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




Higgs boson phenomenology




The Higgs Boson at the LHC

#Higgs produced at

Production 13 TeV (2015-2017)
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Shown here results based on Run |

Energy frontier

The LHC
- Circumference 27 km

- Up to 175 m underground

- Total number of magnets 9 553
- Number of dipoles 1 232

- Operation temperature 1.9 K

(Superfluid He)

ALICE _ _ e 5 f
mmmn shait -

F

——— ATLAS Injection 4ﬂ- 6 x € n
= Existing underground buildings S
Parameter 2010 2011 2012 Nominal
C.O0.M Energy 7 TeV 7 TeV 8 TeV 14 TeV
Bunch spacing / k 150 ns / 368 50 ns / 1380 50 ns /1380 25 ns /2808
e (mm rad) 2.4-4 1.9-2.3 2.5 3.75
p* (m) 3.5 1.5-1 0.6 0.55
L (cmZT) 2x10* 3.3x10% ~7x10%3 103




Peak interactions per crossing

The first LHC run
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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.
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Birth of a particle

ATLAS {s =7 TeV (2011), fLat=481b"
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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
= T0T
E“u.:r—' % ||||II|IIII1I|IIIIIIIIIIIIII_
o'k 1] ATLAS Preliminary —e— yy+DY Data .
; s 2500 Data 2012 —=— yj Data —
10"’} < Fel \s=8TeV, [ Ldt=13.0fb" .+ jjData ’
k m ® -
al : - + —— Stat. uncertainty
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
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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%)
14



Event categorization

Event categories based on eta, pTt, and conversion

Both unconverted:

2 unconverted:

>=1 converted:

« Central n(y2) 4 n(y2) 4
175 I Resolution:
At least one converted: :
1.3 Good
» Central Vediur
« Transition 0'75. 0.75 Poor

my, [GeY]

n(r1) 0.75 1.31.75 n(y1)

> [ T T T T T ] , A E e B B
8 - ATLAS Simulzton i ] ro
o 0.12F ; 4 ® Unconve rted central 2 L__| 4yl Backgrou AW
- ﬁ highp, _ ‘ [ Bict. uncartaby Central and Rest divided
- 01 H FWHM » 32 38V 3 107 & .
1E: Y / 1 O Convertad rest " i ?;nbr:':sov o into pr: < 60 GeV
Z 0.08} m,= 125 GeV _g__ ow P, ol ., *VHHtH m =1 :
z | fe-8Tev f rewiseow 3 10 ™ and prt > 60 GeV
- 0.00_ | | | 3: :f.’... ) .ﬁv’...“ )
0 04- N ] L E ’5(*;,-!5;%,.”' "?*'f P /'p
i 2 | E fs=7TeV g e pr 4
002} *4 x 1 10 ATLAS Simuletion )"5 b 7 m}"”fm i i T
.02} f} { ; [ Preliminary z f j{;% % ; D -
il o — ) e Wl 1 L | ¢
PUS 110 116 120 126 130 138 140 145 10‘50 50 100 1.:;0/ 200 2‘.;0 300
Py, [GeV]
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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
g [0}
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A 120 Omo=1-89E 001 Gev n1<2.47 g C | | © Converted rest ]
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60 0.04— fl -
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’ ) — ] ' — : y I ._ etk : .' : e F A J‘." Ay _
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m,. [GeV] m | G%V]
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The golden channel: H->ZZ, Z->l|

> I I l I I T I I I I I I I I I I I i ey [ I I T T I T | I =]
8 - © Data ATLAS il g 80: [ my=125 GeV ATLAS i
- ‘) y g i & Bkg (120<m4<130 GeV) R -

g 25 Il Background ZZ( _H —>ZZ( ) o4 u s L ’ Data (120<m;<130 GeV) H-zZ" -4 7
£ I Background Z+jets, 1 £ 20F- Vs=7TeV:| Lt = 4.8 fis'
L e Signal (m =125 GeV - - 2 i
o020 D grial (m, ) = B s=8TeV:|Ldt=581fb" ]
" 77 Syst.Unc. 3 6OE e E
15[05 =7 TeV:|Ldt = 4.8 b d 50_;":::.1.35;::::::::::::.;. .
"5 =8TeV:|Ldt=58fb" i B ity :

