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The Higgs field and Standard Model

Higgs Field

Higgs Mechanism

Higgs Boson Particle

@ Has non-zero vacuum expectation value
e Lead to electroweak symmetry breaking

@ Can explain non-zero gauge boson masses
@ Remarkably can also produce fermion masses

e Excitation of the Higgs field
@ Unique chance to probe the Higgs field

¥ | Englert and Brout & Higgs
& '/ & Guralnik, Hagen and Kibble
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What've been learnt since the discovery?
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@ All main production modes (ggF,
VBF, VH, ttH+tH) established at > 50

® Couplings to gauge bosons and 3rd
gen. charged fermions observed,
evidence for H—Zy

@ Couplings to 2nd gen. charged
fermions: evidence for H— up; first
constraints on H—cc;

©® Mass measured to < 0.1%

e JCP = O++ (alternative hypotheses
excluded at > 99.9% C.L.)

But still very little knowledge about the shape of the Higgs potential.
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The Higgs potential
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When p? < 0 the potential has a minimum at:
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V(¢)—2/4¢ +4/1¢

Re (¢)

Vi) A=m2/20% ~0.13

Measurement of A is crucial to reconstruction the Higgs Higgst. l
potential and therefore test the Higgs mechanism potentia

Our Stable

vacuum
?
Baryogenesis requires a first order electroweak Metastable
phase transition, which would lead to a : ¢
modification to the Higgs potential ... E';?gs \\/

Image credit: Nature Reviews Physics 3.9 (2021)
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https://www.nature.com/articles/s42254-021-00341-2

Higgs self-coupling

» Direct exploring the potential at each Higgs field value ¢ is not
possible.

]
V() = 5”‘2¢2 + 4/14)4 O AWAhA+ vk + = h4
Mass term H----- ‘ K —ﬂHHH/ﬂSM ‘/

\\ H H // \\ H
self-coupling

® Probing the Higgs-self coupling is a key towards pinning down exact
shape of the potential.

Study of Higgs boson pair production (HH) can shed light
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HH productlon at LHC ..., ...

