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Run Il of LHC

Summary Table 2018 - 2017 - 2016

I T
Phase Days Ratio [%] | Days Ratio[%] Days Ratio[%]
Comm. & Intensity ramp up 28 1.4 35 16.1 2B" i3
Scrubbing 4 1.6 7 5 | 2 0.8
25 ns Proton Physics 138 56.3| 127 58.5 139 56.3
Special Physics Runs 9 i 18 8.3 10 4
Setting up Pb-Pb ion run 4 1.6 - - 6 2.4
Pb-Pb ion run 24 9.8 - - 23 93
Machine Developments (MD) 20 8.2 18 8.3 21 8.5
Technical Stops (TS1 & TS2) 13 54 8 3.7 12 5
Technical Stop Recovery 5 p. 4 1.8 6 2.4

Total 245 100) 217 100 247 100
Integrated luminosity [fb] ~ 60 50.2 39.7

* Did not fully include intensity ramp up — interleaved commissioning and interleaved intensity ramp up was as of 2017



LHC Run Il conditions
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The ATLAS detector

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker



Spectacular event

High-mass di-jet event with m, —9 3 TeV




High pile-up event
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« Several fimes more LHC design pile-up
in Run-2, especially in 2017

«  Sometimes up to maximum <u> of 80




ATLAS detector status

Data Quality for Run 2

SCT CSC TGC Solenoid Toroid

LAr Tile MDT RPC

99.4 983 99.4 100 100 100 100 100 100 97.8

All Good for physics: 87.1% (3.2 fb?)

Luminosity weighted relative detector uptime and good data quality (DQ) efficiencies {in %) during stable
beam in pp collisions with 25ns bunch spacing at Vs=13 TeV b August-N ber 2015,
corresponding to an integrated luminosity of 3.7 fb’. The lower DQ efficiency in the Pixel detector is due to
the IBL being turned off for two runs, corresponding to 0.2 fb'l. Analyses that don't rely on the I1BL can use
those runs and thus use 3.4 fb! with a corresponding DQ efficiency of 93.1%.

Inner Tracker  Calorimeters  Muon Spectrometer Magnets  Trigger
pixel SCT TRT LAr  Tile MDT RPC CSC TGC Solenoid Torold L1 Pleelll SCTT TR RS BE V0T RPC GG Tec e
989 999 997 993 989 998 998 999 999 991 972 983 100 393 B3 EEEEEEEE N 7 78 989 10 A% s

. 'l
Good for physics: 93-95% (33.3-33.9 fb?) ’ Good for physics: 93.6% (43.8 fb)

Luminosity weighted relative detector uptime and good data quality efficiencies {in %) during stable beam
in pp collisions with 25ns bunch spacing at Vs=13 TeV between April-October 2016, corresponding to an
integrated luminosity of 35.9 fb!. The toroid magnet was off for some runs, leading to a loss of 0.7 b,
Analyses that don’t require the toroid magnet can use that data.

Luminosity weighted relative detector uptime and good data quality efficiencies (in %) during stable beam
In pp collisions with 25ns bunch spacing at Vs=13 TeV between June 5— November 10 2017, corresponding
to a delivered integrated luminosity of 50.4 fb! and a recorded integrated luminosity of 46.8 fb'. The
toroid magnet was off for some runs, leading to a loss of 0.5 fi?. Analyses that don’t require the toroid
magnet can use these data,



ATLAS primary triggers

Main primary trigger Trigger thresholds at HLT [GeV]
L<1.5e34 L<1.8e34 L<2.0e34
(aka 1.7e34 primaries)
single iso muon pr > 26
single iso electron E; > 26 (tight ID) E;> 28 (tight ID)
Emiss > 110 (L1_XE50) > 110 (L1_XE55)
single jet p;> 400 py> 420 py> 450
single photon E; > 140 (loose ID) E;> 140 (tight ID)
E; > 200 (loose ID)

di-muon for B-physics p:(my, m,)> 6, 6 + topological/mass cuts
di-tau p+(t;, t,)> 35, 25 + jet requirement at L1
di-photon pP+(94, 9.)> 20, 20 (with isolation & tight ID), 35, 25 (medium ID)
four-bjets p+(bjs, bi,, bjs, bjs)> 35, 35, 35, 35 (Working Points: 70,70,85,85%)




Standard Model measurements
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Standard Model measurements
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Jet production

Jets are the experimental signature of quarks and gluons
Most common object in LHC final states
Differential cross-sections measurements improve our understanding of QCD
o running from correlations and asymmetries
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Measurement of the W boson mass

of kinematic quantities, e.g. lepton p;, E{™Miss
- Calibration of W recoil with Z = £ data critical

« Similar precision to best previous single
experiment measurement (from CDF)

» Result consistent with SM expectation
» Further progress requires improved modelling 5

my, = 80.370 £ 0.019 GeV

3 Xiv:1701. 0?240
- Uses 4.6 fb-'of 7 TeV data (W=>ev/uv) > 160F0— SE— T
) (agJ 140 ATLAS . +Data
+ Huge amount of work since 2011 to 0 o ST TV AR o
. o
understand detector response and modelling ~ 100 1/dof = 29/39
L

Data / Pred.
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Top quark mass

ATLAS-CONF-2017-071

« New ATLAS measurement in lepton+jets channel 3 7"
. ] L ATLAS Preliminary ala, l+ets 1

with 8 TeV Run-1 data (tt—WWbb—lvgqbh): — 12001528 TeV, 20.2 fo” B Best fit background ]

= r Best fit ]

- mg=172.08 + 0.39,,, * 0.82,,, GeV & 1000 i [ Uncortainy

. C + ]

« 8 TeV dilepton channel result (tt—WWbb—llvvbb): s B
- m#=172.99 + 0.41,, + 0.74,,, GeV 6001 =

. . C R tructed ]

« ATLAS Run-1 combination: 400}~ “_f,f;:i,;“;;s -
— mg= 17251 £ 027, + 042, GeV 200 Firate chanmal &

+ Systematic uncertainties reduced in combination O WD PNNRMMILLL
due to correlations between measurements meee [GeV]

Successive combination

' (8 TeV)
+ M= (8 TeV)

+ me (7 TeV)*

top

+mil (7 TeV)

----- *ATLAS Combination
N stat. uncertainty
total uncertainty

ATLAS Preliminary

Mg, * stat. £ syst

172.99 £ 0.41+0.74
172.56 £ 0.28 £ 0.48
172.51+ 0.27 + 0.42

172.50 £ 0.27 £ 0.42

stat. uncertainty
—— total uncertainty

168 170 172
My, [GEV]

174 176 178

Combinations

CDF (Mar 2014)

DO (Jul 2016)

CMS (Apr 2016)

ATLAS (Sep 2017)

..... ATLAS Combination

N stat. uncertainty
total uncertainty

ATLAS Preliminary
mg, * stat. + syst

173.16 £ 0.57 = 0.74
H-e-H 174,95 1 0.40 £ 0.64

172.44 £0.13 £ 0.47

72.51+£0.27 0.42:

—— stat. uncertainty
—— total uncertainty

165 170

175 180
Mhgp [GeV]
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Heaviest SM particle (Yukawa coupling ~1)

Top quark physics

Large production rate at the LHC allows detailed study of its properties
Produced in pairs (strong interaction) or singly (EW production)
Very short lifetime: decay into a W and a b-quark

So far very consistent results with theoretical predictions
— Differential XS measurements allow to refine theory calculations in extreme phase-space

Inclusive tt cross section [pb]

< 4% agreement at NNLO+NNLL
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Top quark physics

production at LHC in s-channel, t-

channel and Wt associated production.
Now also evidence for Zt production

— Significance 4.2¢ (5.4 expected)

consistent with SM expectation

Previously evidence for single top quark

Cross-section 620 = 170, = 140, fb

u : d
W 7
AV
L
b ‘;"\' .
LRI adlll
b

Zt production diagrams

Top pole mass measured comparing

o U ATLAG | ANvAT1003658 1T e lepton differential distributions from
3 {s=13 TeV, 36.1 fo" iZq B 8 TeV Run-1 data with NLO QCD
5 . (Tt = : L
i W Z+ets = fixed-order predictions (MCFM)
Distribution of E'Eost?; W2 . | | -
NN discriminant ] +iH+ u s m™®
in Zt search 77 Uncertainty — ATLAS : g:at. Uncertainty
o — Full Uncertainty
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E o . .
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LHC Medium/Long-Term planning

