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Introduction

@ Since the discovery of the Higgs boson in 2012 its properties have been measured with

increasing precision

— probing the SM predictions

@ Presenting the most recent Higgs boson combined measurements with the ATLAS detector

e Signal strength, production mode cross-sections and branching ratios
e Simplified template cross-sections (STXS)

o r-framework

o Combination input analyses
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Signal strength, production mode cross-sections
and branching ratios
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Global signal strength

o First parametrization used to interpret the results is signal strength:

i BR¢
if = a7 X ——=enr for SM pjr =1
Hif O',-SM BR?M Hif
Uncertainty source Ap/p [%]
< BprrrrrrrE T Statistical uncertainty 4.4
c E ATLAS Preliminary = Total Systematic uncertainties 6.2
N 7E &=13Tev, 245- 79,8 i — Remove Bkg. . Theory uncertainties 4.8
6:* Signal 4.2
E Background 2.6
5F Experimental uncertainties 4.1
£ Luminosity 2.0
4 Background modeling 1.6
3F Jets, E{-’“iss 1.4
E Flavor tagging 1.1
2; Electrons, photons 2.2
1; Muons 0.2
£ T-lepton 0.4
(o Other 1.6
MC statistical uncertainty 1.7
Total uncertainty 7.6

e Fixing scaling of o and BR as in the SM, the global normalization pu results
p=111 %‘%% =1.11 + 0.05 (stat.) %%fl (exp.) 799 (sig. th.) 4 0.03 (bkg. th.)

0.04

o Consistent with the SM with a p-value=18%
o Measurement limited by systematic uncertainties
o Experimental and Theory uncertainty with same magnitude
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Production cross-sections

@ Branching ratio fixed to SM value, considering only o;

I R A B e R R
ATLAS Preliminary +e—votal |  |stat E=mSyst. SM
Vs=13TeV, 245-79.8 fb*
125.09GeV, ly, | < 2.5

P, = 76% Total Stat. Syst.

ooF ,,E,, 104 w000 ( o7, ')
ver @ R gt )
N e 130 RO D

ZH 105 193( soz, 1919)

ttHHH 121 155 ( o, 53)

06 08 1 12 14 16 18 2 22 24 26
Cross-section normalized to SM value

Process Value Uncertainty [pb] SM pred. Significance
(lyn| <2.5) | [pb] | Total Stat. Exp.  Sig. th. Bkg. th. [pb] obs. (exp.)
ggF 465 | £4.0 £31  £22  £09 13| 44722 -

VBF 4.25 | 05 foe B R 011 | 3515 +£0.075 | 6.5 (5.3)

WH 157 | F0 A9 A +0.20 | 1.204 4+ 0.024 | 3.5 (2.7) }5 s (47)
ZH 084 | T03 0 £019  +0.09 +0.10 | 0.79770058 | 3.6 (3.6) o
tH+tH 0.71 | 1015 +0.10 +0.07 o0 | 05865003 | 5.8 (5.4)

o Consistent with the SM with a p-value=76%
o All main production modes have been observed (also WH and ZH > 30)
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Production cross-sections

@ Small correlation between the measured cross-sections

o Correlation of —15% between ggF and VBF

- (5= 13Tev, 245- 798 10" _ T
ATLAS Preliminary "= 35 09'Gev, bi<2s 8 20| ATLAS Preliminary —H-oyy A
< = [ \/s5=13 TeV, 245 - 79.8 tb~ —H_zZ B
Oggr 3 < [ m,= 12509 GeV, |y, < 25 1
a9 S [ Do = 50% H—ww |
151 —H— 77 ]
Oyer r — Combined |
10} .
cWH = -
5[ ]
O : 1
Ott-+tH of ) ]
r — 68% CL -- 95% CL <=Best Fit ®SM 1
T T S T O I I N
w uw T z z
& S S d E 0 20 40 60 80 100
=]

ger [Pb]

o Constraint mainly from H — v (79.8 fb~1) and H— WW*— evuv (36.1 fb™1)
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Branching ratio

o Cross-section fixed to SM value, considering only BR¢
(Syst. include SM xsec unc.)