30, (scale + mtop) + 3.0 % (PDF + a,) fb

HH production at 14 TeV LHC at (N)LO in QCD : ( Gluon-gluon Fusion \
~~~~~~~~~~ M,=125 GeV, MSTW2008 (N)LO pdf (68%cl) | -
R ST T \ =125 Ge (N)LO pf (687%) production (ggF)
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( q q
lH SM o @ 13 TeV ~ 33 fb

\ Vector Boson Fusion production (VBF) )

oUM=(HH) = 1.73*003% (scale) +2.1 % (PDF + a,) fb
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https://www.sciencedirect.com/science/article/pii/S0370269314001828

Standard Model Total Production Cross Section Measurements Status: October 2023
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Standard Model Total Production Cross Section Measurements Status: October 2023
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The challenges

® Destructive interference between the

do g A
dmn :j>. triangle and box amplitudes

* mnH Shape strongly depends on k

® Kx ~ 2.4 max. destruction at mpn ~ 350 GeV

e Soft kinematics for large Ikl
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e Hard kinematics for large Ikaovl
@ O 2
< - ATLAS Simulation . S 014 ATLAS Simulation Preliminary
> 012 . - g — ¢,,=0.0
g f i s =13 TeV : g ok IL - Kov=1 — 05
S o iv L K =0 . — &y=1.0
< C o A ] 01— — C,=1.5
0.08f ¢ ! _zk:z - o0sb- — — ¢,,=2.0
N - j F Set «,=1.0 and ¢,=1.0
006~ i i 7 0.06 — mill= =
0.04:_ i _: 0'04; B __\;‘q—‘%_:}:'_b_':
0.02:— '_ : :_ . 0.02—
obtl Bl T e TEfEIENCE N — N T B B e
30000 500 TG00 700 800 e wo e m e reference

m,, [GeV]

Need excellent experimental performance and analysis techniques
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-58/

HH from higher energy scales

® Higgs effective field theory (HEFT) framework
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HH search can put constraints to the coefficients
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HH decay channels

Large decay fraction

® No single "golden channel"

o bbbb (34%):

 The most abundant final state

- Challenging multi-jet backgrounds

Clean final state

® bbyy (0.26%):

- Low decay fraction

- Excellent myy resolution

® bbTT (7.3%):
« Happy medium

a Rui Zhang
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HH decay channels

Large decay fraction

® bb20 + neutrinos (2.9%):

 Targeting where one H » bb

® multilepton (6.5%):
- Targeting where both H » bb
> Although including bbZZ(—4l)
* In total 9 sub-channels

@ Combining all above channels

- Maximise the exploration of full
Run 2 ATLAS data

« Covering > 50% of HH decay

VAAN R

Clean final state
M Rui Zhang LHC Seminar: Recent HH results and the combination 12



Today's focus

® Recent HH results

Nonresonant HH results : References

Resolved: Phys. Rev. D 108 (2023) 052003
Boosted arXiv:2404.17193, submitted to PLB

Full Run 2 bbtt arX|v 2404.12660, submitted to PRD

Full Run2bbyy  :JHEPO1 (2024066
Full Run 2 bbeg+Emiss JHEP 02 (2024037
Full Run 2 multilepton | ATLAS-CONF-2024-005

© HH full Run 2 combination ATLAS-CONF-2024-006 New

* Five analyses above are combined under k and HEFT frameworks

* Presented in this seminar for the first time

® HH prospects ATL-PHYS-PUB-2022-053

Eatrlier results see LHC Seminar on 23rd November 2021 by Katharine Leney (ATLAS)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/
https://indico.cern.ch/event/1065153/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-02
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-27
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-10
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-02
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-005/

ATLAS detector

A general-purpose detector at the LHC with nearly 41t coverage in solid angle.

Magnet System

"\
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Object reconstruction improvements

Absolute uncertainty on c;(pT)/pT
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All HH analyses are using particle-flow jets.
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Background rejection

Light-flavour jet ratio

C-jet ratio
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b-jet efficiency

All HH analyses are using DL1r
77% efficiency working point.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/FTAG-2019-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/JETM-2018-05/

Other performance highlights

ATL-PHYS-PUB-2019-033

ATL- PHYS PUB 2020 019
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-033/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-019/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/JETM-2018-05/

ATLAS

EXPERIMENT

Run: 311402
Event: 2695204841
2016-10-25 19:04:17 CEST

Resolved: Ph
Boos



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-02

bbbb selection and categorisation

Resolved Boosted

*’ O
J
| @f
b
o) .
VBF jet
® b-jet trigger ® Large-R jet trigger
® =4 b-jets pt > 40 GeV ® =2 Xbb-tagged jets
® |Annul < 1.5 ® ptH > 450 (lead) 250 (sub) GeV
® Veto Top-quark decay ® VBF jets [An;l >3, mj>1 TeV
e Categorised based on |AnNHHl & XHH \
My, — 124GeV \~ [ my, — 117GeV \° VBF i
XHH:\/ < I F ) +< o ) categories

\ ggF categories

VBF jets |An;l > 3, mjj> 1 TeV
< | VBF categories
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bbbb pairing (resolved)

Sort by AR

>
Possibility 1 Possibility 2 Possibility 3
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Subleading Higgs Candidate
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bbbb background estimation

x10%

TLAS 2b data
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* Major background: QCD multijet

Sideband Higgs mass

Region
Data
2b/1Xbb
Data
4b/2Xbb
Unblinded

I Blinded

® In boosted analysis, a normalisation

factor is derived

® In resolved analysis, neural networks

learn transfer factor.

Region

| 5

—P |_earn

» Predict

- Easily handle multiple inputs simultaneously

LHC Seminar: Recent HH results and the combination
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bbbb bkg estimation performance

4b / rw2b

™ Rui Zhang
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NN improves the agreement with 4b events significantly.
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bbbb results

W 14 (s =13TeV, 140 fb” — 500 x SM ggF  —
- VBF HH bbbb — 1000 x SM VBF
. — SR — Ky =0VB -

® Fit muu (resolved) and BDT (boosted) to extract results I postri ///Eackg?ounﬁ
