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Introduction
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Introduction

® Higgs boson (H) main production in proton-proton collisions: =126 GeV/c?
» Predominant production gluon-gluon fusion (87%) and VBF (6.8) 0 H
_ 0
» W, Z associated production (4%) and ttH (<I%) _
Higgs
boson

ggk VBF WH,ZH ttH
~ N
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Introduction

o T T T e Standard Model Production Cross Section Measurements Status: July 2017
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® Experimentally challenging final states

» In association with additional jets, same final state of many other processes

» forward jets with large rapidity gap, small rates
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Run | Discovery

® Run-| featured in primis the discovery in July 2012

» First properties measurements

» Programme largely limited by statistical accuracy.

» Where do we stand with our understanding of the Higgs 10 years later ?
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Run | Legacy

® Run-| featured in primis the discovery

» First properties measurements ATLAS and CMS T~ATHAS = OMS
» Programme largely limited by statistical accuracy. LHC Run 1 - ATLAS+CMS
« _
. | = =
® Properties: B :
o o . K — —
» ATLAS precision in my of 0.33%: W = =
» Couplings measured to 10% to 25% precision K ———
s i
» H—inv. constrained to < 30% B ;
° h(T| —
. . 3 . . _+_
» First studies of JPC = 0, (indirect) width I'y< 14.4 MeV i :
(15.2 MeV) iy S
h<g| _-.-_i
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4:— ------------------------------------------------------------------------- —:20
3;_ _; Channel Mass measurement [GeV]
2F — H — yy 125.98 + 0.42 (stat) + 0.28 (syst) = 125.98 + 0.50
e N N N T H—ZZ*—4¢ | 124.51 £0.52(stat) + 0.06 (syst) = 124.51 £ 0.52
0: | | | | N1 | lf Combined 125.36 + 0.37 (stat) + 0.18 (syst) = 125.36 £ 0.41
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Overview
® ATLAS collected 139 fb-!in Run 2 1

: . - = [V
» Sufficient statistics for precision-level measurements. L = 1 /u/F

» Path open to exploration of SM Lagrangian in the Eelectro-Weak symmetry A lsz

breaking sector. T
Hdp)—
» Probe to couplings to bosons and fermions T l_):“({) Db @)
+VW YOV p + h.c.

» Understand structure of its potential.
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Overview

® ATLAS collected 139 fb-! in Run 2

>

4

: . - = [V
Sufficient statistics for precision-level measurements. L = 4F,uI/F

Path open to exploration of SM Lagrangian in the Eelectro-Weak symmetry + W lsz

D))

[YOU R+ h.c.

breaking sector.

Probe to couplings to bosons and fermions

Understand structure of its potential. T

® |n ten years from the discovery in July 2012:

©

1.Understanding of the H potential structure, through the measurement of its mass.

2.Advances in probes of Yukawa couplings to second and first generation fermions.
3.Production mode cross sections.

4 .Differential cross sections.
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2. Mass measurement




Introduction Mass measurement

® |mportance of my and [Hin several aspects of our understanding of fundamental physics.

Power law expansion of the potential [ — — iF,ul/F'UV
1 2
V(h) = =Ah* + Mh® + W2h? +il Dy

1 + D, DFO —(V(D)

» Understanding the perturbative expansion of its TR
potential (Av2h2). + VU YOUp + h.c.

» Higgs couplings defined by the value of mn:
» Input to precision global fit of the Standard Model.
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG?redirectedfrom=LHCPhysics.LHCHXSWG
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG?redirectedfrom=LHCPhysics.LHCHXSWG
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG?redirectedfrom=LHCPhysics.LHCHXSWG
http://project-gfitter.web.cern.ch/p

Run | status

® ATLAS run | precision on my of 0.33%

» combined measurement from H—yy and H— ZZ*—48.

Channel Mass measurement [GeV]
H — yy 125.98 + 0.42 (stat) = 0.28 (syst) = 125.98 + 0.50
H— 77— 4¢ | 124.51 £ 0.52 (stat) + 0.06 (syst) = 124.51 £ 0.52
Combined 125.36 + 0.37 (stat) = 0.18 (syst) = 125.36 + 0.41
» Both channels dominated by statistical uncertainty o T T T T T ' :
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Ingredients for precision Mass measurement

® In the H— ZZ— 448 the signal is a narrow resonant peak above a background continuum.

¢ = electron or muon » 42 final state forms 4u, 4e, 2u2e, and 2e2u
channels.
% :IIII|IIII|IIII|IIIIIIIIIIIIIIII|||||||||||||||||II:
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(I)  Statistical precision precision depends upon:

» resolution of the reconstructed final state and number of signal events.

(I)  Systematic uncertainty from understanding of detector performance.

Addressing these from both improving the detector performance and novel data analysis techniques.

? Brookhaven GB arXiv:2207.00320
National Laboratory . barone 12 JU|Y'22



https://arxiv.org/abs/2207.00320

Energy resolution Mass measurement

® Resolution in electron and muon reconstruction crucial for my uncertainty.

® Ve used well known processes to calibrate the detector response.
» Resonant process of J/¢, Y and Z,

» for modelling of calorimeters deposits, alignment precision, etc.
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Second order effects Mass measurement

® High precision mandates for studying second order effects:

» charge-dependent bias because of detector movements.

» We created an innovative ad-hoc correction based on Z—uyu, recovering
up to 5% in precision.

» Allows for per-mille level understating of detector’s systematic uncertainties.

+ Biased positive and negative tracks Detector layer movements biasing the
-+ Corrected positive and negative tracks measurement of the bending of the
particle
92.2 — . . . .
% ATLAS PreI|m|n1ary 4 () < u(-) Uncorr.
O, 9213 TeV, 33.3 fb’ + u(s) # u(+) Uncorr
E% 91.8—0.8 rad < o("***) <1.6 rad K+ Hi+) L ncort.
91.6— Z—up — MC Syst. uncert.
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Higher level improvements Mass measurement

® Three-prong approach to reduce uncertainty at analysis level: arXiv:2207.00320

(i) constraint to mz with kinematic fit and second order detector effects.
(i)  machine-learning discriminant selecting signal and background events
(iii) Per-event resolution likelihood.

+ Machine Learning to target each event’s unique characteristics

o 100 TTTT | TTTT | TTTT | TTTT | TTTT TTTT |‘I 1T | TTTT | TTTT | UL II_ % : I I I I | I I I I | I I I I |‘ I I I I | I I I I :
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%) - Vs =13TeV, 139 b XX, VWV . S C Is=13TeV, 139 fb” XX, VWV .
S 80 115<m, <130 Gev ——— — — BOF15<ma <,//130 GeV B Zjets, —
Lﬁ : 2 Uncertainty : ..g - 777, Uncertainty 7
- : S 50~  %e 3
60— — L|>J B % .
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Neural network output of the event’s resolution ML output for and background
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https://arxiv.org/abs/1806.00242
https://arxiv.org/abs/2207.00320

Mass measurement

Higher level improvements

® Output used in multidimensional fit, improving with respect to average detector response.

» Fit dimensions: m4y X DNN X O;

» Tailored resolution to each event’s characteristics.

» One-sided p-value for compatibility between the observed and expected total uncertainties is 0.28.
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MC-based per-event pseudo experiments.
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https://arxiv.org/abs/1806.00242
https://arxiv.org/abs/2207.00320

H—77—40 results Mass measurement

® Simultaneous fit for all channels over the multidimensional model

» Channel compatibility within a p-value of 0.8

2 — —— Combine —

AR Y77 - I — ke :

Al - . o ]

® Systematic uncertainty of 40 MeV " 1.6 H—2z" -4 - :
1 4—_@ =13 TeV, 139 fo’! 4e E

® Result: s ]
1.2 7

Systematic Uncertainty | Contribution [MeV] ()_8f— —f
Muon momentum scale +28 0.6; —f
Electron energy scale +19 0 4:_ :
Signal-process theory +14 T ]
WL

O: ] ] | ] ] ] ] | ] ] ] / | ] ] ] :

124 1245 125 1255
m,, [GeV]

» 26% improved (total) precision with respect to Run | Combination.

