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Large Hadron Collider

Integrated luminosity per experiment [fb™]
2017

high luminosity pp collider at CERN
circumference : 27 km (former LEP
tunnel)

instantaneous luminosity

« up to 10°° cm™stin Runl

« upto 2-10°* cm™?s™ in Run2
center-of-mass energy
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' EM Célorimeter

HAD Calorimeter

Muon Spectrometer

_Inl<4.9 coverage
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Inl<4.9 coverage

Ini<2.7 coverage:
(1TeV muons)

Inl<2.6 coverage
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Particle Flow Concept

Consistent Interpretation of all detector Signal in terms of individual Particles
* ¢, |, photons, charged Hadrons, neutral Hadrons
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Higher level Objects are reconstructed using individual Particles as Input:
T,, Jets (incl. b-tagging), E;Ms

Particle Isolation




Standard Model Higgs Boson at LHC

g —
q
2|||||| TTTT TTTT T |\\\‘\\\\llllllllllllll\‘\%
______ —0°= M(H)= 125 GeV =8
£ H o = T
o C 0 EW) 18
\\7 L000D+NL 8
>-|<_ / -‘
T - GD+NLOEW) E/
i o T W 1
Q B L NLO EW) 7 ;
B 1 el R q W)z

—
<
N
\
I\I‘

~J- f

6 7 8 9101112131415
s [TeV]




Higgs Boson Decay Branching Ratios
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H - yy Decay

* Higgs boson does not directly couple to photon
(photon is massless)
* H -» yy decay proceeds via top- and W-loops

’MH—WWIQ = [Myiop + MWP

* two diagrams contribute with opposite signs to the total
matrix element My, - destructive interference




CMS Experiment at the LHC, CERN
Data recorded: 2012-May-13 20:08:14 621490 GMT
Run/Event: 194108 / 564224000

H - yy Channel

.

ITo ea m,, spectrum \
largest background : di-photon
continuum
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Exploiting specific Higgs boson production modes
Exclusive di-jet category

diphoton events compatible
with VBF signatures

two jets with large rapidity
gap and invariant mass

Di-jet event with:

* diphoton mass 121.9 GeV

* dijet mass 1460 GeV

* jet p;: 288.8 and 189.1 GeV
* jetn: -2.022 and 1.860

- high S/B
80% of selected events are
expected to be Higgs VBF events

CMS Experiment at LHC, CERN

Data regorded: Mon Sep 26 20:18:07 2011 CEST
RuniEvent: 177201 / 625786854

Lumi section: 450




H- ZZ* - 4/

Signatures : 4 isolated leptons
H-ZZ-(e'e)(e'e)+(e'e’ ) (L) +H(U M )(RTR)
- narrow mass peak in m,, spectrum
* main background ZZ continuum

Run Number: 189280,
Event Number: 143576946
Date: 2011-09-14, 11:37:11 CET

EtCut>0.3 GeV
PtCut>3.0 GeV
Vertex Cuts:

Z direction <lcm
Rphi <lem

Muon: blue
Cells: Tiles, EMC

Persint
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Discovery of a Higgs Boson

* Search for a Higgs boson has a long history

Events / 3 GeV
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* (unsuccessful) attempts to find Higgs boson were made at

LEP, SLAC, Tevatron

Finally in 2012 ATLAS and CMS Collaborations announced
discovery of a Higgs-like particle in decay channels with highest

mass resolution : H » ZZ* - 4leptons, H - yy
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The Noble Prize in Physics 2013

Francois Englert Peter Higgs

The Nobel Prize in Physics 2013 was awarded jointly to Francois
Englert and Peter W. Higgs "for the theoretical discovery of a
mechanism that contributes to our understanding of the origin of
mass of subatomic particles, and which recently was confirmed
through the discovery of the predicted fundamental particle, by the
ATLAS and CMS experiments at CERN's Large Hadron Collider"
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Results from di-photon channel : CMS