LHC / HL-LHC Plan

LHC

LS1 EYETS LS2

13 TeV
splice consolidation : Cryo' RF P4
7 TeV 8 TeV button collimators P7 11 T dip. coll.
R2E project e
¥ Civil Eng. P1-P§

ATLAS - CMS
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energy
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R
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B
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The Higgs boson in the Standard Model

* SM describes all known elementary particles and their interactions

* Local gauge invariance forbids explicit mass terms in the Lagrangian —
but experimentally both gauge bosons and fermions have mass

* Introduce a new field with a very specific potential that keeps the full
Lagrangian invariant but makes the vacuum not invariant

* Higgs mechanism predicts existence of at least one
new, neutral boson: the Higgs boson

* SM parameters: mass (M or my) and vacuum
expectation value, v

* Discovered at CERN by the ATLAS and CMS
collaborations in 2012 after 40+ years of searching

2

. . pe <0
L = |D"¢* = yiqrare — 1’e° — A" + ...

E. Richter-Was Exp. Part. Phys. seminar, IF UJ, 27.11.2017 17



Higgs boson couplings

Gauge bosons Fermions
V f
5 j\‘\,\l\' /
————— .% -——--9
v \ f
X My XMy

Higgs boson properties are fixed in the Standard Model (m,))




Higgs boson couplings

Gauge bosons Fermions
V f
5 j\‘\,\l\' /
————— .% -——--9
v \ f
X My XMy

Higgs boson properties are fixed in the Standard Model (m,))




The Higgs Boson at the LHC

Higgs produced at

Production |3 TeV until today
q = = q -V
4 ; %_? f| . '_“J.ﬁ,f” !
45M | e H 350k F----- H 200k A 50k
iy
g q > A q q “H
Main production 2|'fo|rward |et|s, TagW and Z Tac 2 "
channel ittle 'centr'a' decays ag 2 top quarks
hadronic activity
Decays
. 5 main channels at the LHC
g : :
5 Decay branching fractions for
s =
S o mu = 125 GeV
% * H—bb: 58 %
S0*
I

« HoWW* 21%

* H>T1'1:6.3%
« HoZZ*:2.6%

0% B * Hoyy:02%

E. Richter-Was Exp. Part. Phys. seminar, IF UJ, 27.11.2017 20



Higgs boson phenomenology




Probability that the background can produce a fluctuation
greater than or equal to the excess observed in data. Equivalent
In terms of number of standard deviations is called local

signhificance.

a” Frr 1] T T | | T
10 L Observed p, Data 2011, Vs =7 TeV =~
...... SM H — vy expected p . .

1L ° _[Ldt =491 _

C NS
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102 -
T il ]
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10-4 Lo e Loy o g 1 P | R A MEFEEE EETEEE R R |
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38 my, [GeV]

Deficit Excess  Expected Signal
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Birth of a particle

ATLAS {s =7 TeV (2011), fLat=481b"

07/11 EPS Prel.

.4 [ — Observed
107 E - Expected ‘ 7[ S S 4o
105 - 1211 CERN Prel. o -
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10-6 ------ Expected .. T
SN W A Seee e m e m e R 5o
1 0-7 Spring 2012 PRD s,
Observed - "
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_ 04/12 CERN Prel.
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Probability of observing an excess at - my [GeV]
one specific mass

(in absence of signal)...

23



Higgs-like particle — 4 July 2012

o We are living in a privileged moment in the history
of High Energy Physics: first fundamental scalar

- The discovery came at half of the design energy,
much more severe pile-up and one-third of
iIntegrated luminosity than was originally judged as

ATLAS 2011 -2012

vs=7Tew: [Ldt =4 6-4.8 "
\e=8Tev: [Ldl —5.8-5.9 16"

Local P,

Local p-value

V& = B Taw . |7
R e == e e e e e a0 ]

R R Ea e P e T woTTmE im0 i i e s
ATLAS riL5716(2012) 1-29,sepr17 (20127 CMS PLBE 716 (2012) 30-61,sep1 17 (2012)
Largest local excess: Largest local excess:

5.90 at m,= 126.5 GeV 5.00 at m,= 125.5 GeV

H-3>vy, bb. 71, WW(lvlv, Ivgq), ZZ(41, vy, liqq) H->vy, bb, T, WW(Ivlv), ZZ(41, lirT, vy, ligq)
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Phys.Lett. B716 (2012) 1-29

Phys.Lett. B716 (2012) 30-61

Higgs-like particle — 4 July 2012
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events sighature

Simple event signature

2 EXPERIMENT [ Two high pT photons

pT, > 40 GeV and pT, > 30 GeV

[ High trigger efficiency
~99%

(1 High event selection efficiency
despite high jet-jet & y-jet
production

~40%

1} = | )
i serestsmaktee: 41

(1 High signal over background
~3-10 % (depending on sub-category)
Invariant mass reconstruction m 2= 2*E E,(1 —cos )

U Good energy calibration

U Robust primary vertex reconstruction

—> Excellent invariant mass resolution ~1.6 GeV with 90% of events within *2c
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Shower shapes and vertex reconstr.

Photon ID 2 - Photon shower shapes and background rejection

nP-y Rejection
s3 N\ 0 » Photons shower shape distributions in LAr
GO\ WK N sampling layers - different for signal and

S2

background (rt°)
81

PS

Vertex Reconstruction

2_ »p* -
m, *=2%E,F,(1 —cos o)
Vertex reconstructed through likelihood combination
Calo pointing
D S

Calorimeter ‘pointing’ ”
Z tracks pT?2
Conversion vertex
Mean vertex position

vvvyvy [
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background rejection

g | : Data-driven background decomposition
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Wi W ~ 500 ub w 2000 H}H Total uncertainty
El U fﬂ& _
ln'h .
wi| R by vy~ T4% E
o} Il -
Bl ovi Lt I .
Ifr - 2':":' nb WQ“.M-;
Hi'in _:
ﬂ'i’ R A 4_—| ..“.-.m'-.l-"--'-n..n -
L el il | I
i - 150 160
1w i
Bt 30 pb m,, [GeV]
e’
o =» Reducible background and largely below
: : .
| irreducible background -y
wr H3w
{.-""— ~50 b
107§
m_,F » Remark 1: this decompasition is not directly used in the Higgs

search: the background is extrapolated from data sidebands

» Remark 2- Drell-Yan ~negligible for m,>100 GeV (~1%)
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Event categorization

Event categories based on eta, pTt, and conversion

Both unconverted: 2 unconverted: >=1 converted:
» Central n(y2) 4 n(y2) 4
75 Resolution:
At least one converted:
1.3 Good
+ Central Mediu
* Transition 0'75. 7 Poor
0.75 ) 075 13175 na1)
5 N T T T T T . Yyt G et SR TR |
- ATLAS Simulzton . L5 714y Backgroung
C.12p- : ® Unconve rtad central 4 E .« .
? [~ Profminary Tﬁ} highp, N V77/) Bige. Uncartainty Central and Rest lelded
v o FWHM = 32 GaV b 107 .
xE: 0'12 Hory / 1 F;‘nverted :31 ] F i :g;nbt:ztsﬁawﬂsoev |nt0 th < 60 GeV
> " m,= 125GeV %1 lowp, : N & *VrtH m = '
§ Qe = 13560 x\ rwm-secy | 10°F . and prt > 60 GeV
= 0.00] f} B T
0.08 4 9 1 103'5_'—' A 's;;”."‘ ’ '°+"' P /P.‘
i "f E C fs=7TeV T ¥, pr 2 D
i u’# x 10* = ATLAS Simuletion "j b, 7 i’mﬂﬁ i il
i g : (£ KA 4@;3, T p Rewita
F 5“ PSR B et B ‘ 1 A.;‘ /.:’/" : A TR 4 . 1 o o I
PUS 110 116 120 126 130 135 140 145 10 0 50 100 150 i :
p,, [GeV]

my, [GeY]
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Events /1 GeV

Energy calibration and resolution

m,?=2%E E,(1~-cos a)