( mpg = 124.99 + 0.18(stat.) + 0.04(syst.) GeV )

arXiv:2207.00320
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https://arxiv.org/abs/2207.00320

Mass measurement

H—77—48 results

® Combination with H—+/77—4€ Run-| measurement.

» New pr calibration techniques — uncorrelated pt([1) systematics between Runl and Run2

® Total uncertainty of 0.14%

® Systematic uncertainty of 0.02%

» 88% improvement w.r.t my#—%4ZRunl

» Momentum scale uncertainties reduced by a factor 2.

» 33% improved precision w.r.t previous mpATLASRunl+2

» Most precise measurement by ATLAS, so far.

ATLAS

H— ZZ* — 4]
Vs=13TeV, 139 fb™

—e— Total
Stat. Only

[ Sys. Only

4e | - 124.51+0.73 (= 0.73 Stat-;
} 2u2e 1 125.33 + 0.50 (= 0.49 Stat-;
i 2e2u —e— 125.01+ 0.29 (+0.29 Stat-;
i 4u —e— 124.93 = 0.29 (+ 0.28 Stat;
i Combined —e—| 124.99 + 0.19 (+0.18 Stat-;
Cmniez 124.94 = 018 (+0.17 Stat)
m,, [GeV]

Measured my for all channels and combined.

mpy = 124.94 + 0.17(stat.) = 0.03(syst.) GeV
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3.Elusive Yukawa couplings: light leptons




Second generation fermions Light leptons
Fermions acquire mass through Yukawa interactions with the 1 w
Higgs field. L= — 4 vk

+ W Dy

» Remains an elusive sector not probed by EWK precision tests.

_ T phep —
» LHC successfully probed couplings to third generation fermions (ttH, H—1t7) T l_)/i(? D V((D)
—l—@LY@\IfR + h.a

Next milestone, probe couplings to second and first generation fermions.

» H—uu and ee offer unique insight. 2 10°E Vs=13TeV, 139.0 1" zza -
. ] - I Diboson B
» Fully reconstructed final states with low hadronic 108§ B Top =
activity. 107 e — H=un x100
= S % Syst. uncert. 3
» Very rare processes: B 7
+ B(H—pu) ~ (2.17 £ 0.04)x10-4 =
+ Large backgrounds from Drell-Yann production =
L UM, ee

S

o

o

3 "
8 0'9_|I||||I||||I||||I||||I||||I||||I||||I||||_
80 90 100 110 120 130 140 150 160

Brookhaven m,,. [GeV]
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Light leptons

Second generation fermions

® Mutually exclusive categories

ATLAS, /5 = 13 TeV, 139 fo!, Hooup

» Targeting the various Higgs production modes, to increase s/b. SVE
o e . . . . S/B
» H—pu, further splitting according process-specific multivariate B (x10°)
boosted decision tree.
5
S ttH
o
g VH
(_‘; VBF
5 99F
w
S
> L AL L L B AL B L B L B
() 14 N ATLAS Slmulatlon —¢- Template ] 8 Zy*
S F\, ¢ Vs =13 TeV, 139 fb” — Bkg. pof - 5 Diboson
ﬁ 12 H — wu, VBF High --- Core function —] S Top
2 - v2n.d.f. =097 (p=51%) — Signal pdf = =
S 10— —
> - . 00 5 c255E2505E255E2333E
Hoo8 = STt ELES FES FEE D
- ] SE-0582088278328 T
6F E 5 233 37 3¢
— - > I\ - S
_ ] nalysis Categories
2
0 ® Empirical background modelling in both analyses.
@)
)
= , - D 9 : .
: F(myy) = Rigid core(myy) X Flexible Empirical(myy)
= » Per-mille precision reached
S
X
@
S
=
110 115 120 125 130 135 140 145 150 155 160
m,, [GeV]
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Results Light leptons

® B(H—ee) < 3.6 x 104 at 95%CL.
» Expected limit at 3.5 x 104

» Improvement of a factor of 5 w.r.t previous.

® [/ —uu: observed significance 2.0c, u = 1.2 = 0.5.

» Expected 1.7c.
» O(H—puu) /oSM(H—uu) < 2.2 at 95%CL.

» Improvement of a factor 2.5, with 25% from the methods used.

| T T T T | T T T | T T T T | T T T T T T T T | T T T T T T T T T T TT T T T T T T TT | T T T T T T TT
ATLAS (s=13TeV, 139 b’ H = up ATLAS —_ Observeéj
-1 === Expected = 1o
Fe4 Total Stat. [ Syst. | SM Total Stat. Syst. \E =13 TeV, 36-139 fb Exgected + 20
VH and ttH categories I —e— ] 5.0 £35 ( £33, £1.1) * SM
ee i
ggF 0-jet categories —&— -04 +16 ( £1.5, £0.3)
ggF 1-jet categories | 24 +12 ( £1.2, £0.3) Ut *: I
ggF 2-jet categories —@— 06 +1.2 (+1.2, £0.3) eu 'I
VBF categories e 1.8 £1.0 ( £1.0, £0.2) et H I
. 0.2
ICombmed | | He | 1i2 +06 ( i|0.6, o1 | w | :
I I : : l I I I I I I I I : I I I I : I I I I : 1 1 1 11111 | 1 1 1 11111 | 1 1 -I 111 11
- ® X ° " Si n1a5I stren %r? 10° 10~ 107 ! 1
g g 95% CL upper limit on B(H — 117} in %
¢ Brookhaven GB
National Laboratory - barone 22
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4. Production mode measurements
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Global combination Production mode

® ATLAS full Run-2 combination Nature 607, 52-59 (2022)

» Combined sensitivity of all channels to increase the precision of the Higgs productions.

Decay mode Targeted production processes £ [fb™!]
H — vy goF, VBF, WH, ZH,1tH,tH 139
a b Cc H— 77 goF, VBF, WH + ZH,ttH +tH 139
q W/7 ttH + tH (multilepton)  36.1
H—-WW ggF, VBF 139

WH,ZH  36.1
ttH + tH (multilepton)  36.1

H— Zvy inclusive 139

H — bb WH,ZH 139

VBF 126

ttH+tH 139

d e inclusive 139

t/b H— 11 goF, VBF, WH + ZH,ttH +tH 139
ttH + tH (multilepton)  36.1

H — uu ggF+1tH+tH,VBF+ WH+ZH 139

b H — cc WH+Z7ZH 139

H — invisible VBF 139

ZH 139
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Production mode measurements Production modes

Nature 607, 52-59 (2022)

I T T T T T T | T I
ATLAS - Total
(s=13TeV, 36.1 - 139 fb” — o
p =72%
o - T St opst
goF+bbH yy I- .04 “0i0 (oo s oo )
9gF+bbH ZZ m 095 015 (0d0 Too0s )
GgF+bbH W }: 114 013 (00 0w
ggF+bbH 77 i 0.90 5% ('3l . To%)
ggF+bbH+ttH 1 —==— 0.54 iSjSZ ( tg:g; ; ig:}g )
VBF y7y == 136 "0% (195, 1%
VBF 27 = 133 '35 (33, fou)
VBF WW e 113 1508 (e )
VBF 77 e 1.00 9% (83, o1
VBF+ggF+bbH bb ke 098 ‘5% (0% . 0
VBF+VH up ——e=—— 231 % (115, 0%
WH yy —s— 153 '020 (0% . ‘oos)
ZH yy e 022 0% (Tom . Toi)
® |n the first Run-2 data observed all SM VH 22 e 150 L (ha, 02
. WH Www —=—— 226 15 (Toe . Tow)
production modes at the LHC. 2H ww = C28 % (9, o)
VH t7 F-EIEH 100 *0% (0% . 0%)
] o . . WH bb == 106 +0.28 +0.19 , :LO.ZO
» With current precision uncertainties from 20% to 24 b oL oo 0% §+8213 +8:1§;
o . . | : -0.23 -017 > -0.15
/% on production cross section. ttH 7y e 090 0% (0% T6%)
ttH+tH ZZ ——— 168 190 (%, o)
» Sufficient for more in-depth investigations into the tH4tH WW — 164 Zosr (Cos o o)
couplings ttH+tH 7 F=— 1.37 108 (roge o)
{tH+tH bb = | 035 8% (73R, 9%
[ R T A TN TR NN NN TR SN SN N S A T SN SN S SN NN T S S S S S T S S S
4 i) 0 > 4 6 8 10 12
T | T T T | T T T | T | T | T T T | T T T | T T T | T T T | T T T | T T T |
tH yy | 126 33 (Tss . Tos)
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
2> 0 5 4 6 8 10 12 14
o X B normalized to SM
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Simplified Template Cross Sections Production modes

pi < 200 GeV

= 0jets

® Measure mutually exclusive phase-spaces

» In terms of kinematics of the Higgs or associated
objects in productions.

