ4
LI-!C LS 4 I Run 5 LS 5 I
Injectors
® >

Increase of the luminosity requires an upgrade of the detector.

Detector upgrade for phase Il requires R&D studies now ! "



CMS Tracker upgrade for HL-LHC [ IPHC
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1MeV neutron equivalent in Silicon, 3000 !

- High-Lumi LHC (phase 2 - 2025):
- 200 pile-up, luminosity up to 1e+35cm--2s-1

- Tracker upgrade:

- Replace with a detector more radiation-hard "

(fluence 5e+14 neg/cm?) 0

- Will contribute to data acquisition at level 1 trigger o

- Needs upgrade of the data acquisition (DAQ)
electronics to sustain rates

ometry v37.00 Z [cm]

- IPHC:
- CMS IPHC in charge of the CMS DAQ for tracker
upgrade phase 2
- Co-development of a back-end card with CERN

- Involvement in beam tests: sensor efficiency, DAQ
setup, data analysis




The CMS team at IPHC
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L'équipe CMS de I'lPHC

Jean-Marie Brom - Pierre Van Hove Jeremy Andrea
—— Nlcolgxs?an'on Denis Gelé s y

Benjamin Fuks  je3n_Eric Conte  Jun Guo

6 Professeurs, directeurs de recherche

8 Enseignants-chercheurs, chargés de recherche
1 postdoc (+1 visitor in pheno),

3 PhD (+1 at CERN),

+ 5 ITAs !



top quark

@ Top pair cross-section
@ Ttbar spin correlation

Precision
NEERIE EIS

@ New physics from ttbar
@ Top FCNC

@ Search for monotop
(top+ invisible)

New physics
with top

Strong connections with
theorists : phenomenology

CMS@IPHC : Physics

IPHC
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Higg boson

<

@ Search for ttH,
> @ Measurement the WZ

background

SM Higgs
couplings with top

SUSY particles

@ Direct search for stop pair
production

@ |ndirect search from ttbar

@ Search for SUSY Higgs

Search for
SUSY

19



Intern-ships and

: IPHC
PhD Thesis e
Search for the SuperSymmetry
associated arILd the Hzg)gs
roduction of a osons(s):
: single-top The Next to
Minimal Super
uark and a Z |
(z)r a H boson cmel
Model

(N-MSSM)

20



Associated production of a single top
quark with a Z or H boson and search
for new physics

Nicolas Chanon (nicolas.pierre.chanon@cern.ch),
Jeremy Andrea (jandrea@cern.ch)

21



* Intern-ship : search for the associated
production of a top quark and a Z boson.

* Non-observed process, predicted by the SM.

* Accessible with the 13 TeV dataset.

Search for tZ(q) and tH(q)

» Important for the search for new physics : FCNC has similar experimental signatures.

FCNC single top

Li/c

FCNC ttbar

* Intern-ship :

Uses the 3 lepton channels,

Develop an event selection based on simulation,
Apply the event selection on 13 TeV data,
Estimation of backgrounds,

- (Optional) Discrimination against dominant background : multivariate technique vs matrix element22

IPHC

Institut Plun isci Imalre

SI'RASH)URC



IPHC

Institut Plundb%cfgg)hnalre

Search for tZ(q) and tH(q)

* PhD thesis : continuation of the tZ(g) analysis and extension to tH(Q).

- Important test of the top-quark couplings to the Higgs boson,

- probe negative t-H Yukawas : large enhancement of the tHq cross-section,

— Other possible enhancement from top-Higgs FCNC couplings,

- Use 3 leptons and 2 same sign leptons, with multivariate technique and/or Matrix Element

q L q’ q q’
w
I w i
w Rt
b t b 7 t
> @

 Instrumental aspects of the thesis :

- Design and construction of the upgraded CMS for HL-LHC should start many years in
advance,

- Participate to the development of the new tracker,
- Test the acquisition of new sensors with test-beam and perform the related analysis of data.

23



Search for supersymmetry in the
Higgs sector

Ulrich Goerlach (ulrich.goerlach@iphc.cnrs.fr)

24
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Experimental search for SUSY Higgs

* All extensions of the SM have to contain at least one SM-like Higgs boson.

* The extended Higgs sector allows for new additional Higgs bosons: new particles to
find.

