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I Higgs couplings

* The Standard Model (SM) lagrangian:

Higgs couplings _,l, ; ¢’? (.,U —+ d\ N

to fermions
(see Tristan’s
talk) -
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I Higgs bosonic decay
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* Crucial channels for Higgs discovery Emo
in Run 1, 2140
£120
* Allow accurate measurements of g
the Higgs properties in various %100
regions of the phase space during % %
Run 2; £
g 40
*  Profit from the full Run 2 dataset - T 20

139fb"" of pp collisions at Vs=13 TeV.
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I Higgs production modes

* % of total production cross section (XS) at mH=125.09 GeV and vs=13 TeV in pp collisions:
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* Coupling strengths can be
probed through the
production rate of different
mechanisms.
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Simplified Template Cross Sections

Measurements performed in the bins proposed by the STXS stage 1.2 framework:

- Minimize theoretical uncertainties;

- Maximize experimental sensitivities;
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https://arxiv.org/abs/2003.01700

ATLAS-CONF-2020-026
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https://cds.cern.ch/record/2725727/files/ATLAS-CONF-2020-026.pdf

I H-yy: STXS

* Not enough statistical power to
measure all stage 1.2 bins —»
merging down to 27 (merging
scheme in back-up);

* Analysis optimized to minimize
uncertainties and correlations
among STXS bins;

« ~30% correlation between some
VH bins (mainly due to
misreconstructed leptons);

* First channel performing ttH
measurements in pT, bins;

* Upper limit of 8*SM prediction @
95% CL set on tH production.
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STXS regions;
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http://cdsweb.cern.ch/record/2759651/files/ATLAS-CONF-2021-014.pdf
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I H-ZZ: STXS

* 12 Reduced Stage 1.1 bins: 6 (ggF)
+ 3 (EW qqH) + VH-lep + ttH;

* P-value of the compatibility test
with SM is 77%;

* Additional separate measurement
of an alternative qq2Hqqg-VBF bin
(defined by m, >350 GeV and pT,

<200 GeV):
+0.025
0.060" 050

+0.0007
0.0335 260011

pb obs
pb

SM

20% correlation with gg2H-2j bin
(due to ggF contamination in the
VBF selections).
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I Combination: STXS
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ATLAS-CONF-2020-027

Preliminary combined measurement of
STXS Stage 1.2;

Combination of H-yy, H=bb (VH only),
H—-ZZ*-4l| analyses;

- H-WW not included yet!

Relative uncertainties ranging from
10% to 100% (most limited by
statistics);

Compatibility level with SM: 95%;

They are used as input for the EFT and
K interpretation;

Reparametrization in terms of BR_,

By

o X B)ir = (0 X B); =
( )zf ( )l,ZZ BZZ 12 720


http://cdsweb.cern.ch/record/2725733/files/ATLAS-CONF-2020-027.pdf

K interpretation

Measurements of coupling-strength
modifiers K;

Combination of H-yy, ZZ, WW, 1T, bb,
Uy, invisible;

Using effective photon and gluon
couplings Kk and K_;

Testing with and without BSM
contributions in decays (B, invisible

rate, B undetected rate);

Negative value for k_is excluded at
2.90;

The SM corresponds to B,=B, =0 and
all k set to unity.

ATLAS-CONF-2020-027

ATLAS Preliminary
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0.5 1
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2 2
FH(Ki ’ Kf)
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Lagrangian by adding new operators; 5 E
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* Constrain EFT coefficients = put
limits on BSM theories.
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I EFT results

ATLAS-

CONF-2020-053

ATLAS Preliminary
V5 =13TeV, 139 fb~!