» Sensitivity to deviations from SM.

» Avoidance of large modelling uncertainties.

=1jet

Approximate experimental sensitivity.

> 2jets

mj; < 350 GeV

v

® Advantage of complementary sensitivity in
production from different final states:

» m > 450 GeV from H—WW”

k? Brookhaven

National Laboratory
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Simplified Template Cross Sections Production modes

® Measure mutually exclusive phase-spaces

» In terms of kinematics of the Higgs or associated

objects in productions.
_ » Sensitivity to deviations from SM.
» Avoidance of large modelling uncertainties.
> 2 jets
» Approximate experimental sensitivity.
s > 350 GeV ® Advantage of complementary sensitivity in
— production from different final states:
» m > 450 GeV from H—WW”
pif <200 GeV
» High prffrom H—bb
¢ Brookhaven
k' National Laboratory G. Barone 27 July-22



Simplified Template Cross Sections Production modes

® Measure mutually exclusive phase-spaces

» In terms of kinematics of the Higgs or associated
objects in productions.

V(lep)H . -
CEe) » Sensitivity to deviations from SM.
» Avoidance of large modelling uncertainties.
Hiv, pi¥ < 75GeV
» Approximate experimental sensitivity.
Htv, 75 < p¥ < 150 GeV
qq — Hlv

Hlv, 150 < pY' < 250 GeV

Htv, pl¥' > 250 GeV

® Advantage of complementary sensitivity in
production from different final states:

Hl, pZ < 150 GeV

pp — HIUL » m;; > 450 GeV from H—WW~*

Het, 150 < p4 < 250 GeV

» High prffrom H—0b

Hl, p% > 250 GeV
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Simplified Template Cross Sections Production modes

® Measure mutually exclusive phase-spaces

» In terms of kinematics of the Higgs or associated
objects in productions.

» Sensitivity to deviations from SM.
» Avoidance of large modelling uncertainties.

» Approximate experimental sensitivity.

® Advantage of complementary sensitivity in
production from different final states:

» m > 450 GeV from H—WW”

» High prffrom H—bb

k? Brookhaven G.B
National Laboratory - barone 29 July-22



Measurement strategy Production modes

® Strategy in measuring the cross section in these exclusive categories
» Discussing here the example of the H—ZZ*

® Cut-based reconstruction-level categories,

» maximising purity and minimising extrapolation to true phase-spaces.
Reconstructed event categories

%i_i\al Region
Production Particle-level STXS Reduced ATLAS Vs =13 TeV, 139 fb
Mode Production Bins St 1.1 p4 <10 GeV
age 1. 0j-p,*-Low N_=0
jet
p,'<10 GeV 7 10 < p,* <100 GeV
- O-jet 992H-0j-p,"-Low 0j-p;*-Medium :
p;7>10 GeV T 4l
_0j-p_H- p.*' <60 GeV
992H-0j-p,"-High 1j-pT4'-LOW T
P, <60 GeV 7
> gg2H-1j-p,"-Low ) i 60 < p," <120 GeV
1j-p,*-Medium
p; <200 GeV |= 1-jet 60 < p," <120 GeV 7
ggF ) > 9g2H-1j-p;"-Med " 120<p <200 GeV[ pn -1
1 [~ _Hi jet —
i p,H>120 GeV : : 1/p,"-High :
| 992H-1j-p;"-High
i = 2-jets :
T " 9922 4> 200 GeV
1 | p,#>200 Gev 1j-p.4-BSM-lik I
DHL ~ gg2H-p,High fpr-BSM-like
1 4
;: 60 < m, < 120 GeV y m, <120 GeV or p;* <200 GeV
o 60 GeV or 120 350 GeV qq2Haq-VH / N 22
! m.< ev or <m.< e
EE P T or m, > 350 GeV, p," < 200 GeV : : m,> 120 GeV, p" > 200 Gev
Iy : qq2Hqq-VBF 2j-BSM-like
181 [m,>350 GeV, py> 200 Gev ‘
P » qq2Hqqg-BSM
g
VH I 4
. i N, =0, p;*>100 GeV
Leptonic V decay . VH-Lep 0j-p;*-High
N, =25
VH-Lep-enriched -
ttH Hadronic
ttH > ttH ftH-Had-enriched
: {tH Leptonic
ttH-Lep-enriched
m, = [115, 130] GeV
¢ Brookhaven G.B
National Laboratory - barone 30 JU|Y'22



Strategy Production mode

® Multi-output-node neural network discriminants in detector category.

» Multidimensional fits on n-ldimensions on n output nodes per category.

® Backgrounds from data sidebands on resonant signal.

» Performed as a function of the jet multiplicity to reduce higher order correction uncertainties.

ATLAS s - 13Tev, 139 fo-

-‘(2 60 [rrTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTI]
T LI I I I I I c T ATLAS ¢ Data i 2 P e
o 1201 | " e Daa - $ AN Eremn B 0TS I
(5 B A TLAS . 7] 507(15 1,3,;Te\13:13§ef5 VH  EZeets w 14}(1 z] 13 Te\ﬁaz)sg fs ?/?—qF be.;(Xet\sNt:/ {
N B H % ZZ* % 4| ggF+be . ZZ ] 40 70j p MEd Wt tH %Uncertaimy; 12: 1 P I-Me dwnh NN, > 0.25 M ttH+tH /Unjcenalnty 1
3 100 | Vs=13TeV, 139 fb" VBF XX, VWV 7] : , ] ]
-'2 = VH .Z+jetS, tt _ 30:* %////%/// ] 10 *:
) - > B ttH+H 7 Uncertainty - i ) 8- ]
> - / = § , . B
W 80 Z - il ////////%W [ ] Spehns // i ;
L % = 10 2 . 48 V7
- 1 ] 27
L 7 _ 0
60 - % ] 0 02 04 06 08 003 04 05 06 07 08 09 1
B 7] T 1j-p*-Med
: / _ e
40 % ]
| _ ﬂ 7\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\7 ‘g 7\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\7
% S 14] ATLAS ¢ paia - S 2l ATLAS ¢ paia
i 7% 7 > [Ho2zZ 4 veF Wz ] I i W mz
20 — . 7 — L [ Vs=13TeV, 139 b ggF+bbH tX)f, VW L [ Vs=13TeV, 139 b ggF+bbH tx>§, WV
7 12 [ 115 <m, <130 GeV VH W Z+jets, tt 20 |- 115 <m, <130 GeV VBF W Z+jets, tt |
- . /  V-pi-LowwithNN,, <0.25  EllttH+tH %% Uncertainty | t 2j with NN, > 0.2 MttH«H 7 Uncertainty
. 100 3 ]
; ] 1 A
O 8j // ] 57 //ﬁ ]
11 12 1 14 1 1 ! ; g
0 0 30 0 50 60 6%/// L o o ;
2k i » ]
O0 0.2 0.4 0.6 0.8 1 8.2 03 04 05 06 0.7 08 09 1
NNyap NNZ,
¢ Brookhaven
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Production mode

Strategy

® Multi-output-node neural network discriminants in detector category.

» Multidimensional fits on n-ldimensions on n output nodes per category.

® Backgrounds from data sidebands on resonant signal.

» Performed as a function of the jet multiplicity to reduce higher order correction uncertainties.