Relatively clean channel

Excellent di-photon mass resolution : m o~ 3 GeV

Signal : peak in the di-photon mass spectrum over
moderate background continuum

CMS Preliminary
>  poorTe
814000'—2__)17275 4GeV. (21.16 All categories

~ [ » B=T- S/(S+B) weighted

35.9 b (13 TeV)
L LR I AL B B

(D —
*GC—)‘1 2000 $ Data —:
U>J10000 — S+Bfit =
s F SN B component .
£ so0or- EEtic E
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my, (GeV)

backgrounds

99 — VY, 97,99
99 — 99,4949
99 — 74,99

Background comes from real
photons or jets misidentified
as photons!
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H- ZZ* - 4/ : Results from ATLAS

- golden channel: H-» ZZ - 4/

i T T T T T T T T T T T | T T
“ 350 ATLAS Preliminary + BestFit E
"H 77 a4 T 68% CL Obs. ]
313 TeV, 36.1 b — 95% CL Obs. -
N * SM
2.5
2
1.5
1=
0.5
O_ | | | L | |

cleanest channel

excellent mass resolution

moderate statistics
small background
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Probing universal coupling modifiers
by exploiting various production modes

Kp = SHff  affects gg - H and ttH
gSM production rates
Hff
P EHVV  affects VBF and VH
2 SM  production rates
SHVV
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Measurement of Higgs Mass : ATLASresults

« Measurement of m, is driven by two high mass
resolution channels : H -» ZZ* and H - yy

% 60_ T T T T ‘ T T T T | T T T ‘ I
@ [ ATLAS Preliminary ¢ Data
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H-WW-2/{2v
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Non-resonant re=
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Results from H-WW-2/2v Channel : ATLAS

* H-> WW - (Lv)(Lv) - (ev)(ev) + (pv)(pv) + (ev)(uv)
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400F
200F
Ole:

Data-Bkg.

relatively clean channel
distinct production mechanisms probed

poor mass resolution (undetectable neutrinos)

sensitivity to the Higgs boson mass through transverse mass
(m,) distribution
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H - tT Final States

hadronic tau decays

Leptonic tau decays
17%
17%

T — €V U7

T — WVyUsr

CMS Experiment at LHC, CERN

Data recorded: Fri May 20 01:10:36 2011 CEST
Run/Event: 165364 / 356120525

Lumi section: 285

VBF H - 1t candidate

Decay mode Resonance

Mass [MeV/c?]

Branching ratio

N VI - 135 10.9%
7~ = 1 7, P 770 25.5%
77 — 1 w710, aq 1200 10.8%
T~ = a anta T, a, 1200 9.8%
T~ s> a nta 7Ou, a 1200 4.5%
Total 59.2%
Other hadronic modes 5.6%
™ = pv = 7571% ™t = av
™ s aw - 1t %70 | ot T,

10° Ty Th
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H(125) - 1T

+ second largest branching ratio |
(BR(H-TT)=6.3%) among fermionic decays ¢/ - ‘ ‘

 lower background compared to H - bb LTy, _

- 4 final states considered, accounting for | | |
94% of all Tt decays | | |

e, UTh, €Th, THTH .

[

+ 3 event categories targeting different other | ‘ ‘
production mechanisms !
0

ETH

0.1 0.2 03 04 0.5

0-jet, VBF, Boosted 8(7_7_)
- In all categories but one signal is extracted from 2-dimensions
Selection

0-jet VBF Boosted
e No jet 2 jets, mj; > 300 GeV Others
ut, | Nojet > 2jets, mj; > 300GeV, pI* > 50GeV, pf* > 40GeV | Others
eT, | Nojet > 2jets, mj; > 300GeV, p1* > 50 GeV Others
ThTh | Nojet > 2jets, pr* > 100GeV, Ay > 2.5 Others

Variables used for the signal extraction

ep | ph, muis mjj, M prT, Mee
HTh | Th decay mode, miyis | mjj, My pr’, Mg
eT, | Th decay mode, myis | mjj, Mt pr’, Mer
ThTh | Mt Mjj, Mer pr ., Mt

