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- Higgs boson mass
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ATLAS, PLB 784 (2018) 345

O my = 124.97 + 0.24 GeV

O Combination H — yy and
H—ZZ—4l decay channels

O H — yy: syst. uncertainties dominant

O H—ZZ—4l: stat. and sys. uncertainties
comparable at 140 fb-1

ATLAS - Total [ Stat. only
Run T y2=7-8 TeV, 25 it Run 2: {8 = 13 TeV, 36.1 it Total  {Stat. onky)
Run 1 H—=4] l—-—li 12451 £ 0.52 ( = 0.52) GeV
Run 1 H—yy H————H 12602 = 051 { = 0.43) GeV
Run 2 H—=41  —— 12479 = 0.37 ( = 0.36) GeV
Run 2 H—syy .—.|—| 124.93 = 040 { = 0.21) GeV

| Run 142 H—41 —=—| 12471.030 (-030)GeV
Run 142 H—=yy ——— 12532 £ 035 ( £ 0.19) GeV

| Run1Combined = b——=—% 12538 2041 (2037)GeV
Run 2 Combined H—— 124 86 = 0.27 ( + 0.18) GeV

| Run1+2Combined == [ 12457 2024 (20.16)GeV

| ATLAS+CMSRuni lIH """""""""" 125092024 (=021)GeV
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CMS, JHEP 11 (2017) 047

my = 125.26
+ 0.20 (stat)
+ 0.08 (syst)

O 4-lepton mass with kinematic
discriminant to reduce ZZ bgd

CMS 35.9 b (13 TeV)
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Higgs boson width

N

Detector resolution much larger than expected SM width (4.07 MeV, pbG)

ATLAS

Q Indirect limit, pLB786 (2018) 223
Ny <14.4 MeV at 95% CL
on- and off-shell signal strengths

CMS

A Indirect limit, arXiv:1901.00174
N <9.16 MeV at 95% CL
on- and off-shell signal strengths
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= I G B B G = G R QL Direct peak reconstruction in H—4l:
= - ATIAS 0000 xpected-Stat. only
= (4 ATLAY e 4 < 1.10 GeV at 95% CL, JHEP 11 (2017) 047
' “H*—>ZZ - 4l212v - Observed-Stat. only | 511" (7 TeV) + 19.7 b (8 TeV) + 77.5 b (13 TeV)
12_13TV,361fb1 —Obsewed o] [T T T [ T[Tt T rr Tt rrr1rrrrra
o : . CMS |
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Produced numbers of Higgs bosons@
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Higgs boson decay branching
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fraction and expected final states
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Higgs boson couplings to bosons
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Q ATLAS 79.8 fb-l: ggF, VBF, VH and ttH:
o X B consistent with SM expectations

a CMS 36.9 fbl: 0,,, = 61.1 £ 6.0 (stat) £ 3.7 (sys) pb
SM: 0, = 55.6 £ 2.5 pb

I | I I 1 | 1 I 1 1 I 1 I 1 | I | I I | 1 | | 1 1 1 |
ATLAS Preliminary —e— Total stat. @S [
. yst. SM
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gaF H——H 097 ‘o1 (+011 o)
VBF =140 ;0 ( “.3 Con )
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Higgs boson couplings to bosons
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H—- ZZ

O H—ZZ—4l
ATLAS-CONF-2018-018 (79.8 fb1)
CMS-PAS-HIG-19-001 (137.1 fb1)

Q Clear signal over background
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Higgs boson couplings to bosons
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H— ZZ

Q H—ZZ—4l, ATLAS-CONF-2018-018, CMS-PAS-HIG-19-001

O ggF: o x B uncertainty 15%,
other production modes probing

O rate consistent with SM expectation with 11% uncertainty
a

rll'lllrr]llIrl11|I[l'lII|ll1I|IrII|IIII'|IIIl|IIIr
ATLAS Preliminary &  &xpectedsu ggH,bbH
— H—=ZZ* L- Obsarved: Stat + Sys _| 087 istat) | syst)
13 TeV, 79.8 b
! SM Prediction
- Stage 0-1y,| <25 a8 [ib] (o B:'s.u [fb] |
agF ] 1220+ 185 1170+ 80 VBF
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VBF . 250485 917428
*
I s VH
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=70 #1.1
tH % @s%cl 1944
Inclusive 3 1570 £ 175 1330 +90 013} 75(stat) '} \(syst.)
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Higgs boson couplings to bosons