( )
22-0j —
ATLAS i :
H— ZZ* — 4] o2 S — i
{s=13TeV, 139 fb" oox | . i
Reduced Stage 1.1 - |yH| <25 1 T2 a7 T8
—m— Observed: Stat+Sys SM Prediction Mo
[m] Observed: Stat-Only p-value = 77% c-B [fb] (G'B)SM [fb] |
gg2H—0j»p’T"—Low n 170 £ 55 176 £ 25
0a2H-0;-p-High - 630+ 110 550+40 |
ggZH—1j—p‘T"—Low - : 50 £+ 80 172 + 25 |
092H-1-p-Med - 170£50 11918 |
992H-1j-p*-High = 971 20+4 |
gg2H-2j ] 40+ 75 127 £ 27 |
gg2H-p*-High m 38*4 15+ 4
ccHa Vi - 21435 13.870¢
qq2Hqa-VBF u 150 3] 107635 ]
q92Hag-BSM - 0577 4.20+0.18
VH-Lep ] 22+%8 16404 |
i E ] 3 257 15470
| PN R | | M BRI R | P B |
-1 0 1 2 3 4 ) 6 7
o-B/(c-B)
SM
§
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ggZH-Oj-pTH-Low
ggZH-Oj-p’T“'-High
ggZH—1j—pTH-Low
ggZH-1j—pT”—Med
ggZH-1j-p’T“'-High
992H-2j
ggZH-p’T”’-High
qg2Hqq-VH
qg2Hqqg-VBF
g92Hqq-BSM
VH-Lep

ttH

2Z-0j

2Z-1j

2Z-2f

XX

-0.06

0.02

0.00

-0.01

0.00

0.01

0.00

-0.00

0.01

0.00

-0.20

-0.03

-0.00

-0.03 -0.

0.13 -0.

0.07 -0.

-0.15 0.09

0.04 -0.01

0.05 -0.05

-0.01 -0.13

-0.02 0.03

-0.03 -0.01

0.00 0.02

-0.13 0.04

-0.01 -0.16

-0.01 0.03

0.05

0.07

-0.18

-0.02

-0.04

0.02

0.01

-0.12

0.02

-0.00 -0.00 0.01 -0.00

ATLAS

H— ZZ" — 4]
Vs=13TeV, 139 fb™

-0.26 -0.

0.01 -

0.02 -

-0.20 - -0.06 0.06
0.00 0.04 -0.42 0.03 -0.

-0.08 -0.01 -0.04 -0.03 -0.
0.02 -0.04 -0.10 -0.11 0. 0.03 -0.08
0.00 -0.01 0.00 0.00 -0.00 -0.00 -0.03 -0.01
-0.05 0.08 -0.01 -0.03 -0.00 0.01 -0.00 0.00 0.08

0.02 -0.28 -0.02 -0.01 0.02 -0.00 -0.00 0.01 0.05 0.05

-0.00 0.00 0.00 0.00 0.00 0.00 0.01 -0.05 0.01 0.01 0.01

T
H
T

g992H-0j-p"-Low

“High
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T
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Simplified Template Cross Sections Production modes

® Measure mutually exclusive phase-spaces

LA R R S | I I i I I I
ATLAS ke Total
(s=13TeV, 36.1 - 139 fb” = S » In terms of kinematics of the Higgs or associated
M 12509 GeV I SM objects in productions.
= (o)
o - o S Sy
99 +bbH 77 T 104 Zoto (oo + Zoos ) » Sensitivity to deviations from SM.
ggF+bbH ZZ i 095 010 (Zoi0 s So03 )
gaF+bbH WW 2 14 I (R, o) . , _
ggF+bbH 7 et 090 0B (0% 6% » Avoidance of large modelling uncertainties.
ggF+bbH+ttH 11 —==— 0.54 08 (0%, 1)
VBF 77 - 13 05 (55 %) » Approximate experimental sensitivity.
VBF 2Z e 133 0% (0. Tom)
, ) _
VBF WW o 113 0% (Toie . i)
VBF 77 = 100 0% (Tois. Toi)
VBF+ggF+bbH bb  Fes=H 098 0% (9% . T8I
VBF+VH p = 231 e (i lo%)
WH yy —=— 153 028 (0% + To0s)
ZH vy = 022 0% (0%, o8
VH 2Z —=— 150 ‘oo (fges s Toks) e e el .
Wi W —— 226 T2 (1% 28 ® Advantage of complementary sensitivity in
ZH WW — 286 J:1:84 ( +1.66 , J_rO:79 ) R . .
o . w00 B (oh o) production from different final states:
WH bb e 106 "0% (0, *0%)
ZH bb = 100 *0%  (Zoa7 s o5 ) . *
o I voy o en ) » m;; > 450 GeV from H—-WW
ttH+tH ZZ — — 1.68 198 (16 088,
ttH+tH WW PEEH 164 1080 ('0u . Toa) 4 ngh pTHfrom H—bb
ttH+tH 77 He—— 187 0% (108 . o)
{tHstH bb = | 035 '35 (U1 58
P T R T S T KN T T T A TR T S NN T T T N TR S T L
—4 -2 0 2 4 6 8 10 12
T | T 1T 1 | T T 1 | T | T | T 1T 1 | T 1T 1 | T 1T 1 | T T 1 | T T 1 | T 1T 1 |
tH yy | TR A (b S
1 | 1 1 1 | 1 1 1 | 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |
—4 -2 0 2 4 6 8 10 12 14

o X B normalized to SM

Nature 607, 52-59 (2022)
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Simplified Template Cross Sections Production modes

® Measure mutually exclusive phase-spaces

ATLAS Run 2
[=0jets| =1jet] [22jets]

30 ‘ . 10 ‘ . 4

— — — T T
Q0 Q0 Q0
= [) s =

o) o) e}

T T T — —
i ] I ] [ ] a5k T 4 E10° E
ok =% i : N B s [ ] | o [eie ;
' ] o 7 i ] 1.0 I el i 1
i ] I ] [ 9= : ] 10% - E
A [ - ] o5F | 4 g E
L ] I 1 1 |

10F 3 : 0
i 0 Bl . ]
C 1 ] [ 1 1 i _ 1 C . 1
0O 10 200 0 60 120 200 20 120 200 0.0 10200 300 450 00
p¥ [GeV] pH [GeV] pt [GeV] pt [GeV]

@ Data (Total uncertainty) . : .
Syst. uncertainty _
== SM prediction — —
4 - 3 . { - : ]
?

500 E—'}' _ % 122 ;: i:
_ _ 1l 4 3 3 |
0k - I ]

] 0= ] ] ] L ]
VH-enriched VBF-enriched 350 700 1000 1500 o) 350 1000 00
mj; [GeV] mj; [GeV]

o [pb]
o [fb]

2

ok _ 1+

[qq" > WH > Hev| [pp > ZH > Hee|

3[C T T —] —
re | £ .
. ] o

102 | . - : f B0
¥ o = 1w I
107 — -9- ;E 100 é— é E_ III 1 250 ; é

T
g [ ) gl - ]
| | | 1 o 1
0 75 150 250 400 oo 0 150 250 400 oo 0 60 120 200 300 450 00
pY¥ [GeV] p? [GeV] pH [GeV]

o [fb]
3
I
|

o [fb]
S
o

Nature 607, 52-59 (2022)
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Production mode

Nature 607, 52-59 (2022)

Global combination

® Simultaneous fit to all template cross sections

» Extraction of global signal strength (u=g0bs /o),

» Experimental sensitivity of the same oder as of theory (up to N3LO for ggF)

( 1 =1.05+0.06 = 1.05+ 0.03 (stat.) + 0.03 (exp.) + 0.04 (sig. th.) + 0.02 (bkg. th.) J

T 10°E = s g =
o — - = = —
= e ATLAS Run 2 - o L - ATLAS Run 2 -
o - . - B - N
— —11 |
3 10E ~ §1 0 o .
8 = : o - :
o - ] ©
&) 1 Z2 m{0=2 = =
= —— 7 S - :
- _¢ Data (Total uncertainty) % A . - ¢ Data (Total uncertainty) —==— % -
B Syst. uncertainty T 107° = Syst. uncertainty 3
1L | — -
10 = . SM prediction —1 - . SM prediction % .
— | | | | ] | | | | |
2 1 5 L [ [ [ [ — ] 1 O E T - T T | | .
e % : 3 1
2 ] e _
= : r: — =l
o 0.5 | | | | —4-10 o - | | | | | .
ggF + bbH  VBF WH ZH ttH tH bb ww 7 zZ Yy Zy i
Production process Decay mode
¢ Brookhaven
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Running couplings