10 772, Uncertainty _
HH 95% CL limit puH < 5.4 (exp 8.1 assume no HH) T, Wi -
6_ —
L / _
o 1 . - : 4%% _
95% CL interval: 0.55 < k2v < 1.49, leading channel in Kay JE Mf/// .
95% CL interval: -3 < k) < 11 g O
o 0.5;— =
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BDT Score

Factor 2.5 improvement in

10—
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/

95%

Dominant uncertainties:

Xbb calibration

Background estimation

Signal cross section calculation

©

68%

©

04 06 08 10 12714 16 18 20
Koy (Kx=1.0, ky=1.0)

©

@ Constraints on coefficients are derived under HEFT and SMEFT. Read for more
m Cross-section limits are placed in seven HEFT benchmark scenarios.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/

Run: 351223
Event: 1338580001
2018-05-26 17:36:20 CES


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-27

bbTT selection and categorisation

TT decay
Tlep Thad
Thad Thad P
b b

b ij b ij

® Single-Thad and di-Thad © Single £ trigger ~ © £ + Thaa trigger
triggers (high purity) (large acceptance) (low £ pr)

® 2 Thad, e/p veto ® 1 Thad, 1 e/IJ- ®© 1 Thad, 1 e/u

® 2 b-jets, m > 60 GeV

Yes
[ > VBF BDT cut ] / Trained on k) = 1
Yes

_ _Trained on SM ggF vs VBF ggF x 3 types of
events —>[ =4 jets ] No l Yes/v min = 350 GeV triggers =9
No [ mun > 350 GeV ]\ frained on ro =1 categories
No

muu < 350 GeV

Trained on kx = 10
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bbTT background estimation

ATLAS * Source of backgrounds

{s =13 TeV, 140 fb™

Top-quark
Jet — 1, fakes

Ty adthae 2 P-tags
ggF SR, m, < 350 GeV

Tpadthay 2 D-tags

TadChag 2 b-tags
ggF SR, m_ =350 GeV

VBF SR Z + (bb,bc,cc)

I Jet — 1, fakes (tt)

I Other
Single Higgs
Fake T|—.
TlepThad ThadThad
TiepThad SLT, 2 b-tags TiepThad SLT.2btags P SLT, 2 b-tags y
99 SR m,, <950 GeV 99F SR, m, =950 GeV VBF SR Multijet _ Fake factor method
Combined fake — 0 I
i | factor method AKe Thad SCal€
factor method

TigpThaa LT 1> 2 b-tags TiopThag LT T 2 b-tags . ee or Jy, 2 b-tags
ggF SR, m . <350 GeV ggF SR, m_ =350 GeV control region

Control Region

Top quark (true 1) Z(—TT) + heavy flavour Single H & others

Shape from MC, Shape from MC, normalisation from Estimated from MC
normalisation from fit  Z(—ee/pp)+heavy flavour control region
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Events / bin

Data/Pred.

bbTT signal / background separation

© One BDT is trained in each SR —in total 9 BDTs
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= ATLAS — VBF HH x 200 =
105“ s =13 TeV, 140 b’ ¢ 3at&(a 22 7
== [ n=2. E

£ Thad®hac’ 2 b-tags Top-quark 3

~ 99F SR, m_ >350 GeV Jet - 1, fakes
= Z+(bbbccc) o
E [ Jet — 1, _, fakes (tt) 3

k. Fers I Other .
3L i.as Single Higgs |
10°E e Uncertainty E
'll'lll :

10?

10

===« Pre-fit background

II| IIIIIIII| 1

15— | E

1.5 1 T | | T T T T | 4

[ 7 /

ot LA ] /*’;zf'&:{? -

C ® 2

0.5 1| | | | | | | | | =
1 2 3 4 5 6 7 8 9 10 11

BDT score bin

H

Rui Zhang

Events / bin

Data/Pred.

TiepThad Single lepton trigger

10°
10°
10*
10°
10°

10

1

1.5
1
0.5

ggF mun = 350 GeV

L

I | [ I I I
ATLAS
{s =13 TeV, 140 fo'

TepThad SLT, 2 b-tags

—— VBF HH x 400
¢ Data
I HH (n=2.2)
Top-quark

| | | |
gF HH x 400

ggF SR, m >350 GeV
. HH

Jet — 1, , fakes
Z + (bb,bc,cc)
I Other

I| T IIIII|T| I IIIIIII|‘:I IIIII|T|

| WT|'| T TTTIT

' Single Higgs
Trretty 771 Uncertainty

Pre-fit background

T T N NN N SN N
» I | | | [ I I I I T I I 4__
i 2 3 4 5 6 7 8 9 10 11 12 13

BDT score bin

Events / bin

Data/Pred.

10*

TiepThad lepton tau trigger

VBF

I
ATLAS

S =

lep “had

VBF SR

I IIIIIII| I IIIII|T| T TTTI

‘l
®
_|
)

=<
N
o
3

T T LTT, 2 b-tags

T T | T T
—— ggF HH x 500
—— VBF HH x 500
¢ Data
I HH (n=2.2)
Top-quark
Jet — 1, , fakes
Z + (bb,bc,cc)
I Other

Single Higgs
Uncertainty
""m‘//. ----- Pre-fit backgrou

A + angres

11 IIIl| lIIIIIIlI I]IIIII.I.| 1111

LK

____——

IIIIIII| L1l

>

I|Il

==

7 8 9

10

11

—_

2

BDT score bin

Upward fluctuations in data

Other BDT distributions in backup
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bbTT results

< L e e L A HAA A BN B < 10— g
N, 9 ;_ ATLAS e Expected _; N, 9 ;_ ATLAS e Expected _;
8E s =13 TeV, 140 fb 95% Cl: [-2.5,9.3] 3 8 Vs =13TeV, 140 fb’ 95% Cl: [-0.2,2.4] 3

- HH - bbrr —— Observed = - HH — bbtiT —— Observed ]

7E 95% Cl: [-3.1,9.0] - e 95% Cl: [-0.5,2.7] =

6 . — 6\ B} : =

i3 95% CL interval / : i3 \ 95% CL interval : / E

4;_ -3-1 < KA < 9.0 :-: 950/0 CL_; 4%_ “‘-_‘ -Ol5 < K2V < 2-7 ::: 950/0 CL—%

3 E 3\ =

oF = 2k =

1; 68% CL 3 1:_ : ) 68% CL 3

OE W oE I R W D RN N

10 12 05 0 05 1 15 2 25 3 35

K Koy

95% CL limit pun < 5.9 (3.3 exp): leading channel in SM HH search

Dominant uncertainties:

¢ Data statistics

¢ Modelling uncertainties on top-quark
and single-H background

g Constraints on HEFT and SMEFT
coefficients and seven HEFT
benchmark scenarios.

Up to 20% sensitivity
improvement
compared to previous
full Run 2 result

Read for more

Compatibility with previous full Run 2 result is maximum 2.50 in SLT.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-10

bbyy selection and categorisation

b | ® Diphoton triggers
: Y ® 2 b-jets and 2 photons
Y - 105 <myy < 160 GeV
o ") ® Suppress ttH and tt

VBF jet pair selected

* Lepton (e, u) veto
by a dedicated BDT pton (e, W)

* <6 central jets

Targets q b
BSM K | . .
S 3 categories defined by [ F|t7mW spectra J
ORI ATLAS Siruiatior ] L BDT score ) S B T .
& o s=13TeV 7 - =
% 0'2: HH-bbyy ggF ] 8165 /s =13 TeV, 140 fb™ ¢ Data ]
;C: B — K, =-6 Ny 14:_ HH—>bbyy 7 Cont. background -
E) 0.15+ — =0 - % 121 High Mass 1 —— Total background —;
2 — K, =1 D 10F
'-og 0.1~ Kx=2 ] 8f
ugi a _Kk=10 6:
Sanps : Low mass BDT /' o

250 300 350 400 450 500 550 600 650 700 750 4 Categories defined by ot s i i i s .

Mpfyy + (125 — myp) + (125 — mW) GeV BDT score m,, [GeV]
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bbyy categorisation BDT

q- B | | | I | I | I | I | I | I | | | ]
o B
S~ —— =
v 10'F vs=13Tev, 140 fo- HHgOF, k=10
c - - —— SMHH VBF s
2 - HH-Dbbyy HH VBF, k\=10 -
LU | Lowmassregon ... HH VBF, Kpy=3 i
S 100k Single H |
5 = — yy+jets =
= E ¢ Data sidebands i
| L 2 344
107" T
1072 | =
0 1

™ Rui Zhang

BDT score

Fraction of Events / 0.04

High mass BDT
optimise for SM value k) and Ky
(hard spectrum)

|
- ATLAS

- SM HH ggF
__ _ == HH ggF, k=10 —
- s=13_TeV, 140 fb — SMHH VBF 3