— 68 % CL
------- 95 % CL

my = 125.09 GeV, |yy| < 25 —@— Linear

SMEFT A =1 TeV

~e Linear + quadratic

Cannot constrain all ¢, due to limited sensitivity

to certain processes; C,[JK]; 4G uH10p (x10) i ® -
* “Flat” directions (0 sensitivity) of the likelihood e, e o
are identified via a Principal Component
Analysis (PCA) and set to 0; Clov e rmBHDWaE| —o—'F'
Simult v fit binati ¢ lected 02 0.1 0 0.1 0.2
- Simultaneously fit combinations of c. selecte T
according to expected sensitivity; MYV HBHWB HDUW.uB | T
C[1] ) R N E—
* Using SMEFT linearized model and model Hu el Hef e
|nC|Ud|ng quadratIC tel’mS,' CE'%,UG,UH,tOp —..— .......................
*  Due to the selection of the H—4l analysis, SMEFT 2 15 -1 05 0 05 1 15 2
operators affect the acceptance — taken into Cowpmsoawes | g o
account with the application of a correction o
function; CHG, uG,uH,top T
L
- All measured c, are compatible with 0 (SM Chre e =
prediction). CEI)‘](‘),He (x0.1) T‘_._
‘MSM_l_CZ. -10 -8 -6 -4 -2 0 2 4 6 8 10

<« Linear dependence on SMEFT operators Parameter Value

e 15/ 20
OSTXS = OSM +€'1n/t+O'BSM -

Quadratic dependence


http://cdsweb.cern.ch/record/2743067/files/ATLAS-CONF-2020-053.pdf

ATL-PHYS-PUB-2021-010

H-WW + WW (SM): EFT

— -1
Gpp—>ei|fvv Gpp—>H—>eﬁﬁvv L_36 . 1fb
¢ 05} ATLAS Simulation Prellmlnary A ATLAS Preliminary — 68%CL
5 8-3: \E_13Tev 361fb A I— VE=13TeV, 36101 e 95 % CL
gek | @ i & @ 61 1§ i i & / T SMEFT A =1 TeV e Best Fit
0.1

AL EEEEEEE o
Cll N N N I N N DR P | [ bt CguGuH| B
BRI z‘é‘é‘;"s"*?'j's e E30
o —0-2;_ ; : : : i : : : ; : : : : : ; P Jom=10 . :
I _04F . E —0.04 —0.02 0 002 004

o i . : CHa= 1.0 T T
3 04F 3
=_ E : H : q .0 (1]
= 0'35 5 SN BE BE BE BE BE BE | |1 R oot Chii) ?
g —oz2fl i1 1 H [ LT ELLER B LD L
b -0.2 : | i i 1 -
< -04F - E Clulgt®.1q", 10, Hdl Hu, Ha( Hg®
3 04fF (2 ¢
o 02F Clu,lg® lg", 1o, Hd, Hu, Hg" Hg®
I
X E :
o —0.2F : _ _
S A R R e 2 ! ° ! 2

30 40 50 60 70 80 90 100 120 140 160 180 200 300

P! [GeV] Cw .
05113) I ¢
*  Measurements of ggF and VBF signal strenghts in H-WW +
differential XS of WW production in the 0-jet channel; O 1tk i) g *
. . . CI[I;l]l O ot e | T -
e Parametrization of the WW background in terms of EFT operators; a0, i Fu. et g
30 -20 -10 0 10 20 30

¢ Consider impact of 20 EFT operators —» PCA reduction =
simultaneous fit on 8 combinations;

Parameter Value

Including other areas (e.g. SM
electroweak, top quark) in

the combination = constrain

more EFT parameters. 16720

- 0O,,and O, ® operators influence the Higgs decay kinematics leading

to acceptance effects in ggF region — taken into account with a
correction factor;

* First step towards a global EFT fit!



http://cdsweb.cern.ch/record/2758785/files/ATL-PHYS-PUB-2021-010.pdf

I Higgs self-

Constrain Higgs boson trilinear coupling
modifier k, using non-resonant di-Higgs (HH)

production;

« Divide events in m

yybb

<350 GeVand m_. . > 350

yybb

GeV to improve sensitivity to K, variations;

* Use BDTs to reject backgrounds (non-resonant

Yy, single H);

- Fitm_ using analytic models for signal and

background;

* Upper limit of 4.1*SM prediction @ 95% CL set

on HH production;

« Limitonk, is[-1.5,6.7] @ 95% CL;

Ki—AHHH]&HHH

ATLAS-CONF-2021-016

coupling in HH—>yybb

oggr+ver (HH) [fo]
= S
N )]

—

o
W
T

b

o
N
T

. HH—bbyy

—_— Observed I|m|t (95/ CL)

ATLAS Prellmlnary
Expected limit (95% CL)

V5=13TeV, 139 fo~!