—T— 77—
ATLAS Preliminary —e—total | |stat. EZmSyst. SM
Vs =13TeV, 24.5-79.8 fb*

m,, =125.09 GeV, ly | <25
Py, = 74% Total Stat. Syst.
B, 106 =o12( 008, ‘goa)
B,, = 120 ‘91 ( so1, '0%)
Buw 105 1535 ( =oos, 533)
Bu 110 5% ( w01, 55)
By 117 195 ( so1s, 101)
Ll b L b

0.8 1 1.2 1.4 1.6 1.8

BR normalized to SM value
Branching Uncertainty
Value

ratio Total  Stat. Exp. Sig. theo. Bkg. theo.

B, /B3 106 | £0.12 £0.08  F00F £0.05 +0.01

Bz/BYY 120 | 5017 012 005 F00E +0.02

Byw/Biow | 105 | 2010 +0.09 +0.09  F508 +0.07

B,./B3 110 | 5558 +018 FHIE IO o0

By,/Bi 117 | 5033 015 +0a11  F900 1

@ All consistent with the SM with a p-value=75%
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Production cross-sections x branching ratios

o Considering the products (o X BR);¢

LI ‘ T T ‘ T T ‘ T T ‘ T T ‘ T
ATLAS Preliminary . 1ota) - Stat, == Syst. 1" SM o Consistent with the SM with a p-value=71%
Vs=13TeV, 245-79.8 fb™"
M 12800 GOV <25 o Different level of ggF—VBF correlation in
sm Total Stat. Syst. the analyses
ggF W L] 096 +01a( o1, 0%
ggF 22 = 104 198( som, 006) e Well separated in H — WW™ analysis
ggF WW =31 1.08 :o019( x011, =015) B
ggF Tt = 096 'em( e, o) ATLAS Preliminary ~ 'S=13TeV.245-70.81"
ggF comb. . 104 2oos( so07, 19U) . my = 125.09 GeV, Iy, [ <25 1o~
VBF vy = 139 5R( 0%, '6) @ w 005 001 0031022 -0.01-0.01 002 00110.14 0.00 0.01/0.10 001 0.00 0.00 A
VBF 77 ———— 268 (9B( f0%, rom Ca i 22 oos [l oot 000 002-025 000 0w 000 000 017 002 002 00z 000 000 0.8 éﬁ
VBFWW vy 059 BR( 183, o) & ww [oor oo [lloc11000 000 008 004 003 -001-001 001 000 002 001 -001 -
VBF 1t H%« 116 R 0B 0 Tt [003 000 -0t [M 002 003 002 0.4 0.00 1005 003 0001000 002 001 001 [ ] 06 x-
VBF bb 301 (NS, %) W 22 002 o0 ooz [Jffoi1 066 005 a0 o5z wt 001 008 001 060 00| \F
VBF comb. = 121 85 88, 8 W 22 |oes-0m oo ocs s ooz oz 000 002 006 000 001 020 0w 00
VH 100 BR( 0H. 5% R T - R e T B
VH 72 068 'ER( thE, 19w Tt |02 000 004 0441005 001 000 [Jil 002 001 000 0001000 001 000 -0
VH bb 119 02 ( o oy b | 002 000 [1m) 000}000, 900 00 (552 B0 050 020 o0 801, 650 001"
VH comb. =t 115 102 ( Lo, 1017 W |o14 000 001 005 002 002 0.00 <01 000 Yl 002 0.0 008 001 000 000| |02
THAH vy 110 SEC BE, ) T 22000 017001 003 001 006 000 000 000 0z [ 00 00 000 003 000
ttH+H VW 150 53 %%, %% bb [001 002 001 0001001 000 000 000 0001000 0.00 [lo0 001 000 00o| |04
ttH+H Tt 138 ha( 0%, 0% W 010 002 000 00010.05 0.01 000 000 0.00+-0.08 0.00 000 _los
ttH+H bb 079 9% ( xom, xo0s2) T W |00t 002 002 0021001 000 001 001 001 001 08 001 :
HHH comb. e 120 85w, 58 I 1t Jo00 000 001 901000 01 000 000 000 000 005 000 08
L1 ‘ | ‘ | ‘ | ‘ | ‘ 1 = bb |0.00 0.00 -0.01 0.01:0.00 0.00 0.00 -0.02 -0.01:0.00 0.00 0.00
-2 0 2 4 6 8 W ZWWT W ZZWWTl b W 2Z b W W T bb L
ggF VBF VH ttH+tH
oxBf