» MC based calibration improved with energy scale and resolution corrections
based on in-situ analysis of Z2ee, W—2ev and J/{ =2 ee

~ Energy scale at m, known to 0.3%, uniformity (constant term) 1% in barrel, 1.2
- 2.1% in endcap

Agreqement between data & MC Z—>ee lineshape Expected resolution of Higgs signal
by [0}
EUD L T | LI LI I-I ‘ T R | L LI LI | LA B B B R B | } T | T T | T | T T | T T | T T T | T | T TT
1g0— ATLAS Preliminery = 3 - ATLAS Simulation )
E Data 2011, Ws=7 TeV, _[Ldr =4.6f" 0.12 iy ® Unconverted central
160 ata NS = ] g - Preliminary high P, .
140 :_n:lﬂm=‘1 76+ 0.01 GaVy = - 0_1__ H—‘i"”' FWHM =32 GeV/ 1
120 O 1595 0.01Gev nl<2.47 g C | | © Converted rest ]
E ~ Det = Z 0.08 m,= 125GeV ?\;; low p,, |
100 = ata = © __— I FWHM =4.5 GaV i
. . . — Fit result z r Ys=8TeV b ]
go — Simulation without ] Z—ee MC — = 008 [ -
= constant term = N J ]
G0 0*04__ ?' -
40 — — - 'L ]
20 = 0.02 ]
o Py ._."-.1- i - i .-:MJ.“!)T
ToU 75 80 8 @ o5 foo 105 110 P05 H10TT15 120 125 130 135 140 145

m,. [GeV] m, | G%V]
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The golden channel Z->II

> [r T | T T T T | T T T T | T T T T ] gy CT 1T 11 I L I Tzl 1.0 I Tod J 1 I Tz Lol A | T ]
8 - ¢ Data ATLAS T E 80: [ my=125 GeV ATLAS ]
B % . B -, & Bkg (120<m <130 GeV) 2 T

\u% 251 Il Background ZZ‘ _H 7 | B s F ? Data (120<m, <130 GeV) H-zz" 41
= L Il Background Z+jets, ff ] o 20F Vs=7TeV:|Ldt = 4.8 5" ]
N Signal (m =125 GeV . - g |
020 D gral {m, ) - - {s=8TeV:|Ldt=58 1" ]
T % Syst.Unc. i 6O0E L. i e
o557 Tov -4 ] femm z
[Vs=8TeV:|Ldt=581fb" i L .

10_— —_ 40;—: :::: ﬂlllﬂﬂﬂ;;;ﬂﬂlﬂl‘lﬂl _:

- . Lt L LT

I -1 :n lnnnllllnlllnllllnnllnuunnnnnﬁ_ lllll . :

L B0 g ¢

E E:.::::-::u.-.-.n--:::;uunnnnn::ﬂﬂﬂﬂ ...... E

- 200 T s —

50 60 70 80 90 100

100 150 200 o2 .
Signal ZZ\™ Z + jets, tt  Observed
In a ms; Window 4y 2.09+0.30 1.12+0.05 0.13+0.04 6
around 120-130 GeV: 2e2u/2n2e  2.29+0.33 0.80+0.05 1.27+0.19 5
4e 0.90+0.14 0.444+0.04 1.094+0.20 2

[

_

1 = =
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Signal and background

g

Irreducible background

The final state is exactly the same, but it does
not come from the particle you are looking for

_ . 4
g Z/y ¢ €
e
Z/Y* E’- l-’l +

Reducible background

The final state looks like the same, but some f
the particle fakes what you are looking for

fake e*

q g N

32



Selection

® Cut on particle properties to reduce reducible background
v~ Shower shapes, track properties,

¢ Cut on event properties to distinguish signal from background
v" Particle kinematics, decay kinematics event shape,

® Try to keep signal while reducing background!

v" Increase S/B CMS Ns=7TeV L=4.7ib"
2] 10*%-—' I I | [ | T
p— 3 : = DATA
5 - v o b Qcb
6 & ! o tt
é | L LA BLELELE BLELEL BLELELE BLNLELEN NLELELE BLALELE BLELELE BLELELE BL Lﬁ'm:? : + Z+light jets
2 E —e— H(130GeV)— ZZ*— 4y - of o GbieE
a8 F weeeaee Zbb . 107, O Slngle top
- . - = WWwW
10" * - 100 : . g
S U s ST . m,=350 GeVic?
- —— ] b g e - 10°* @ " my=200 GeWc
B B E o mH-14D GeV/c® =
]-l:]'2 = — C v v “ [ 4
i - 10, L e i E
i : SRR e n e
Al _ 10_5 o} ™ - - . - - .
107 g E g & & & i & 4 ‘3
: 5 1k -
C  ATLAS |+L_T ] 3 B s i o 3
IO—'I v b o boww v bowyv oo by ow v bwv v by w oy by L1 I R 10_1 B | | I = | & i . | i I T
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 = 3 3 = 0 = =
Maximum ¥ p /pl* for A R=0.20 = F - s % 3 ‘%: "'Li._% ﬁ-_-t%
= T =
= L %;- &,
S _
Marco &,



4e candidate. Msy = 124.6 GeV, my» = 70.6 GeV, mas = 44.7 GeV.

€. Pr=539GeV,n=-040, ¢ =1.69
es. Pr=17.8GeV,n = —-0.51, ¢ = 2.84

e. Pr=249GeV,n=-0.33, ¢ =1.98
&. Pr=61.9GeV,n=-0.12, ¢ =1.45

@gATLAS
EXPERIMENT
http://atlas.ch
Run: 203602
Event: 82614360
Date: 2012-05-18
Time: 20:28:11 CEST




Events / 2 GeV

Events - Fitted bkg

Higgs like signal with 7 TeV and 8 TeV data

H->vy

1m —T T T T T T
C Selected diphoton sample

L Data 2011+2012

8000 Sig+Bkg Fit (m =126.8 GeV)
--------- Bkg (4th order polynomial)
6000 ATLAS Preliminary
..... H—yy

=7 Tevfl_dt 481"
-8 TerLdt 207"

R ¢
o ¢ +

Ti0 120 T30 140 150 60

83

[ =}

HTPTD]]UJ]]_||||||||||||||||||||I|I| T | TTT | TTT | T |
+
—

8

®  Signal significance = 7.4 o
®  my=1268 %02 (stat) = 0.7 (syst) GeV
® M =1.65=*034 (deviation w.rt. SM at 2.30)

2013

H> 4l

30~ e Data ATLAS Preliminary
Bl Background zz" H_:_ZZ['J 4
25— [l Background Zsjets, 1t
|:| Signal (mH:1 25 GeV)

7, Syst.Unc.

Eventsf2.5 GeV

Vs =7 TeV-[Ldi=46 b’
Vs =8 TeV[Ldi =207 b’

15

10

r;llf?ﬁe‘\.l‘]

Signal significance = 6.6 o
= 1243 % (stat) )5 (syst) GeV
H=17034
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Mass measurement

Phys. Lett. B 726 (2013), 88-119

n.