19



Signal Extraction

+ Signal is extracted by simultaneous maximume-likelihood fit in 12 channels
4 final states (ep, et, pt,, T, T,) X 3 event category (0-jet, VBF, Boosted)

 Representative example of unrolled postfit 2D distribution : VBF T, T,

CMS  Preliminary 1,7, VBF 35.9fb” (13 TeV)

—4- Observed

- H—tt (1 = 1.06)
|:] Z-m

‘. Z—pylee

[ thsjets

Wijets

[ ] acp muitijet
|:| Others

|:| Total unc.

= H-1t (1 = 1.06)

—
-0 < m, <300 GeV } 300 < m, <500 GeV 1 500 <m, <800 GeV ! m; > 800 GeV

—_
o
N
!
l

Events/bin

—_
(@)
Ll

107"

_+_ Obs. - bkg.
ERg. unc.
— Ho1T

g. unc.

ST T T T TG I:I Bkg. unc.

(Obs. - bkg.)
Bkg. unc
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Observation of H —» tt Decays

* Distribution of event yield in the
analysis bins ordered by S/(S+B)

> clearly visible excess in data w.r.t.

background-only expectation
35.9 fb' (13 TeV)

U)107IIIIIIIIIIIIIIIIIIIIIIIIIIIII
—
C 1.8F T T
O CMS 1.6F —— (Obs. - bkg.)/bkg.
LI>J 10° - Preliminary 14 (Hostt)/bkg.
F [ Bkg. unc.
10° 8:2:
0.4F
0.2F
0

|||||u|| ||||uu| ||||uu| |||||u|,| ||||uu| ||||uu| TR

10* 5 = 05
log(S/(S+B))
10° E
1%
E -+— Observed l:lthth *
10 Du’ih .erh L
E Deu — H—-1t (u=1.06)
1 .
= D Bkg. unc.
—1 i L1 1 1 I 1 1 1 I 11 1 1 I 11 1 1 I 11
10 3~ 25 2 15 4 05 0
log(S/(S+B))
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107°

107

1077

CMS Preliminary

35.9 fb' (13TeV

~—"

IIIIIIIIIIIIIIIIII

IIIIIIIIIIIIIIIIII

L

—_
o
Ol

135 140 145
my (GeV)

120 125 130

obs. (exp.) significance at m = 125 GeV
4.90 (4.70) with Run Il data only

Combination with Run 1 CMS data yields

5.90 (5.90)

first observation of Yukawa coupling in
single fermionic decay channel at CMS
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Visualization of signal : m_ distribution

35.9 b (13 TeV) 35.9fb7 (13 TeV)
>1800_I LI I LI I LI LI I LILLEL I LI I_ > :I LI | LI L I LI llIlllll:IIllllllllIllllllll.llllllllll'l I:
o - CMS 40F - o o CMS a O
O 1600 imi - O 35 o 3.5k +4-Obs.-bkg. | —
= - Preliminary ok _ = - Preliminary - .
» - ] 175 N 3F — Ho1t ]
T 1400 — -¢- Observed ook - T 30 — —4- Observed 25k i -
o L — Hott (u=1.06) - o - — Hostt (u=1.06) of DBkg. unc. | -
= - 10 - = X - .
© 1200 ]z - O op [z 1.5 7
O L [ Wejets 0 - © - [ wejets 1+ * .
()] - . - (] C . ]
£ 1000}~ [ acD mutijet - = - [_]aco mutijet 0.5k | .
=) N [ ]others -10f ] [@)) 20 — [ _Jothers | 4 OF ) ? —
) | []Bkg.un - o _ | |Bkg. unc. | vl b b b Lead -
2 800f-Lets une 0507100 150200750500 ] = F 27O 0 50 100 150 200 250 300 1
mn - (GeV) ] = T°F ) m,, (GeV) E
0_|3_ 600:_ O-jet: 7,1, e B C_?_ E : i .
g): 400F- VBF: 1.1, E g): 10 = VBF: et,, pt , en —
n n Boosted: et,, ut , en, T 1, ] 7)) C
200 : * _,__n—ﬁ—lﬁ 5:-— _:
111 i L1 1 1 I L1 1 1 I L1 1 1 l L1 1 1 I 11 1 1 7] : L1 1 1 l L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 l L1 1 1 :
0 50 100 150 200 250 300 0 50 100 150 200 250 300

m.. (GeV) m,. (GeV)