Parameter normalized to SM value ‘
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Simplified template cross-section framework
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o production mode, pff , N;, pii , pt, pY

o sensitivity to BSM model

o avoidance of large theory uncertainty in SM prediction
o matching the experimental selection

@ Measurement designed to split the events according to STXS

o Simplified template cross-section framework defines fiducial regions by using:

ratiosof Iyy Mzz Tww Mg Moo

Hi, Kj

Ik

EFT
coeffs

specif ¢
BSM
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https://arxiv.org/pdf/1610.07922.pdf

@ Due to limited data statistics the current combined measurement is presented in a reduce
splitting scheme
e 11 — 6 bins for ggF
e 5 — 3 bins for qqg — Hqq (incl. VBF and VH)
e 11 — 5 bins for V(lep)H+ggZH
@ 2 bins for WH
@ 3 bins for ZH+ggZH

e 2 — 1 single bin ttH + tH

] [ =2t g%,
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@ Due to limited data statistics the current combined measurement is presented in a reduce

splitting scheme
e 11 — 6 bins for ggF

e 5 — 3 bins for q¢ — Hqq (incl. VBF and VH)
e 11 — 5 bins for V(lep)H+ggZH

@ 2 bins for WH
@ 3 bins for ZH+ggZH

o 2 — 1 single bin ttH + tH

V [e5)
P+ [0, 200]
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ON

@ Due to limited data statistics the current combined measurement is presented in a reduce
splitting scheme
e 11 — 6 bins for ggF

e 5 — 3 bins for gqqg — Hqq (incl. VBF and VH)
e 11 — 5 bins for V(lep)H+ggZH

@ 2 bins for WH
@ 3 bins for ZH+ggZH

e 2 — 1 single bin ttH + tH

(H + leptonic V )

qq~ Hlv, p,¥ < 250 GeV.

qq~ Hlv, p," 2250 GeV

99/aq~ HIl, p,* < 150 GeV ‘ |

99/gq— HII, 150 < p," < 250 GeV/ |

. Hll, p," > 250 GeV.

L[ 50,1
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o Measured 19 parameters:
o cross-section in STXS region i X branching
ratio of H — ZZ

o the ratio of each branching fraction over
the H — ZZ one.