101 7 AORE R i it v ke . - -
i 30 R . R e

D 200 e a

50 60 70

100 150 200 o el = M0
Signal ZZ™) Z + jets, tt  Observed
In a ma; window 4y 2.094+0.30 1.124+0.05 0.13+0.04 6
around 120-130 GeV: 2e2u/2pn2e  2.29+0.33 0.80+0.05 1.27+0.19 5
4e 0.90+0.14 0.44+0.04 1.09+0.20 2

[,

m = = =

v 10 (%
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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
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4 e candidate. Mae = 124.6 GeV, myo = 70.6 GeV, myy = 44.7 GeV.
ei: Pr =249 GeV, n=—0.33, ¢ =1.98 e:. Pr =53.9 GeV, n=—0.40, ¢
es: Pr=61.9GeV,n = -0.12, ¢ = 1.45 es: Pr=17.8 GeV,n = —-0.51, ¢

@ATLAS
EXPERIMENT
http://atlas.ch
Run: 203602
Event: 82614360
Date: 2012-05-18




Events / 2 GeV

Events - Fitted bkg

Higgs like signal with 7 TeV and 8 TeV data

H->vy

10000 — T T T T T p—
C Selected diphoton sample .
8000L e  Data 201142012 .
n Sig+Bkg Fit (m =126.8 GeV) .
O egy,  =mmmmmmm Bkg (4th order polynomial) 7]
6000(— ATLAS Preliminary —
S H—syy .
4000 — —]
C fs=7Tev. f Lat—48® .
2000 — ]
- Vs=8TeV f Ldt =207 b 7
su0 = : : : : : :
400E- =
300E- =
200E- + —
e t,t t =

-100 + ? ! + * t

-200 | | | 1 1

100 110 120 130 140 150 160

m, [GeV]

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

H>4l
= -
& s0p « Data ATLAS Preliminary
% B - Background 770 H_:_ZZ[') Al
5 25+ - Background Z+jets, il
w |:| Signal (mH:1 25 GeV)
20~ 72 Syst-Unc. Vs=7TeV: Ldt=4.6b"
Vs =8 TeV[Ldi =207 b’
15

10

0
80

r;llf?ﬁe‘\.l‘]

Signal significance = 6.6 o
= 1243 % (stat) )5 (syst) GeV
u =17+ 0.34
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Mass measurement

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

-
= - ATLAS —  Combined (stat+sys)
iy : VS =7 TeV [Ldt=46-48f'  ====-= Combined (stat only)
— Vs =8 TeV [Ldt = 20.7 fb™" — H >
& — H = Z=* — 47
5 —
e T (e e o e 20
N ...é: = iwn—cmm HTLH§
5 Snne R TS,
3 | - EKﬁdE‘vHa!
1 - R o
- L .i "'5-4.--._&'_ [ E
2 " E_l’l-?Tcu.Jrl.r:x——.i'h' _-‘mw
- . E - Tev | — 207 2" E
1 - = :
|| E ' :
NV N A S : st ¥ 3
= N E R I s 3
B i i i ‘1 JAA i | i i i i | i i i i
P21 127 128 129
my [GeV]

4¢: M, = 1243 £ 0.6, £ 0.4, GeV

yy:M,=126.8+£0.2 0.7, GeV

Combined: M, =125.5+ 0.2, + 0.6, GeV
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And since then ....

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




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
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Inaugural entrance of
the Higgs boson in the

PDG particle listing !



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->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)
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700 900
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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
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K, o« 1.06K; —0.07xk K, +0.01xk; 0 66,<W,< +0.07x}




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

Higgs Properties

Mass: 124.97 £ 0.24 GeV
(Indirect) width: < 14.4 MeV
* (15.2 MeV)

Spin and parity

Couplings

PLB786 (2018) 223

2In()

14
12

JPC’

— 0—|——|—

T T T T | T T T T
:—ATLAS
FH — ZZ — 41,212y
13 TeV, 36.1 fo!

