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The Large Hadron Collider (LHC)

Large diameter: 27 km |
Collides two counter-circulating beams of protons.

40 millions of collisions per second.

Collisions at LHC
7x10"? eV Beam Energy
10* cm?s'  Luminosity
2835 Bunches/Beam
10" Protons/Bunch

B —.
75m (25ns)

13 TeV Proton Proton
colliding beams




Neat numbers to remember about LHC...

Over 2000 superconducting dipoles at 8.3 T.

Pressure in long vacuum pipes is 10713 atm

— lower than on the moon

Magnets kept at 1.9 K, using over 100 tons of liquid helium

— colder than deep space
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What is produced ?

Interactions of constituents of the colliding protons, the so called
partons (quarks, gluons)

proton 1 proton 2

Cross section:

o(pp - ) = [ o(@qe - £,8,47) fu(x1.4%) 2,07 Ydxiddx2

Partons follow PDFs: f(x,q), probability to find a parton
with momentum x, x+dx.
P ... momentum proton 1 Prarton: ... momentum parton 1 q momentum transfer.

Pe, ... momentum proton 2 Prarton: ... momentum parton 2

interaction vertex

parton
o distribution j'/'
—>
Ly
—> Underlying
—*, event
parton ISR FSR —
p distribution .
Jet
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What is detected ?

Can see particles because they interact with matter.

What can we detect?

e Has to have strong or EM interactions
e Sufficiently long-lived to make it through the detector

Can directly observe: . ._ ,
e Electrons, muons, photons S 4
e Neutral and charged hadrons | S -

(*) positron discovery 1932

Can indirectly observe:
e Weakly interacting particles (via missing energy)
e Short-lived particles (from kinematics of decay products)
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The CMS experiment

CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0m Pixel (100x150 pm) ~16m* ~66M channels
. Overall length :28.7m Microstrips (80x180 pum) ~200m? ~9.6M channels
Multipurpose detector: Magnetic fild 3.8

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

e Find Higgs and measure its
properties

PRESHOWER
Silicon strips ~16m? ~137,000 channels

e Find supersymmetry

\
‘\\ FORWARD CALORIMETER
~ Steel + Quartz fibres ~2,000 Channels

e Find whatever other high-energy
physics that comes along...

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels

14000 tons.
15 m diameter, 28.7 m length.
3.8 T magnetic field.



Coordinate system

Transverse plane: p
perpendicular to the beam
)’ l' transverse momentum: pT = p sin(0) :
/ I
{ 0= #" 1%
> e 1 I <
Transverse slice
through CMS p p
Pseudo-rapidity: 0= 00
n= - In(tan6/2)
n=-10 n=1.0
do/ dp; dn is Lorentz-invariant
7=-25 | I Rt
n=-50 ... ' A R T n=>50
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How do we identify particles in CMS ?

I | | | | | | |
Om im 2m im 4m 5m 6m /m
Key:
Muon
Electron

Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
“““ Photon

( € lllll‘llh L

Silicon
Tracker

)ﬁll]"

Electromagnetic
Calorimeter

Hadron Superconducting
Calorimeter Solenoid

Iron return yoke interspersed

Transverse slice with Muon chambers

through CMS

[
D Bamaey, CERN, Febriwuy 2004

Like an onion.
Each layer/detector measures E or p.
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The CMS tracker

Reconstruct trajectories of all the charged particles from collisions.

214 m? silicon, 65.9 M silicon pixels, 11.4 M silicon strips.
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The CMS calorimeters

Detection principle :

ECAL HCAL

stop a particle
measure its signal

76k scintillating PbWO4 crystals:

— Heavy (so particles interact with it a lot)

—> Transparent (so you can collect the light at the end)

physics @ CMS



Muon chambers

Muons are typically very penetrating.

Stick the detectors in giant hunks of iron so nothing else gets through.

£ 800
o

<
700

Three types of detectors - redundancy

e drift tubes (DT) - fast !
e resistive plate chambers (RPC) - fast, radiation tolerant

e cathode strip chambers (CSC) - radiation tolerant

charged particle
Drift Tubes
40*—’ @
- /e
2o/ -
- e ]
7
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How to combine all these measurements ?