® Higgs boson couplings as a function of the particle’s mass. Nature 607. 52-50 (2022)
® Assuming production and decay are factorised
&P 4 oi(k) X T'r(k)
g; X Bf = T
® Coupling strength modifiers H
" (LI L O B O B >$ H”lATLIAéIRIIHE L L b
< 1.4 - ATLAS % SM prediction - & i 1 un ./é
1.3 Vs=13TeV, 36.1-1391fb — 68% CL R . = Z % 3
| my =125.09GeV, lyn| < 2.5 - 959 CL . _ — I K¢ = K; _
10| Pou=14% ° N © B K. is a free parameter W ]
=T ~+ Best fit ] w> 107 o —
- . g2 = SM prediction 3
11 . . w L _
B : * B ]
1.0 - E 102 = .« —
09 } E — 4 Leptons Quarks -
g // ADBE:  E
- . 107 = e [NINIE | d || s =
0.7 > zz E E/uf .- , n .
>R Ww . P Force carriers Higgs boson 7]
0.6 g GO TT G Comb. E 10—4 — o o 4 H =
0.57\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ =R I Lol I Lol L Lol L
07 08 09 10 11 12 13 1.4 S LA T T T T =
K — L i
. v S 12F J
® Unprecedented agreement with SM Higgs. « [ 4 i ]
! 3 ¥
® Yet, given my’s value new phenomena might 08l | | { | N
stabilise the vacuum expectation ! 10~ 1 10 102

Particle mass [GeV]
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5. Differential cross section measurements
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Phase-space Differential cross section

® At Run Il sufficient statistics for constraining differential measurements

® Fiducial cross section definition
» including detector efficiency (C) , detector acceptance (A) and branching &%

N; fit
L %X C;

O'i,ﬁdZO'iXAiXBZ

» Cuts mimicking reconstruction selection:

(i) Model independent result.
(i) No extrapolation beyond measurable phase-space

ATLAS s=13TeV  H—ZZ* -4l
= T T T T T T 1

. _ |
® In diboson channels, resonant peak over smooth Saoo0 . 00308
background = o0l  oxos

» Good resolution on final-state particles, FUUUN B S S R e S
in particular in H%L‘LQ} YY e 44444444 .

6080 . . 002 041001

® Unfolding performed within the signal extraction fit wo| °°3°39°°2

3045 002039 001

2030|  0.03.0.38 0.02.

10-20 [0.03 0.39 0.02

0-10 o.41io.o4i | | | | | | |
0-10 70:29 2039 %045 #5609 5089 90-12,/20-2500.

350

350 = 7000

pf [GeV] (reco)
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Inclusive cross section Differential cross section

® Inclusive fiducial cross sections:

» SM predictions of 3.33 £ 0.15 tb (H—ZZ%) and 63.5 £+ 3.3 tb (H—YY)

® For ZZ also cross section per final state

» Eventually sensitivity to final state interference (10%) in same flavour quadruplets

I I I T T TT1 | I I I T TTT1 I I I T T TT
¢ Data ; i
ATLAS [ Syst. uncertainties ATLAS ]
H s 77% —s 4] = ggF@NB3LO + XH Diphoton fiducial | H—y7, Vs =13 TeV, 139 fb [']
¢ MG5 FxFx + XH —4- Data, tot. unc. Syst. unc. N
_ .1 #  NNLOPS + XH i |
fs=13TeV, 139 o i) HRes 2.3, NNLO+NNLL + XH N
VBF-enhanced —1*
=2 1.8F 2,45 8 90F I |
S 160 af 80 |
§ 1.4F 350 [*fj 70F Niepion = 1 ‘
B 1.2F 3 [?] 60F - -
o I : : [ij . il
O 1 . + 2.5 ;— 50 = + L High £ ]
- s : gh ET . <0.85 fb at 95% C.L.
0.8 _4:%' ¢ m 2 40 ¢
C r m |:*:| C
0.6F [*] 1.5F e 30F i 1 i
0.4F 1B 20 E ] . I gg—H default MC + XH
s : : ttH-enhanced . <1.13 fb at 95% C.L. % SCETIb:qT + XH
0.2f 05F 10F
C 2 2 . | | | 1 1111 | | | | | I I | | | | | 1 1 11 |_
Q. Q. Q. Q Q. Q. a Q Q _
P52 ERE SENEeReE T 2x10™ 1 2 3456 10 2030 10°
> & o 3 2
(0] +
5 o,y [fo]
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Constraining the width Differential cross section

. Xiv:1902.05892
® Study of the the m4y spectrum and off-shell H production .
» Offshell Higgs production, enhanced at 350 GeV because of top-quark loops in ggF
» Measured upper limit on width combining 42 and £2vv
» Limit I'y possibile from the off-shell to on-shell event yield ratio Rz,
+ on-shell event yields ~ kZg on-shell / I' 1, while off-shell ~ k25 of-shelt
2 L I T T T T T T 1 | 1T T I T 1]
//x axis Ioganthmlc for my > 225 GeV ~— - ATI A mmmes EXpeCted-Stat. onIy 7
- 5 - - ATLA .
> ATLAS p -val (Sherpa) 0.22 % Data ] N 1 4 - S —— Expected -
9  10ps=13TeV, 139 fb" p-val (Powheg)=0.09xxx Powheg qg—41 + X ! T H* > ZZ - 4l212v - Observed-Stat. only ]|
=, 4t Sherpa qq—41 + X 3 - ’ |
= X=99—>4I+H—>4I+VVV+tTV(V);\ 1213 Tev, 36.1 fb” — Observed o
o H—>4l i _ i
B gg—4l . | gV, on-shell = Kg/v, off-shell i
° —— tV(V)+VVV E 10 _
] 8 -
ok A 6 N
Z—— HHigg———> On-shell ZZ : - |
105 | —— Off-shell 2Z - - -
© IR T B T R : : : : :/: — 3 - _
s 15?/ """ """"" . A -
S i‘\‘\\w / [ B |
% § il ’ A o —
— [ 1 N
N T e . e R 3 R %
50 100 150 200 300 500 1000 O """ IR BN RN BN S
m, [GeV] 0 1 2 3 4 )
L /oM
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Higes boson kinematics Differential cross section

® 40:isolate signal under the Higgs resonant peak.
® v cross section extracted from resonant peak over the yy continuum.

® Higgs boson pr1ap(y~) and rapidity (y4o(vy)) probe.

» PT4e(vy): Lagrangian structure of H interactions, Yukawa couplings
> Yapo(yy): Sensitivity to proton’s parton density functions.
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Probing QCD Differential cross section

® Transition region

©

» Increased precision needed to disentangle effects from higher-order corrections from observables

spectra:

» Ex Higgs pras a function of jet vetos

Brookhaven

National Laboratory

dO‘/de

A Peak resummation Fixed order dominates

N3LL+NNLOg (c0)

Transition region

NNLL*4+NLOg(myp)
my effects

N L01 (mt )
m; effects

pPT
Depiction adapted from F._Tackmann
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https://indico.cern.ch/event/826136/contributions/3594727/attachments/1927641/3191520/2019-10-16_Higgs_diffXS_FT.pdf

Probing QCD Differential cross section

® Transition region

» Increased precision needed to disentangle effects from higher-order corrections from observables spectra:
» Ex Higgs pras a function of jet vetos

» State of the art predictions in these regions start being published.
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H and jets variables Differential cross section

» Increased precision needed to disentangle effects from higher-order corrections from
observables spectra:

» Measurements at Run-2 competitive on these state-of-the art predictions
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Where is the new physics ?

® The LHC search programme did not identify yet New Physics.
® Hints for new physics in HEP:

» Dark matter astronomy, gu-2, gravitational waves, lepton universality in B+*—K+££, CP anomalies in B-
physics..., For my~125 GeV, vacuum metastable, mass unnatural A > 550 GeV.

® What if New Physics is resonant outside our direct experimental reach ?
Energy boundaries of the experiment

1 z
N2LL+NNLOg (co)
~
Q,
o
~
o
ge
NNLO; (co)
NNLL*+NLOg (ms) NLO; (]
o\TMp .
my, effects My effect
Energy -

Depiction adapted from FE._Tackmann
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Pseudo observables

® In H—4£ m|; vs m3a4: sensitivity to contact interactions: e s wow
. . SO =ET G
» &r & and K: flavour universal modifiers of the contact terms between 140115 << odon -t
H, Z and leptons (arXiv:1504.04018) 120 & %////%%
100F 3
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S R E
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Where is the new physics ?