K g, on-shell = ¥g/V, offshell

T I T T | T T T | T T
..... Expected-Stat. only
—— Expected
..... Observed-Stat. only
—— Observed

T T | T T T T T T T T | T T T T I T T T T { T T T T I T T T
ATLAS ~—Total [ Stat. only
Fun 1: 2= 7-8 TeV, 25 o, Run 2: ¥2 = 13 TeV, 361 fo’ Total (Stat. only)
Run 1 H—=47 '—-—I| 124 51=0.52 [ = 0.52) GeV
Run 1 H—=yy H—e—— 12602 =0.51 ( = 0.43) GaV L
Run 2 H—47 —e— 124.79 = 0.37 { = 0.36) GaV E
| Run2H=py '—ql—' ___________________ 12493 -040(=021)GeV oo
Run 142 H—=4] —— 124.71=0.30 ( = 0.30) GeV 5
Run 142 H—yy S 12532 = 0.35 ( = 0.19) GaV ™
| Rum 1Combined | f——e— 12538 = 0.41 (= 037) GeV <~
Run 2 Combined e 124 86 = 0.27 ( = 0.18) GeV rg-.}..
| Run1:+2 Combined & | —— | 124197024 (= 016) GeV o
| ATLAS+CMSAUn1 | ¢ ——h * """""""""""" 12509 =024 (=021} GeV o
1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1
123 124 125 126 127 128
m,, [GeV]
H—Z7"—= 4]

VS=7TeV, 451"
5=8TeV, 203
H— WW" — evuv
f5-8TeV, 20310
H— vy

Vs=7TeV, 451"

Vs =8TeV, 20.3 5’

La

EPJC75 (2015) 476

-
"

JP=z
=g=g

ozt JF=2*

] gl

JF=2*

ey

JF =2

.

P3O0 GaW  pectSS GoV  pacS0Gel RS Go
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Run Il : Higgs boson couplings

o [pb]
#Higgs produced during
Run-2

Probing Higgs Couplings at the LHC

4 main production modes

g q > . > q q VvV 4d ooooooy———-1
t
49 pb 3.8 bb Vv 0.5 pb
69M A O>----- H 9% VoS H - 72 SN H
B 23pb .
g q . > g q 320k “H g vsooooov—e— ¢
Main production 2 forward jets, TagVW and Z Tag 2 top quarks
channel: gluon- little central decays

gluon fusion hadronic activity

g - 5 key decay channels
%mg i - H—bb: 58 %
5 | .« HoWWH 21%
gro® e HoT+T: 6.3%
10° e H>Z7%:2.6%
.« HoyY:0.23%

780 200
M, [GeV]

I R
160

Decay branching fractions for my = 125 GeV
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Run Il : Higgs boson couplings to fermions

Observation of coupling to T-leptons

. 5.5 (5.0)0 for H=TT (ATLAS/CMS Run-1)

—
ATLAS Vs=13TeV, 36.1fb™"

O hyare [PD]

* 6.4 (5.4)0 from ATLAS (7-13 TeV results) Tt Tt MR (et et
» Sensitive decay channel for VBF production poosted) e 402 L3 ot fiar)
» ggF:3.1 + 0.1 (stat) *0-1.6_; 3 (syst.) pb VEF| et 338 T (20293
. (SM. 305 + 0 I 3 Pb) Combination et 3.77 jgg (:,g:ssg:j_gj)

[ ] VBF:0.28 i 0.09 (Stat)"'o.l |_0'.9 (S)’St.) pb 0“I2IHI/-I1I”EI5”IEI5“I'|IOI”1|2”I1I4”I1I6“I1I8I”2(

- (SM:0.237 + 0.006 pb)

JHEPO08(2016)045, arXiv:1811.08856

.
% E T T T T | T T T T | T T T T 3 > )’(-IIO . T T I . . T T I T T . .

E -a Data 2015+ 2016 7] C s
© 500 ATLAS L COHoer o108 a 10-ATLAS = Data 2015+ 2018
— c V5=13TeV, 36.1fb 7 ] = F (5=13TeV, 361" om0 = ]
a £ AllVBF SRs I Ottor backgrounds T 8F Allboosted SR I Other backgrounds—]
£ 400 1 Misidentified + s °C s 1 Misidentiied =
@ E # k= r . ” - E
3 300E- :’j
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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 ;

=
QO
O
Ty
T—
0
=
c
S
>
L]
]
=
o
[
<

4] (e

e, ~ TN,

Sid,

— 15.2 GaV 0%
sems 13,2 GeW 13%
=124 GeV 8%

25 o
40 60 80 100120 140 160 180 200
m,,, [GeV]

—
o
=
7
5
&
O
©
el
g=)
@
9
=
=2
=
=
©
Q)]
o
—
—
n
i
[
)
-
(i}

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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Higgs boson production modes