What properties can we measure?

e Energy (calorimeter)

* Momentum (tracking) F=quB=mv’/R - p=mv=qBR

* Charge (also tracking, using the bend direction)

» Lifetime (also tracking)

Mass E2 = p2+m2 > m-= sqrt(Ez—pz)

physics @ CMS




Particle flow algorithm

+ Particles well separated in the 3.8 T magnetic field

+ Silicon tracker of 1m radius: excellent track resolution, able to go down to very low momenta
(a few hundred of MeV)

+ Highly granular calorimeters:

+ excellent resolution of the EM calorimeter
4+ Only 10% of the energy stems from neutral hadrons, that can only be measured by the HCAL

— Information from all detectors combined optimally to reconstruct each particle
— Tracking is used together with calorimetry to reconstruct showers, jets, etc

W HCAL
A

: : Clusters
neutral | .
hadron ! : A H{ detector

. §

: . o
charged N
hadgns u <Jarticle-flow m
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Particle identification

P
. e\/‘e -
Standard Model of Elementary Particles
three generations of matter Displaced
(fermions) + cks
| Il I
mass | =2.4 MeV/c? 1.275 GeV/c? ~172.44 GeV/c’ 0 =125.09 GeV/c?
charge [12/3 2/3 2/3 0 1 hadron Secondary
spin ||1/2 u/ 112 C/ 112 t/ 1 a H ) Vertex
up J charmJ top J l gluon Higgs T Strlp ’ ,
LXV 7/ ','
4.8 MeV/c =95 MeV/c? ~4.18 GeV/c? 0 ‘ ,'l
-1/3 -1/3 -1/3 0 f
‘QIr9|rw | @
down J strange J bottom Jl photon Vertei ,'
=0.511 MeV/c? =105.67 MeV/c? =1.7768 GeV/c? 9119GeV/cd k
-1 -1 -1 0
e ® |2 /
1/2 > 1/2 u/ 1/2 T/ 1 = .
electron || muon tau | I Zboson 8  Jet
- — o
2 <2.2eV/c? <1.7 MeV/c? <15.5 MeV/c? =80.39 GeV/c? ) oA
0 0 0 £1 L
E Ve 1/2 V]J. 1/2 v‘t, 1 ‘ o
g - R D
& electron muon tau | Whoson | =
- neutnnq’) neutnnq’)‘ neutnnq’) C)

ECAL

o
F’m\ surface
" 1 (fake)”
lectronCluster = et
Dedicated algorithms to identify key particles... e )  (fake)
. . i Thad
+ W in muon chambers and y in ECAL O
Extrapolated _ (fake)
track tangents o ”
m°s
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Pile up ?

IS
(7]

CMS peak interactions per crossing, pp

Data included from 2010-03-30 00:00 to 2012-12-16 20:50 UTC
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Pile-up :
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Pile up removal !

Pile Up Per Particle Identification (PUPPI) method: " : ————— |
% [ charged LV i

Pt —— charged PU .

Weight each p-flow particle according to the presence § 015 e neu:ra:s :"ll.l -
\ - sseeaes neutrals N

of neighbours... 6 - : -
S 0.1 ]

Weight a allows to separate PU particles from others. 8 I : Particles
= Particles .

! from PV |

. from PU ]

. 0.05- |

P | :

o =1log Y A7 ©O(Bmin < AR;j < Ro) : | ]

. —— | I S R

g€event ] _ % 0 5 10 15

PT sum Step function of

weighted to take into account only
with distance particles around it.
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Trigger system

Trigger strategy

physics @ CMS

STORAGE

hardware

software

O (proton - proton)

1mb

=
ey

1nb

1 pb

Fermilab
CERN l LHC
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E710 —
O, A

[
UA4/5 :
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|
|
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ow-{v)

UA1/2
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m, =175 GeV '
op \ I
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|

|

|

Ot

CDF, DO
(g

Y Higgs
m, = 500 GeV

10

10

LHC rate = 40 MHz

v

Rate to be written on disk
1 kHz

Physics rate
10 Hz

AN

Events / sec for ;E =10* cm™? sec™!

MAX
0 *BRy, : mH=100 GeV
0

SM
BRy] : mH=180 GeV
|

0.001 001 0.1 1.0 10
/s TeV

100




How does the trigger work ?