— ATLAS — Combined (stat+sys)
o1 - Vs =7 TeV [Ldt=46-48f '  ====== Combined (stat only)
- Vs=8TeV [Ldt=207 fio H —
61— H—» ZZ* — a7
5 :
4____________________ L . SO _:' _____________________________
(] 2 “F oo v : "
£ =f it H :
3_ M?Exﬁd!—lﬂa! :l
- H i e
| F .: ] nmz— ""5..___"'_" Srg
2— -o% l.: H -“E_ -7 Tew [Lm— 22w .
H o ; H I S et
: "I- : -':";'“E + +1+ J..../r' FEy Il +
| W W A T IR T
B % H '" ) ) e
I .‘1'.;/|\AI|I|II|IIII
P24 127 128 129
my [GeV]

4¢: M, = 1243 £ 0.6, 0.4 GeV

yy: M, =126.8+ 0.2, 0.7, GeV

Combined: My, =125.5+0.2,,, £ 0.6, GeV
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And since then .... (2013)

Panorama of ATLAS Higgs (125) Analyses

channel ggF VBF VH ttH Yield S/B (%) Res. (GeV/c?)
T v v v v ~ 450 1-20% ~1.6
7 — 4] v ~ 16 1 ~ 2.2
WW — Ivlv v v ~ 250 10% Poor
TT v v ~ 330 0.3 -30% ~ 20
VH(bb) v ~50 1-10% ~15
ttH(bb) v ~20 Up to ~5% | Poor (combinatorial)
L Inclusive ~ 40 ~0.2% ~2.5
Invisible (v') v ~30 ~0.2 Poor
Iy Inclusive ~15 ~0.5% ~1.8
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H — yy Update

» |
Since “Discovery Paper” pis 716
ATLAS-CONF-2013-012

-lEXPERIMENT

Run Number: 204769, Event Number: 24947130

Date: 2012-06-10 08:17:12 UTC

channel basic facts sheet :

e , f

00 - 60% vy,y) and jj Hgg, VBF, VH 49&20.7 ﬂ)




(EATLAS
EXPERIMENT
http://atlas.ch

Run: 203602
Event:

Date: 12

Time: 20:28:11 CES

f =

¢ e o R

G
\

N
.

H — 4e candidate (574@ ~ 124 GeV)\’\_ A

4| channel basic facts sheet :

. Signal Purity Main .




A A
([l + 2v

0,1, 2 jet Channel

ATLAS-CONF-2013-030

\

WW channel basic facts sheet :

Sig. Purity s/b Main backgrounds
5%-40% BgH & VBF




H— Tt A/
Reoptimised 7+8 TeV analysis AT L S

2 EXPERIMENT

ATLAS-CONF-2012-160

H — 1,.47h.4 candidate in VBF channel (myc = 131 GeV)

1t channel basic facts sheet :

: Signal purity Main ;
Signal (SM) s L — Production |7&8TeV det

33C 0.3% - 30% 77, 7+jets, top VBF, Hgg, VH 49 & 13 fb




VH production with H — bb

Combined and reoptimised 7+8 TeV analysis

Run: 200787
Event: 144100666
Date: 2012-09-05
fime: ©3:57:49 UT(

VH(bb) channel basic facts sheet :

Signal (SM) Slgnasl/f)urlty Main backgrounds 7&8TeV f Lat




Which Higgs boson we have discovered?

Higgs boson was discovered in ZZ*, yy and WW*
decays

Higgs boson mass is ~125.6 GeV
Measured in H -ZZ*—4| and H—yy
ATLAS: my = 125.5 + 0.2 (stat) £ 0.6 (syst) GeV
CMS:  my=125.7 £ 0.3(stat) £ 0.3 (syst) GeV

ATLAS and CMS data strongly favour JP = 0*

SM guantum numbers; alternative models excluded
at 95% CL.

Signal strength 1 = 6/, consistent with 1
Summer 2013:

All measured properties are compatible with SM
hypothesis.
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Nobel price for predicting Higgs particle

2013 NOBEL PRIZE IN PHYSICS
Francois Englert &
Peter W. Higgs {5 5/

THE BEH-MECHANISM, INTERACTIONS WITH SHORT RANGE FORCES
AND SCALAR PARTICLES

8 October 2013

The Royal Swedish Academy of Sciences
has decided to award the Nobel Prize in
Physics for 2013 to

Francois Englert and Peter 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”




Entrance of the Higgs into PDG

IHig_gs Bosons — H” and Hil
A REVIEW GOES HERE — Check cur VWWW List of Reviews

COMTENTS:

HE (Higgs EBssan)

= W9 Decay Width
— 10 Decay Mode
Y Sgral Btregths i Diflerent Chamck
Lembingd Fal Stetca

- Final Sterte
Siandsd Model B (Higgs Bsaon] Mass Lirvtas
= WP Direcy Seanch Limits

Y it Marn Limits From Ebsctrmersh Ao
Soorches bor Oither Higgs Binoes
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L:E {Hixgs Beasn) M L
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Lirnitzs for B4 mith Ty = 0

M (Higes Rosna)
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=eanhes

RN B DOEUNMENT & TECN  COMMTET
Bk A QUR AYERAGE
LEALna0a TOHATHEHYAY1I CMS  pe Tand A Tey
PG 014045004 2 Aan 1 ATLS o Tamd 8 TeM
&8 & W do eon uee the Tollosing dans for averages, fas, Bina s &
LAZings0z TOHATHCHYAY1I CMS pe Tand A Tey
L34 04205 S CHATRCHYAN 1Y CM5  pp T and A Te

! Fombines o £ 2 and 3 e

2 AALF 124 nstan recslin bassrd on 3B E b ! of pp olmons ot E gy = 7 TE and

a kcal

50-%=9 fh -1 a E = 8 TeV. An eacess of evenns over backy

IgmtEarca of § ctmmaromd 3t "= L3 Ga . Sew ks A0

3 feauit kased on ZZ = of finsd stabm i 51 Aol of pp colbanea ot £, = T TV
and 122 8~ 1 Eo = AT

A CHATRCHYAN 124 obtain roults besed on 4951 & 0 of pp oolisens at Egy =
T Teld and 553 60 an . = B TeW. An sacess of ssnis cver hackground sich
a lozal sgnifwance of 5.0 o o oheervad o sbout my g = 125 GeV. Seoc abs CHA
TROHYAN 1207

NODE=5855
MODE=S08%

MO E=S08 30 WT

MONE=SenITI0

MO DE=5055250

MODE=5055H 5N
NODE—=SIS5HEW

GOuR=x

MODE=SPEEHEM -
LINEAGE=AR

MODE=50855HAW

MODE=5855HEM 3

NODE=SPESHEW

LINKALE=CA

LINKACE=CT

SUMEACE=CH

2013

Inaugural entrance of
the Higgs boson in the

PDG particle listing !



Higgs decays to fermions (2014)

CMS: H-> tt, bb Channels ATLAS: H= Tt Channel
CMS fs=7TeV,L=5f"{s=8TeV,L = 19-20 fb"’ S —
— 20¢
c - ATLAS Preliminary —8— Data
< 18- m, =125 GeV H->tr VBF+Boosted ~ —— H(125)-tt(u=14)
- — | r=%as
T 6] — VH — bb [Lat=2031m" B Others
= 3.80 - H — 1T Vs=8TeV I Fakes

“2 Uncert.

—— Combined

In(1+4S/B) w. Events / 10 GeV

5 %’ r meslp_;n{p:'m} | | |
4;\ standard E 10? LEL%:::?:;S% - E
2:_ model 8 L g : m+:
;.. i Ix.. I| e T N = 0 ol 1 ."."liﬁz..;’.”?f{:". ;T-""T/'l". A
0 02 04 06 08 1 12 1.4 16 18 60 80 100 120 140 160 180 200
M mi/c [GeV]
Significance ~ Exp  Obs Significance | Exp | Obs
CMS (z7) 340 3.20 ATLAS (vt) 3.20 41d0
CMS (bb) 21c 210 Tevatron: exp (2.10), obs (3.00)
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How we can recognize spin?

Spin-0 decays in all directions with equal probability; spin-1 prefers decaying toward or away from the direction of spin; spin-2
prefers the poles and the equator to the region in between.These pictures exaggerate the real distributions for clarity.