. . = _ _ -1
ATLAS Pre||m|nary Ve§=13TeV,245-798 b

I|III|III|III|III|III|III|III|III|III|III mH=125_09GeV=LyH|(2l5
.. 1 -
ATLAS Preliminary |—s—Total |  |stat. EE@Syst. | | sM %=
Vs=13TeV, 24.5-79.8 o’ SggF —0.01 0.08 0.8%
m,, = 125.09 GeV, IyHI <25 06
Pgy = 76% Total Stat. Syst. .
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* Significances above 50 are obtained for ggF, VBF (6.50), VH (5.30) and ttH
(5.80) production modes when assuming SM branching ratios

* Low correlations between production modes
* Results are consistent with predictions from the Standard Model

ATLAS-CONF-2019-005
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Production and decay modes
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Couplings vs mass
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ATLAS combination

H— H—+ZZ* | H+WW* [ H—= 77 H — bb
ttH leptonic (3 categories) ttH multilepton 1 £ + 2 7, tiH 1 f, boosted
ttH hadronic (4 categories) ttH multilepton 2 opposite-sign £ + 1 Tyaq ttH 1 £, resolved (11 categories)
ttH multilepton 2 same-sign { (categories for 0 or 1 7,,4) ttH 2 { (7 categories)
ttH ttH multilepton 3 £ (categories for 0 or 1 7,4
ttH multilepton 4 £ (except H— ZZ% — 4f)
ttH leptonic, H— ZZ*— 4¢
tfH hadronic, H—+ZZ*— 4¢
VH 2 ¢ _ V H leptonic 2675 < p‘. < 150 GeV', Njgs =2
VH 16 pg ™ 2150 GeV 24,75 < py < 150 CeV, N, > 3
B LED r v - oA
vg | VH1Ep T <150 GeV " 2L, pr 2 150 GeV, Nyois =2
VH By ", EY 2150 GeV O-jet, pp = 100 GeV 24, py > 150 GeV, Ny, > 3
VH EPS, EF™ <150 GeV 1€ pY 2 150 GeV, Njge = 2
VH+VEBF p! > 200 CeV 1€ pY > 150 GeV, Njoo = 3
V' H hadronic (2 categories) 2-jet, my; < 120 GelV O£, p}I = 150 GeV, Njgye =2
0 £, py > 150 GeV, Ny, = 3
VBF, p-{—-rj_‘?_ > 25 GeV (2 categories) | 2-jet VBF, p?ll = 200 GeV 2-jet VBF VBF py > 140 GeV VBF, two central jets
vBF | VBF, p-{-rjjﬂ:25 GeV (2 categories) 2-jet VBF, p-jl-l-c:ﬁﬂﬂ GeV (ThadThaa only) VBF, four central jets
VEF high-m; VBF +vy
VBF low-m;;
2jet, pi' > 200 GeV 1jet, pr = 120 GeV 1jet, mgy < 30 GeV/, pi? < 20 GeV | Boosted, pp > 140 GeV
2-jet, 120 GeV < pl (200 GeV 1jet, 60 GeV< pifi120 GeV | 1-jet, my, < 30 GeV/, p,t'? > 20 GeV | Boosted, pp’ < 140 GeV
2 jet, 60 GeV < p)' {120 GeV Ljet, pr < 60 GeV 1-jet, mgy > 30 GeV, pi2 < 20 GeV
aF | Ziet. PY' < 60 GeV Ojet, pp < 100 GeV 1-jet, myge = 30 GeV, pi? > 20 GeV
1-jet, pi." = 200 GeV O-jet, my, < 30 GeV, p.{l? < 20 GeV
1-jet, 120 GeV < p.' 200 GeV O-jet, myy < 30 GeV, pf = 20 GeV
1-jet, 60 GeV < pl7{120 GeV O-jet, mye = 30 GeV, pi? < 20 GeV
1-jet, p1" < 60 GeV O-jet, my, = 30 GeV, p? = 20 GeV
0-jet (2 categories)

po= 1117500 = 1.11 £ 0.05 (stat.) T2 (exp.) Ton (sig. th.) 7003 (bke. th.)
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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
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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
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inclusive selection - 8 categories VBF-tight selection

observed limit (RUN1 + RUN2): n<2.38




The Higgs and the LHC

LS 14 TeV
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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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