/" HLTpath

read RAW data
unpack L1 decision
check event type

check L1 trigger bits

local reconstruction

intermediate
candidates

regional tracking :
Particle Flow *

hight-level candidates

@cted output data

physics @ CMS

Dataset Dataset

-
e\v
o™

4+ Independent trigger paths ;
+ Common sequences ;

+ Different streams and datasets ;

+ Specific trigger memus for commissioning, cosmics, low PU and heavy ions.




LHC schedule

Run1l 2009-2012 7,8 TeV
LS 1 2012-2015
Run 2 2015-2018 13 TeV

N(events) = cross section *
integrated luminosity

Instantaneous luminosity depends
on LHC parameters.

physics @ CMS
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Where do we stand ? 2017, a new pixel detector !

upgrade outer rings
—— n=0 n=05 n=1.0 n=15 v n=20

4 barrel layers / / | | n=25

/ inner rings

current
3 barrel layers

current

n=0 n=05 n=1.0 n=1.5 n=2.0

—

| —— 2016/2016

misid. probability
3

~| —— 2016/Phase 1

Phase 1/Phase 1

102 =

Lo ............... . ............... oo fiffo .......... —udsg |-
5 ; ; A ---C
10 :.I ......... [,r,||].| ......... [l|-"|l-|-| ......... I:::.“.::.:: ...... 1 ......... [,,, ||]] ......... F::i::i::;:-l_—
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Physics ?

physics @ CMS




Spectacular confirmation of the Standard Model of particle physics

-
o
v

Jiyv  CMS Preliminary, \s =7 TeV

P, 0 L, . =280 nb"*
v' Y(1S)

llllllll

Events/GeV
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10 102, 10°
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—

Observation of well known resonances in first data !
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Spectacular confirmation of the Standard Model of particle physics

May 2017 CMS Preliminary

o | | f
o B T T T S S R @ 7 TeV CMS measurement (L <5.0 fo™) .
— 1 O 5_:5‘. : : : : : : : : : @ 8 TeV CMS measurement (L <19.6 fb 1) =
@) SRR .'E R S m 13 TeV CMS measurement (L < 35.9 fb™) 3
C Lnjet) ¢ 0 bbb — Theory prediction 7

C— 1 04 'E_Em ;n jeti(s) T L. L. Z. CMS 95%CL limits at 7, 8 and 13 TeV <
2 Y SR :
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All results at: http://cern.ch/go/pN;j7 EW: W=, 220, l=e Th. Ao, in exp. Ao

Measurements of the production cross sections of various processes !
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Spectacular confirmation of the Standard Model of particle physics

= with M,, measurement
= w/o M,, measurement
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Last missing piece

4 Vo)
In the SM: gauge invariance if all particles are massless. S
energy! | think I'll
©© hang out down there.

g .

Introduction of field with “mexican hat” potential: 2 Reo

e At origin particles are massless Im ¢

When particles see this potential, the minimum energy state is to hang out in fundamental state

This is called electroweak symmetry breaking

W and Z bosons get mass from this mechanism Vo

Any particle that interacts with the field will get mass.

physics @ CMS




Last missing piece

Ly = Lgauge(Aaﬂ/)i) + LHiggs(d),Aa,l/)i)

Natural Ad hoc

Experimentally tested with high accuracy Necessary to describe data

Stable w.r.t. quantum corrections Not stable w.r.t. quantum corrections
Symmetric Introduces a flavour structure in the model

L tiggs (05 Aas W; ) = Do™ Do - V()
V() = - 12¢d+ Mo )2+ Yy, v ¢
Can be measured in LHC data !
A=1/2 my?/v?  u?=1/2 my> mw=1/2gv Y’ = Yukawa couplings

(v= 246 GeV, Higgs vacuum expectation value)

physics @ CMS




Higgs boson discovery

Announced by ATLAS and CMS
on july 4th 2012 !
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Higgs boson discovery - historical plots

CMS preliminary
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What have we learned about the Higgs boson ?

I|IIII L Tl L IIIIIIIII|IIII|IIII|IIIIII§ -GEJ 1__| I I | I I I | I I rol I I I I | I I I_:§
E102 2 M(H)= 125 GeV =8 o -\bﬁ ww e
- o— ; - %
= | | (Lo QoD - 1€ % ! i
< - PP ‘ 18 + i 3
: - + :
R o Qe +NOER ——3 o i
S M . o ]
-~ + NU
o 1E—/Wn4%) ‘_—E é-IOZ ]
e s : = ;
_/ A9) \O 1% | ZY .
10—15_ g - 3
10_25_/ 3 S
Clovi oo bvonr b b boron bvnna b e b I -4 L | L I| ||i||||||| L
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Decay modes observed :
L2, vy
T, new |
WW ongoing...
bb, cc, huge background !
LUK, very small cross section !
Higgs boson to heavy to decay to top-quarks |

ttH and tH not yet observed !
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What have we learned about the Higgs boson ?

my = 125.09 + 0.21 (stat) £ 0.11 (syst) GeV
[h < 26 MeV

Higgs boson seems to behave in a standard model like way:
o JCP =0t
* Yukawa couplings follow the SM within measured precision
« BR(H—BSM) < 34% at 95% CL

N 1|9'7 b’ (8 Te\{) + 5115 (7I TeV) 19.7 o™ (8 TeV) + 5.1 fb" (7 TeV)
_III T T T TTTaT T T T TTTTT T T TTTIT T ]
o " 5 = 125 GeV
’; - CMS : Combined CMS My 5 Ge
& s t : H=100£0441 oy
\> 5 3 SM
L. - .
= | |===68% CL - Untagged -
O _~1L | u=0.87+0.16
s 107F |—95% CL E
- |---SM Higgs VBF tagged i
10 | u=1.15+0.27
. VH tagged
i ——
1 0_3 (M, 8) flt a n=0.83£0.35
=68%CL | ] i taaced
—95%CL | | 23754000 "
10‘4 el Lol Ll 1 — L T T
0.1 1 10 100 0 1 2 3 4
Particle mass (GeV) Best fit o/cy,,
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Historical plots - an update...

CMS Preliminary 35.9 fb” (13 TeV)
LI B S

% H—>YY A . E CMS Preliminary 35.9fb" (13 TeV)
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New measurement of my in H=>4l:
my = 125.26 + 0.20 (stat) + 0.08 (syst) GeV
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First differential measurements

CMS Prellmmary 35.9 fo' (13TeV) CMS Preliminary ___359f"(13TeV)
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Cross check observables with theoretical calculations and simulation !
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Observation of H>1T

%
T —»—/
1 _77‘-" /‘er 71 d
H->77 observation ! W e
. pe . . Yer Voo U
Difficult channel, neutrinos from taus escape detection.
35.9 o' (13 TeV) 35.9 fo' (13 TeV) 0.18 13 TeV
U) —
>1800_| LI I LI I LI IIIIIII:III IIIIII IIIIII IIIIIIIIIIIII T > L I B | I LI I LI IIIIIII:III IIIIII IIIIII IIIIIIIIIIIII . :': - - - -
© [ CMS P A R © [ CMS 7 SaaALAMALAMARL AR T c - CMS Simulation —m,;
(2 16001~ Preliminary a0k A C\D 35:_ Preliminary f 3.5 oo E > 0.16 - Preliminary _
%) . — Hor ] %) C 3 —H . - - m.,
'C 1400} ¢ Observed o0k 1 - T 30[ ¢ Observed 2.5F 1 9 014__
G>J [ — Horr (u=1.06) |:|Bkg. unc. ] G>J E — Hotr (u=1.06) ok |:|Bkg. unc. ] E + C
D 1200 [Jz-w 10F 1 - O ,f [z 1.5 = 2 0.121-
e N [ wijets — o - ] © B B wijets 1+ ] © C
g 1000 [ aco muttijet ) - % - []aco mutijet 0.5F | . 0.1+
9) B |:|Others -10F 1 [@)) 20__|:|0thers 4- -] -
Q) -_ . unc. T S —- -q._) : . unc. e e s e : __
= 800: B 0 50 100 150 200250 300 - = 15k B . 0 50 100 150 200250 300 - 008:
—~ - V - — - - =
M 600} Ojetiry, T (GeV) 1 o : m,. (GeV) : 0.06[
n : ] 2 — : - -
L ook VBF: 1,7, 3 O 1of VBF: et,, ut , eq . 0.04F
N - Boosted: er,, ut , ew, T 7, 7 n - 3 B
200: ’ _,—-—'_'_'_—_- °E _: 002:_
_1111i11111111111111111111111— _11111111111111111111111111111_ O:|| M| R P R o
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250
m.. (GeV) m,. (GeV) H—tt mass distribution (GeV)

Higgs boson mass reconstructed with a dynamical likelihood algorithm, called SVFit.
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Search for top-antitop-Higgs

Higgs bosons can’t decay in top quarks, how can one measure the top Yukawa coupling ?

Indirect access to top-Higgs coupling

(
g 7U000060) Foed

A o H° - top, W, new particule ?

g 0900000 top, b, new particule ? ‘/\/»[

Direct measurement
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1% of the Higgs boson production cross section
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Top-antitop-Higgs: several final states

8 |8 2l
: : . + .2 [
Need to identify top quark pairs: S 'é L.
~ ! =
top > W*b ("100%) - |3 28
IS (D)
' | '\9 téu+jets
jetb 3 CF Q\o muon+jets
jetb - bf electron+jets
\:eo(‘)\\ e’ lu' |t wuwd cS
+ ! ‘ w3
ZZ 7§

:‘

Higgs boson final states:
several possible final states...

—

Q
R
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Top-antitop-Higgs: multileptons final state

Categories

prpt etu? etet 3L
+_ + + +
b tight b tight
+_ -+
b loose b loose

b tight

S$S2L with hadronic tau b loose

& t

d S q | g i

-~ t

/[d
& i
R _ % ff-"" —’\/\,W\%\ W

& t
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Top-antitop-Higgs: multileptons analysis strategy

Multivariate techniques, e.g. boosted decision tree (BDT)

Figure 15: Schematic view of a decision tree. Starting from the root node, a sequence of binary splits xj >c2) [xj <c2] xj > c3) [xj <c3]
using the discriminating variables z; is performed. Each split uses the variable that at this node gives the 4 N 4
best separation between signal and background when being cut on. The same variable may thus be used at
several nodes, while others might not be used at all. The leaf nodes at the bottom end of the tree are labeled
GQ» M (13 2 . . : . . \
S” for signal and “B” for background depending on the majority of events that end up in the respective k>4 (k=<
nodes. \
BDT against tt BDT against ttZ and ttW
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Top-antitop-Higgs - latest results

CMS Preliminary

35.9 fb' (13 TeV)

m, = 125 GeV

- +0.5
k=15 0.5

[ 03 (stat.) *g: (syst) ]

| |
-1-050 05 1 15 2 25 3 35

Best fit u(ttH)

LHC Run1

JHEP 08 (2016) 045

CMS Run?2

Preliminary

1Y

HIG-16-022, 129 fb™' |

4]

HIG-16-041,359fb™" [ ~

bb

HIG-16-038, 129 fb™" [

multileptons

HIG-17-004, 359 fb™"
T, + X

HIG-17-003, 359 fb™"

ttH production

—— 23

———— 197

o—— 0.0")2

— — —0.2 +08

I 1.5+05

i — 0.7f8:g
e I T I

Signal strength relative to SM prediction

Expected signal strength p = 1.0 10-45-0.41 3 46 significance w.r.t. the absence of signal hypothesis

Observed signal strength pu= 1.5 +0.5-0.5 3.3¢ significance, first evidence !
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Higgs boson mass is problematic...

H
= (ol B g

Higgs mass should also get corrections from loops of “virtual” particles.

Ayy :energy where new physics comes along (Planck scale 1012 Gev ?)

N\?yy  quadratic term, corrections are important !

How do these corrections cancel out, so that my = 125 GeV ?
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Supersymmetry

Standard Model of Elementary Particles

three generations of matter
(fermions)

mass | =2.4 MeV/c? =1.275 GeV/c? =172.44 GeV/c? 0 ) =125.09 GeV/c?
charge |(2/3 2/3 2/3 0 0
spin [|1/2 % 12 C/ 1/2 y 1 ‘ 0 H
up J charm J top J l gluon Higgs
~4.8 MeV/c? ~95 MeV/c? ~4.18 GeV/c? 0 )
-1/3 -1/3 -1/3
12 Q 12 Sl 12 g 1
down J strange J bottom J photon +
S

=0.511 MeV/c? =105.67 MeV/c? =1.7768 GeV/c? %91.19 GeV/c? )
1

SUSY particles

- -1, -1 0

12 e/ 12 l‘b L T/ ! ‘ g

electron muon tau Z boson
n JLmeen JUL_te JZbeen ) @

2 <2.2eV/c? <1.7 MeV/c? <15.5 MeV/c? ~039Gevc ) 0O

0 0 0 +1 Ll
8 12 Vg 172 VB 12 v} 1 ‘ O
& electron muon tau W boson 2 Squarks Q Sleptons o SUSY force
| neutrino neutrino neutrino % IT) particles

SM fermions:
quark ¢ squark ¢/q"

SM bosons:
gluon & gluino ¢

W & wino W
B « bino B

Higgs « Higgsino h

top « stop t
bottom « sbottom b
lepton & slepton [

SUSY particles have not been observed.
— Supersymmetry must be a broken symmetry
— SUSY particles must have a higher mass
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Supersymmertry

New quantum number introduced: R-parity = (-1)38+2L+>
Else protons would decay...

All SM particles have R = +1, all SUSY particles have R =-1

Consequences:

e SUSY particles go in pairs detector

detector

« |f a SUSY particle decays, it has to go to another SUSY particle
 The lightest SUSY particle (LSP) is completely stable

/' missing transverse energy
(EV}II}IHH) o jets
I leptons
Bl invisible
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Key ingredient: missing transverse energy (MET)

MET
. \ :
hermetic detector energy balance in transverse plane
0.8 fb™ (13 TeV, 2016) I\ZET = - Z?T(measured)
I L L L B A L o
oo cms —
105k Preliminary - o ]

|:
500 1000 1500 2000 2500 3000
EMS [GeV]
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Higgs boson mass is problematic...

f 2
I/ ] ) A
H r \
__________ ‘ ,
)
H_ et .
2
LYY 2 _ As A2
AmH— —_ 87'[2 AUV + ¢ AmH —_— 1671'2 AUV +

Higgs bosons mass: additional correction with opposite sign from SUSY particle.

Ayy: mass scale of the new SUSY particles ?

I”
L]

Mass scale of SUSY particles needs to be ~ 1—2 TeV, so that SUSY remains “natura
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Other reasons to search for supersymmetry ?

60 T T T T T 1 =
World average 91 60
50 -
50 -
40 -
_ @40:—
< 30 S oonk
= 30/
20 20 F
o' (Q) C
10 — 10
O | | | | | | | |
o—"——r——tt—t L1 | 2 4 6 8 1010 1012 1014 1016 1018
103 105 107 109 1011 1013 1015 1017 10< 10* 10® 10°® 10" 10'= 10" 10'® 10
Q (GeV) Q (GeV)
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Other reasons to search for supersymmetry ?

LSP could be an excellent dark
matter candidate :

e neutral

e weakly-interacting

e completely stable

Gas interacts

A m—’ dark matter is non
collisional
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Heavy resonances - bump searches...

Select final state objects: electrons, muons, taus, photons, jets...

Form invariant mass of the objects (or transverse mass...)

Entries

Model independent: for a given mass put limit on cross section.

Or model dependent: cross section limit is turned into mass limit.

\
,
M X
. 36 b’ (13 TeV)
% 10 CMS Preliminary ¢ Data
— Fit :
S 10 Electrons, muons, photons provide the cleanest channels.
R ks N gg (2.0 TeV)
— 10
= q (40 TeV) . . T
= o But many BSM physics include resonances that decay to di-jets.
£ - qq (6.0 TeV)
S
S
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|2 af E
== g 10
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Resonance mass [TeV]

Dijet mass [TeV]
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My, [GeV]

Supersymmetry - strong production

Simplified models of SUSY assumed, specific final state assumed, branching fractions...
High jet multiplicity is expected from strong production.

Flagship analyses : 0, 1, 2, and three or more leptons, high jet multiplicity and significant I\/IE-I-

pp — §§, § — tt X? Moriond 2017 pp — ?:i?:i, a —( 5-((1) Moriond 2017
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Gluino pair production decaying to tops: gluino masses up to about 2 TeV excluded.

Squark pair production: masses up to 1.5 TeV excluded.
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Supersymmetry - electroweak production

If squarks and gluinos too heavy, EWK production may be the only accessible production mechanism.

Searches target chargino-neutralino production decaying via sleptons (and then leptons) or via W, Z or
H bosons (R-parity conserving models).

~o ~t
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Supersymmetry - stop searches

Top quarks are very important in SUSY searches.
Stop expected to be light, cf “natural” SUSY.

Direct stop searches: stop excluded up to 1.1 TeV.
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Supersymmetry
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“Exotic searches”...

B 13 TeVv 8 TeV
LQ1(ej) x2
LQ1(ej)+LQ1(vj) B=0.5 y
o La2p)x2 coloron() x2 [___|
e e coloron(4) 2 [ Multijet
LQ3(vb) x2 1 LepToquorks Uino(3i) x2 I:I
LQ3(t) x2 e gluino(3j) x Resonances
LQ3(vt) x2 [/ .
Single LQ1 (A\=1) | . gluino(ib)x2 [____|
Single LQ2 (A=1) ! ! ‘ ‘ 0 1 2 3 4 TeV
0 1 2 3 4 TeV

ADD (y+MET), nED=4, MD

RS1(jj), k=0.1 RS Gravitons ADD (j), nED=4, MS
RS1(yy), k=0.1 QBH, nED=6, MD=4 TeV
RS1(ee,up), k=0.1 ] NR BH, nED=6, MD=4 TeV

é 3 4 TeV String Scale (jj)
QBH (j), nED=4, MD=4 TeV

CMS Preliminary ADD (j+MET), nED=4, MD

ADD (ee, ), nED=4, MS La rge Extra

ADD (). nED=4, MS Dimensions
SSM Z'(17) Jet Extinction Scale

SSM Z'(jj) o 1 2 3 4 5 6 7 8 9 10
SSM Z'(ee)+Z'(hu) Tev

SSM W'(jj) dijets, A+ LL/RR
SSM W'(lv) dijets, A- LL/RR
SSM Z'(bb) 1] dimuons, A+ LLIM
0 1 2 3 4 5 TeV dimuons, A- LLIM
. dielectrons, A+ LLIM
Excited dielectrons, A- LLIM
Fermions single e, A H\CM

Compositeness

single y, A HhCM
inclusive jets, A+

inclusive jets, A-
0 1 2 3 4 5 6 TeVv 01234567 8910111213141516171819 TeV

CMS Exotica Physics Group Summary — ICHEP, 2016
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Long lived particles
Many different signatures possible, many dedicated searches needed, with specialised triggers...

. diséppearing or
displaced kinked tracks
multitrack vertices 4

displaced leptons, /

lepton-jets, or ‘
lepton pairs

CMS long-lived particle searches, lifetime exclusions at 95% CL

. % RPV SUSY, T — bl, m{f) = 420 GeV
o non-pOIntI ng 8TeV, 19.7 b (displaced leptons)

S 7 = (Converted) photons H— XX (10%), X — ee, m(H) = 125 GeV, m(X) = 20 GeV _
8TeV, 19.6 o™ (displaced leptons)

- ®
.
H— XX (10%), X — uu, m(H) = 125 GeV, m(X) = 20 GeV
8TeV, 20.5 b (displaced leptons)

GMSB SPS8, %, — G v, m(%)) = 250 GeV -

8TeV, 19.7 fb™" (disp. photon conv.)

GMSB SPS8, i(" -Gy, m(i?) =250 GeV -

8TeV, 19.1fb™ (disp. photon timing)

emerging jets

RPV SUSY, m(g) = 1000 GeV, m(i?) =150 GeV .
8 TeV, 18.5fb™ (displaced dijets)

RPV SUSY, m(g) = 1000 GeV, m(i?) =500 GeV .
8 TeV, 18.5 ™" (displaced dijets)

v e e ]

8 TeV, 19.5fb” (disappearing tracks)

8 TeV, 18.6 fb” (stopped particle)

trackless,
low-EMF jets

quaS|-Stab|e . AMSB %, tan(B) = 5, u> 0, m(¢;) = 800 GeV
. . . Charged ar‘ncles 8TeV, 18.81b™ (tracker + TOF)
multitrack vertices in the Q S, ) -0, ) = 200GV
muon Spectrometer 8 TeV, 18.8fb” (tracker + TOF)
10* 102 1 10? 10* 10° 10® 10" 10"
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Heather Russell
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Other ways to search for physics beyond the Standard Model ?
“Precision physics”...
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New measurement of My by ATLAS: 80369.5 + 18.5 MeV |

Miop measured with 0.5% accuracy, but still third systematic in BS—>uu searches,
plays a role to understand if the Higgs potential is stable or metastable, indirect W mass measurement...
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Other ways to search for physics beyond the Standard Model ?
“Precision physics”

E‘ l I I I l I I I l I I I l I I I l I I I l I I I

— Tevatron combined 1.96 TeV (L < 8.8 fb” I m
ke Z CMS eu* 5.02 TeV (L = 26 pb() ) ATLAS+CMS Preliminary Aug 2016
(- ~ m ATLASeu7TeV (L= 46fb) 7
o) e CMSeu7TeV(L=51fb") LHCtopWG
= 3| _ = ATLASen8TeV (L=2031b") v/ O
O 107 o CMSeusTev(L=19.710") g/
) C v LHC combined e 8 TeV (L = 5.3-20.3 fb” &
2 ~ m ATLASen13TeV (L=3.21b") ’
n ~ v CMSeu*13TeV(L=22fb") !
) ~ 4 ATLAS ee/uy” 13 TeV (L =85 pb’)
o — O ATLAS l+jets* 13 TeV (L = 85 pb”) v OFF-SHELL STOP = T + NEUTRALINO
) | A CMSI+ets* 13 TeV (L=2.3fb’ b i ] § TOP
= o CMS all-jets* 13 TeV (L = 2.53 fb ) 900_ ] Py

* Preliminary | % ’

(O] 2 r ) 3 /
> 10 L — < )/ HIGH A
‘5 — 800+ 4 2 ’ = HIGH PT
S L - - 3 R LOwW AN
_— - - — P > LOW PT \
&) B i 1 4 K
£ - 700r 1 1 K / \

o Z=— NNLO+NNLL (pp) i 1 ;S

NNLO+NNLL (pp) T S S S—
10— Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 Vs[TeV] _| STOP VASS
= NNPDF3.0, m, = 172.5 GeV, ay(M,) = 0.118 = 0.001 =
B | | | | | | | | | | | | | | | | | | | | |
Vs [TeV]

Use the top-antitop cross section to search for stop pair production where the stop mass is
close to the neutralino 1 + top mass.

Soutenance HDR




Other ways to search for physics beyond the Standard Model ?
One example in the Higgs sector...

+

S a7t + 2u,

CP violation in Higgs coupling to fermions ? h— 17T

Ly = g-(cosa 7T + Sin o, TvsT)

Study tau spin observables in Higgs decays.

S. Berge, arXiv:1308.2674
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HL-LHC phase 2 (2026 - 2035)
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at n~3: 1.5 MGy, 10"® n/cm?

Tracker and forward calorimeter need to be replaced !

HL-LHC: 140-200 pile-up events per bunch crossing (x 5 LHC)
Instantaneous luminosity : 5e3* cm2.s? (x 2-3 LHC)

physics @ CMS
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HL-LHC phase 2

New tracker !
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- Phase-1 Tracker

New strategy !
Include tracker information
in first trigger level !
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HL-LHC phase 2

HGCAL: high granularity forward calorimeter 1.5<|n|<3
6M Si channels (x 100 CMS calorimeter)

HB RBX

High granularity + timing will allow to deal with
pile-up and background rejection : p-flow !
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What physics at HL-LHC ?

CMS Simulation, Vs = 14 TeV
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Observe Higgs self-coupling: HH observation
Observe rare decays: uu, Zy
Search for forbidden decays: ur...

Search for SUSY, dark matter,
other Higgs bosons...
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