- HH-bby HH VBF, k\=10
- High massregon ... HH VBF, koy=3
Single H =
— yy+jets . 3
¢ Data sidebands -

L
0.8

Training against background:
single H and yy-continuum

LHC Seminar: Recent HH results and the combination
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bbyy signal and background modelling

> N S
A T HHandSingle H
O | Vs=13TeV, 140 fo ¢ Data _
» 8 HH s bbyy Cont. background _ Modelled by double-sided
€ [ HighMass 3 — Total background : Crystal Ball function.
o ek - Parameters estimated from MC
-
27 |9 ? B Modelled using exponential
B 1 function. Parameters derived
| | I | | | | | 1 | | 1 I | | | | I | | Iﬁ -
0""T10 120 130 140 _ 150 160 from data sideband
\. \/ .J mW [GGV]
Sideband f‘g”a' region Sideband )
A4 \v4
-~
High Mass I  High Mass 2 /ﬁigh Mass 3\ Low Mass 1 Low Mass2 Low Mass3 Low Mass 4
Total background 12.8%16 e e g i 479 1303
Data 12 4 | 29 8 5 4

\/

Downward fluctuations in data
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bbyy results

~Sd I L L BN B BN B

g ATHAS — oeved {1 95% CL interval —1.4 < k) < 6.9:
— Vs =13TeV, 140 fo ---- Expected ] ) ) )
C HH - bbyy 1 leading channel in kA constraint
o Observed , .
N 68% CL: Ky, € [0.6,5.2] ! . .
B\ os%OLimek1469 | {wrcd  99% CL interval —0.5 < Kav < 2.7
- “\ Ez)a(%egﬁzdme[-tz,ej] I," ] .
A 95% CL: K < [-2.8,7.8] E 95% CL limit pun < 4.0 (5.0 exp
o -
N A Y AV 68% CL

Up to 17% sensitivity

improvement

. ..,I...,,,,,,,,,,,,I,,,I,,,I,,,I,,},(A compared to previous
< | ATLAS . Observed 68% GL full Run 2 result
6_— Vs =13 TeV, 140 fbo- - (ébserve;i E?85// (ci_ N
> bb xpected 68% i
[ HH=bbyy Expeclod 6% OL | Dominant uncertainties:
B = Best fit .
4 ¥ SM prediction S ¢ Data statistics
Lem T T T T ¢ Theory uncertainties on HH xsec
2 I, \\\ ]
- Tt g ; a Constraints on HEFT and SMEFT
T coefficients and seven HEFT
-6 -4 -2 0 2 4 6 8 10 12 b h k . R d f
o enchmark scenarios. ead for more
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bbf0+ETmiss selection

— —
b : o+ QY \ Ge Mas
T / t
: : wws_— 210 GeV M it Q(EEGGV
@& Tzi_ ................... s | ||
b '.j X 40 GeV Mp] Z/Z;JORGGV }
> my,
15 GeV 75 GeV 110 GeV m,,
® Single lepton and dilepton triggers| ™=A Centre >
® 2 light opposite charge leptons 210 GeV 1 o £ 250GV
(same flavour or different flavours)| | [
40 GeV + Wi CR
@ 2 b-JetS mp; > 250 GeV }rn”
15 GeV 110 GeV >
e VB categary
® =2 VBF jets with pt> 30 GeV,
max(An;) > 4, max(m;) > 600 GeV ., [N
0]
LHC Seminar: Recent HH results and the combination 34

a Rui Zhang



bb02+Etmiss signal/background separation

@ BDT trained in VBF category ® Network trained in ggF category
- Signal: VBF HH kx=0 - Signal: ggF HH
- Bkg: ggF HH, other SM processes - Bkg 1:tt and tW
- Bkg 2: other bkg

@ 5 most significant bins are used ® 7 most significant bins are used
in final fit in final fit

«ALTLAS ¢ Data [Z]Bkg. Unc. —
s=13TeV, 140 fb” []Z+jets (HF) [
N -Wtje’[S -glngle Higgs tt and tW
[ Fakes []Other
- Shape from MC,

HH — 2b+21+E7"*
Pre-fit

normalisation from
control regions.

Single Higgs
y%/,;;;//%%%J
Z

/ Estimated from MC
7 0,9? “/fo Vor Vep V&p VeM 2 ? A/plll// Oggp 99# 90k JoR. & ,

fjeficit observed in data

e C@(V/p@ s S5 S5 Sk 205 7 o B 0 55567 55555
/ 95
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Events

10°

"Fake" lepton

10*

Data driven

10°

—_
o
N

Z + heavy flavour

Shape from MC,
normalisation from
Z(—eel/uM) + heavy
flavour control region.

—_
o

|lll|l“|'“t“'|“'|'“|I ||"| [ IIIIH]] I TTIH

ADo onD =

Data / Bkg. pred.

OO0 [ G Y




bbf0+Etmiss results

- O I T I . T -5 6r
I - ATLAS - 3 - ATLAS
I o /s = 13 TeV, 140 fb" - I °r (s =13 TeV, 140 fb"
- - HH — 2b+21+E7" . - - HH — 2b+21+E7"°
T e : T\ S e o
3 expocted - 3 expeciod 2x sensitivity
- " [-8.1,15.5] @95% CL : B "7 [-0.51,2.7] @95% CL Im rovement in
2= - 2 P HHH
x ] - compared to full Run 2
i E 3 HH— bblvlv result.
5650 5 10 15 20 0 New Koy results.
_ 5 CATLAS  mE s Cdauw -
95% CL interval 10° fe =10 Tox, 140 i@‘k " E%i%g.e Higgs 5
Post-fit akes er -
—6.2<Ky,<13.3 10* - HH (1 =9.7) = _
agF 5 Due to employing
10° = . . .
5 multivariate analysis
95% CL interval o F and inclusion of same
-0.17<kKk2v <24 10 flavour signals
1
gleE T = Dominant uncertainties:
95% CL limit g ;E g;.,f,.,,,,,//.///,/,//,y% /WW.WW/M//./W//;///J//%)///)// = ¢ Data statistics
© a ; 4»// _5 . .
HHH < 9.7 (16.2 exp) & S5E 3 ¢ Z+jets modelling
& OQ/V@A\%(O VGA\ VGA\ V&e V&p V@ ’? SCr "A/ 1’1’1099,4\ S%Qp 6%0,64: S%; 6%9: Sglgg Sggg 8,9

™ Rui Zhang
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Multilepton

ATLAS Simulation Preliminary Vs =13 TeV, 140 fb

w
o

N
o

n
o

Final states:

—
(6,
L

Targeting HH decays:

Number of SM HH events passing preselection

ob [ ww | ot | zz | vy

/

Number of hadronic taus

yy+ML
channels

HH decay mode Analysis channel

ATLAS Simulation Preliminary Vs =13 TeV, 140 fb?

o
o

Yy+2(4,7) Number of light leptons

/

Number of SM HH events passing preselection requirements

4V (V=W/2)
VVTT

4T

YyVvVv

YYTT

Triggers:

¢ Single Lepton
¢ Dilepton

¢ Diphoton

© © © © ©

HH decay mode Analysis channel
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Multilepton search strategy

Object multiplicity requirements ensure orthogonality among

Pre-selections sub-channels and with other HH channels

l w Prompt leptons from SM processes (dominated by diboson)
w Non-prompt leptons (photon conversion, hadron decay)
Background

w Mis-assigned charge (bremsstrahlung+conversion, mis-
measured track curvature)

l v Mis-identified tau

estimation

Fake (scale) factors derived in dedicated control regions
or simultaneous fit with signal regions

MVA (BDT) v Non-resonant yy production
Functional form determined by myy sideband

l BDT is trained in each sub-channel
* Used as discriminant

 Orinyy channels used to define categories to fit myy

Combined fit
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Multilepton results

ATLAS Preliminary e Observed 1 1o
o Expected (uyy=0) 1 20
Vs=13TeV,140f0-' Expected (Upuy = 1)
Oget . ver(HH) =32.7 fo Exp.
Obs. (MHH =0) .nm
a1 + bbl- de 40 36 6 additional sub-channe
e g 21 32 included than 36fb-1
25Cr | % 2 publications, 4-9x
2/SC+T| d ° 83 65 ) . ae
. ra » a7 Improvement per existing
1427 .s 44 45 sub-channel.
w+2woF 9 e 53 41 New Kov results.
yy+ I+ d e 51 30
vy + T ' 114 60
Combined ML~ 14 14 . .
Gombined vy + ML} 45 21 Heavily employed MVA is the key