Expected limit +1c
[ Expected limit £20
BN Theory prediction
7,’? SM prediction

Observed: k) € [-1.5,6.7]
Expected: k) € [-2.4,7.7]

10! ' , : ' - : ; : :
-0 -8 6 4 -2 0 2 4 6 8 10
K

0_25 IIIIIII llIIIIlIlIlIlll]lllllllll]lllllllll]l\l

ATLAS Simulation Preliminary
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HH—bbyy ggF ]
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http://cdsweb.cern.ch/record/2759683/files/ATLAS-CONF-2021-016.pdf

> weights/ GeV

ZW—Bkg

and H-Z(-ll)y

First evidence for the decay of the
Higgs boson into a pair of leptons (ee
or yu) and a photon: 3.20 (H-y*y);

Experimental challenge:
low m, — leptons are collimated;

pu=1.5=+£0.5
T ]
r -- Bkg ]
05| - Bkg+H—vyy N

— Bkg+H—vyy + Sig (u=1.5)
201
15

10¢
- ATLAS ]
5L Vs=13TeV, 1390 o
- In(1+ S/ By,) weighted sum 1

. |+ ! + ! | L | L Lo el g
110115120125 130135 140 145 150 155 160
m”Y[GeV]

N oD B~
RES o NAARRRRERN

Rare decays: H-y*(=ll)y

arXiv:2103.10322 a
Phys. Lett. B 809 (2020) 135754

'z
g-%—
*  Upper limit @95%CL set on pp—=>H-Zy
XS times BR: 3.6*SM prediction;

* Corresponding to a 2.20 significance;

p=2.0%5g

e
e
D

) LU NS 1 S S B A B B
E ATLAS .
=~ 80 Vs =13 TeV, 139 fb™! -
[2) All categories 7
S 70 IN(1+S44/Bgg) Weighted sum ]
2 -
[ 60 -

40
2
m
3_5
2 18 /20
115 120 125 130 135 140 145
m,, [GeV]


https://arxiv.org/pdf/2103.10322.pdf
https://www.sciencedirect.com/science/article/pii/S0370269320305578?via=ihub

Phys. Rev. Lett. 125 (2020) 061802

Higgs CP properties

= 2 e A LS R R R =

. [ —T + Best fit XsM ]

m 3 150 .26 E

t _ « e F w3 S e .
L=-—A{yxK [COS(awa)ys]wr}H Lo T
voA v o5t/ .

Top Yukawa coupling CP-mixing angle oF- E

* Higgs CP tested with ttH/tH productions and

- ATLAS

CP-odd component
=
— (&)}
TTT | L |
|

_2_I.|..I....I..|.I....I....I....I....I“
* Pure CP-odd excluded at 3.90 and |a|>43° T PO
CP-even component t
excluded at 95% CL.
B\
1 ) o KAge/KHge = 0.0 £ 0.4(stat.) + 0.3(syst.)
]00p_ R /,,,,\\, - A~d, e S LA L L B BN BN
Ly = 2 (KHgggHgg GﬁvGa "y +\\§Ag§gﬂggGﬁvGa ,uv) H - sf_"v\‘:;gsT:\r/?lgg.qaf% SEpeund
— ~ f L,:,V ;ﬁ%lév* - evuv — Observed
* CP structure of (effective) coupling to gluons °F :
tested with H-WW events in the ggF+2jets ) 1%
3F
channel; i
- 1 1o

* Polarisation of the HVV couplings tested in the '
VBF channel (results consistent with the SM).