 Events are weighted by S/(S+B) in bins of second variable
of 2D distributions -» unbiased mass spectrum

* Signal is clearly visible in the distribution of physical
observable m__
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Run/Event: 167807 / 149404739
Lumi section: 134
Orbit/Crossing: 35103256 / 2259

Second B Jet Candidate
pT = 48.44 GeVic

Combined Secondary Vertex Tagger : 0.919

10'2E

: | |
107 - ‘ =TT
100 200 300 500 1000
M, [GoV] ZH- >prLbb candidate
Br(H - bb) is largest @ my < 130 GeV

q H

/ inclusive search impossible due to
/ overwhelming QCD background
- exploit VH production

W*/Z*

4 — ee, UL, vV

W — ev, uv
q W/Z H — bb
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VH, H -» bb Search

n 1 E 2 e -

o = S : = -
= C g C First B Jet Candidat ' M = 128 Gev -~
: I | Mob ?
2 > = | [ | p+(bb)=181GeV

£ L A | PrAPD)= =
S 1A —

E 1 0 CMS Experiment at LHC, CERN I s / g ,'///
m Data recorded: Mon Jun 27 02:59:42 2011 CEST —— -



VH, H - bb Search : ATLAS results

g AT T T + Analysis Strategy
g wERSIy B ivari
S 0L 0vre2 loptons L * In each search channel multivariate
YL 243 jets, 2 botags — Wit analysis is employed
5 mw
' —~ b-tagging information
— missing E;
— lepton kinematics
- « Boosted Decision Tree discriminant
s - extraction of signal

5.3 o excess observed at m, = 125 GeV

Runl+Run2 data : 4.8 o excess expected for the SM Higgs at m = 125 GeV

L LS LA e e e o s
TLAS Preliminary —e— Data ]

— o —— ———————
S 18- jl rLAs Preimin: = Vb (1=1.06) ATLAS Preliminary VH, H(bb) 1s=13 TeV, 79.8 fb
r B T i Diboson ]
5 16~ 0+1+2leptons Y Uncertainty — —Total Stat.
X [ 2+3jets, 2 b-tags 7
§ 14; Weighted by Higgs S/B Dijet mass analysis B (Tot.) (Stat, Syst.)
o 12F E WH [ P— 1.08 0w (105795 )
2 10F _+_ —
= E 7
% 8 - -
= = = 4033 ;4023 +0.23
; 6F * ; ZH F—e—H 1.20 50 (D230 Jo20 )
e 4 E
= 2:—+ =
= - Comb. +0.2 +0.16  +0.21
- 0SS r-e=A 116 020 (7918, 0% )
qCJ—2‘|‘..\...|‘..|.l.|‘.[|.,.\...|...\. A T I T S B I I B
5 40 60 80 100 120 140 160 180 200 0 05 1 15 2 25 3 35 4 45 5
bb
My, [GeV] Hun
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Accessing top - Higgs coupling

 Observation of gg—H production

- indirect evidence of ttH t
coupling (in loop)

+ ttH production - direct access
to ttH coupling

top quark is heaviest SM particles
- strongest coupling to Higgs

- crucial measurement for
establishing mass-coupling relation &

25



Search for ttH production

- Analysis challenges

— relatively low cross section (two orders of magnitude
lower than that of gg —» H)

— large variety of complex final states
* Various decay modes of W bosons

* Various decay modes of Higgs boson
— Irreducible ttZ background

(on

< T
%

E=

E=

O'l(D,m<|O'°'|m<(D+O' O'IQQ_IO‘O‘lm<c|.1
= <
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Observation of ttH production