Br
(exB)ir=(oxB)izz- | 5— |-
Bzz
o All consistent with the SM with a
p-value=89%
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ATLAS Preliminary Total Stat.  Syst.
L |e,me ogs 014 (012 w00,
{s=13TeV,36.1-79.8 b = 86 015 (011 006
B8 063 038 (02 020,
my =125.09 GeV, ly | <25 b5 -2z 65 028 (-0.18 0.2
H B /B 0.6 ‘018 (1013 0Lz
Poy = 85% e o 9B an B
r
F—e—iTotal [ IStat. Brr/Bz 087 554 (019 014
== Syst. [ SM B 0 7 7 % %
Total Stat. Syst.
1018 4016 +0.09,
09 ~H, Ojet x Bz, 129 417 (015 -0.08)
1043 4037 4023,
99 ~H. Liet, i <60 Gev x B, 057 41 (-035 -0.22)
1038 4033 4018,
log ~ H, 1-jet, 60 < p'' < 120 GeV x B,, 087 103 (1083 018
¥ H «08L 4071 4039,
lgg ~ H, 1-et, 120 < p¥ < 200 GeV x B,, 130 Y08 (107L +039,
et pt 084 4073 +0.43
lgg ~H, > L-jet, p¥ = 200 GeV x B, (o= 205 108 (1073 043
S +056 4046 +0.32,
log +H, > 2-jet, p!! < 200 GeV/ x B, 111 1958 (1040 032
- 4045 4036 +0.27,
laq — Haq, VBF topo + Rest x B, 157 1045 (:0% w027,
4135 4131 4032,
laq ~Haq, VH topo x B, 012 3 (411 —024)
151 +134  +0.60
lad ~Haa, p, 2200 GeV x B,, === 095 155 (3 0%
v .24 4102 4071
lag ~ Hiv, pY < 250 GeV x By, = =2 228 15 (Lge Toee)
v 4232 4144 +181
lag ~ Hiv, pY 2 250 GeV x B, 11 2P (e e
+1.26 4101 4076
109/9q ~ HIl, pY < 150 GeV x By, 085 _i’s7 (098 -122)
+129 4102 +0.79
lgg/aq  Hil, 150 < p¥ < 250 GeV x By, 086 1% (12 1078
4303 +187 4238,
lag/aq — HIl, p¥ 2250 GeV x B, [=————CPX-H] ~150 (-133 -071)
1039 4030 0.2
[iH+tH x Bz, hﬁ 144 o33 (027 -019
PSS T I T ol b
-10 -5 0
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Kk-framework
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r-framework: vector boson—fermions, loops coupling

o LO-approximated framework introducing coupling strength modifiers

i x rf : r
o x BRf = M, with nf = % and nf =5
H j Fsm

o 'y modified by a factor xy, defined as niz_, = Zj BRgMnJ?, with no additional BSM new
particle contribution

o Probing contributions of new particles
either in loops or in new final states
o Effective coupling modifiers x; and «,

e vector boson: Ky = kKw = Kz
o fermions: K = Kkt = Kkp = Ky = Ky

< 2§AT\1ATS b;slir‘n;rg\asr'%d ! T Bestiit 3 I pestnine g
E i 3 F Teliminar 3
1.8Fm, =125.09 GeV, y_|<2.5 —68%CL 4 135 -Tsrev.oa5- tos & Bestfit 4
Epo = a1 " ~-95%CL 7 E m,=12509Gev.y |<25 —68%CL 3
16E « SM E E oo =% " 95%CL ]
14E E L2 *SMo g
12F E F ]
E E 11 E
IS E £ El
08 3 r 1
0.6 Comined vy - 3

4p THoE E ool

Fonw —nerr E| r
0.2F L L L L L L L L L L | r e |
0 02040608 1 1214 16 1.8 2 P T T ST T I

085 09 095 1 105 11 115 12

Kq
o ky =1.054+0.04 rp=1.05"%%
e p-value=41% w.r.t SM

. . +0.07
® 1y =1.004006 r, =1.0373%
o p-value=88% w.gt,SM
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k-framework: Ky, Kz, K¢, Kb, K7 and Kk,

o Generic parametrization assuming no new particles in loops and decays
o coupling strengths to W, Z, t, b, 7 and p are treated independently
o including H — pp (79.8 fb™1)

El: L )—\TLAS Prelin‘linary i
= E (s=13Tev,245-79.8f7 2.5
“‘ID E m,=12500GeV,ly, <25 pg, =72% o 3
eP> r W T
Parameter  Result < 10t 7 S Hggs boson g =
F0.08 E . E
kz 1.1175 08 il s B
K 1.05+0.08
+0.19 F 1
Kb 1.0578'118 10 .
+0.11 E E
Kt 1.02Z57710 E 1
. 1067518 wbd
> ggr ‘ ‘ —=
K < 1.49 at 95% CL. £ 13 | 3
¢ l ¢4
o 09F 1 L
@ p-value of SM = 72% 08f E
07k . ‘ ‘ -

10 1 10 107

Particle mass [GeV]
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r-framework: additional contributions to Higgs width