Combined| Ic;btl o 15? o I11 |
0 50 100 150 200

95% CL upper limit on HH signal strength uyy

95% CL interval 6.2 <Ky <11.6

> T T .
() > T T T T
G 141 ATLAS Preliminary ¢ Data [ L - > 14 T T T T
s} - 4 G 16 ATLAS Preliminary ¢ Data ® -
S 2 maree P ot 18 ) RemETeviont  —swmdxio |G GTASREIEY o e
2 \g+ I(LT') '"Q'etH'QQS 2 YW +T Single Higgs S S:Z eV, _S' | H*
g 1ol ignal region !yy-con inuum § ol BDTTight B 7v-continuum g WL J_ ingle Higgs
Post-Fit 7 Uncertainty 1 Post-Fit 7/ Uncertainty I 10 BDT Tight I yy-continuum
o 1 1ok - Post-Fit 77 Uncertainty
(. INterval —<£.9 < Ka2y < 4. i of
8.
6 6l
6
4_
af 4
u ]
2.
95% CL limit puu <17 (11 exp) o 2 i
%’ 1‘2 =3 OF=/" 771 gAY A & 0
3 o 125 q % 125
g os £ T ¥ z 1
0 a 075 [XX) o o¢e OO

05 5
110 120 130 140 150 160 110 120 130 140 150 160 05— 120 130 140 150 160

¢ Dominated by data statistics
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Systematic uncertainties and correlation

© No additional pruning is applied in the combination

Final object
reconstructions

_ empty: unavailable or negligible
© Common sources are correlated except if:

- Different calibrations used
- Different post fit profilings from different phase space

a Rui Zhang LHC Seminar: Recent HH results and the combination
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Systematic uncertainties and correlation

HH signal
modelling

.................................................................................................................................................................

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

.................................................................................................................................................................

.................................................................................................................................................................

Bkg. modelling

.................................................................................................................................................................
.................................................................................................................................................................
.................................................................................................................................................................

: . 'em t :unavaillable or negligible
© Dominant uncertainties Pty glig

. HH cross section theory calculation QCD scale + miop (prefit fg?% on ggF HH)

- Normalisation of single H plus heavy-flavour jets on ggF (prefit 100% on ggF H yields)
- These two contribute most to the correlation

a Rui Zhang LHC Seminar: Recent HH results and the combination
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Putting all together: HH production

- —e— Observed limit (95% CL) 95% CL limits
ATLAS Prelminary Expected limit (95% CL)
Vs =13 TeV, 126—140 fb~’ (= 0 hypothesis)
SM [ Expected limit 10 © IJ‘HH < 29 (24 exp)
OggF + ver(HH) =32.8 fb 1 Expected limit +20
) * MggF < 2.9 (2.4 exp)
Obs. Exp.
-------- - T * Mver <44.3 (47.5 exp)
bbil + Eiss — * 10 14
— ® . .
Multilepton— { 17 11 GHH < 85 8 (71 1 exp) fb
bbbb— { 5.3 8.1
bbyy * 4.0 5.0
Corresponding to deficit observed in
et 59 33 I
R { A bbbb, bbyy, bb2g+Eymiss
Combined|~ ¢ 29 24 and excess observed in
OI Lt Iél L1 I1IOI L1 I115I L1 IZIOI L1 I215I L1 I3|OI L1 I315I L1 I4IOI bbTT, multilepton

95% CL upper limit on HH signal strength uyy

+6%
53¢, In scale + myqgp)

¢ Subdominant: modelling of single H associated with b-jets (lack of measurement)
¢ Dominant experimental uncertainties: 4b background estimation
Separated ggF and VBF limits in backup
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Putting all together: couplings

KA

8 | | I |

-21In A

(82
[TT T[T

[\®)
I,’IIIIIIIIIIII

|
4

—
IIIII

ATLAS Preliminary
'TVs=13TeV, 126—140 fb

- HH combination
6 All other K fixed to SM

I I I I I I I I I _I
—— Combined —— bbyy
—— Multilepton =—— bbbb
—— bbif + EMiss —— bbTtT"

—— Obs.: 95% CL [-1.2,7.2] ]
—=- Exp. (SM): 95% CL[-1.6,7.2] ]

1
195% CL—
________________________________________ T_____+__________
] / _
1, ]
1 ! ]
1 II -
/] | —
I —
/ _
I
/ _
I —
/ —
/
/ _
1 -
/
/ ,"
! 68%CL,”
________ B
' —
rd
/, -
-
"” 7]
- —
- | I I I

< 8_ I I I I I I I I I I I I I I I I I I I I I .I I I I I I I _I I I A
< [ ATLAS Preliminary ~ — Combined = bbyy 7
ol 7 4 Multilepton = bbbb ]
! 'FVs=13TeV, 126—140 fb bbtt + ET bt
- HH combination .

6 All other k fixedto SM  —— Obs.: 95% CL [0.57,1.48] ]

- —-—- Exp. (SM): 95% CL [0.41,1.65]

5__ 'l__
4PN o 95%CL/

: I

3 P
2:_ I,I /// _:
L G e ;,'..@8?@-?},_5

0: | Z::;——."."I'E
-0.5 2.5
Kav

____________________________________________________________________________________________________________________________________________________________________________________

[-1.2, 7.2]
0.6, 1.5]

[-1.6, 7.2]
(0.4, 1.6]

bbyy, bbTtt

bbbb (boosted)
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Putting all together: couplings

> | | I | | | | I I | | | | I | | |

N 8 .. _C : —_— hh —
ombined bb

x °[ ATLAS Preliminary RAA
i — Multilepton —— bbbb  _

Vs =13 TeV, 126—140 fb~’ : _ _
B : . = bbll + EM"Ss —— bbT T -
6_HH combination _
B — QObs. 95% CL + Best fit (4.3,0.92)
- ——=- Exp. (SM) 95% CL 3¢ SM prediction g
4_ /,’ \\\\\\ ~ ]
| // ———————————————— \\\ —

_______ 7'/“-———.(:: \\\\ \\\
[ I’/ /// ::__—_-___-__—“-—-—___:‘\ \\\\ |
|- /I =TT T T s—a.. = \-__-~\ —]
I' 'l e D P \\\ TR ——
2 L____{..;I.,.———-;__:“_________E_ RN \\\ ~~~~~~~ )
a -~ - __;-; ————— g |
TN 4 SR
| ~ \v~~~ \\\\ \\\ + \‘ \\\\\ ~\\ _|
| \\ -\.;Q\-—--—:—,“-__.__-_-- ‘| _‘; \\ __,// _
O — \\ \\ Sl TR :———"I"\‘— —_
i TUSEN \ ~< /
- “N=—— S~ I s 1 .
AN ~\_:—"‘—-—-: ‘‘‘‘‘‘‘‘‘‘ .i", I'
= AN < TTe=—lTTITIITTTY / .
\\\ \\\ /—ﬁ _____ 7/ ________

- \\\ ~~~~~~~ ,/ /, ———
2 el T o —

L | e f-o--777 L .

-5 0 5 10 15

KA

Relative contribution can be better seen in the 2D contours
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Complementary contributions

Reminder: when kx moves away from SM, kinematics gets softer

B105:|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III:Nt
S - . — Observed limit (95% CL) § INOLE.
E - \/A;TLAS Pre“mmary1 Expected limit (95% CL) -
- Vs =13TeV, 126—140fb' (Uny =0 hypothesis) 7 , .