* Decay modes exploited
e H->2ZZ, WW, vy, bb, tt
* event categorization based on
* Multiplicity of jets / b-jets / leptons
— more than 50 channels combined!
* Signal is inferred from the distribution
of MVA discriminant combining
* |lepton kinematic observables
- missing E_related information

* b-tagging information
* masses of W and H candidates

5.1 fb" (7 TeV) + 19.7 fo™ (8 TeV) + 35.9 fb™' (13 TeV)

@ Observed
CMS = +10 (stat @ syst)
- s = +10 (Syst)
_ : —— 20 (stat @ syst)
ttH(WW™*) —e—m—————
ttH(zz*) . .
tfH(YY) .——-__
ttH(TT)
ttH(bb) — g
748 TeV
13 TeV o
Combined +
........ [ I I BT I B
-1 0 1 2 3 4 5 6 7

“tTH

MitH = 1~26j8:§6

Representative example:
distribution of analysis bins, ordered by
S/B in all channels targeting H - tt

CcMS 35.9 fb” (13 TeV)
ﬂ T T I T T T T I T T T T I T T T T I T T T T I T T T T | T T
£ L |
)
S
L *
102 — —
¢ Data
B - (i-1.23)
10 |:| Background
E :  Background uncertainty
I 1 1 I
g 2F
55 O —
© C
al - -
-5 -4 -3 -2 -1 0

log_(S/B)

10
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Global Coupling Analysis

* Fit of the coupling modifiers accessible by the LHC

« Loop coupling strengths are resolved in expressions
of tree-level coupling assuming the SM physics Rz, kw, Rt, R, Kb, K’H

* One coupling parameter per SM particle

* No Beyond-Standard-Model decays E>|;':‘ 1; ATLAS and CMS
¥ LHC Run1
ATLAS and CMS “* ATLAS+CMS 5 -
LHC Run 1 = ATLAS " il |
~+CMS £ |u"‘_‘ 107 ‘
B i =—1ointerval z
K — - — 20 interval I
- )
— 10%F E
W — — § ATLAS+CMS
— : w0k, AP O SM Higgs boson |
K, —— g —— [M, €] fit
_—q:: ' D 68% CL
B i ]95%CL
II{I -~ 10_4:. PRt AT PR MG SO PR TR e o e E
T = ———
e 10 1 10 107
B g Particle mass [GeV]
— Kp; =V" m}_i/ﬂilﬂ and Ky,; = v - m%f?:/ﬂ—fprgf
i —_— * All couplings are compatible with SM
z :
11 1 1 l 11 1 1 I 1 I-I [] i L1 1 1 | 1 1 1 I 11 " (8 = 0 and M = 246 Gev)
-2 -1 0 1 2 3 . .
Parameter value E= U.UZSig:gé? and M = 233115 GeV
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* LHC performed excellently in Runl and Run2 at c-o-m energies of 7,
8 and 13 TeV

 Large amount of data collected by CMS and ATLAS (more than
20 fb-1 per experiment at 8 TeV, more than 80 fb-1at 13 TeV)

* Higgs-like particle discovered (July 2012)

* Crucial measurements of discovered state performed
» mass (~ 125 GeV)
v couplings to fermions and gauge bosons
v spin-parity quantum numbers (not discussed in this lecture)

v differential measurements (Higgs boson kinematics , multiplicity and
properties of accompanying jets, etc.)

> new state looks like Standard Model Higgs boson (so far)
* Mission accomplished? - not at all!

 Expect more data at higher energies (13-14 TeV) in Run2
* improve precision of Higgs measurements -» probe new physics
* new Higgs measurements (top-Yukawa coupling, Higgs self-coupling)
* search for new Higgs states predicted in theories, extending SM
* direct search for new physics : SUSY, extra-dimensions, etc.

* You are more than welcome to join us (LHC community) in
physics studies at the new energy frontier
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