Czech Technical University in Prague

N

H—- WW

O ggFoxB
= Measurement: 11.4712 (stat) *12 (theo syst) *14 (exp syst) pb

Over * Bu-ww* [pb]

= SM: 10.4 + 0.6 pb
VBF o x B

= Measurement: 0.579-25 (stat) £ 0.10 (theo syst) +9-12

= SM: 0.81 + 0.02 pb

20— ———— 1
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Higgs boson couplings to fermions
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QO ATLAS+CMS data combined (LHC Run-1):
observation with 5.5 (5.0) st.dev., JHEP 08 (2016) 045

Q ATLAS Run-1 and 36 fb! Run-2 data:
6.4 (5.4) standard deviations, PRD 99 (2019) 072001

= ggF:
Measurement: 3.1 £ 0.1 (stat) *31$ (syst) pb
SM: 3.05 + 0.13 pb
s VBF:
Measurement: 0.28 + 0.09 (stat) *3:32 (syst) pb
SM: 0.237 + 0.006 pb
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Higgs boson couplings to fermions
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H— 1t

O 35.9 fb'1 Run-2 2016 data,

PLB 779 (2018) 283
Q 4.9 (4.7) st.dev.
a 5.9 (5.9) st.dev.

combined with Run-1

| CMS

35.9fb" (13 TeV)
e

ThTh
_ +0.40
u=1.36 5 35

ut
n=t14 00
et,
o d ]
eu
11=0.68 ﬁgag

Combgr;;ed
_ +0.
u=1.09 %

2 3
Best fit 1 = G/GSM

dN/d(NN output)

ey, ggH 457 (2017,13Tev)
106 ] T 1
CMS. [Juseembedded []aCD mutijet [ 21
10° Preliminay A + Of Mwsiets  [oiooson
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10* SR L ¥ =VBFViggH =V(epH+iH & Dala o
10° T 1

1
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15 . 1 J

0.5

075
NN output

025 0 0B 05 050 0B 05 050
41.5 fb! Run-2 2017 data, CMS-PAS-HIG-18-032

Stage-1 simplified template cross-sections 35.9+41.5 fb!
oxB(H—1T) = 2.56 £ 0.48 (stat) = 0.34 (syst) pb

o(gg—H,bbH)xB(H—1T1)=1.11+0.81 (stat)£0.78 (syst) pb
o(VBF)xB(H—1t) = 0.34 + 0.08 (stat) + 0.09 (syst) pb
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Higgs boson couplings to fermions
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H — bb

Q Difficult channel despite the large branching ATLAS | VH Hotb  ism3Tev. 7esm | VH
ratio (58%) due to large backgrounds —Total  —Stat.
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Higgs boson couplings to fermions

H — bb

PRL 121 (2018) 121801

O Dedicated searches in ttH, VBF, ggH, and VH
production modes

Q 5.6 (5.5) st.dev.
O u=1.04+0.20

ggF

VBF

ttH

WH

ZH

Combined

<511 (7 TeV) + < 19.8fb" (8 TeV) + < 77.2 b (13 TeV)
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stat  syst
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Higgs boson couplings to fermions <
H — tt via ttH direct probe, photons
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O Observation with 2016 data: 5.2 (4.2) st.dev.
(combination of bb, multilepton, vy, ZZ channels)

Q Including 2017 data ttH(H—yy): u = 1.759¢
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ttH: two same-sign leptons and
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one hadronic tau final state

b'Jet +
t p . y 3 .
g g Jet hadronic
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O Fake background estimate determined from data
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ttH candidate (multi-leptons)
same-sign e and u and tau-jet

ATLAS

EXPERIMENT

Run: 305723
Event: 1261546391
2016-08-06 17:51:01 CEST
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Higgs boson couplings to fermions
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Q pu=096%331
a 3.2 (4.0) st.dev.
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Higgs boson couplings to fermions <
H — tt via ttH direct probe A
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a ttH(H—bb) CMS-PAS-HIG-18-030

Q fully hadronic, single-lepton, double-lepton final states
a 3.7 (2.6) st.dev.
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0 i Dilepton HHH 1.04 "571 038 059
| +0.43 +0.22 +0.37
1 2016 HamH 0.85 “941 022 -035
; : +0.44 +0.21 +0.39
5  1af 2017 HEH 1.49 T540 020 -035
SL-) 12 ' 0.32 +0.15 +0.28
= . | +0. +0. +0.
= 1k Combined HH 1.15 T925 0145 -025
S 0.8 L N TR N N NN R N B R
D 06 l | | |l | 0 5 10
-1 08 06 04 02 0 02 04 06 08 1
BDT discriminant U = 6/0g,,