ATLAS-CONF-2020-055 L=36.1ifb


https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.125.061802
https://cds.cern.ch/record/2743624/files/ATLAS-CONF-2020-055.pdf

I Conclusions

Many interesting results produced by ATLAS using Run 2 data;

Higgs properties studied using key (in particular bosonic) decay
channels;

All measurements are in good agreement with the SM;

Interpretation through the most advanced frameworks — no hint of
new physics observed,;

Outlook:
- Expect more results with full Run 2 data;
- Combination ATLAS+CMS;

- Improvements of analysis methods;

- Expect improvement from the larger datasets of Run 3 (x2) and
especially HL-LHC (x20).
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I H-ZZ: neural network

Eur. Phys. J. C 80 (2020) 957

* Neural Neworks (NNs) consists of two recurrent networks (one related to the 4 leptons
and one related to jets) in combination with a multilayer perceptron (containing info
related to full event);

* Inputvariables per category:

Category Processes MLP Lepton RNN Jet RNN Discriminant
0j-py’-Low weF, Z7° Py Dzz-, myz, ma, o NN
1 s I goF
0j-p3-Med lcos 0*|, cos @1, dzz T
A NNygr for NNz < 0.25
1j-p3f-Low ggF, VBF, ZZ* Pr P pLne VBF 7z
AR4{’j, Dz NNZZ for NNZZ > (.25
S phn;, EmS, NNypr for NNzz < 0.25
1j-p¥-Med ggF, VBF, 2Z* pr's P Py Y VBF zz
ARyrjy Dzz+, n4p NN for NN, > 0.25
4c
. . Py’ Py s
1j-p3‘-High geF, VBF T ! ph e NNvgr
ET™, ARuagj, mag
i .. . NNVBF for NNVH < 0.2
2j ggF, VBF, VH mjj, py P5 e P 11,
NNVH for NNVH > 0.2
2j-BSM-like ggF, VBF 2P el Pl e Ph NNver
[ YA
VH-Lep-enriched VH, it H Jets lb Jots,70% P NN, g
E'l:'r['llss’ HT
¥my, : NNz for NN;xx < 0.4
itH-Had-enriched ggF, 1tH, XX Pr> i pi;, Ne P 1 o X

ARup;, Npjets,70%:

NN;XX for NN;XX > 04

22 /20


https://link.springer.com/content/pdf/10.1140/epjc/s10052-020-8227-9.pdf

I H-vyy: categorization

IDEA: Targets the full STXS granularity
simultaneously. Optimized for the determinant
of the covariance matrix of the results, it takes
into accounts both errors and correlations of
the fit.

* PROCEDURE:

— Train a multiclass BDT over 44 STXS truth
bins (signal only) with high level and top-
reco variables:

- D-optimality: weight the multiclass outputs
and classify events in 44 reco classes;

- Ineach reco class, train a binary BDT (signal
vs backgrounds) with high level and top-
reco variables;

- Build 88 categories with significance scans
over BDT outputs

FEATURES

il

gt
-

ATLAS-CONF-2020-026

multiclass

= BDT

s-only

000

tt
lil+

D-optimality

(5 ggF_1) PTHO 60

i

| binary BDT binary BDT binary BDT
i ggF_0 ggF_1H_PTHO_60 ttH
vs all vs all vs all
(5 +0.613 é)
quan]ti\zlzer 0O ggF 1) PTHO 60 1
0 5 -

23720


https://cds.cern.ch/record/2725727/files/ATLAS-CONF-2020-026.pdf

ATLAS-CONF-2020-026

H-yy: STXS merging

* Not enough statistical power to fit all 44 - merge down to 27 bins.

Stage 1.2 Stage 1.2 _ = VBF+V{=gq)H
= EOE
| 1
o] [

[ my; 0,350] |
1 T ]

ar

Fr

|

|m“ | A5, ] |
| P [0, 200] |

i i1
]

1]

gy

]
i )| Merged together
. 0 "..-I’”
PriiFy
HI

Stage 1.2 VH = Vi{—+ leptons)H

- Stage 1.2
ot

Pl [200, ac]

| |
1] = -
[EEE T | |
2 T — [
= I — i — I bbH tH
e | [ I /4
250 I g [
1 [] N [
HID -.--;-.:----;.t-'i' ------------ :; ----- :E -------
% ATE5) — Merged to gg - H
Del  1-jot = 2t Oet  1-jgt = 2-jel D-al  14at = 2jet
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https://cds.cern.ch/record/2725727/files/ATLAS-CONF-2020-026.pdf