Spin observables for H->yy

Separate 0+ and 2+ spin hypotheses using the angular
correlation of the two photons

Collins-Soper frame used to get
reference axis z’ for cos(6%)

= z-axis bisects angle between the
momenta of colliding hadrons

= Minimizes impact of ISR
Better Ot / 2+ discrimination

(LI B LB L LA LN L ML LU AL NN L LA LA BLANLEL IR B LB

% E —Jf =0"(sm —— Background E

‘Sinh(A))”)‘ o 02 —J°=2,(100% gg) — J° =2, (100% qq) —

lcos 0;5‘ = 3 : :
\/1+(I)?' [m, S : | ﬂ ‘:

.g 0.1 ST “5

. :,_,E F :
Relative p, cuts on th_e pho_tons 005] amasPmimicay L u
remove most correlation with m,, Data2012 Vs = 8TerLdt 2o7fo — E

00‘ 01 02 03 04 05 06 07 08 09 1
lcos87]

qgg->2* very similar to SM gg->0+
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Fit metod for H->yy

o ) Side- bands
Events are divided into yy mass : "F ¥ s E
sidebands and signal region T ™F 4 “:'f%;fifgm;,;"gfw<~>‘:
2 ek Y
Side-bands: 1D fitinm g |
= Background: O(5) Bernstein polynomial s S, IL,,,_Q;,
= Constrains the background shape in the P =k ;
signal region of mass J:
Slgnal region: 2D m  -cos(8) fit o & 'I‘t PG s |
ignal region Ry l0d
Product of two 1D shapes e g 9 122<m, <130 GeV
= Signal: Crystal ball + Gaussian — X F | St~
mass peak, cos(B8”) shape //;:.,//{Tn» e i %3.:.“;.% .
from MC 3 — o - Ha ™
= Background: cos(68%) i
shape from m,, sidebands| = _° e "
ot T S ;
Method assumes minimal | = . /A . . e i |
correlation between mass | ! © | .. P E
*) § T i N ]
and cos(8*) in background ki3l Y05 e 5;‘3-\:‘}.;
a " = 09

m, . projection x cos(8*) projection _ o
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Spin study with H->yy

3k .
YY polar angle 6 ) sinh(17,, — 77y,) | 2 p? p¥2

with respect to Z-axis cost =
in Colin-Sopper frame Yy 5 m‘.lzf:r’
1+ (pT /mw)
S 20 T T e L e ] & T T T
E — Nominal analygjs ® J° 0" (SND fit o JF = 2" (100% gg fit | E 10 Y s Zzﬁi jp:g+ (SM) =
o - i i 1 @ = e = .
L%. 150 - Backgroung systematic un::ertﬂml]r - ; 8 :_ Obsorved _:
- - .'_: § £ 6 e P —
L | - + 9 ]
100=—== — = af- o =
ol == I - 2 =
5[}_ I_I __ 0:_ ____________ = _:
B ] _2:_ __",....—J“‘""'--- _:
- IATLAS Preliminary _ 45_5551_45 Preliminary E
0 ¥ i L . = - 2012 -
F Datla 201|2,J-L|d'[ = ’.-_’IU ﬂ:lll Vs I:B T(TV | | 5 —6:—-'1(" —207f" {5=8TeV -
e 7 e wC1 o oy by oy ey by T
0 01 02 03 04 05 06 0.7 08 09 1 8 0 20 40 60 30 100
lcose”| I (%)
°

If spin-2 resonance is produced 100% by gluon fusion, observed rejection p-values are:
v spin-0 2 58.8% (1.2% expected) —> good agreement with spin-0 hypothesis
v spin-2 2 0.3% (0.5% expected) > spin-2 excluded at 99.3% CL
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Spin study with H->4|

» SM predicts JF¢ = 0**

* Angular distributions sensitive to JP

* Wide range of alternative quantum
numbers excluded at >99% CL

» All observations consistent with
expectations for the SM Higgs boson

cCMS H—ZZ 19.7 1o {aTe‘uf:|+51fo (?Te'\."]
f | —Observed ——Expected | {1 | © |} | | '
00 mm0'ric  BEFete L L L L SM

o s2c EESP:2c
F il 0re30 MMFE3e G0 Db ;nDn:SJ"I

2xIn(L,/Ly)

80

E"{]................... A

NI T T I IR I IR IR IR I | Tests of
2of L 88 i!=

a

lll I..lll.l I'lll alternative JP

hypotheses in ZZ
afn?o?afa\fb?afwo?mafa?#afhfo}‘-*afhf&afbfh? hFN‘E&ghfwha'c?

gg production qq production decay-only discriminants

PRD 92 (2015) D|20{}4




Higgs boson decay width

m.= 125 GeV > I=4.07 MeV

Tj, = 1.62 102 [s]

A deviation would imply a decay to non-SM particles




higgs—>77

Indirect measurement
. qq—=>~Z~Z

359 b7 (13 TeV)

-1
@
Q)
¢
T
w
et
=
@
]
L

700 900
m,, (GeV)

Interference between

tiny <«— ' » accessible



Higgs boson decay width

TJotal width

CMS 35 8 fb" (13 TeV)
E [ T T | T T T T T T T T ]
. 3 100— Data —
* Lower bound on total width = T ] [ Hazs) .
“n - ] ag—ZZ, Zy° -
from decay measurements $ 8o B oo—-7z.2+° -
LI}J B B Z+x ]
* Direct experimental 6o .
measurements probe 3 orders ol ]
of magnitude larger than SM - .
width (I =4 MeV) o i
» Indirect constraint® on the © 300 500 - 760 900
: - accepted by |JHEP m,, (GeV)
width via measurement of -
ratio of off-peak to on-peak
. = SR R R I B A T
cross-section £ upamas _
1of Ham = =
e CMS: I < 13 MeV P 5= Tev: [Lat= 20310 ]
1 Sl SN
[ - ex pected with ayat. ’,"' ‘,.-" 7
» ATLAS: [ < 22 MeV S E
6F ]
4 :_ r-_: -"' "_"- _:
R T T
*N. Kauer and G. Passarino, JHEP (2012) 2012: 116 Y2 "6 8 10 12 14

*F Caola and K. Melnikov,PRD&8 (2013) 054024 EPIC (2015) 75:335 Wott-shell







Couplings:
kappa-framework

m2 2 om 2
2—5H3+n Mz z WZPH + sy WW+W rH

a yapy Y 1% i v
GG H+fc727wA v AH H+mz,y7wA,“,Z H

L= K3

> ZLfF4m Y SLfFan Y ?ﬁ)H

=u,c,t f=d,sb f=e,u,t

Scale Higgs boson couplings (wrt SM): production & decay



>

K, o« 1.06K; —0.07xk K, +0.01xk; 0 66,<W,< +0.07x}




Higgs boson couplings

o Simplified framework (LO —like):
Signals originate from single resonance with mass ~125 GeV

The width of the assumed Higgs boson is neglected, i.e. zero-
width approximation is used

Uz’i'Pﬂ
[y

(0 -BR) (it - H— ff) =

Only modifications of coupling strenghts are considered, the
tensor structure is assumed as in the SM i.e. assume thatitis
,Higgs-like” resonance.

- Couplings represent pseudo-observables, i.e. are not
measured directly, certain ,unfolding” procedure required to
extract information
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What do we measure?

We measure event vields

CMS fi-?Tﬂ‘VL 51'!} li--BTt"fL 13?&!
o L B T T

o o = o I T T
We want to derive couplings & %sF iﬂﬂ*ﬂ
. @ Z4X
and signal strengths s Dz 2
The first thing we want to 5 25 [ Jm, =128 Gev

measure is the the “signal
strength” per channel

The analysis is using
discriminators (usually
reconstructed mass related)
to increase S/B

(E{/J—H XZ (c? X Br'),,, X @@@

p €(ggl.VBI", VH 1tH ) i e (yy,ZZ WW bb,TT)

LZZ(@125.5 GeV) = 1.44 +040 _ 6.6c (4.4 exp) ATLAS
LZZ(@125.6 GeV) = 0.93 +0-26+0.13 _ 6.8c (6.7 exp) CMS
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What do we measure?

We measure event yields

=>5000F T T T T TS

We want to derive couplings I Sty S i%?gtmm
and signal strengths A A = -
The first thing we want tfo *%m :
measure is the the “signal I
7 o i
strength” per channel 22000
2D :
| Tbe' analysis is using 2
discriminators (usually R
reconstructed mass S oo
w 110 120 130 140 150

to increase m,, (GeV)

1,)= xz (cr‘”xBr)ng@,} >9"\eﬁ )|
pe(ggF VBF ,VH ,itH ) i e (yy.ZZ,WW ,bb. n)
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What do we measure?