A.Sopczak , June 2019 20



Institute of Experimental and Applied Physics

Higgs boson couplings to fermions
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H
%
Q
Q

S/(S+B) Weighted Events / 0.5 GeV

|
na
(=]
=

Standard Model BR(H—pp): ~0.022%

Current limits at 95% CL
on J = 0BR(H—py) / 0BR(H—HH)sy

= < 2.1(2.0) x SM (ATLAS)
s < 2.9(2.2) x SM (CMS)

x10° 35.9 fo™ (13 TeV)
CMS All categories

He>pp S/(S+B) weighted

1=0.7 for m_=125 GeV ¢ Data

| S+Bfit

B component + 1 s.d. (2 s.d.)

108120(6107)7C1T4dd

ot 9

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

A.Sopczak , June 2019

95% CL Limit on o/og,,

= Tl T T T TrrrrT T LI
8 - ATLAS Preliminary E
@ 50— VBF tight is=13TeV, 79.8 b
E %%/ndof = 31.2/48 H—pup analysis E IJ IJ
40 —e— Data —:
Background -
0 ——— Signal x 20 ] >
1 4
- ] ;
20 ER%
10
101~ o
n Z
ok o
c TN
4t =
sy 25 ' 7 o
o8 09-+++{+¢+---+¢*+++-i++++H+i+¢+++++++++ﬁ$-+++-*-+¥i o
ale _ '_+ + + * 94 N
E 3 O
-4E E
110 115 120 125 130 135 140 145 150 155 160
m,, [GeV]
7 5.0fb" (7 TeV) + 19.8 b (8 TeV) + 35.9 b (13 TeV)
E CMS —=—  QObserved
6 - B== Expected (background, 68% CL, 95% CL)
5 o - Expected (SM m = 125 GeV)
4
s E

_H=1.0+1.0(stat)+0.1(sys)

0
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my, [GeV]

21



cMs |

Simplified template cross-sections
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STXS pEIN

O Proposed at Les Houches’15 (Proceedings) & LHC Higgs cross-section working group
aQ Common to ATLAS, CMS, and theory. Goals:

= Measure cross-sections per production ATLAS Preliminary . iToral - Siat, = Syst. ‘1" SM
modes (ggF, VBF, VH, ttH) in different - 12505 Gov, )y <25

phase space, signal templates: Pt(H), Pt(V)... |P«=""" | Total Stat. Syst

reducing model dependency oz b rou SSE( o o)

and maximizing sensitivity to BSM effects 9oF Ww o 108 o ( sorr, sor)
: : | gFw M= 9% Rl Zom. Com)

= Combine different decay channels goFcomb. 104 o ( soor, 03)

to increase sensitivity vor == o

QO Combination of main channels: Vo= e
STXS stage-1, ATLAS-CONF-2019-005 R B0 N NS, 0E)

] ) VBF comb. ot 121 IGE( e, L)

QO STXS: several channels contribute to different VH 1y e oo R 9E, 0E)

kinematic regions of same production mode, e H’T_ﬂ tie b on )
e.g., VH dominated by H—bb in high Pt(V), VR comb, e T s e, )

i tH+tH = A0 TRE( TEE, Ton

while gg and ZZ* relevant at low Pt(V) et o = R

Q No significant deviations from SM prediction ek e o—— B
in any kinematic region: b comb. T e e e

p-value wrt SM hypothesis 800/0 o b b e e b

-2 0 2 4 6 8
Parameter normalized to SM value
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Simplified template cross-sections
STXS
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O 000

Experimental selection can be different and use advanced techniques (MVAs)
Aims to balance experimental precision and theory uncertainties
Combination of various decay channels with 35.9 fb1, arxiv:1809.10733

STXS stage 1: ggH and VBF bins using H—7yy based on 77.4 fb-!, cMS-PAS-HIG-18-029

CMS Prenmmqf 77411 (13TeV)

T LN I I AL B B
B Ha,wnr —=— Observation :
ggH 0J _1.1?:?5' B
ggH 1dlow | 157 . SM Prediction —
ggH 1Jmed | o5 B