* Higgs-Higgs couplings and decays H—+h, H and H, A, A

* Depending on mass hierarchy, spectacular signatures like for example:

My, My, My 1246 GeV | 181.7 GeV | 322.6 GeV

Ma,, Ma 725 GeV | 311.7 GeV
e Gluon Fusion p
pp— 99— H
How to reconstruct and to analyse these complex events? \
i\-\b
Topic of inter-ship and PhD thesis! b

25
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Intership and PhD thesis

Stage (4 months)

Introduction to SUSY, Higgs and N-MSSM

Use programs NMSSMtools (mass spectra and branching ratios)

Process with Pythia (decays and hadronisation) /| DELPHES: detector simulation
Analyse ntuples (Root) from simulated data with Madgraph and Mad_analysis

Estimate the feasibility for some channels

PhD thesis (3 years)
Apply and further develop the analysis on data for different search channels to find a
non-SM Higgs boson at the run 2 of the LHC
Work on b-jet and tau id

Discovery

— Characterisation of new particle

— MSSM or N-MSSM or ??

Place a limit or rule out SUSY-models




Backups

27
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- Super Symmetry and the Higgs boson

*  Super symmetry postulates a Super partner for each particle of the Standard model

* Fermions (lepton and quark) © ¥ s-boson (slepton and squark)

* Boson (gamma, W, Z, gluons) © ® sfermion (photino, Wino, Bino, gluino)
Q|Boson, spin J> = |Fermion, spin J + %>

Q|Fermion, spin J> = |Boson, spin J - %>

* Super symmetry is a “broken” symmetry = look for heavy new sparticles

LHC-RUN 2015:
Look for sparticles with even higher mass




~
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SUSY Primer, S.P. Martin hep-ph/9709356

Ulrich.Goerlach@iphc.cnrs.fr, M2 -PSA 2014

Supermulitiplets
* Chiral Supermultiplet

Names spin 0 spin 1/2 | SU(3)o, SU2)p, Uil)y
squarks, quarks | @ | (& JL:I (up, dp) (3,2, éj
(%3 families) | = i} uby (3.1, -2)
d ds, dh, (3,1,4
sleptons, leptons | L (7 €r,) (v ep) (1,2, —3)
(%3 families) € £ e.

Higgs, higgrinos

i I

Names spin 1/2 spin 1 SU 3 e, SU2) L. Uy
gluino, gluon q q (8, 1.0)
winos, W bosons | W+ W | W+ Wwo (1, 3. 0]
bino, B boson B° B (1, 1. 0]

VLH"" and H, needed to give masses to down- and up-type fermions

29
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>4
The Higgs Mechanism

o)

J L1 . ;1 .
- Standard ?= [ 75U(2)C'10ublet ¢,0° € »; ¢ =$(¢1+l¢2) ¢ =$(¢3+l¢4)

¢’
Model: Spontaneous symmetry breaking in SU(2) space. We can chose (local gauge invariance)
1] 0 \ 1 0 \ -1 y+H(X) . \
¢0 \/E[Vo 7¢1 ¢2 ¢4 ¢( ) \/5 V+H(X)7 ¢C( ) \/5 0 7

Yukawa coupling of ¢ and ¢, gives mass to down-type and up-type quarks, respectively

* SUSY
H - H; ) T H, j ~ two Isopsin doublet fields to give mass to N — MSSM
“1 H J j 1 H ; 7 " L, R fermions and their SUSY partners  add. scalar field S

Coupling of Higgs superfields, Superpotential W =....+ u H xH, u free parameter, to be "fine" tuned
N-MSSM, add scalar field S, W=....+ A SxH xH ,; u replaced by vacuum expectation value of S

Simplest Higgs field Next to simplest Higgs field
. h H scalars N-MSSM H, H, H, scalars | new and complex
A psaudo scalar A, A, psaeudo scalar Higgs sector
H™, H™ charged H*, H™ charged )

30
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uuuuuuuuu D
> 4
Benchmark H{ = h and tan 3 small
B.1 (Point ID Poi2a) Scenario
My, My, , My 124.6 GeV | 181.7 GeV | 322.6 GeV
Ma,, Ma 72.5 GeV | 311.7 GeV
SHon,|?, |Payas | 0.90 1

BR(A; — vvy) =0.84, BR(H, — A,A,)=0.97, BR(H — hH,)=0.51
o(ggH¢)BR(H, — A A, — bb+ bb) 5.87 fb
o(ggHs)BR(Hy — A;Ag — vy +bb) || 67.33 fb
o(ggHs)BR(Hs — AsAs — vy +7y) || 193.22 fb

0(99gH)BR(H — hHs — h + AsAs — bb + 4y) 712.47 b §
o(99H)BR(H — hHy — h+ A;A; — 7y + 4b) 248.02 fb 3
o(ggH)BR(H — hHs — h + AsAs — 77 + 47) 74.60 fb E
o(g9gH)BR(H — hHs — h + AsAs — vy +471) 2.47 fb é
o(ggH)BR(H — hHs — h + AsAs — 67) 2.69 b é
wm| 0(ggH)BR(H — hHs — h + AsAs — 77 + vy + bb) || 49.55 fb =
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