We increase sensitivity Phys. Lett. B 726 (2013), pp. 88-119
by classifying the events TS o o WH mzH mH
via categories and e oo s -
measure the signal p—" _:
strength per category core o, [ —
I

and then combining them | Loose/tight high mass 2jet (VBF tag) °
taking all the sytematic N —
and statistical errors o e

uncertainties into accou

allowi e measurement of the couplings
n ‘”\_ [T Z (6P x Br' ) AC\F\ "”7\>/I_um)
p\efggF VBE VH ,uH) e (yy.2ZZ.WW bb.11)

WY (@125.5 GeV) = 1.57 *033_ . 7.4c (4.3 exp) ATLAS
WY(@125.7 GeV) = 0.77 *02°_ . 3.2c (3.9 exp) CMS 07
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Higgs boson decay channels

Significance =0 xB) (ox g Signal Strength
740 (4.30) W a=157%8 ———i
6.60 (4.40) W | w=1448 L u=135%3 —
3.80 (3.80) Mow [ #=10000% ATLAS —_—
416 (3.20) L - .u=1-4$i} 1=109%0% _—
0.360 (1.640) n | #=025 I . I
Obs.  (Exp,) Combined | n=1307;; —a—i
3.20 (4.20) W |- w=078%; —_—
6.8 (6.70) W |- u=0933 ——i o
4,30 (5.80) MWW | 1=076%5 CMS | -
_ 4027 =~
3.30 (3.70) w_ |- u=0784;, 08302 — — Jé
2.1 (2.10) W | #=1005% ' e ] |
Obs.  (Exp.) Combined| = u=0827}] —
(private) L I RS S S S S — I
-1 05 O 0.5 1 1.5 2

Signal strength
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Probe the production

We fitted ~ ATLAS Preliminary Total uncertainty
i - i m, = 125.5 GeV + 1o on - s
Hyprive = l:ou’VBFJrVH X ;U’BR] h
H— vy |
i — X i Myerovn — 4 2*08
Meeriurn = | Meerian X Hpr oo B I j
H- ZZ* - 4l % :
. “VBFWH - +e.
Taking one decay mode at a == = 0.6'75| I ;|
¥i + ggF+tH o b il <l
ime we can go one step H o WW* — hiv -
further and fit the ratio Bugeo — 4 gH.9 B
P%hgnnelm Haor et . oo & ok ok s B
H l u H-o 1t i 3
VBF+VH __ I'VBF+VH Mppon = 4 7+
i _ oo 12| | i
lLngF+IIH lll'ggF-i—UH Combined ]
- = M
This ratio is INDEPENDENT pee = 4 407 |
ggF+ttH i i i i
of the decay channel sowe ., jq-s648n O 2 3 4 O
can combine (s=8TeV JLdt= 203" Hygrav f Hogretn
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Probe the production mode

210
-
N3
NE 8
~ >
=.
6
4
SM 2
—_—
0
2

I I 1 || | I
+ Standard Model . .

»x Best fit
— 68% CL
=== 95% CL

-

I I I ] I I | I | L I 1 I I I I I | I I I
ATLAS Preliminary
\s=7TeV |Ldt=4.64.8fb"

Ys=8TeV |Ldt=2031fb"

— H =¥y
—_—H = 27" — 4]
— H - WW* — Ivlv
— H —= 11

..............
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Overall comparison of all couplings results

|
Custodial Mzl =095  ALAS  F—ed
Symmetry Myz [ [0.73-1.0] CMS
| KE [~ xe=0997%  ATLAS S_—ii __________________
Coupling to KE = [0.71-1.11] CMS
fermions (o M) Ky [ = 11522 ATLAS [ae.
and bosons ( « M?) Ky - pstoen1 cvs M=
My 2, =086%  ATLAS e
Heavy quarks Kg — xg =1.0821 ATLAS
in the prod. loop Ko e A e
g [ [0.73-0.94] CMS
W boson and 1 Ky« =119 ATLAS
top quark in the loop K? L [0.79-1.14] CMS
Flavour ldu — [0.78-1.15] ATLAS P
Symmetry Mgy [ [1.0-1.6] CMS
qu — [09915] . ATLAS = ==
?um — [0.89-1.62] CMS

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
Coupling scale factor
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By fitted production mode arXiv:1567.04548 [hep-ex]

Combination of two experiments
(ATLAS-CONF-2015-044, CMS-PAS-HIG-15-002)

ATLAS Input measurements
Individual analysis +
Yy g +*1conpu
Overal- u = 1.17 1254 n:-o-c
H-yy . =
VBF ——p— :
ot : 1
H > z2z O:ofall - l.ﬂ.-‘; 125.36 .o—o—-
QqF« i+ 29.38 Po——
aisbis - - .:,,,,Al PRI B
Overal j = 125.38 =
H - wWw* z >
goF. p = 2538 . = .
VBF-u 2536 —
H 25,38 H—
il 0.-=r=|,‘-'.4:.§:"'{ 125.38 "“‘ :
agf 25,35 —
vEBF -VH 1253 H P l =
Overalk p = 0.52'7% 126,36 e 5
VH — Vbb - i :
WH 125 g
ZH 2 > l
H = uu Overal o 1255
H-2Zy Overall p = 2 1255
e — e

4

\s=7TeV, 4547 "

\s =8 TeV,2031b"

T {
|

|

<2 0 2 -
(

Signal strength (u)

Combined
=1.00+0.14

H- vy (Emtagged)
H — vy (VBF tag)
H— vy (VH tag)
H— vy (ttH tag)
H— ZZ (0/1-jet)
H— ZZ (2-jet)
H— WW (0/1-jet)
H— WW (VBF tag)
H— WW (VH tag)
H— WW (ttH tag)
H — tt (0/1-jet)
H— tt (VBF tag)
H— =t (VH tag)
H— tt (ttH tag)

H — bb (VH tag)

H — bb (itH tag)

b T

EPJC 75 (2015) 212

19.7fo' (8 TeV) + 5.1 fb' (7 TeV)

Poga = 0.84

m,, = 125 GeV

1 ] L 1

L | i

2 4
Best fit c/csS

By tagged production mode



The global signal strength

* Assuming SM ratios of production cross-
sections and decay rates

= 1.09%007 (stat) “0:04 (expt) “0:03 (thbed) (¢ (thsig)

\ /
\\ /
Stat and Th.Sig of comparable size

(Th.Sig dominated by ggF cross-section uncertainty)
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Signal strength by production and decay mode

Production signal strengths Decay signal strengths
(SM values of BRs assumed) (SM value of production o’s assumeqd)
tHné‘I:ma?d CMS Preliminary :éLLSAS ATLAS and CMS Preliminary - ATLAS
-+ ATLAS+CMS £ - CMS
- : —i
" : — %5, - _ o ATLAS+CMS
L : SM p-value u'’ S =
w o P 25% B = SM p-value
VBF e s : 60%
L 7z —ti
WH - — :
. — uww —_—
ZH -— 2.30 from SM L :
Moy : —= B ——
" i ute | —————
llllllllllllljllll]lllll‘lllllllllllll] |||||||||i||||||||||||||||||||||||||l'l
0O 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 235 4
sM Parameter value SM Parameter value
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Signal strength in V, F mediated

= Measure ggF+ttH production ,,fermion mediated” and
VBF+VH production ,boson mediated” for each decay mode

I 4 ||||I||| ||||||| LI ||||||| |||I||| |||||||||| T

b — —

v | L ATLASand CMS  Correlation from |

o B ] +0.35
= |3 LHC Runt VBF-tagged ] #V/ﬂp = 1.06 —0.27
— Preliminary cafegory ylelds -

Production process Measured significance (o)

VBF 5.4
1 - WH 2.4 \
< 5 ZH 2.3

(\¥]
IIII||III

E S - 1 VH 3.5 New!
0- S 4.4

- CJH = vy -+ Decay channel {
1: % g : ifw ] H-— TT 5.5

-~ *SM  —68% CL B ] L% 2.0

- + Bestfit [ JH—bb .
2||||I||||||||||||||||||||||||I|||||||||||||||||
-1-050 05 115 2 25 3 35 4

f
HggF+ttH
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Constrains on three-level Higgs couplings