10 ggH and 3 VBF ggH 1J high [ 2.0 m, profiled

parameters ggH 1J BSM :1_3 S P :
Very good agreement ~ ggH 2J low | 0.3 _
with SM prediction ggH2J med | 27 —=— .
ggH 2J high | o .
ggH 2J BSM | 28! —=— |
ggH VBF-like | o0 .
qqH 2J-like | 1.3 |
qqH 3J-like | 0.0 B

gqHother | oo . . %, . . . . . 1. . 1.,

-2 0 2 4 & 8

Gpl‘ﬂcfﬁthen
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- . - A Chas, i
Differential Higgs boson :
L
- A |
d -sections, Pt(H 1%
€Cay Cross-sectons,
%
Q ATLAS: H-vyy
Q CMS: Combined H—yy, H—ZZ—4l, H—bb
10CMS 35.9 b (13 TeV)
< r . 1< E
s | ATLAS Preliminary H—yy, Vs=13TeV, 79.8 fo" : % - Aa(pl! > 600) / 250
= -¢- Data, tot. unc. = Syst. unc: e
8 Q 1;.%% i Aa(pl! > 200) /120
=, B ggoHdefaultMC+ XH 7 & - ---‘H---?-ﬁ---- y
g o} - Ac(p! > 600) / 250
o B NNLOUET@SCET + XH = 4o %i? ________
2 S =% XH = VBF+VH-+itH+bbH T+~ [ ¢ Combination
g -
8 Q ¢ it
107" 1072 - Syst. unc. i
E ¢ H-bb
10° 4 Howyy !
. - Y Hozz e -
10 ? 1074 - l
: = aMC@NLO, NNLOPS ,
: " G4, from CYRM-2017-002 }
1 P ! | ']_'- ----------- 1075—o-|||\\||||\\\||||\|||\\||||\\||||\\\|\||||
I T T T T c E
55
p S 4
: g 3 é
‘s_% ‘ 2 1§’§§§ S BT TR S S t '
§ 5 g el i
£ |||||T 8 _1:_"""'I"HI""ll‘"I"H"""H"""'m
_% 00 50 100 150 500 550 390 350 0 15 30 45 80 120 200 35|-(|) 600
o ' [GeV
ATLAS-CONF-2018-028 pr 1GeV] CERN-EP-2018-304 p; (GeV)
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Rare Higgs boson decays

Further SM Higgs boson decay modes can
be in reach with growing LHC data sets.
Current limits at 95% CL.:
Q H-Zy: <6.6 (4.4) xSM
O H-—cc:
» < ZH(cc): 110 x SM
n-<Jfyy:-120-%-SM

>

o - I I I i Dat.; I N [13
e g 105 ATLAS . - Pre-fit i "

= E (5=13TeV,36.1 b0 Fit Result E > T 5

P E 1cag, p? 2 150 Gev B Z+jets . 8 - ATLAS e Data ] °

g 1Oa:_ -22 _ Z 12— 1s=13 TQV. 36.1fb" — Background fit §
~ i = _gmbﬁj 3 j*cj - VBF-enriched 3 Signal x 20 _ 3
8 — ZH(cB) (100xSM) - 2 m,=125GeV 1 —
= w I NG
o~ ]
) E
o . ]
0 .
S INELLE
o | .
3 T
g L PR T - - A - T n aleiig Loses -

T A A L I A SN I E _ T . T 2

2 1Otk i — ' : W%,M.’ L L

@ ME : + t T : . © L] . [

% 0.9, R [T PP PR B e cotj _5|— | . . 1

e 60 80 100 120 140 160 180 200 115 120 125 130 135 140 145 150

m . [GeV] my, [GeV]
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Rare Higgs boson decays B(A)

O Four-muon final state experimentally clean CMS-PAS-HIG-18-025
with very small SM backgrounds

O Some expected SM branching fractions several
orders of magnitude below sensitivity

Q Limits at 95% CL: observed expected
B(H — I/y]/y) x 10° 1.8 1.8157
B(H— YY) x 10° 1.4 1.4 £0.1
CMS Preliminary 3751 (13 TeV) CMS Preliminary 37517 (13 TeV)
‘T‘; 102 3 L L L E :i; 1.02 L L L '—E
O —+— Data 1 O —+— Data .
A - —— Background 1 @ —— Background -
» F TN e Model Boson Signals 1 & F\ e Model Boson Signals 7
E} 105_ H J J 3 GE) 10 =
a f —Jwlw 4 g ¢ H-YY ;
U3 Nt 3 L -
! ""-._ \‘“ ]
i S 80 100 1éo '1_540 ELL
40 60 80 20 40 60 80 100 120 140
M,, (GeV) M,, (GeV)
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Anomalous couplings kgg[%

y
\
arXiv:1901.00174
HWV K{lwq\zﬁ +K§Wq\2/2 2 % _x
AHVV) ~ | ay"" + 5 my, €y, €y,
(A1)