Including a Higgs boson branching fraction to invisible

or undetected decays, the Higgs boson width is

expressed as

rH(K/jv Binv, Bundet) =

”zH(”j) [SM

— Binv — Bundet) ne

No BSM contributions to the total width

(Binv = Bundet = 0)'
Both Bj,, and Byndet are added as free parameters to

the model.

o Including H — invisible (36.1 fb~1)

o kryw<landkzy <1

Additional single free parameter

Bgsm =

Binv = Bundet is added to the model.
e Including Off-shell H

> 4¢ and

H o 77" — 2020 (36.1 fb~1)
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r-framework: independent to Higgs width

@ Scale factors expressed as ratios of scale factors that can be measured independent of any
assumptions on the Higgs boson total width

o Most model-independent determination of coupling-strength in the x-framework.

Definition in terms

Parameter .
of k modifiers
ATLAS Preliminary
K Kgkz /K
(24 g Z/ H VS =13 TeV, 24.5-79.8 fot 68% Cl =——t——r
Atg Kt/Kg m, =125.09GeV, iy | <25
>\Zg Rz/ﬁg Kz ——
Awz Kw/kz Ag S
Ayz Ky/Kz A | -
Arz HT/HZ A n
Wz ————
bz Kp/Kz A
vz —
A it harged particl he
o sensitive to new charge articles — -
~Z ged p Aoy P, = 85%
L L

contributing to the H— v~ loop in w.r.t to \ \ s
H — ZZ* decays. 0.8 0.9 1 11 1.2 1.3

@ Aig sensitive to new coloured particles
contributing through the ggF loop as
compared to ttH

@ All compatible with SM, p-value = 85%
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Higgs Self-Coupling
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Higgs Self-coupling

o Single Higgs production does not depend on trilinear-coupling A3 at LO
@ Two types of NLO EW corrections that depend on A3
o one universal O()\3) due to Higgs loops

-—-- H

--@--
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Higgs Self-coupling

@ To study this possible modifications we can introduce a coupling modifier «, defined as
Az = kA3

o Parametrizing the fit with
pf(R2) = pi(ra) x pf(k2)

B, g T T T T
= T 1 @ 1150 —BR,/BR} —BR./BRY E
ORES 41 = [ —BR,/BRY - BR/BR} 1
© )i ] %“; — BRyw-/ BRSM: 1
r 1 1.05F =

0.8 \ js . ]

b  Oggr ! gt y T ) ) ]

08 — Oygr/ Obr B 0.955 B
0.4} — O/ Ot —: 0_9: E

: o/ o3 ] : ]

0-2; ! GEHM *: 0.85? E
G’uu\uuhux\xux\uu\uu\uuhuf O_a’uu\uuhux\uu\uuhux\uu\uu’

-20 -15 -10 -5 0 5 10 15 20 -20 -15 -10 -5 0 5 10 15 20

K

i
o

o Not only global normalization but also differential distribution affected
— exploiting full STXS informations for VH and VBF production modes
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Higgs Self-coupling

= 10 T T T e
~ £ ATLAS Preliminary B
c 9 4 - z T z [hAM AL A ante
- E Vs=13TeV,36.1-79.8fo B S b ATLAS Preliminary 3 S gb ATLAS Preiminary 3
[aV] | | = 15=13TeV,36.1-7981" = 15=13TeV,36.1-79.81"
T 8F m.—125.09 GeV E & 6E Aciov daset 1) E I E
E H . 3 b ma- 12500 Gev 3 b mi-12509GeV 3
E  ---Stat. only 3 —oF —w —Har —HeWW  Hor
TE ot e B Sys. E P E P E
[ — Stat. + Exp. Sys. + Theory Sig. 3 S 3 SE \ P
6E — Total = Stat. + Exp. Sys. + Theory Sig. and Bkg. B A\ e
E | 3 3
5; E * 2B
4: :26 1o - v o
E 1 G5 40 S 5 To el L e R A R
3 E % X
2 : E
1F N\ Y = @ dominant contribution from
)| S . ‘4,/‘\””\‘: o ggF and ttH production mode
-5 0 5 10 15 o v, ZZ and WW decay channels
K

Ky = 40743 = 0'*'3 T (stat.) tllg (exp.) 753 3 (sig. th. )+ o (bkg. th.