I‘L: | HH combination [ Expected limit +10 1 - bbbb’s deficit (?t SNé,
4L - i - X round Ka=
0 10°F — Gombined —— bbrir 1 Expected limit +20 | ©XCess around Ka
LL+ E —— Multilepton —— bbyy BE== Theory p.re.dlctlon E
D% L bb+ EMS —— bbb v¢  SM prediction 1 - bbtT excellent
- _---————======9% performance at SM,
O] o ———— degrading quickly in
- positive K
____________________ - Similar situation
------------------------------------ seen in bbff+Egmiss
102:_ \\\\\\ =
101 I T T T T T T T Y A AN N TN T AN T T N N A O O TN AN N
~7.5 -5 -2.5 0 2.9 S 7.5 10

KA
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Complementary contributions

Reminder: when Koy moves away from SM, kinematics gets harder

ro) T .
= . — Observed limit (95% CL) | Note:
= 10t ATLAS Preliminary served limit (35% GL) J TNO
T [ vs-13TeV,126—140fb-1  ~ e hynatres )
- = ; — HH = ] :
:t'uf - HH combination [ Expected limit 10 ] - bbbb’s §trobng
S | — Gombines — bbrie ) Expected limit £20 fr?nf)traltntt glt/ant
o 10 = —— Multilepton  —— bbyy E=S Theory prediction e pest a
- v SM prediction

- No dedicated VBF
""""""""" signal regions in
""""""""" multilepton

- bbyy is not super
sensitive in high
=m=m==ss====mmd  Kinematics regime

oL v v v by
1025 ~ 0
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nghh

Putting all together: HEFT

1.5

—

0.5

-0.5

H

Chhh=Cgghh

LR B B B
[ ATLAS Preliminary

| Vs=13TeV, 126—140 fb™!

[ HH - bbt*T~ + bbyy + bbbb
L All other c fixed to SM

I

—— Observed 68% CL

T

L

T I T 1T I T 1T I

Observed 95% CL i
Best fit (6.6, -0.45) 7
Expected (SM) 68% CL _|
Expected (SM) 95% CL 1

L %  SM prediction ]
__________
L . ~ |
L { DTS i
\ ~
L ~ S i
~ \

~ 1 i

- ~
~< J
— WS, ‘ T
- ,’ \\N -
/ SN
| 12 ‘\\ 1
L \ ~o i
\ So
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- Multiple minima due to quadratic structure of HEFT parametrisation

- Best fit driven by bbbb where a signal shape is picked to fit the gap between data
and background the best
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1D scans in backup
Benchmark results in backup
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Projection to HL-LHC  *=gmary s

© Combination of bbbb + bbTtTt + bbyy

- Baseline: 2x theory/modelling, 2x b-tagging, others objects almost Run 2-like (conservative)
- HH discovery significance of 3.40; ki constrained within [0.0, 2.5] at 95% CL
- Based on previous round of full Run 2 results. Already 13% improvement with this round.

~

B I I I I I I I I I I I
- ATLAS Preliminary

o =4
® N N ﬁ o0k ATLAS P
= —+— No syst. unc. B [
S 6 vs=14Tev O - o VS =14 TeV, 3(
o B n n - A i [
:E [ HH - bbyy + bbt T T” +bbbb Theoretical unc. halved - 17.5 - Non-resonant H
'c% 5~ Projection from Run 2 data —+— Run 2 syst. unc. — i
[ Asimov data (kj = 1) ] 15} Asimov data (k;
i ] —— bbTtT"
N ] 105 —— bbbb
Z ] 7.5}
2 — N " — ] [
B — 5k
1 — i 95%
- 2.5}
0 [ | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 K 68‘%)
1000 1500 2000 2500 3000 oL
=2 -1 3 4 5 6 7 8

Integrated Luminosity [fo~'] K
A

® Sensitivity driven by theoretical uncertainties on HH cross-section and:

¢ Db-tag performance in bbbb (potential improvement from ITk and better b-tagging)
¢ background modelling uncertainty in bbyy

¢ additional heavy-flavour jet radiation in single Higgs background
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-023/

Standing in Run 3

ATLASBJetTriggerPublicResults
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> B 7]
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. . % YL & Run 2 main stream: e(HH—4b) =41% i
object ID, more refined analyses ... . !
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TauTriggerPublicResults
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2023-01/
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/BJetTriggerPublicResults

Summary

© HH is a unique process to probe the Higgs potential

@ HH events are rare (33 fb 2> ~ 4600 SM events in Run 2 dataset)
- Call for highly efficient analyses

@ ATLAS conducted searches in final states covering 50% of decays
- Reached best expected sensitivity to date on HH cross section, unH < 2.9 (2.4 exp)
* ... and on the Higgs self-coupling, —-1.2< kKx<7.2 (-1.6 < Ky < 7.2 exp)

® Promising prospect for Run 3 and HL-LHC

» Prospects can improve rapidly with the ,"
advancement of triggers, objects

identifications, and analysis techniques ,
(

Much to look forward to
In the near future!
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Backup

bbbb

e Selection flowchart

e Cutflow, vields, efficiency
Discriminant

Resolved category vyields, syst table
Resolved uncertainty decomposition
K2V scan, XS scan, 2D scan

bbTT

e Selection flowchart

 BDT variables: ggF vs VBF, ggF, VBF
e Discriminant

bbyy bb 0 +Emiss Multilepton

 BDT variables ¢ Topology definition and BR * Event selection table

e Discriminant  Prefit yields e CR definitions

e All results  BDT and NN inputs  BDT input (all sub-channels)

e Systematic table

Combination

e EFT benchmark definition

e Combine with single H

* Projection scenarios definition

B Rui Zhang LHC Seminar: Recent HH results and the combination 24



bbbb event selection

Resolved
(1) (6)
Pass trigger class (Ypj)T < 65 GeV Yes
/\ \ (7 VBF) (8 VBF) (9 VBF)
. . > .
Xwe > 1.5 2l Xun<16 Mt > 400 GeV > VBFSR
Yes Yes
J Yes Yes Yes
(5) No
(2) VBF Jets
> 4 central jets |Anj| > 3,
mj > 1 TeV
N N
o
Yes Yes
v (7.g8F) S (8. ggF) S (9. g8F) S
|Anam] < 1.5 7l Xwe> 1.5 7l Xum<16 ggF SR
(3) (4) Yes Yes Yes
> 4 b-tagged > >6centralor No
central jets Yes forward jets
Boosted
(6)
[P)) ) 4 ) VBF jets kinematics
(1? — Higgs boson candidate jets ng?s boson candldats jet kinematics pJT > 20 GeV
Pass trigger > 2 large-radius jets (J;, J,) py' = 450 GeV,m’1 > 50 GeV AR(J,j) > 1.4
p2 > 250 GeV,m’2 > 50 GeV C
T = ’ = |An G ) | > 3,m; j, > 1Tev
(7)
(3) (5) Signal-region
H- bb jets VBFjets my, 124 GeV\* /my, — 117 GeV \?
60% WP of X,,(J)), X;,(J>) > 2 small-R jets (j;, j,) ( 5007, ) ( 19007m, ) <16
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Cutflow

Boosted
5 102 S T L = 5 102E T T T T T T | E——| = 5 1O4§. T — T T T L
S — ATLAS Simulation : 'T"i_“a' t 3 S ~ ATLAS Simulation : !I[“_“a' t - S — ATLAS Simulation —.— !I[‘iﬁa' -
9 n _ 1 rigger+upstream | — B - -1 rigger+upstream | = 3 _ _ —e— Trigger+upstream
L yemdion Tummr ] f f e Tl & wpleaian = Tgmwmn