1 1) 7
+ aIZ-IWf:;E) )f*(Z)u,v + ala-le;% )f*(Z)u,v,

a2 : CP-even interaction
a3 : CP-odd interaction (pure pseudo-scalar)

A1 : leading momentum expansion

Exclusion at 95% CL: sub-percent anomalous coupllngs in VBF productlon

CMS Supplementary 5.1 fb (7 TeV) + 197fb 8TeV +802fb'1(13 TeV)
HEIEY iy i 7 vy
g ===.=_._i 1 _._Z/_i/l/._/////////
;5_06035_ EZ//AI/ l I 7 %%/AZ]A
T oaE Z Z '
///////////////// /////////%A

1

—e—Best fit & 68% CL A a a, . L alt A a a, . A
%/ Excluded at 95% CL~ | 2 3o Al a2 a3 e 1on + 02ff shell3 -
Expected at 95% CL  H7ZZ+HWW HZy Hyy Iy=

Expected at 68% CL A.Sopczak , June 2019 (any L'y) 2



Higgs boson decays
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to invisible particles

Motivation: Patt, Wilczek, “Higgs-field Portal into Hidden Sectors”, arxiv:0605188
Q Indirect: constraints from coupling fits

O Direct: searches for Higgs to decays to invisible particles
O Three separate ATLAS searches: V(had)H(inv), Z(lep)H(inv), VBF H(inv)
O B(H—inv) < 0.26 (0.17) at 95% CL, assuming SM production cross-section
= YV —
= . ATLAS Preliminary :
= 12 Vs =13 TeV, 36.1 fb" = o <0.24 ATLAS Prelim.
N R viadHim L. All limits at 90% CL  V5=7TeV. 47"
"\ Ziep)Hiny) E 21040 {5 =8Tev, 203 10"
10: — VBF H(inv) 1 o Vs=13TeV, 36.1 b
i — Combined = ) Higgs portals
8 = e
i © 1042 calar wimp
i = Fermion wimMP
6 Other experiments
' a4 Cresst-lll
4l 10 »= DarkSide50
5 o LUX
2 ot PandaX-II
i 1076 -+ Xenon1T
CL = l X ......IS........ld....
-0.2 0 0.2 0.4 0.6 10 10
My [GEV]

H— inv

ATLAS-CONF-2018-054
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Higgs boson decays
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to invisible particles

N

O Dominant backgrounds: Z(vv)+jets and W(tv)+jets, extrapolated from 2-lepton
sideband, and from 1-lepton sideband, respectively. 35.9 1" (13 TeV)
= L > :IIIIIII|IIIIIIIII|IIII|IIII|IIII|IIII|IIII|IIII:
Q VBF production channel_ most sensitive S0l cms o [ e o
= 2016 VBF-only: B(H—inv) < 0.33 (0.25) B il Pred.from [Tumescon [ awmsson |
» O0(25%) improvement in sensitivity ‘qc'; - b-only fit s W ook ]
by adding VH and ggH channels 5] 10°8

= B(H—inv) < 0.26 (0.20) at 95% CL (13 TeV data) 1}
a B(H—inv) < 0.19 (0.15) using 7,8,13 TeV data

..... — — ggH(125)—inv. 3

1
35.9fb' (13 TeV) 3
= [ T T T ] 10-15
1.4~ CMS ] i
L - . '2?
[ e Observed 1 arXiv:1809.05937 10°¢
1.2 ‘ - i
: "@"Medlanexpemed : 10_35—IIIIIII|IIII|IIII|IIII|II
- & rryprrrryprrrryprroeryprirrryprerrprirrrfrrTryrTrrprrTT
1= .68% expected — 151 4 prefit *Pusl-ritl Unlcertaintyl ! ! ! 1
i 95% e | £ s Sas +
xpected 000 s = e el itTTTT T

o
+2]

o ¢
(=]
T I

lIIIIIIlIIIJIIIII|IlII|IIII|IIJI|IIIIIlIIIlIIII

5
1IIIIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0

(Data-Pred.) Data / Pred.
[=]

05 1 16 2 25 3 35 4 45 5
m, [TeV]
Qd ttH limit to invisible decays at 95% CL
. | | | d B(H—inv) < 0.46 (0.48), CMS-PAS-HIG-18-008