ATLAS-CONF-2020-055 L=36.1ifb

Polarisation-dependent couplings in VBFH(-»WW)

(K,=1, €,=0);

| T T T =TT T 1] T T T T L T T

2 | éﬁigi I\D/reéignirlwfabrx = = ATLAS Prgliminérx ]

< s=13 TeV, 36. 1 < Vs=13 TeV, 36.1 fo"'

¢ In the SM, HVV i H— WW*—evuv 5« I—f—>W|(/9V*—>ev,uv3

- - gépecte% ] - — Expected E

. E —_ Serve 1 - C ]
couplings are e e e e\ | Opseed 1

INnsensitive to : : - E
polarisations e NN ERE AN N A Em

£ ' L] E. AN I R
1.5 2 02 04 06 08 1 1

[ 8VV |

* Exploiting both 5 ST AR Py T S o Observed q
. £ - {s=13TeV, 36.1 ft' 4 %\nggl unc. > >
production and decay = § o rowwroem :

— " I goF
¢ VBESR 72 - Il Other Higgs v 1% v
TR W +jets =
. g I Z + jets
- [ Diboson v 74

y A

and assuming CP-even
Higgs,;

* Usingrate and shape | | o

. . [ N N A _ +0.10 +0.09
information from the WW ///WW vy = 090 sSa 06
A, distribution. Ol levy = 0137070 (stat.) g0 (sysE)
AD;
2m? m2 (e
L :@( L HWW T + TZHZFZ‘“) —\‘%D (2HW,, W + HZ,, 7" + HA, A
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https://cds.cern.ch/record/2743624/files/ATLAS-CONF-2020-055.pdf

ATLAS-CONF-2020-027
I Combination: prod. mode and BR

S N N N R * Measurements of cross section
éz—';,oﬁg/izes'frggnfgfy —— Total Stat. == Syst. 1" SM . . .
= 125,09 GeV, Iy | <25 times branching ratio per decay
Py =87% Total Stat. Syst. )
g 8 (08 som( som, 0%) channel and per production mode
FZZ ! 0.11 $0. +0. . . .
o i s Bl (also combined) normalized to their
ggF ww |T| 1.08 gia( +o11, +015)
| 9oFm M= 12 TR NS, T8E) SM prediction;
ggF comb. Il 1.00 +007( +005, +005)
VBF vy e 131 158 ( 05, 0%) _
VBF 2Z et 126 =y 8, i) * The cross sections of the ggF(H—-
VBF WW  rve=H 0.60 0% ( 0%, :o21) -
VBF 1@ i 45 | 0k, 00 bb), VH(H - WW#*) and VH(H-TT)
DAL I ————— — 1 808 Nl e, Tom) : :
VBF comb. e 115 R hon, E) processes are fixed to their SM
VH vy 132 205 ( 038, Tooe) . e .
VH ZZ '_r_-;—' 153 %0 8. I pI’EdICtIOnS,
VH bb ] 102 o0l =om, 205k}
| VHcomb. T g e o, ) e C tibility | | with SM: 87%:
tHetH 020 2| 18, NE) ompatibiity level wi Lo/,
ttHatH VV e 172 X( 208, )
tiH+tH v —— 120 5 ( 0%, 108)
| ftHetH bb v 078 Tam( som, Tog)
ttH+tH comb. e 110 155 ( 9%, 165)
| | | I | | | | | | | | | | | I | | | | |

—2 0 2 4 6 8
o X B normalized to SM 26 /20


http://cdsweb.cern.ch/record/2725733/files/ATLAS-CONF-2020-027.pdf

ATLAS-CONF-2020-053

EFT: choice of measured parameters

« It's not possible to fit/constrain all the ¢, » must find the optimal set through a Principal Component Analysis;

« (., isthe SM expected covariance matrix of the measurement; P is the linearised parametrisation matrix;
- (', represents (Gaussian approx.) the Fisher information matrix of its SMEFT re-parametrisation;

« Eigenvalue decomposition of C'__ — eigenvectors corresponding to the most sensitive directions.

# X\ ATLAS Preliminary /s=13TeV, 139 fb!

1
1 299310 -0.70 -0.23 0.39 -0.04 -0.02 ﬁ 0.02 -0.02

0.8
2 121830 047 -0.15 0.26 -0.03 -0.83 -0.03 |
3 1960 . 0.10 0.03 -0.03 0.09 -0.05 -0.02 0.02 CE ];pr l | T _P CSf I 1 )( S _P 0.6
4 38 -0.11 0.09 0.15 0.02 -0.26.-0.41 -0.02 -0.02 -0.06 0.04 0.0 0.03 0.4
5 19 0.10 -0.19 0.06 0.03 -0.02 -0.07 0.09 -0.13 0.10 0.02 -0.69 0.17 0.03 0.03 022 0.05 ﬂ 0.15 -0.08 0.03 0.02 0.23 0.07 0.06 0.0
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9 03 -0.02 -041 0.09 -0.70 -0.02 -0.01 -0.12 0.01 -0.03 -0.36 0.16 -0.37 0.10 -0.05 0.03 0.06 0.06 -0.11 -0.01 —0.4
10 0.16 0.09 -0.09 0.09 -0.04 -0.01 -0.04 0.10 031 029 -058 -0.26 -0.12 -0.07 0.02 -0.04 0.08 0.27 -0.52 -0.02 0.01 —0.6
11 0.036 0.03 0.03 007 -0.01 0.04 0.19 -0.04 0.03 0.09 -0.06 -0.18 -0.07 0.01 -0.16 0.22 -0.01 0.01 -0.01 -0.10 -0.09 -0.02.-0.01 -0.02 -0.56 0.09 -0.02 0.8
12 0.023 -0.01 0.37 -0.01 -0.01 -0.03 -0.02 0.03 0.05 0.03 0.01 -0.05 0.03 -0.91 0.08 0.02 -0.02 0.03  0.09
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Phys. Rev. Lett. 125 (2020) 061802

CP structure of tH/ttH(~yy)

= 2 REsasE
3
= - __1 est fi .
L= ——{Wct[cos( Wa))@]wt}H G150 ... o +8 ”t Xsu 3
(% /" - o ]
.. 1= o 3(5“ ------------ =
Top Yukawa coupling CP-mixing angle F .
0.5 =]
* The SM predicts a CP-even (a=0) O E
Higgs boson; R T E
D =
* ttH and tH productions are sensitive 1.5E (5= 13 Tev, 139 6" 3
to deviations from SM couplings; T T T I By
K,cos(x)
* Background rejection and CP- @ e ———————
. . & 03[® =
odd(even) separation using two o F ATLAS ]
. “20-25 3 s =13TeV, 139" E
BDT& %02? e Data —
. 30_155_ —— SM ttH + tH i E
» K, and K, constrained by the results iEe B L A B E
obtained in the combination; :

0 010203040506070809 1
* Pure CP-odd excluded at 3.90 and Hadronic Bkg. Rej. Discriminant

|a|>43° excluded at 95% CL. 28720


https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.125.061802

I EFT: H-4l

* H—>ZZ-4l analysis has
reconstruction level

selectionon m., and m,,

to target the signal;

* Large impact on EFT
signal acceptance and
on ¢ limit;

» 3D (CHW' HB ' CHWB)
Lorentz function used to
model a correction

factor;

-2In())

9

Q]

2 ok — SM -
E0.35F H222"o4l ol E
- - Vs =13 TeV o oM-0.8 :
S 03LeeH e - Gy=08 E
& - " Cyw=3.0 ]
o F.

'© 0.250= E
E L

2 02f! E

Eur. Phys. J. C 80 (2020) 957

acceptance effect
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https://link.springer.com/content/pdf/10.1140/epjc/s10052-020-8227-9.pdf
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