L ; Double b-tagging L o Double b-tagging L — Double b-tagging ]
x 10! | Narrow width >2 Small-R jets —] x 10! . Composite Higgs model (I"x=0.2my) >2 Small-R jets —] x 102 >2 Small-R jets —
o = Large-R jets cuts 3 = Large-R jets cuts 3 = Large-R jets cuts
c : —o— Small-R jets cuts | c - —o— Small-R jets cuts ] c — Small-R jets cuts
g — —8— Boosted SR ] S — —e— Boosted SR 7] S 10! E- —o— Boosted SR =
[oR - | Q - - o = =
8 8 8 = —e— \Veto resolved 3
<<() 100: 3 2 1005 i g % i; 3 2 100:§3 ® ® < ° :E:
g E E — ¢ ’ - = == ==
- . - § 107 == =
[ S —— i I . . o | - = —e ]
WEgS—— T S = — 4 el -
102 L — P [ P 1 102 — VIR — TR E— VIR E— TR — 10—4_. R R S RS SR S S
1000 2000 3000 4000 5000 1200 1400 1600 1800 2000 0.0 0.5 1.0 1.5 2.0 25 3.0
my [GeV] my [GeV] Koy (Kx =1.0, Ky=1.0)
Resolved
Data ggF Signal VBF Signal
SM K, = 10 SM Ky = 0
Common preselection BOOSted
Preselection 570x 10° 530 7300 22 630
Trigger class 249 x10° 380 5300 16 410 - -
goF selection Selection Data Nonresonant Nonresonant VBF  Spin-0 resonant VBF
Fail VBF selection 246 x10° 380 5200 14 330 SMeeF (kg sy ky) = - Narrow-width my
, . (1,1,1) (1,0,1) 1.00TeV 5.00TeV
At least 4 b-tagged central jets 1.89 x 10 86 1000 1.9 65
|Angpl < 1.5 1.03x10° 72 850 0.94 46 ng events . 16854036422 1480 82.0 1290 140 140
Sar @ a0 o n  Temlwmnn cowmt e Lo 7o
. . 4 > 2 large-R jets (n, m . . .
X < 1.6 (ggF signal region) 162107 29 180 024 23 Double b-tagging 12875 5.35 0.131 774 252 24.9
VB selection - > 2 small-R jets 5762 2.24 0105 572 188 16.0
Pass VBF selection _ 3:3010 5.2 81 o~ 7 Large-R jets (pr) 3902 1.41 0.0700 483 137 16.0
At least 4 b-tagged central jets 2.71 % 104 1.1 15 0.74 28 Small-R jets (An(j, j), m;;) 314 0.148 0.0380 323 8.58 12.0
Xy, > 1.5 2.18x 10 1.0 11 0.67 26 Signal region 23 0.0970 0.0290 24.5 6.68 6.59
Xyy < 1.6 5.02 x 10 0.48 3.1 0.33 17 Veto resolved selection 21 0.0590 0.0200 18.8 - -
myy > 400 GeV (VBF signal region) 357x10° 043 1.8 0.30 16

™ Rui Zhang

LHC Seminar: Recent HH results and the combination

56



>
[0)]
O)
w300
Y
~
2]
c
S 200
>
(m

100

bbbb discriminant

Resolved

RN N e

ATLAS
Vs=13TeV, 2018 57.7 fb~'
ggF Signal Region

I\\Il\l\\l\l

\\Illll\l#l‘ﬁ?";"‘“‘d'

ey
| Iﬂ-‘JIIIlI\\\lIIIIIww.

L L L L O L L L L L L I L L L I L LA B I

Post-Fit Background ]

NN Stat. + Syst. Error

+ 4bData

[] 400xSMHH

200 x k=6 HH

0 I I o L | |

I\Illl\\ll\l\ll\

....1‘\'\—||||||\m.!'

0
-C 1-5 | TTTT | TTTT ‘ TTTT | TTTT ‘ TTTT | TT T | T TTITT | TTTT | TTTT | TTTT | TTTT I TTTT | TTT1T | T | TTTT | TTITT | 1T | TTTT | TTTT | TTTT T | T ‘ TTTT 1T ‘ TTTT | TTTT | TTTT ‘ T T L_‘_\ | TTTT ‘ TTTT | 1T | TTITT | TTTT | TTTT 1T | T | TTTT | TTTT ‘ TTTT | TTTT | T IT | T 1T | TTTT | ]
% 1ok % N ++¢.4,—6\ spage hay \mkx N &A\Q‘%—-&—&-ﬂb*_{_ 3 %\\ %\ ks s g N \%*;*_’_—4—7_ oy SN N iw“v““‘* _Y_ﬁg _\L,\ o ke
g :i**'*w*“++¥ NN : THERERRSSY ) F | T SRR FETEES T E
D o 5 _l 1111 | | ‘ 1111 | 1111 ‘ 1111 | 111 | 111l | | | 1111 | L1l | 1111 | 1111 | | | 11 (A 4 | ] | 1111 | 111l | I | 1 | [l | 111l [ 1111 | Il ‘ 1111 ‘ L1l | | | 111l 111 | 1111 ‘ 1 | 1111 ‘ 1111 | 1111 | 1111 | I | 1111 | L 111 | 1 | L1l | 111 ‘ L 111 | 1111 | 1111 | L1l | 1111 | .|
) j=) D (s S j=l [« (o] D D j=) D (s (=] S j~) O QO [»] (s (e} (s D S [N -] D (<) D S D S (=] (] je) D j=) S O (=} j=l (o) [») () (=} D
& ¥ & & LK & & & ¥ & & LK & & & ¥ & & R c% &S §& ¥ & & N & & §§& ¥ & & LK & & §& ¥§ & & LK & & 8
Muy [GeV]
L : 11 : 11 : 11 : 11 : 11 : ]
|AT']HH| <0.5, XHH <0.95 05< |AT]HH| <1.0, XHH <0.95 |AnHH| >1.0, XHH <0.95 |AT]HH| <05, XHH >0.95 05< |AnHH| <1.0, XHH >0.95 |AnHH| >1.0, XHH >0.95
L] L] L] n n n
Deficit in SM, excess in Kx = 6, excess in tail
T e A Ay Mol e Ml A el A " " " .
< L ATLAS ¢ Data | 8 T : . - : 1 @ . . : : 1 @ T . . . . 1 8 T . . . : .
c c c c
B 14 (5=13TeV, 140" —500xSMggF e b ‘31!- é‘? V, 140 fb! ¢ Dot 1 2 b éjf 1A3§ V, 140 fb! ¢ Deta 1 2 r é_né‘? V, 140 b~ $ Daa 12 + é_TL1A3§ V, 140 fb! ¢ Deta .
L VBF HH bbbb — 1000 x SM VBF - L 40f—YS=131€V, — mx=10TeV[ox=1fb] -{ @ 40{—Y5='° "€V, — mx=15TeV[ox=11] —| 10 40— € — mx=1.6TeV [ox= 1fb]— W 40— ¢ —— mx=5.0 TeV [ox=1fb] —|
L VBF HH bbbb Backaround - L VBF HH bbbb Backaround 1 [ VBF HH bbbb Backaround [ VBF HH bbbb Backaround 1
12~ SR — Ky =0 VBF — - Narrow width gro b [ Narrow width gro ] [ Narrow width 9 b [ Narrow width gro ]
| Post-Fit Background | - Uncertainty — T SR Uncertainty — I SR Uncertainty — T SR Uncertainty —
10k 77/ Uncertainty _ 30 — Post-Fit - 30— Post-Fit - 30 — Post-Fit — 30 [— Post-Fit —
r 7 C ] C ] C ] ]
sl A | - b C ] N ] ]
L ¢ i 20 — ] 20 — ] 20 — ] 20 i ]
6 = C _ C ] C ’ C ]
Y 777/ 1 w0l + - 10l - ok e N o =
N . - + + ] - ! . ] ] B ]
- | 4 [ 3 P L 1
2F B . oF : . : =L & : — : ‘ 0F : . . . - = : : : : -
s 5 2 15— H 2 15— - 2 15 '—0 — 2 15 —
% oF S WS FEETE NN PN S A A S S om E , [ = om E | ] 1] [ | Jm i 7
E 3 ~ = | ~ = ~ ~ - A~ ~
& 1_551 T 3 o 1OF ¢ s "OF | o "OF 1 s of =
= e | 3 © F = ®© F = © = q« = =
g =y ’ Z 3 0O o5 H A osE 1 A o5 = 0 o5F —
E = n n n 1 n n n 1 n n n 1 n n n 1 n n n 1 n n n 1 n n n 1 n n n 1 n n n n 1 n n n 1 n n n 1 n n n 1 n n 1 n n n 1 n n n 1 n n n 1 n
o 05F ¢ 3 0.0 02 04 06 08 1.0 0.0 02 04 06 08 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
% 01 02 03 04 05 06 07 08 09 1 pBDT score (mx = 1.0 TeV) pBDT score (my = 1.5 TeV) pBDT score (mx = 1.6 TeV) pBDT score (mx = 5.0 TeV)
BDT Score
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bbbb tables

Category Data  Expected  ggF Signal VBF Signal
Background SM SM
ggF signal region

ANy < 0.5, Xy < 0.95 1940 1935 +25 7.0 0.038

ANy < 0.5, Xy > 0.95 3602 3618 +37 6.5 0.036

0.5 < |Anyyl < 1.0, Xy <095 1924 1874 +21 5.1 0.037

0.5 < |[Anyyl < 1.0, Xy > 0.95 3540 3492+ 35 4.7 0.040

ANy > 1.0, Xy < 0.95 1880  1739+22 2.9 0.043

|Angy| > 1.0, Xy > 0.95 3285 3212+ 37 2.8 0.041

VBF signal region

Anyy| < 1.5 116  1253+44 0.37 0.090

Ayl > 1.5 241  230.6+5.3 0.06 0.21
Source of Uncertainty Au/u
Theory uncertainties
Theory uncertainty in signal cross-section —9.0%
All other theory uncertainties —1.4%
Background modeling uncertainties
Bootstrap uncertainty —7.1%
CR to SR extrapolation uncertainty —7.5%
3b1f nonclosure uncertainty —2.0%

B Rui Zhang LHC Seminar: Recent HH results and the combination o8



Relative Uncertainty

bbbb uncertainty
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bbbb other results
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bbTT event selection