Combined VBF-tag Z(I)H-tag  V(gg"H-tag  ggH-tag A Sopczak June 2019
. I

95% CL upper limit on o x B(H — inv)/o
(=)
FY

o
o
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ATLAS combination 4.5 to 79.8 o)
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CMS

ner-»

| E A P
A
%
H— 7y H—ZZ~ | HoWW”™ | H—o 1T H — bb
ttH leptonic (3 categories) ttH multilepton 1 € + 2 7,4 ttH 1 ¢, boosted
ttH hadronic (4 categories) ttH multilepton 2 opposite-sign £ + 1 Tj.q ttH 1 ¢, resolved (11 categories)
ttH multilepton 2 same-sign £ (categories for 0 or 1 7j,,4) ttH 2 ¢ (7 categories)
ttH ttH multilepton 3 ¢ (categories for 0 or 1 7,,4)
t¢H multilepton 4 ¢ (except H— ZZ*— 4¢)
ttH leptonic, H— ZZ*— 4¢
t¢H hadronic, H— ZZ"— 4¢
VH 2¢ V H leptonic 26,75 < py. < 150 GeV, Ny, =
VH1¢, p“ET > 150 GeV 26,75 < pY <150 GeV, Njoy, >
vy | VHLE p”ET " <150 Gev . 20 pT > 150 GV, Njoyo = 2
VH EP™, EF™ > 150 GeV O-jet, pp > 100 GeV 24, pT > 150 GeV, Njgs > 3
VH E?‘SB, EMS 2150 GeV 1¢ pT > 150 GeV, Nige =2
VH+VBF p} > 200 GeV 10 pT > 150 GeV, Nj, = 3
V' H hadronic (2 categories) 2-jet, m;; < 120 GeV 02, PT > 150 GeV, Njgs =2
06, pp > 150 GeV, Njyy, =3
VBF, p1?7 > 25 GeV (2 categories) | 2-jet VBF, p 1> 200 GeV 2-jet VBF VBF p7 > 140 GeV VBF, two central jets
vBF | VBF, pAW“<25 GeV (2 categories) 2-jet VBF, p’p ' <200 GeV (ThadThaq only) VBF, four central jets
VBF high-m; VBF ++
VBE low-m,
2-jet, pl > 200 GeV 1-jet, pr > 120 GeV 1-jet, mg; < 30 GeV, pEF <20 GeV | Boosted, p. > 140 GeV
2-jet, 120 GeV < p 71200 GeV 1-jet, 60 GeV< p4T£;120 GeV | 1-jet, mg, < 30 GeV, pzr > 20 GeV | Boosted, pp < 140 GeV
2-jet, 60 GeV < p 120 GeV 1-jet, p%é < 60 GeV 1-jet, mgp, > 30 GeV, p < 20 GeV'
gel 2-jet, p 7 <60 GeV 0-jet, p%-é < 100 GeV 1-jet, my, > 30 GeV, p? > 20 GeV
1-jet, p > 200 GeV 0-jet, my, < 30 GeV, p# < 20 GeV
1-jet, 120 GeV < p 71200 GeV 0-jet, mgy < 30 GeV, pr? > 20 GeV’
1-jet, 60 GeV < p 7120 GeV 0-jet, mp, > 30 GeV, p? < 20 GeV
1-jet, pT < 60 GeV 0-jet, mgp > 30 GeV, pT2 > 20 GeV
0-jet (2 categories)
= 1.1179:08 = 1.11 £ 0.05 (stat.) *5-02 002 (sig. th.) *9-03 (bkg. th
p= 111750 = 1.11 £ 0.05 (stat.) *o-oz (exp.) ooz (sig. th.) To o3 (bkg. th.
ATLAS-CONF-2019-005
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Higgs boson production modes
ggF, VBF, VH and ttH established

N
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L/

Q Observations (>5 st.dev., 0), ATLAS-CONF-2019-005 (79.8 fb’') CMS combination
ggF, CERN-EP-2018-263 (35.9 fb’!)
VBF (6.50),

VH (5.30), and
ttH (5.80)
Higgs boson production modes, assuming SM branching ratios

Q Low correlations between production modes
O Results consistent with Standard Model expectations