= Assume only SM physics in loops, no invisible or unseen BSM

Higgs decays

= Fit for scaling parameters for Higgs couplingsto W, Z, b, t, T, 1

ATLAS and CME Preliminary —ATLAS
LHC Bun 1 -=CMS
| . ATLASHLMS
_ —= Iz
Kz =
e
" ——  Low measure
w —
B * valueof K,
. reduces total |
t — B
——  width: all &;
B L mcasured low
- ——
Ky ——
*I
——— i
h:l-l

Parameter valus

coc e b b b b b e I
D 02040608 1 127140618 2

Ratio to SM

1 ATLAS and CMS

o —

= LHC Run 1 Preliminary ot
10—1 :_ —— Observed oW _;
= - SM Higgs boson E
102 I . —; -
= s | Within currert precision
C b o e o :
10F u Higgs couplings scale with
> particle masses
107 P
1.4E - ]
1.2 E
0.85 i 1
0.65 I =
0.4= E
0.2 ¢ 3
0= I—1 I I IQ
10 1 10 10

Particle mass [GeV]
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Concluding Higgs couplings measurements

ATLAS and CMS Higgs boson coupling results have
been combined, sensitivity on signal strength

improved by almost /2

— Higgs to Tt and VBF production established at more
than 5c level

— The most precise results on Higgs production and
decay and constraints on its couplings have been
obtained at O(10%) precision.

— Different parametrisations have been studied, all
consistent with the SM predictions within uncertainties

— SM p-value of all combined fits in range of 10%-88%
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What do we know from Run |

+ Discovery of a new neutral scalar boson, first in diboson, then in di-fermion
decays

+ Observations: S s oms IIZ]H—w '
— H—oyy, H -ZZ -4l _ % 3FLHC Run1 Hoz -
— H—WW —212y - O - ww
e 2 "
— gg-fusion and VBF production :
— Evidence for VH and ttH processes 1 ]
« Individual and combined ATLAS and CMS D i
measurements include [
— Mass and width o -
— Production rate (@10% accuracy) | —68%CL + Bestfit » SMexpected |
— Decays 0 1 2 . 3
— Spin, parity JPC = o++ oo

+ Initial compatibility with the Standard Model Higgs

JHEPOS (2016) 045 PRI.114 (2015)191803 EPJC75(2015) 212 PLB726 (2013) 120
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Run Il : Higgs boson mass

CMS preliminary 35.9 10" (13 TeV) o5
Gosnonl e 1254 GeV, 1,16 All categories 3 S ATLAS Preliminary
i i Data 1 [ rs-taTeviaeim’ —Fnt
S o000k — S+B it E ~ 20 Yy 77 2eny [ Background |
o N B component ] 2 L ]
» + ] z [ ]
15000 Eﬂ"‘; = G 450 .
mnmf— -
: 10F .
5000 C
- 5 ]
&0 E
400 E __IH.I I 1 | I — I 1 | . 1 | | I - | III ||I-
=0 'y o ead Plo 115 120 125 130 135
ool m,, [GeV]
B T T R TV T R T R = R T/ R v [ T
myy (GeV) A e s B L L R I R
ATLAS Preliminary
CMS-PAS-HIG-16-040 5 =13 TeV, 36.1 b’ T Toa Stat. [ Syst
Total ~ Stat Syst.
LHC Run 1 |—I|—-—|—| 125.09 = 0.24 { = 0.212 0.11) GeV
.................................. U
H—=ZZ'—41 ~ i 124.88 « 0.37 ( = 0.37 = 0.05) GeV
|
+ LHC Run1:  125.0920.24 GeV Hors - 125112042 (0212 036) GoV
*CMS Run2: 125.26+0.21 GeV Combined = 124.98 + 0.28 ( + 0.19 + 0.21) GeV
*ATLAS Run2: 124.98+0.28 GeV T T P S S
124 124.5 125 1255 126 126.5
m,, [GeV]

ATLAS-CONEF-2017-046
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Run Il : Higgs cross-section

ATLAS-CONEF-2017-047

= I 1 I
% 100 | ATLAS PI'E'”minar}" —_— O My 125-?9 Gav | ggF ’a‘ ATLAS Prelirninary
T [ AHoyy 0HZZ" 4 QCD scale uncartainty 1 Vs =13 TaV, 36,1 i
U& 80 [ #combineddala mm Total uncertainty (scale ® POFa,) 1 ; H—yy and H—ZZ* -4
L systematic uncertainty ] H my =125.09 GeV, [yHI-:E.S

k : Measurement
H A==

] Syst. uncertainty |:|

Stat. uncertainty

, ]
| o1 | O = Rp—
o V= 13 TeV, 36.1 fb N . | .| | | |
| L | L 1 | L 1 1 1 i L i 1 i i i 1 i 1 1 L L i 1 i 1 1 L
7 8 ) 10 11 12 13 -1 0 1 2 3 4 5

/5 [TeV] Cross section normalized to SM

¢+ Combined total and by production mechanism cross section
« Total pp—H+X cross sections compared to SM predictions up to N3LO QCD
+ Overall good agreement except for VBF
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Run Il : Higgs boson couplings to fermions

Observation of coupling to T-leptons

* 550 observation of H—=TT from combination of ATLAS and CMS Run-|

results

* 590 observation from CMS from combination of 7,8 and |3 TeV results

* Most sensitive decay channel for VBF production

C I T T T T T T T T T T T T | T T T T | T T T T I T T
E 1 04 E_ —— Data _§
-:'n" E l:l Background {u=1.4} E
% st [ C L Background {u=0 ]
LI}J 10° = Bl o =t E
E H125 = (u=1) E
10%E =
we-=—n—— = .
E ATLAS E
C ys=8TeV. 2037 | ]
TE s=7Tev, 4510 E
F || 1 | I | | S | I 1 | 1 | | IR S | | | 11 1 I | l:

-4 -3 -2 1 0 1
IHEP 04 (2015) 117 log, (S / B)

3591t (13 Tew)
T T T T I T T T T | T T T T , III T T T I T T T T |

= T =
D r aF HRARRRERRER RARARRRR R RAREY B
0 35— CMS w ! § -+—Obn_-hlcg._ —
» F 3t A
E 30__+Obaaivud 2 5F 4 —
g [ — H—stiu=1.09 = |:|Ell.q.unc. 4 7
b} 25__ Z—rx 1.5F 4
E L wsjets 1 1
b C QGD multijst 0.5F 4
E—; 20 omers 0 1' | H $ =
@ [ [Clekg. une. S WL NI T P e .
= 15 N 0 50 100150 200 250 300 —
o : m,, (GeV) T
-+ C I E .
-::__2‘ 10 :— -VBF: ut . 8T, el —
(] E T ——
ol ]
:I 1 - I L1 1 1 | - 1 1 I 1 - 1 I 1 L1 1 | 1 1 1 I:

0 50 100 150 200 250 300
Submitted to PLB m.. (GeV)
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Higgs decay to b-quarks

Br(h->bb) = 0.577

Enormous QCD bb background. Highest sensitivity in the VBF channel.

0-lepton 1-lepton 2-lepton

- Categories: jet multiplicity & transverse momentum vector boson
(dedicated boosted decision tree for each category)

- Validation using VV channels (Oyypp) ~ 9XO0yypp)



h—>bb: analysis for Vvs=13 TeV

Combined BDT(S/B) ranking Production rates topology: 0I, 11, 2/

ATLAS - VH > Vbb (u=1.20) ATLAS VH, Hibb)  1s=13 TeV, 36.1 fb”

{5 =13 TeV,36.1 b s Diboson —Total  —Stat. (Tot.) (Stat, Syst.)

o Single to
0+1+2 leptons “uﬁ“m P : 0.45 *°53 I:+n.39 +0.36 )
243 Jets, 2 b-tags o asasi ; T oS R-0570 034
£ - "'c z
Wl :
Z+(bb,be,cc.bl : +0.69 040 +0.56
=z:{¢| ) ) : 1.43 -0.59 [:]_BEI + 0,45 )

+0.78 +051  +0.55
1"% —0.49 » D42

’ 0.24 0.34
1.20 (Z52a+ ‘028 )

3 4 6 7 8
Best fit u2> for m =125 GeV

Pull (stat.)

w=120772(stat) 22 (syst.)