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STT + DTT

A\ 4
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bbtt BDT

ggF vs VBF

variables

ggF

VBF

Variable

Thad Thad

Tlep Thad SLT

Tlep Thad LTT

Variable ThadThad  TlepThad SLT  TlepThaa LTT
mYBF v v v
AU}IJBF v v v
VBF 1o X 1 v v
AgYEF v
ARYEF v v
AR+ v
MHH v
£ v
ce v v
mg v v
S v
o v
h$ v

3

™ Rui Zhang

Thad Thad Tlep Thad SLT Tlep Thad LTT
Variable low-mpgy gy high-m gy gy low-mpgy gy high-mpy gy low-mpgy gy high-m gy gy
mpp v v v v v v
mMMC v v v v v v
mygy v v v v v v
ARpp v v v v v
AR(71q, 71) v v v v v v
N (jets) 4 4 4
pr(HH) v v
Ht v v v v
T v v v v v
T v v v
Emiss v/ v/ v/
E,l‘!““ centrality v
Mt v v
myY v v v
mr(7]) v v v
pr(70) v v v
prr(t1) v v v
p1(bo) v v v
p1(b1) v
pr(bb) v
pr(77) v
Aprt(70.71) v v
n(70) v v
n(z1) v v
An(To, 1) v
A (bb, ENiss) v v
A¢p(bb,T7) v v v
A¢(TT,EMSS) v v v v
Ap(7y, E}“'ss) v v
DL Ir quantile(bg) v v v
DLI1r quantile(by) v v v
AR (bg, () v v v
AR(by, 1) v v
AR(by, 1() v v
mﬁﬁ v
m}’z’ff v
m(by7g) v
m(by 1) v
my g v v
s /
chb v v
Sphericity? v v
Planar flow? 4
COS(AQIZ)_)bb rest fmme) v/ v

MHH
mpp

MMC
Mz

ARpp
AR(7p, 71)
VBF 179 X 171

AnHH
pr(HH)
My H
mpy g scaled
pr(70)
pr(77)
pt(bg)
n(7p)
n(ty)
AR(by, 7)
Thrust
Circularity®
Planar Flow?
g

13

I

Mg

cos 6*
cos(AQ.,I:{,._’TT rest frame)

AN

AN NI NN T N NN

v

N NN NN

AN

AN NN N

v
v
v

AN

ANERN

AN N N NN
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bbTT 9 BDTs

Events / bin

Data/Pred.

Events / bin

Data/Pred.

Events / bin

Data/Pred.

™ Rui Zhang
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bbyy BDT training variables

Variable Definition

Photon candidates

pr/ny, Transverse momentum of each photon divided by the diphoton invariant mass m.,,
n and ¢ Pseudorapidity and azimuthal angle of each photons

AR(y1,72) Angular distance between the two photons

b-jet candidates

b-tag status Tightest fixed b-tag working point (60%, 70%, 77%) that each jet passes

pT, 1 and ¢ Transverse momentum, pseudorapidity and azimuthal angle of each jet

pé’,’s, Np5 and ¢, Transverse momentum, pseudorapidity and azimuthal angle of the two-b-jet system
AR(by, b3) Angular distance between the two candidate b-jets

Mpj Invariant mass of the two candidate b-jets

Single topness Variable used to identify t — Wb — ¢gg’b decays. For the definition, see Eq.( 1).
Other jets (only first two, if present, ranked by discrete b-tagging score)

b-tag status Tightest fixed b-tag working point (85% or none) that each jet passes

pT, 1 and ¢ Transverse momentum, pseudorapidity and azimuthal angle of each jet

VBF-jet candidates

An(ji, j2),mj;j Pseudorapidity difference and invariant mass of the two jets

Event-level variables

Transverse sphericity, planar flow, pt balance For the definitions, see Ref. [83], Ref. [84], and Eq. (2)

Ht Scalar sum of the pr of the jets in the event

E%‘iss and @™ Missing transverse momentum and its azimuthal angle

L The 4-body invariant mass of the two photons and two candidate b-jets, mz Byy =
bbyy Mppy — (M =125 GeV) = (m,,, — 125 GeV)
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bbyy discriminant
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bbyy other results
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bbyy other results
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bbf0+Etmiss targeted processes

= |

Uy
> BRupppeeimeT = 1.62%"
» W-pair has spin correlation

» small my,, and Ady,

» BRyuy ppeerMeT = 0.91%"

» light leptons are collinear to
t-lepton = m!

v,

7.q

> BRHH—)I)I)” +MET — 0.095 %"

» my, close to Z peak or small
for offshell Z

» only same flavour leptons

- v

Decay BR BR/BR (bbt¥¢) o/fb expected events
bbWW (WW — £f) 0.01624 0.5510 0.5322 73.9758
bbtt 0.009059 0.3074 0.2969 41.2691
bbZZ (ZZ — ttvv) 0.0008724 0.0296 0.0286 3.9754
bbZZ (ZZ — tlqq) 0.00304935 0.1035 0.0999 13.8861
bbuu 0.00025346 0.0086 0.0083 1.1537

™ Rui Zhang
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bb20+Ermiss prefit yields

Process goF-SR VBF-SR tt-CR Wit-CR Z+HF-CR
SM background

tt 561220+ 150 52670 +50 436840 + 130 2270+ 10 34700 + 40

tr+V 1121 +4 194.7+1.9 1133+5 97.0+1.1 440.1+1.9

Single top (Wt) 16260 + 50 1165+ 12 14100 + 40 2901 +20 1237+ 13

Single top (s/t-channel) 12.7+0.8 2.48 +0.35 1.21+0.28 0.35+0.14 0.25+0.11

Z — {{ (HF) 16090 + 180 1178 + 34 361070 525+11 43390 + 260

Z — (f (LF) 2720+ 170 260 +40 600 +90 55+8 5470 + 190

Z — 11 (HF) 2200 +40 154+ 13 3+7 1.9+0.5 4+6

Z — 17 (LF) 370+ 50 24 +4 -1.3+1.5 0.11+£0.06 0.8+0.5

W+jets 0.7+0.5 0.09 +0.08 -0.2+04 — —

Diboson 288 +4 32.6+0.8 159.0+2.8 39.0+09 226.8+3.3

Single Higgs 601.0+1.1 105.1+0.4 336.5+0.5 22.06+0.12 48.28 +0.29

Fakes 18510+ 170 2390 + 60 10020 + 140 529 +35 1360 + 50

Total SM bkg. 619390 + 350 58170 + 100 466810 + 230 6440 + 40 86890 + 330
HH signal, ggF

gegF HH — bbWW 8.318+0.016 0.857 +0.005 0.00113+0.00019 0.00033 +£0.00010 0.0014 +0.0002

ggF HH — bbtt 3.138+0.009 0.3284+0.0029  0.00332 +0.00029 0.00068 +0.00015 0.0047 +0.0004

gecF HH — bbZZ 0.633+0.005 0.0873+0.0018  0.00083 +£0.00018 0.00020 + 0.00009 0.0442+0.0013

>, eeFHH 12.088 £0.019 1.272 +£0.006 0.0053 + 0.0004 0.00121 £+ 0.00020 0.0504 +0.0014
HH signal, VBF

VBF HH — bbWW 0.1518 £0.0014 0.2138+0.0017  0.00013 +0.00004 — 0.00009 + 0.00004

VBF HH — bbtt 0.0537 +£0.0006 0.0769 +0.0007 0.000086 +0.000022  0.000048 +0.000018  0.00024 + 0.00004

VBF HH — bbZZ 0.0097 £0.0004 0.0184 +0.0006 0.000040 +0.000024  0.0000029 +0.0000016  0.00236 + 0.00023

>. VBF HH 0.2152+0.0016 0.3091 +0.0019  0.00026 + 0.00005 0.000051 £0.000018  0.00269 + 0.00024

HH signal, ggF+VBF
>, ¢egF+VBF HH 12.303 £0.019 1.582 +0.006 0.0055 +0.0004 0.00126 + 0.00020 0.0531+0.0014

™ Rui Zhang
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bb2g+Ermiss MVA inputs

Input feature

Description

same flavour
¢ b
pT’ pT
et
mff, p']};
Mpp, pr

mbb

T
AR¢e, ARpp
Mpe
min ARp,
Mpbee
Efrmss, Efr‘“fs-sig
mT(£O9 E'rrmss)
min mre¢
HR

T2

unity if final state leptons are ee or uu, zero otherwise
transverse momenta of the leptons, b-tagged jets
invariant mass and the transverse momentum of the di-lepton system

invariant mass and the transverse momentum of the b-tagged jet pair system

stransverse mass of the two b-tagged jets [125, 126]

AR between the two leptons and two b-tagged jets

min{max (mp¢,, