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Large Hadron Collider (LHC) at CERN
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° The SM model still does not explain many of the
phenomena of our physical universe
e neutrino masses, baryon asymmetry of the universe, dark matter .....
e Need “Beyond the Standard Model (BSM)”: many ideas,
theories and models
e A broad investigation on many fronts is necessary
e At LHC, we are

e Studying the properties of the the Higgs that, through its
coupling directly to MASS, can make contact with hidden
sectors that are invisible to us otherwise

e Looking for deviations from the precise predictions of the SM
e Searching directly for new particles and new forces
=>All three strategies require more statistics
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CMS Average Pileup, pp, 2018, Vs = 13 TeV
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CMS Evolution in 2017/18

CMS Design

= Very large solenoid -
6m diameter x 13 m long

- 2018: lower operating
temperature

Electromagnetic Calorimeter
018: New DAQ kinks

/ J/ e — —

= Tracking and calorimetry fit . / = <
inside Pixel Tracker : ]

n Very Strong fleld _ 38T 2018: replaced DCDC converters oS /\

and 6 modules
Hadron Endcap Calorimeter

. 2017: new detector with 4 layers ¥
= Excellent momentum resolution Runi: 3layers 2018: Upgraded HRDs.»SiPMe in Endeaps
‘ ' 2017: Upgraded HPDs—SiPMs in one 20° readout
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= Chambers in the return iron track

and identify muons, leading to a very
compact system

-~

= A lead tungstate crystal calorimeter
(~76K crystals) for photon and
electron reconstruction

= Hadron calorimeters for jet and

A H ~ Muon Detectors
missing E, reconstruction to n~5 Drft tubes (VME —»

TCAROS)

= Charged Particle Tracking with all-
silicon components

N
= Asilicon pixel detector out to

a)
radius ~ 20 cm

= Asilicon microstrip detector CMS is continuously upgraded to handle
from there out to 1.1 m higher luminosity and do better physics

= Weight, dominated by steel, is
14,000 Tons




Detector performance
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- ATLAS and CMS
- LHC Run 1

¢ ATLAS+CMS |
------- SM Higgs boson |
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L 168%CL
[ ]95%CL

| vl

L A TR T

Particle mass [GeV]

Over the last few years, CMS has worked hard to establish the

Yukawa couplings to the heaviest fermions, T, b, top
—> The Higgs Yukawa interaction is a highly motivated conjecture to

give mass to the fermions




Observatlon of H%t T

- PLB 779 (2018) 283
e

= BR™ 6.3%, best channel to establish coupling of Higgs boson to fermions

= Final states: 1, t,; et,; Ut,; el = Significance of 4.90 observed (4.70 expected) with
2016 13 TeV data

= Combination with 7, 8 TeV data: 5.90 obs. (5.90 exp.) and u=0.98 £ 0.18
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First direct observation by a single experiment
of Higgs coupling to fermions!
B -Observed before in CMS+ATLAS combination
W3 25 =2 45 -1 -05 0

log, (Ss+B)) = First direct observation of H coupling to
leptons and to fermions of the 3rd generation!
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ttH couplmg (two years ago)
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o Indlrectly established at Run 1 through the ggH loop process,
but model dependent

e The direct ttH coupling was evident, but somewhat higher
than expectation

- ATLAS+CMS ATLAS and CMS 8- ATLAS+CMS
f;l&AFiﬁnld cms = ATLAS LHC Run 1 = ATLAS
-+ CMS -+ CMS
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e Very sophisticated analyses, pushing detector performance
very far, many channels, MVA:s...

pp — ttH

‘ |—>»c-¢+ —> € +Ve+V +Th*+V,
bW-—> b+p-+vy

bW+— b+q+q’ " jet
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CMS ttH “ <
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event |
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~ Phys. Rev. Lett. 120, 231801 (2018)

Now we have the ttH observation
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e First 50 observation of ttH

e Very sophisticated analyses, pushing detector performance
very far, many channels, MVA:s...
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® Observed = F
CMS 2 Swosm | 5 | CMS ¢ Observed Obs. (exp.) 5.20 (4.20)
R = | 5 O] Supplementary D Secloraund
HHWW) R — w sl [ Uncertainty 5.110" (7TeV) + 19.7 fo” (8 TeV) + 359 fo” (13 TeV)
i E 10°E Y ttH (u=1.26) o 35: CMIS ' — Combined A
_ . ; E ttH (u=1.00) r ----- SM expected ]
ttH(ZZ") L ' 10*F 301 — 13 TeV B
ﬁH(W) —_-_— 1 03 25 A 50 _i
ttH(t*7) ——_— 102— 20k 4.
tiH(bb) ———— 10F 15[
748 TeV e —— S L e e e e 105\ 36
- E = 25 # ; i
13 TeV —an— — 2.0f 5¢ 2
' X AN .
ﬁ » 1.5F - ] C \ : 1o
X ' £ (SRS ] N -
Combined .- 8 1.0 . . . . o '|. — 1 o0 0.15 1 1.5 2 215 3 35
_1""5“"3‘"‘é"“é'"‘j,""é""é“u"7 -30 25 -20 -15 -1.0 -05 0.0 Hin
fiH log, (S/B)

peen = 1262536 = 12653¢(stat ) 115 (exp.) 15i5(bke. th ) 2055 (sig th)

Establishes directly the tree-level coupling to an up-type quark
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Higgs = bb
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arxiv:1808.08242

e Biggest branching fraction, but massive bb background from
QCD processes

e Choose a weak interaction production mode to reduce hadronic
backgrounds (QCD multijet, top, mainly Associated Production
with a W or Z, VH(bb)

e Signal is a di-jet mass enhancement which has many
challenges

e Three channels in VH(bb): V(W—2>In,Z-2>1,Z->nn) H(bb)
e Require Vector Boson to be back-to-back w.r.t. the bb system

e Several Improvements for 2017 analysis, including heavy
reliance on DNNs, DEEPCSV

e Analysis validated using VZ(bb)

bjet Z(IH(bb) bt W(|‘\:|IE)T|'| (bb) bjet ‘Z(W)H(bb)

iso. lepton iso. lepton



A ZH(bbandidate Event
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\ b-tracks

CMS, [+s =13 Tev (2017)
B b-jet
\
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arxiv:1808.08242

Combmatlon of all H->bb results from Run 1and 2

7 All channels combined 77.2fb7 (13 TeV)
= VH(bb) from 2016/17 at 13 TeV, 77.2fb? £ [ cms b ous —_
g | Preliminar: VZ(bb) 222 VH+VV MC uncert
= Significance: 4.4 o obs (4.2 exp) %1000 i g -
= With VH(bb) including also 7 and 8 TeV 2 |
= Significance: 4.8 o obs (4.9 exp) " soo]
" Including new results and all published data _
from Run 1 and Run 2 of
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(2016) w=1.20 = 0.40
+0.20 (2017) u=1.08 + 0.35
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nggs to bosons — entering precision era
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Higgs
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JHEP 11 (2017) 04
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e Most precise measurement at the moment comes from CMS
H—ZZ—4| mass measurement with 2016 data
m, = 125.26+0.21 GeV

e Still limited by statistical uncertainties — impact on coupling
~0.5%
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nggs dlfferentlal cross sections
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o Measurements of flduual and dlfferentlal cross-section
distributions made already at Run-1 with low statistics

e Now with more bins and better precision
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S g H % S\ : 1 Ll Ll T I Ll T T L [ 1 Ll T 1 I Ll 1 T L [ 1 1 T LI
= - Y [) Data (stat. @ sys. unc.)
3 104 =4 Data, stat @ syst unc HX = VBF + VH + ttH amC@NLO ) 1 3 — Systematic uncertainty 3
=z 8 . St B systune. . O - SN ggosH (NNLOPS) + XH
4 - Systematic uncertainty m ggH aMC@NLO, NNLOPS + HX B W gg—H (POWHEG) + XH _
~o 10% k™ > 30 Gev, i} <25 - o= » [Z27] XH=VBF + VH +tiH (POWHEG) z |
B E T ), 99H amc@nLo + HX ~ 10 (LHC HXSWG YR4, m_=125.09 GeV) 8 3
< - G, (H— 1) from CYRM-17-002 f «
102 f_ » . v|_ T
- T o 107 g 3
10 S el
- A
- —T—- '9 3
= « W T = 40
1 — = b
E © g
| | ] l B
0 1 2 3 >3 O gk
- Q : -
A ——— 9 18
s 3F Z 12t
e of Y
g- 1E e 0.6
-‘9_ 0 ; o 06 3 L |
T 0 i 5 3 >3 0 50 100 150 200

21



Simplified template cross sectlons

I R e T
e Simplified template cross-sections (STXS) defined by common
effort in LHC Higgs cross-section group

e Using these, and/or individual experimental measurements, EFT
fits will allow more detailed SM tests —and perhaps provide
hints of BSM structure

CMS Prellmlnary 415" (13 TeV)
B 3% R IBS IBEL JEE R IR IIIIIIIIIIlIIIIIlIII
+0.21 H—ZZ" - 4]
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9 | SM prediction
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+1.53 -
Oinad’ Otneo=0-005.00 ¢ CMS Stage. 0
cross-sections
+3.95
GVHIep/Glheo_z 23’ -2.12 ®
6. o =000,"¢
ik CMS-PAS-HIG-18-001
I - I ISl l L1 1 1 l llllllll

T - N S -

Parameter value norm. to SM value 22



Higgs rare decays
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Many studies, all compatible with SM predictions 23




Combmed nggs boson couplmgs

CMS-PAS-HIG-17-031

° OveraII 5|gnal strengthcompatlble with the SI\/I

e Not anymore dominated by statistics, already moving
to less inclusive measurements

ggF VBF VH ttH Per production mode Per deCay mode
H—ZZ—-4l o o o o CMS R:eliminary ® Observed CMS E‘:eliminary ° ?1bsent/e:j®
H-yy o o o ° 35.9fb" (13 TeV) :i:g t:;ast..)@sys.) 35.9fb" (13 TeV) E%}Ej gyz.) Sys.)
H-WW ° o ° o B e - -
H-bb o o . HogH “"'_ e fe—
H—Tt o o ° B -
Hyge| ——o—— E
H— [ o : 77 H
Hu B i ——o—— L updated
H—inv o o ° IJ'WH |
Close to have observed  ENEEEES pow ———
. . ZH : - :
the couplings with all 3™ L .
generation fermions £ e -
* One of the targets of u - uee :
A P P PN FETEE P ETTE FTETY S SR | i
LHC Run2 0 05 1 15 2 2.5Par ésmetesr.salu : 0 05 1 15 o rﬁeter valui.s
— [\
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combination u=117771, = L17]50¢ [stat.)| Zpos |(51g. th.i "o0e lother sys.) |
N e/ | ——
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SM measurements motlvatlon
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Precision W/top masses

e.g.sin’0, =1 - M?,/M2, (@ tree)

the Standard Model

— over-constrain the system:

e Probe new physics

M,, [GeV]
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ATLAS+CMS Preliminary m,, summary, fs = 7-13 TeV September 2017
LHCIopWG

World Comb. Mar 2014, [7) | vsmow. anams ann |

stat total stat

total uncertainty A S P
ATLAS, lejets () 172314 1,55 (0.75+ 1.35)
ATLAS, dilepton (*) 173.09 % 1,63 (0.64 £ 1,50)
CMS, l+jots 173.49 % 1,06 (0.43 £ 0.97) m
CMS, dilepton 17250 £ 1,52 (0.43 £ 1.46) to error
CMS, all jets 173.49 4 1.41 (069 £ 1.23) P
LHC comb. (Sep 2013) v rpws 173.29 + 0.95(0.35 + 0.88)
World comb. (Mar 2014) 173.34 + 0.76 (0.36 + 0.67) O r
ATLAS, I+jets 17233%1.27 (0.75% 1.02)
ATLAS, dilepton 173,79 £ 1.41 (0,54 £ 1,30) f '
ATLAS, all jets 17514£18(14412) rom ]rec
ATLAS, single top 1722£21 (071 20)
ATLAS, dilepton 172.99 £ 0.85 (0.41+ 0.74) ~0 5 ( v
ATLAS, all jots 173724115 (055 1.01) reco . e
ATLAS, lejets 172.08 £0.91 (0.38 £ 0.82)

017
ATLAS comb. ((357.2%41) 172:514 0,50 (0.27 +0.42)
CMS, l+jets 172351051 (0.16 £ 0.48)
CMS, dilepton 1728241.23(0.19£ 1.22)
CMS, all jets 172324 0,64 (0.25 + 0.59)
CMS, single top 172951 1.22 (0.77 £ 0.95)
CMS comb. (Sep 2015) 172.44 £ 0.48 (0.13 + 047)
CMS, lsjots 172.25 40,63 (0.08 £ 0.62)
bl 8
P I T S S B - I YU WS NS T S '
165 170 175 180 185
m,, [GeV]

W mass @LHC only from ATLAS

+19 MeV m,,
from ATLAS
EPJC78 (2018) 110
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SM production cross section measurements
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May 2018 CMS Preliminary
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Probing anomalous TGC/QGC

S

July 2017 ° CMS A
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Heavy flavor
, ~ PLB753 (20‘1_6) 424, PLB781 (2018) 517
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e Angular analyses of flavor-changing neutral current decay
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vs. dimuon invariant mass squared (g?) 30



e LHC and ATLAS/CMS status
e Physics Results

e Higgs
e SM Physics
e Direct searches for BSM

e Outlook and Summary
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Search for high-mass di- Iepton resonances

CMS-PAS-EXO-18-006

R r g e

e

o lelts for hlgh mass searches extending beyond 4 TeV with
first 2017 data analyses
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Di- boson resonance searches

,i:z -

e Substructure techniques (for jets, b-tagging) used for maximizing
sensitivity to boosted topologies, large mass range
* Includes using the Higgs as a discovery tool (“Higgs-tagging”)

Autumn 2017 35.9fb™ (13 TeV)
- Bulk Graviton (k = 0.5)
- I?rmnsvinar 95% CL upper limits
10 Y —— Observed ------ Median expected
= ——— HH—2b2t —— ZZ—2q2I
N — Z7-212vn. —— WW—4q
1 —— HH—4b ZZ—4q
— Z7Z—2q2v WW-2qlv

Ogsq, [PD]

e
o
T l||||||| T IIIIIII| T IIIILIJI»

IR

Comprehensive di-boson search programs
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Additional Higgs ?
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Many searches, no significant excess yet 34



Dark matter searches
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Dark matter searches

CMS Preliminary ICHEP 2018 Vectormed. brac Mg, 2025.9_, =10
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Boosted dijet (35.9 fb™)
[arXiv:1710.00159]

Dijet (35.9 fb™)
[arXiv:1806.00843]

DM + j/V(qq) (35.9 fb™)
[arXiv:1712.02345]
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////////////////////// /
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No hints at LHC yet
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What if Dark Matter doesn’t couple to quarks

CMS PAS-EXO-18-008

e ——

o Also motlvated by LFU ten5|oas‘and muon g 2

e SearchforanL -L gauge boson: a narrow light Z' decaying
in utw with Z—4u events
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Many other exotica and

Vector-like quark pair production

Resonances to heavy quarks

Z(1.2%) > tt
Z(10%) - t
oKK = tt

W tb

W’ tb M < My
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BobZ owsts new physics
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Resonances to dibosons
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#modelindependent

July 2018
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SUSY searches

July 2018

Overview of SUSY results: gluino pair production
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work now devoted to upgrades

pamee—— S SR
e &

LHC
Run1 I Run 2 | | Run3
Injector upgrade 507
splice consolidation cryo Point 4 cryolimit HL-LHC no(?r\in;l
7 TeV 8 TeV button collimators DS collimation interaction luminosity

R2E project P2-P7(11 T dip.) ) installation

F i | 2 x nominal lumninosity
:7-5;:—11._“ :.m plm nominal luminosity ’_—_________4 experiment W p— 4 u ra I I 2
/ — / _—
— BT | 300 b rprated

LS2 (2019-2020):

O LHC Injectors Upgrade (LIU)

O Civil engineering for HL-LHC equipment P1,P5
U First 11 T dipoles P7; cryogenics in P4

U Phase-1 upgrade of LHC experiments Schedule driven by radiation damage
to Lmner triplet (eol: 2023)

LS3 (2024-2026):
U HL-LHC installation

O Phase-2 upgrade of ATLAS and CMS
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Summary

o Approachmg a decade after the start the LHC IS Nnow
a mature machine, and the detectors are stable, and
very well understood

e Direct observation on ttH: it’s there at tree-level, and
y=1

e Established the Yukawa couplings to the heaviest
fermions, T, b, top

e Still no significant deviation/excess from CMS, but
only two percents of the full LHC data sample
analyzed!

e Completion of Run-2, upgrades and then much more
data beyond

e Let’s hope something is still hiding out there
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Phys. Rev. Lett. 120, 231801 -
Published 4 June 2018

q t
Higgs is too light to decay .
into two tops ~H
q t

Signature is production of two top quarks and a Higgs

The top is observed its its decay to Wb with the W decaying leptonically or hadronically

The analysis uses Higgs decays to bottom-quark-anti quark pairs, t*t, vy, WW* and ZZ* (various
guark and multi-lepton channels)

e Hadronic T decays, T, are used
A total of 88 different event topologies, consisting of leptons, photons and jets, are combined to
get the result
Use of Deep Neural Nets is pervasive

Main systematic uncertainties are

Experimental: lepton and b jet identification efficiencies; t,, and jet energy scales

Theory on background calculations: modelling uncertainties in tt production in
association with a W or Z or a pair of b or c jets

Theory on signal calculations: effect of higher order corrections on ttH cross sections
and uncertainty in proton PDFs

The yy and ZZ* states are limited by statistics; H> bb and H->leptons by systematics
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H—>bb explore new regimes/ideas

Phys Rev. Lett 120 (2018) 071802 CERN-EP-2018-140
............. —— C— e T

o Direct search for gg—H—bb e Search for VBF, with an
with boosted H—bb events additional high p; photon
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Higgs

/(S+B) Weighted Events / 0.5 GeV

S

wu

—— —

CMS-HIG-17-019

Best chance at measuring a coupling to a second generation fermion, even
though branching fraction (BR) ~ 2.2x10*, about 1/10 of vyy.

CMS has looked for this in 7,8, and 13 TeV (2016 only) data
Current 95% CL upper limit on BRis 6.4x10%, 2.92 (observed) vs 2.16

(expected) of the SM prediction.
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