H=>bb: invariant mass distribution

invariant mass

ATLAS —»— Data

{5 =13 TeV, 36.1 o’ . oD (u=1.30)
e 0son

0+1+2 leptons .
e Uncertain

2+3 Jets, 2 b-lags o)

Weighted by 5B Dijet mass analysis

invariant mass (signal, simulation)

ATLAS Simulation
\s = 13 TeV, 36.1 tb”

Powheg MINLC SM ZH — I'Tob
2 leptons, 2 jets, 2 b-tags

pZ = 150 GeV

O Standard Jel Calibration (Sld.)
fo Std, + pein-jet Correction
1 Std, + p-in-jet + PtReco Carrection

Std. + p-in-jet + Kinematic Likelihood Fit ;
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Resolution improvement in channel:
2 leptons, 2 jets, 2 b-tags, P;/2150 GeV




H=>bb: RUN1 & RUN2 combination

ATLAS VH, H(bb) 1s=7TeV,8TeV, and 13 TeV
L dt=4.7 fb™!, 20.3 fb™!, and 36.1 b’
—Total —Stat.

(Tot.) (Stat., Syst.)

+0.45 +0.30 +0.34
1.21 _0.42 {—{].2‘5‘ v -0.30 )

W35 (4027 4023
033 (0261 021 )

+0.28 +0.18 +0.21
-0.26 {—0.18 1 -0.19 )

3 4 5 6 7 8
Best fit u% for m =125 GeV

3.6 sigma excess € GAEIEIRECTANHGOUS!



Top-Yukawa

m, J2

i Top Yukawa coupling

: =0.996
Vv

Ve INDIRECT ™~
luon
J N h  Production: Decay: ~ 4
s gluon fusion gluon fusion
gluon Y
o 4
/ b-jet + qq/lv \
bb - 1% of gluon-fusion process
DIRECT <4 4l - (many) complex final states
YY ... very very difficult
RUN1ATLAS: 1=19+0.8

\ b-jet + qq/lv /




Higgs boson couplings to top quarks

Direct evidence for coupling to top quarks

» ttH production provides a probe of the direct coupling of the Higgs boson to
top quarks

* 3.30 evidence for ttH production from CMS using leptonic final states

* 4.20 evidence from ATLAS from combination of five major decay modes

Events

Data/pred.

H

200
180
160
140
120
100

S8 88

o T b b

CMS FPreliminary 359" (13 TeV
L L B I BRI LA UL B B B
FF, post-fit (SM prediction)
+-Data @WZ EMNon-prompt
WttH [ Rares [ICharge mis-m.
W WeWe B Total unc.
Otz [OConv.

o

& | mm stat. unc. [ total unc.

Imle\]hmm >
—
—

108 06 04 05 0 02 04 0B OB

G-17-004 BDT (ttH,ttv)1

.{ tptl. }. {Ist:ﬁlt.l . ?"".St'. )

T T T I T T T I T T T I T
ATLAS Preliminary Vs=13TeV, 36.1 fb™
—total == siat.
fiH, Hoste F—e—- 1.5 *12 (08, 0e )
+0.7 0.7 +0.2
ﬁH.. H—)TT ——I 0.6 _0.6 ( -_Fo_a y 0.2 :l
fiH, H—bb e - 0.8 *J¢ (93,02 )
+0.6 0 +0.5
fiH, HsVV [ — 1.5 “5o (fos. 702 )
- Y 3 S 0.2 103 -
tiH combined TII 1.2 —0.3 ( :LO_E T 0.2 :'
L ! L PR B PR R T PR L | L !
-2 0 2 4 6 8 1C

ATLAS-CONF-2017-077

best fit H for m =125 GeV
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Probing rare Higgs decays

* Exploit growing LHC dataset to explore further decay channels

e H—pupu: 2.8 x SM
H—Zy: 6.6 x SM

H—cc:

* 110 x SM (ZH(cc))
* 200 x SM (J/Wy)

H—@Yy: 200 x SM
H—py:50 x SM

Higgs BR + Total Uncert
e

=

<
Ilm

=
=
L]

I I18[1I I IEEIG
M,, [GeV]

120 140 160

Evarts / 2 GaV

S RAAAREA R AR AR R R AR AR RAR AR RAR AR AR Ra
ATLAS —~+Data —ggF « 100

IHHH_TﬂﬂW

E=13TeV 351 fo° LJDrel-Yan —VEBF « 100
! ETor —WH = 100
[ Diboson

E vE=13 Tev, 36.1 b

= Background fit

Events / GeV

T
ATLAS  Preliminary t m1

V& = 13 Tev, 36.1 0" — FaFoaul
2 e-tags, pl = 150 GeV

Ewants /10 GaV

=
— ZH(ET) (100 SM)

DataMC

100 120 140 160 180 200
L B B o e e O

i LL.l+..+1 Lkl
w TLw TETRY

T

il = L )
AT

PRL 119 (2017) 05182

Data - Fit

Data/Bxgd
Do
ORI 4

1157320925 130 135 40 145 50

JHEP 10 (2017) 112=""




Higgs decay to a muon pair
Br(h>u*u’) =2.19 » 104

invariant mass invariant mass

ATLAS

a3~ VBF tight 1s=13TeV, 36.1 "
¥3/ndof = 30.7/48

ATLAS ~+4-Data —ggF x 100

\s<13TeV 364 fo! LJDrell-Yan —VBF x 100
ETop —VHx 100
DDibosnn —e— Data

—— Background maodel
—— Signal x 20

Events / 2 GeV
Entries / GeV

110 115 120 125 130 135 140 145 150 155 160
my, [GeV] m,, [GeV]

inclusive selection - 8 categories VBF-tight selection

observed limit (RUN1 + RUN2): n<2.38




Standard Model

Higgs self-interaction di-Higgs production

Negative interference

bbyy cross-section

Evolution of Higgs potential in early universe has
consequences for baryogenesis

Higgs potential

Projected Init on the total HH yield (events)
s ow

New physics at the Planck scale:

higher dimensional operators
Verr(e)

LU VI L
6 ML B M)

Vi) i

Meta-stable +
EW vacuum True vacuum




Overwiew of the LHC Higgs program

» goF VBF production = .
8% P S * HH & self-coupling
* mass N
| — . ?
* spin/parity, N -
* YY, ZZ,WW, TT decays s
LHC ) HL-LHC -
Rum 1 | Run 2 | | Rum 3 -
|-
LS1 1314 Tev 14 TeV 14 TeV aneray
7Tey BTeV o 20 tmatore. "“.:'3;.?';;".‘;'3“ © pryolimd HL-LHC installation ﬁ.’lﬁ'ﬂ

R2E project civil Eng. P1-PS rogions
2014 2013 o zag: 2020 202 2022 2023
Ela:mn

darnage

2 x roming umimcsiy M

experiment Fusrinca| kmmincsity experiment upgrade | ——— 1 auperment u;grnda

beam pipes l"'____,,-——_ phase 1

Integrated
luminosity

* VH, ttH production
Higgs * bb decay

Evonts /W0 a0 (Welghted, adegr. sub.)

discovery * rare decays

40 a0 B0 100 120 140 160 1680 200
m, [Ge]

BSM: additional Higgs bosons, non-SM decays
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Conclusions (Higgs Boson)

* Rapid progress in the Higgs measurement program at the LHC

* Observation or evidence for all main production and decay modes
* Recent exploration of the fermionic sector
* Searches for additional decay modes are being developed

* Mass measured to 0.2% precision

* Constraints on width from off-shell measurements

* Charge and parity consistent with SM predictions

* Searches have begun for diHiggs production

* No evidence for non-SM Higgs decays

* No evidence for additional Higgs bosons

Overall, excellent consistency with SM predictions
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