@ strong assumption: BSIM only affecting «
@ 95% C.L.: —32 < k) < 11.9 (observed), —6.2 < k) < 14.4 (expected)

o complementary to the limit from ATLAS HH 36.1 fb—! combination:
o —5.0 < kx < 12.1 (observed)
o —5.8 < k) < 12.0 (expected)
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HL-LHC
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HL-LHC

LHC
Run 1 | | Run 2 | Run 3
Ls1 EYETS 14 TeV
1314 7ev FBR energy
splce consolcation injector upgrade
77ev 8TV | THloncolimators P eoimt | HLAHC instation
— R2E project Civil Eng. P1-P5
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Higgs measurement projection to 3000 fb~* and /s = 14 TeV

o Same Run 2 detector performance considered (improved performance of ATLAS will
compensate for higher pileup)
@ Two scenarios for systematic uncertainties:
o S1: same values of current Run 2 analyses
@ unc. on the modeling of the continuum background and MC statistics negligible (also for S2)
@ S2: reduced sys. reflecting the situation expected at the end of the HL-LHC
@ all theory uncertainties for signal and background are halved

@ unc. on integrated luminosity is set to 1%

Only S2 results shown
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o Comparison between exp. 3000 fb— and obs. 80 fb—! measurements

ATLAS Preliminary Total o4 Stat D syst. [ ATLAS Preliminary t—e—total | |sa. Emdsyst | sm
Projection from Run 2 data Vs=13TeV, 245-79.8 fb*
Vs =14 TeV, 3000 fo™* Total  Stat  Syst m, =125.00 GeV, ly, | <25
=76%
9gF @ +0.024 (£ 0.008 + 0.022) Pa =78 Total Stat. Syst.
9gF 104 o0 ( 007, ‘G3)
VBF

+0.042 (£ 0.020 £ 0.036)
VBF 121 T5H( 5. )

WH % +0.077 (£ 0.041% 0.065) w i, wom  som
1
1

130 0% ( oz lozr)

+0.049 (+0.034 £0.035) ZH 105 ‘9% +019

Zom ( x02¢, Ioi7)

0z

+0.053 ( £ 0.019 + 0.050) tH+H 121 1G5 ( sowr, ToR)

1 1 1 1
12 14 16 18 06 08 1 12 14 16 18 2 22 24 26
Cross section norm. to SM value Cross-section normalized to SM value

o Cross-sections dominated by systematic uncertainties (except for ZH)

@ Precision improved by ~ 3-5 times
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o Comparison between exp. 3000 fb—1 and obs.

T T T T T T T T T T T
ATLAS Preliminary Total b4 Stat [ | Syst 3 ATLAS Preliminary +e—total | st Emmsyst | | sm
Projection from Run 2 data Vs=13TeV, 245-79.8 fb*
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BR norm. to SM value

BR normalized to SM value

o Sensitive to branching ratio of rarer process 7~ and /i1 (expected to be observed)
@ Precision improved by ~ 3-7 times
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L L B L B L BRI
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Projection from Run 2 data
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o Uncertainties at the level of ~ 2-4% and systematic limited (except for s, and rz,)
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Conclusion

@ Most recent combined Higgs measurements with the ATLAS detector have been presented
o Input analyses with an integrated luminosity up to 80 fb—1
— stay tuned for the full Run 2/legacy analyses with L= 140 fb~*
o The measurements presented agree well with the SM expectation
@ Also new constraint of the Higgs self coupling using single Higgs production mode have been

presented.
e 95% C.L. —3.2 < k) < 11.9
@ At HL-LHC expected:

o cross-section measurement at 5% accuracy
o observation of Higgs rare decays

Thank you for your attention
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Back-up
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Higgs Self-coupling

POIs Granularity KE wy T N Ky [95% C.L.]
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o Fitting k\-ky-KkF or fitting kKx-Kky = Ky = KF results in nearly no sensitivity to k
Ikl < 20)
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