-1 T L T T TrT rri LI T T 11 L Tr7r1
ATLAS Pre"minﬂr}' {s=13TeV,245-79.81 T | rl[ Ir ™ | | T 7T T T
my=12509GeV.ly, /<25 | ATLAS Preliminary j—e—iTota Stat. EEESyst. || sm
~  |fs=13TeV, 245-79.8 1"
OggF -0.01 0.08 0.8 ﬁ- m), = 125.09 GeV, |y | <25
06 Py, = 76% Total Stat. Syst
I .,
Over —0.4 ggF IS 104 soo9( +oor, °%)
—0.2
VBF e - - - P
O wr —0 _ _
oo WH e | 130 28 iE, iy
Oy —-0.4 H e 105 “55( to02s, Toy7)
=06 tH+1H o | 121 28 ( yom, 98
HH+IH _—U'B 1 | 1 1 1 I i1 1 | 1 1 1 I L 1 1 I 1 1 L I L L1 | 1 1 1 I 1 1 1 | 1 1 L I 1 1 1
a4 06 08 1 12 14 16 18 2 22 24 26
b'é & S i i: Cross-section normalized to SM value
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Higgs boson production modes (&)
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\4

Jypr [pb]

ATLAS-CONF-2019-005 Generic parameterization:
O Measured couplings wrt SM

_ Q )‘t contributing through ggF
Cross-section: Ioop as compared to ttH
Q VBF versus ggF

> contributing H — yy loop as

QO Individual and combined decays cmeared to H — ZZ decays
O Agreement with SM expectation QO Agreement with SM expectation
T T T T T T T T T T 1 1 L
20| ATLAS Preliminary —H—=yy ATLAS Preliminary .
[ Vs-13 Ty (23‘;3 7o o 51 —H 77 ] {5 =13 TeV, 24.5-79.8 fb" 68% CL =t
o som iyl < Hos ww m,, = 125.09 GeV, ly, | <25
15 —Hormr | Ky _._
- — Combined | — :
10| : -
i 1 Az
5| 1 Auz
Ol 6% L = 95% L #hBest Fit @sM i Az B
I A T T T SN T T N N [ S N N S ! ' = 85%,
0 20 40 60 80 100;“"Z llps’“”,
o [eb] 0.8 0.9 1 1.1 1.2 1.3
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Higgs boson production
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Q 137 fb'l, cMs-PAS-HIG-19-001
d H—ZZ—4f channel ({ = e or [)
O Measurement: o = 2.73%0:33 (stat) 1945 (syst) fb

O SM: 2.76 £ 0.14 fb

CMs, i

ner-»

on)
| E A P

O Differential cross-sections versus Pt(H), H rapidity and number of jets

CMS Prefminary
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llggH,bEH,tEH,tH
A.Sopczak , June 2019

CMS Preliminary 137.1 16" (13 TeV)

| { Data (stat. @ sys. unc.)

—— Systematic uncertainty

i SHEE ggH (NNLOPS) + XH

| G ggsH (POWHEG) + XH

E XH = VBF + VH + ttH (POWHEG)
(LHC HXSWG YR4, m =125.09 GeV)

T
1

a(p_(H) > 200 GeV)

NI AN BN A A
121416 1.8 2 0 50 100 150 200

p.(H) (GeV)
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Single top and Higgs boson

Czech Technical University in Prague

N

Events/Bin

Data/Pred.

production tH

a tH, H - WW/ZZ/tt and H — bb

Q Combination with ttH, H — vy

O Sensitive to the absolute values if the top quark Yukawa coupling,
the Higgs boson coupling to vector bosons, gHVV, and,

uniquely, to their relative sign
O SM-like signal favours a kt = 1.0 over kt = —=1.0 by > 1.5 st.dev.’

arXiv:1811.09696 q

CMS 35.9 fb' (13 TeV)
00 = * Data
800 1 4 tag 1
- K =1.0 | W
- &, =1.0 1 fisLF
600 [~ ]8 -
n — .tl+CE
- 1 W i+bboi20
400 - ml LG
- 1 Bt
200 [ ] .MiEC
i . ESlal.wyst.
n 4 __800xtH
lexpected)
15 e B O SO PO
@i@ [[] Stat.+syst.
1 %;ﬁﬁﬁiﬁ Mwwmwwwwﬂ%ﬁﬁ%ﬁm@ﬁ “
D-'EI 1 1 I I 1 I 1 1 i i
=04 -0.2 0 0.2 0.4

SC-BDT response
A.Sopczak , June 2019

—2AIn(L)

40

35

25 |
20;
15 F

10 b

CMS
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35.9fb~" (13TeV)

SR
pp — tH + ttH

F H - WW/ZZ /77 /bb/y

s
L ry = 1.0, resolved
30 - )

—@— Observed
---- Expected (SM)
—e— QObserved (Multilepton)
-~ Expected (Multilepton)
—e— Observed (v7)
- Expected (y7)
—e— Observed (bb) o
Expected (bb)