® What if New Physics is resonant outside our direct experimental reach ?

Nae Nag
. . . : b
® Systematic approach: Effective Field Theory Lsyerr = Lsm+ ) %0}6) £ 30+
i J

Energy boundaries of the experiment
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Where is the new physics ?

® What if New Physics is resonant outside our direct experimental reach ?
» Standard Model Effective Field Theory as the standard candle.

. . Nas Nag
» Probe for non-SM contributions to the tensor Lomerr = Lsv + Z 0(6) Z bj 2io®
structure of the Higgs boson. A+
do/dp+(H) [pb/GeV]

. . 107 ¢ :
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Cig: dipole-moment, g-t interaction

Brookhaven

N
kt National Laboratory G. Barone 48 July-22



Where is the new physics ? Production mode

® Sensitivity from a multitude of couplings in each measured Cocfficient Operator Example process

q q
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Where is the new physics ?

® Results interpreted in the context of new physics:

[1]
CHG,uG,uH (>< 1 0)
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o2
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2]
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)
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Conclusion

® Current reach same order of magnitude as that expected with 20 times the data.
» Inclusive measurements at percent level
» Double differential cross sections 0(20%)

® Path for higher luminosities at the LHC:

» Novel ideas in constraining (systematic) uncertainties at higher luminosities.

I | 1 I I I 1 1 1 I I I I I I 1 I I I I I I I I I I 1 1 I
ATLAS Preliminary Total e  Stat. Syst. [7] =1 __—
Projection from Run 2 data 8 o _
/s =14 TeV, 3000 b Total  Stat  Syst x L o mEE
ggF Fo +0.035 (+ 0.008 + 0.034 ) =T e e
: _%H o | ATLAS Preliminary
VBF —— +0.055 (+0.020 + 0.051 ) S | -1l Projection from Run 2 data EE
; ~  Vs=14 TeV, 3000 fb"
: - H—=2ZZ — A4l
WH e +0.093 (£ 0.041+0.084) -
; - @  HL-LHC No Sys
: — [ HL-LHC Sys. + Stat.
ZH = +0.062 (£ 0.034 £ 0.052 ) I HL-LHC Scaled Sys. + Stat.
: 1.2
i 59 =008 (x0010x0065) % TN TR R
|||||||||i||||||||||||||||||| Ios
0.6 0.8 1 1.2 1.4 1.6 1.8 2 0 30 40 55 75 120 [GB\?]O
. p._ [Ge
Cross section norm. to SM value T
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Conclusion

® The Standard Model (SM) is our current
understanding of the microcosm.

Fundamental constants of the SM

Global Electroweak fits from the Gfitter Collaboration

©

lep
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0,c
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mm Global EW fit

- Measurement €] fitter |sul:

é
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G. Barone
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LEPTONS

Hints for new physics in HEP:

=126 GeV/c*

H

Higgs
boggn

» Dark matter astronomy, gu-2, gravitational waves, lepton

universality in B+—K+££, CP anomalies in B-physics...

New phenomena hide:

» In unexplored corners of the phase-space.

» At energies beyond what’s accessible by our colliders.

Methodical study from current experimental picture.

arXiv:1902.00134
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http://project-gfitter.web.cern.ch/p

Conclusion

® Current reach same order of magnitude as that expected with 20 times the data.

» Inclusive measurements at percent level

» Double differential cross sections 0(20%)

® Path for higher luminosities at the LHC:

» Novel ideas in constraining (systematic) uncertainties at higher luminosities.

Examples
HC HwH Growth
kzy | Oww ,
Ry OBg -t N%
KV (@
KRg Ogg }---- % Nf_;

Henning et al 10.1103/PhysRevlLett.123.181801
k? Brookhaven

National Laboratory G. Barone
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14}

» Combination of direct and indirect constraints on K.

» Combination of processes linked to H production.

12}

10}

dotted: 6k, only / solid: global fit

width: S1 and S2 scenarios

HL-LHC single Higgs, differential

HL-LHC double Higgs, differential
HL-LHC combination

arXiv:1902.00134
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time

® Increase precision through novel techniques and analyses.
» VBF cross sections in H— ZZ/WW channels (ongoing)
» 2D measurements of VV*(+jj) and H(+jj) productions. LHC Run2 and Run3 OV
~300 fb-! pp collisions

® Increase sensitivity in offshell Higgs couplings.

High Luminosity LHC

~3000 fb-! pp collisions
® Direct measurements of HH production. PP

» High precision Higgs properties measurements.

® Precision measurements of V. VL
» ete (FCC-ee/lLC) colliders inVBS VV— gg
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Conclusion

® Higgs physics provide an excellent picture for

» Searches for new phenomena resonant at higher scales.

» Searches for deviations to theory within the scales of the experiment.

® After a decade of cracking the mass problem:

1.Measurement of my at 2 per mille precision level.
2 .Fiducial cross section measurements, sensitivity to several distributions

3.Production mode analysis and template cross section measurements.

5 EEEEEEEEEE———————

% 100 ATLAS ~ SM G (pp—H, m, = 12509 GeV) ]
i\ [ YH-yy 4 H-ZZ ?CD scale uncertainty |

N ¢ Combined data otal uncertainty (scale ® PDF+a,)

80 O Systematic uncertainty =

a0k [H m ;
20F (s=7TeV, 451" ]
i Vs=8TeV, 20.3 " :

i Vs=13TeV, 139 b’
0.A7LA..8AAA.gA.‘.1O.AAA11A‘A‘12AA.A13AA
Vs [TeV]

® Presented only a selection results full set

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
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Object selection

1

> —
® Electrons (e). S oosE. . .
S U E o —— :
. . & 09:_ @3{93‘“% " 2
» Isolated objects clustered from calorimeter energy e o '
. . . — 0.85k O A
deposits with associated ID track. 08?%? e
» Er>7 GeV,|n| <247 and |zo sin(V)| < 0.5 mm 0.75 | L 0" -
L ATLAS Preliminary
0'7q /s =13 TeV, 43.8 fb”
0.65 -2.47<n<2.47
06% —+— Loose
~E —s— Medium
= —— Tight
0'555 Data: full, MC: open
® Muons (u). S
O '|.05-E T T T T T I I I =
» Combined track fit of Inner Detector and Muon § Og;;
Spectrometer hits, 8 ook

» pt>5GeV,|n| <2.7 |zo sin(V)| < 0.5 mm of “loose or 0.85

medium quality”
» Isolated objects

® Missing transverse energy ([f/rmiss),

» Inferred from transverse momentum imbalance

Tracking
¢ Brookhaven G.B J{
National Laboratory - barone 58



Object selection

® Electrons (e).

. —a— JAp—pu MC
0.94 Medium muons Z—uu Data

> B | S N L B B B LA B LN UL L B
(©] =
c 2 7 7 V 7
. . - - - =
» Isolated objects clustered from calorimeter energy S 008 s :
deposits with associated ID track. TR 5 :
> < i < E
» Er>7 GeV,|n| <2.47 and |z sin(V)] < 0.5 mm 0.96, . s ]
{s=13TeV, 139 fb —+— Jp—uu Data E

g 02 S Il Stat only Sys @ Stat .|

® Muons (u).

» Combined track fit of Inner Detector and Muon
Spectrometer hits,

» pt>5GeV,|n| <2.7 |zo sin(V)| < 0.5 mm of “loose or
medium quality”
» Isolated objects

Data / MC

® Jets ().

» Energy deposit grouping with infra-red safe algorithm:

» pr>25GeVand |n| <45
+ Clustering with anti-kr R=0.4
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Object selection

® Electrons (e).

= 1 . —
S ;ATLAS Prehmmar [s=13TeV 1
» Isolated objects clustered from calorimeter energy = %ﬁ:FH—% +——
deposits with associated ID track. 0.9F =
» Er>7 GeV,|n| < 2.47 and |zo sin(¥)] < 0.5 mm 0.8 f 0.6 < Inl < 1.37 E
o7e converted y =
06 —=— Electron extrapolation (36.1fb™") =
0.5 —e— Matrix method (37.1f0™) -
® Muons (u). : ) :
045 ——Z — Iy (36.1fb™) E
» Combined track fit of Inner Detector and Muon - L L=
Spectrometer hits, 10 c ;gev]
» pt>5GeV,|n| <2.7 |zo sin(V)| < 0.5 mm of “loose or '
medium quality”
» Isolated objects
® Photons ().
» Clustering of calorimeter energy deposits.
» ldentified with rectangular cuts on shower shapes.
oY Brookhaven i {
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Object selection

y

_I ITT | TTTT | TTTT | rTTT T T T T T T T T T T T T T T T T T T T T
- <IJ~> ~ 24 —eo— | C+JES Jets
—— LC+JES Jets [JVF|>0.25

\s=8TeV —*— Particle Flow Jets
n|<1.0 ATLAS Simulation

® Electrons (e).

—
o
@

IIIII|IIII|IIII|I

» Isolated objects clustered from calorimeter energy
deposits with associated ID track.

» Er>7 GeV,|n| <2.47 and |z sin(V)] < 0.5 mm

—
o
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—

II|IIII|IIII|IIIIIIII|IIII|IIII|III

Reconstruction Efficienc
o
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(0]
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® Muons (u).
0.97
» Combined track fit of Inner Detector and Muon S
Spectrometer hits, 30 35 40 45 50 55 60 65 't'7o""75'"éo
» pT>5 GeV, |n| < 2.7 |z0 sin(D)| < 0.5 mm of “loose or Py [GeV]

medium quality”
» Isolated objects

® Jets ().

» Energy deposit grouping with infra-red safe algorithm:

» pt>25GeVand |n| <45
4+ Clustering with anti-kt, R=0.4
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Di-Higgs production

® The Higgs boson can interact with itself through quadratic terms in the Higgs potential

L

1
— — ZF‘“’FW

+ W D)

+ D0 D0 —(V(0)) el V(@) ~ 2 (@10) (N1 D)’

+ \IJLYCI)\IJR + h.c.

» About 500 times suppression of o(gg—H) (48.5 pb) / o(g9—HH) (~33.4 tb)
» Destructive interference between the terms proportional to the K:2 and the product of K; and K
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» Single Higgs process do not depend on the trilinear self (AqHH) coupling at LO but are needed for the

NLO EWV corrections.

® Indirect constraint with comparing NLO EW dependant AxHH effects

ATL-PHYS-PUB-2019-009

©

Brookhaven

National Laboratory

G. Barone 62

July-22
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https://cds.cern.ch/record/2638212

Di-Higgs production

® Modified Higgs production cross section and branching rations to account for NLO EW
corrections (Kiew and Cf)
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Introduction

® Importance of my in several aspects of our understanding of fundamental physics.

Power law expansion of the potential

©

V(h)
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Understanding the perturbative expansion of its

potential (Av2h2).

Precise higher order corrections to the theory

"M+ RS+ k2

predictions of the Higgs interactions depend on the

value of mu-

Aim at improving significantly on the
experimental precision on my

Brookhaven

National Laboratory

G. Barone

Input to precision global fit of the Standard Model.
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Mass measurement
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Introduction Mass measurement

® Importance of my in several aspects of our understanding of fundamental physics.

Unbroken symmetry Broken symmetry
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Power law expansion of the potential \ V) /
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» Understanding the perturbative expansion of its
potential (Av2h2).
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» Input to precision global fit of the Standard Model.
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Muon pT resolution
® Resolution muon channels (4, 2e2u and 4y.) crucial for my uncertainty:

Mass measurement

» Excellent momentum resolution of about 1% at about pt 45 ~GeV.

® Momenta calibrated to J /) and Z samples in data

» for residual mis modelling of Eless in calorimeters, alighment precision etc.

» Including corrections to data accounting for alignment weak modes.

» Precision down to 0.5 per mille for [n|<I.0
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Mass measurement

Muon pT resolution
® Resolution muon channels (4, 2e2u and 4y.) crucial for my uncertainty:

» Excellent momentum resolution of about 1% at about pt 45 ~GeV.

® Simulated momenta calibrated to J/{ and Z samples in data

» for residual mis modelling of Eloss in calorimeters, alighment precision etc.
» Uncertainty of about 0% on the resolution and 0.5% on the momentum scale.
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Muon pT resolution

Mass measurement

® | ocal misalignments and second order effects:

» Charge dependent sagitta bias, with net effect of worsening resolution

» In-situ correction based on Z— U data, recovers up to 5% in resolution.

® Momentum scale understood down to the per mille level

» Precision down to 0.5 per mille for [n|<I.0
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Et(e/y) resolution Mass measurement
® Good energy calibration necessary for increased precision on mn

» Two step approach: i) material energy loss and ii) global calorimetric scale
from Z—ee data

® Jotal scale uncertainty of at 40 GeV at the per-mille level.
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Et(e/y) resolution Mass measurement
® Good energy calibration necessary for increased precision on mn

» Two step approach: i) material energy loss and ii) global calorimetric scale
from Z—ee data

® Jotal scale uncertainty of at 40 GeV at the per-mille level.
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Muon resolution Mass Measurement

® Correction for local misalignments

» Charge dependent bias, with net effect of worsening resolution

» In-situ correction based on Z— U data, recovers up to 5% in
resolution.

» lteratively removing the bias Os:
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® /[/—vyy updated result at Run II.

Mass measurement

» Analytical function in kinematic and detector categories.

arXiv:1806.00242

» Reduction of uncertainty through categorisation of events as a function of
resolution and signal significance.

® Expected statistical uncertainty of 0.2|1 GeV and 0.34 GeV systematic uncertainty

-0.21 stat only) GeV
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https://arxiv.org/abs/1806.00242

Mass measurement
® //— vy updated result at Run Il. ArKiv:1506.00242

» Analytical function in kinematic and detector categories.

» Reduction of uncertainty through categorisation of events as a function of
resolution and signal significance.

® Expected statistical uncertainty of 0.2|1 GeV and 0.34 GeV systematic uncertainty

Em = 124.93 + 0.40 (0.21 stat only) GeV |
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H—77—40 results Mass measurement

Events

©

Three-prong approach to reduce uncertainty at analysis level: ArXiv:106.00242

~15% from m, constraint to mz with kinematic fit and mz constraints on alignment weak
modes.

(i) ~2% from kinematic discriminant selecting signal and background events

Boosted Decision Tree on p1(4£), y(4£) and log(|. n|¥| A zz+|?)

(i) ~5% from multivariate per-event resolution likelihood.

» Neural network to solve uncertainty correlations induced by kinematic discriminant.

x107°

: T T T T | T T T T | T T T T | T T T T : > i | T T T T | T T T T | T T T T ] -g C T | T T T ‘ T ‘ T T T ‘ T T T | T :
45~ ATLAS Preliminary 2 M= . 4 & | ATLASPreliminary 2 > . S 70ATLAS Preliminary [_]rmeesesomer
- H—> ZZ" - 4u . 2 ] o~ 100 —H — ZZ* — 4l . — - " H 77t a4 P(m,) Observed: 0.22 GeV |
40 Vs =13TeV, 139 fb" X VWY = S - Vs=13TeV, 139 fb” VWY . S - o -
: 115 < m, < 130 GeV - Zﬂ,e’t& i . 5 [ 115<m, <130 GeV - zﬂ-éts, i i E 60 Vs=13TeV, 139 fb™ |:] (mo) Expectd 019GV ]
35 — 77 Uncertainty -] E 80 | % 72 Uncertainty | — B - P(m,| o) Observed: 0.21 GeV. ]
C ‘ ] (] L Z i < 50; ]
30F | E Do - : :
251 77 e 60 ] 401 E
20 » | T & -
151 E 4a0r )( }( + N : .
£ ///Jr///,/// ///// * : - ”J(///// i 201 -
10z = ool ¢ ] - N
5 . - t : o . E
O : 0 i - . j 0 - ! ! ‘ ! | ‘ | E \E ‘ | I .

_q 05 0 0.5 1 1 2 3 4 160 180 200 220 240
BDT c; [GeV] Total Uncertainty on m,, [MeV]

Brookhaven

National Laboratory G. Barone 74 July-22


https://arxiv.org/abs/1806.00242

H—77—40 results Mass measurement
® Three-prong approach to reduce uncertainty at analysis level: arXiv:1806.00242

(i) ~15% from m); constraint to mz with kinematic fit and mz constraints on alignment weak
modes.

(i) ~2% from kinematic discriminant selecting signal and background events

Boosted Decision Tree on p1(4£), y(4£) and log(|. n|¥| A zz+|?)

(i) ~2% from multivariate per-event resolution likelihood.

» Neural network to solve uncertainty correlations induced by kinematic discriminant.

® Systematic uncertainty of ~70 MeV
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Combination

Mass measurement

® 40 and YY measurements are combined with ATLAS Run | result xviss0024
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® Run 2 precision improved w.r.t Run |.
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- 0.27(=

-0.18 stat only) GeV

® ATLAS Run | + 2 comparable precision to LHC Run | combination.
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Combination Mass measurement

® 40 and Yy measurements are combined with ATLAS Run | result arXiv:1806.00242
< 14 e © _Combined -
% - ATLAS . —Runi ] Source Systematic uncertainty in myg [MeV]
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® Run 2 precision improved w.r.t Run |.

mp = 124.86 + 0.27(40.18 stat only) GeV

® ATLAS Run | + 2 comparable precision to LHC Run | combination.

mpy = 124.97 + 0.24(40.16 stat only) GeV
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Muon pT resolution
® | ocal misalignments and second order effects:

® Momentum scale understood down to the per mille level

©

» Charge dependent sagitta bias, with net effect of worsening resolution

» In-situ correction based on Z—puu data, recovers up to 5% in resolution.

» Precision down to 0.5 per mille for [n|<I.0
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Mass measurement

® [/—+vy updated result at Run Il with 36.1 fb-!.

Phys. Lett. B 784 (2018) 345

» Analytical myy background functions in kinematic and detector related categories.

» Reduction of uncertainty through categorisation of events as a function of:

» resolution and signal significance.

» Systematic uncertainties.

® Expected statistical uncertainty of 0.21 GeV and 0.34 GeV systematic uncertainty
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Global combination Production mode

® Simultaneous fit to all template cross sections Nature 607, 52-59 (2022)

» Extraction of global signal strength (u=g0bs /o),

» Experimental sensitivity of the same oder as of theory (up to N3LO for ggF)

( 1 =1.05+0.06 = 1.05+ 0.03 (stat.) + 0.03 (exp.) + 0.04 (sig. th.) + 0.02 (bkg. th.) J
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Global combination Production mode

® ATLAS full Run-2 combination ATLAS-CONF-2020-027

» Combined sensitivity of all channels to increase the precision of the Higgs productions.
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Higgs width

® Study of the the m4y spectrum and off-shell

-2IN(A)

production

» Measured upper limit on width combining 42 and 20vv

» Limit I'g possibile from the off-shell to on-shell event yield ratio R,

+ on-shell event yields ~ k2, on-shet / I'm, while off-shell ~ k2 of-shelt

» Observed (expected) upper limit on ['H 14.4 (15.2) MeV
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Introduction

do/dpr(H) [pb/GeV]
F ggH@LHC 13 TeV NLL+NLO — s

Higgs boson kinematics

® Higgs boson kinematics:

. . . FoI99 = e R e ci=1.2,c,=-2.98,C4=-0.03
» pr14p: Lagrangian structure of H interactions. g [, Mh125 GeV e Lo

f\‘c\ ¢=1.3,cp="-3.34,c4=-0.04
u ---- ¢=1.4,c,=3.31,c4=-0.03
[ A c=1.4,c,=-3.67,c4=-0.05

107 3 kh\h'*‘;-f;;?_ -------- g:j ggzz118789‘:g:=00035 E
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® Sensitivity to phenomena resonant at higher energies — changes is:
. . 1.2 B2
in observables at lower energies. bk
3 2 3
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e O, — _CghGuyG A Cg: ggH contact interaction
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A2 04 — Ctg—QU?’ (U -+ h)G’w/(tLO' 1 tR -+ hC)

\q,—/

Cig: dipole-moment, g-t interaction
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. pr(H) [GeV]
Grazzini et al. arXiv:1612.00283

k? Brookhaven

National Laboratory

G. Barone 83 JUl)’-22



4_@ mass SDectrum Differential Cross SeCtiOn

® Study of the the m4y spectrum and Offshell H production
q €—|- +

14
(%) g A
_ () e 4 (%) o
£ & 000 720 0 4 s
0 Voo A WO S
14 q I H(*)
7 5 \QQQQI—=—~~
q_ €+ Z 2 g_ g g-l—

» masgp ranges from single Z resonance, including H production up to ZZ production
» Extraction of the BR(Z— 40)
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» Offshell Higgs production, enhanced at 350 1 _
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Q
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4_@ mass SDectrum Differential Cross SeCtiOn

® Study of the the m4y spectrum and Offshell H production
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» ma4p ranges from single Z resonance, including H production up to ZZ production
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» Offshell Higgs production, enhanced at 350 GeV because of top-quark loops in ggF
4+ Including interference between H and ZZ productions.

» Above ~ 2mz enhancements of qq— 27 and gg—ZZ.
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4_@ mass SDectrum Differential Cross SeCtiOn

® Study of the the m4y spectrum and Offshell H production
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» masgp ranges from single Z resonance, including H production up to ZZ production
» Extraction of the BR(Z— 40)
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» Offshell Higgs production, enhanced at 350
GeV because of top-quark loops in ggF
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4_@ mass SDectrum Differential Cross SeCtiOn

® Study of the the m4p spectrum and Offshell H production
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» masgp ranges from single Z resonance, including H production up to ZZ production
» Extraction of the BR(Z— 40) % | ATLAS ]
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» Offshell Higgs production, enhanced at 350 1072
GeV because of top-quark loops in ggF

® Data

---------- Sherpa @ NLO EW

4+ Including interference between H and ZZ
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40 mass spectrum
o Study of the the m4g spectrum and off-shell

P

> Offshell Higgs production, enhanced at 350 GeV because of top-quark loops in ggF

]

+ on-shell event yields ~

» Measured upper limit on width combining 42 and £0vv
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production

» Limit I'y possibile from the off-shell to on-shell event yield ratio R,

k2g on-shell / 1", while off-shell ~ k2, oft-shen

Differential cross section

arXiv:1902.05892
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H and jets variables Differential cross section
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Couplings interpretations Production mode

® Results interpreted in the context of new physics:

Nae Nd8

Lsmerr = Lsm + Z 0(6) Z —Lo® 4

» Standard Model Effective Field Theory as the standard candle.

» Probe for non-SM contributions to the tensor structure of the Higgs boson.

® Account for BSM acceptance effects in kinematic observables of decay products
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Couplings interpretations

® Interpretation of couplings cross sections in the context of new physics.

® Assuming production and decay are factorised

(k) X T's(k)

o X By = T ky = 1.03 £0.03
® Coupling strength modifiers kr =0.97 £ 0.07.
=T 7T oM
] J
ATLAS Preliminary s GL
. . . (s =13 TeV, 24.5 - 139 b T
® BSM contributions in loops and 1250000y 1525 om ol
decays ..
» kgand ky measured with all other i T -
modifiers fixed to SM value. “r T -
» Both hypotheses of invisible decays 5, “
(Binv and Bund floating, with kr=kv=1) . B, =B, =0 4 p, = 70% .
and no invisible decays (Bin= Bund=0). Bu | p,,=51% <
| | | i | |
09 1 11 0 0.5 1

ATLAS-CONF-2019-005
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Reconstruction and selection

® Diphoton event selection

» At least two photon with Et> 25 GeV
» Highest Et pair forms candidate.

» Vertex identification with Neural Network

+ Vertex within 0.3 mm for 79% of ggH
events.

® Background estimation

» Entirely estimated from data

» Prompt photons: maximum likelihood fit
to myy spectrum

» Jets misidentified as photons: from
control sample
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Higes boson kinematics Differential cross section

® 40:isolate signal under the Higgs resonant peak (115 < mup< 130).
® vy cross section extracted from resonant peak over the yy continuum.
® Higgs boson pr,4p(yv) and rapidity (yse~)) probe.

» PT40(vv): Lagrangian structure of H interactions, Yukawa couplings
> yap(yy): Sensitivity to proton’s parton density functions.
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