34



Institute of Experimental and Applied Physics

Czech Technical University in Prague

N

HH-» bbbb

HH— bbt*t

HH— bbyy

Combined

ATLAS-CONF-2018-043
Q ATLAS: HH — bbbb, bbtt, bbyy

8 66006601
t/b

8 760666601

< 6.7 (10.4) x SM at 95% CL

ATLAS Preliminary ~ —*— Ovserved
f5=13TeV, 27.5-36.1 1" B Expecied + o i
ugg'F (pp — HH) = 33.4 fb Expected + 20
B Obs. Exp. Exp. stat. |
129 207 185
126 146 119
204 263 251
m 67 104 92
| 1 | 1 Il [
0 10 20 30 40 50 60 70 80

95% CL upper limit on 6, (pp — HH) normalized to o

aaF

A.Sopczak , June 2019

Higgs boson pair-production HH

8 66660601

8 766666601 >

Q

bbVV

Onearvad TB_G«5M
Expaciad BB BxSM

bbbb

Obsarvad 74_6:5M
Expaclad 36 9<5M

bbtr

Ob=arvad 31_4x5M
Expactad 25 t<5M

bbyy
Do=arvad 23.6x5M
Expaciad 18.8x<5M

Combined

Cosarved 22.2x5M
Expaciad 12.8x 5M

CMS-HIG-17-030
CMS: HH — bbVV, bbbb, bbtt, bbyy

< 22.2 (12.8) x SM at 95% CL
CMS

359 b7 (13 TeV)

gg—HH

—— Observed

- -~ - Median expected

I 68% expected
895% expected

L L L L L L1 I
30 40 506070 100

20 200 300 400

6 78910
95% CL on oggaﬁﬂ
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Relation of coupling
and fermion mass

Czech Technical University in Prague
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L/
Interpretation of results in the k framework as a function of the particle mass,

assuming no BSM contributions to the total width

ATLAS-CONF-2019-005

CERN-EP-2018-263

nrpr-p»

35.9 b (13 TeV)
e D AR )

g.li' [ T LB -rj"l.' L LR T T T 4 ] ~ r | | n
ATLAS Preliminary £ > 1k
%‘- TE Vs=13Tev,245-79.8 0" ; #75 & ; CMS W Z
é‘T E m,=12500GeV, ly,| <25,p,,=72% & '3 ~ :
E 107k - SM Higgs boson W IS 107"k i
= 4w
- - 1E |E
10 = b - ¥
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Conclusions —
Highlights of Higgs physics
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O 0000000

Very successful LHC Run-2 operation

Observation of the coupling Higgs to tau leptons

Observation of the coupling Higgs to bottom quarks

Observation of the coupling Higgs to top quarks

Approaching sensitivity to the coupling Higgs to muon leptons

Most inclusive measurements established, focus on differential measurements
Combination with observations of all main LHC Higgs production modes

So far, all Higgs boson properties in excellent agreement with SM expectations

Outlook

o000

(]

Some analyses already with complete LHC Run-2 data set (~140 fb1)
Potential to understand data more in detail and increase measurement precisions
Combination of ATLAS and CMS results: increase of sensitivities

LHC Run-3 anticipated to add 300 fb-1 (2021 to 2023),
HL-LHC approved for 3000 fb! (2026 - ): new eras of measurement precision

Strong and approved LHC programme for new discoveries
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Higgs boson production modes
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at LHC
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Analyses and their luminosities
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used in ATLAS combination

ATLAS-CONF-2019-005

CMs, !

ner-»

4
a
%
| E A P

Analysis Integrated luminosity (fb™ ")

H — v~ (including ttH, H — ~7)

H— ZZ"— 4l (including ttH, H— ZZ" — 4/)
H—WW*— evuv

H— 77

VH, H— bb

VBF, H — bb

H — pp

ttH, H — bb and ttH multilepton

H — invisible

Off-shell H — ZZ" — 40 and H — ZZ" — 202v

79.8
79.8
36.1
36.1
79.8

24.5 — 30.6

79.8
36.1
36.1
36.1
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ATLAS-CONF-2019-005

Uncertainty source Apfp [%]
Statistical uncertainty 4.4
Systematic uncertainties 6.2
Theory uncertainties 4.8
Signal 4.2
Background 2.6
Experimental uncertainties (excl. MC stat.) 4.1
Luminosity 2.0
Background modeling 1.6

Jets, E%iss 1.4
Flavour tagging 1.1
Electrons, photons 2.2
Muons 0.2
T-lepton 0.4

Other 1.6

MC statistical uncertainty 1.7
Total uncertainty 7.6
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Differential Higgs boson
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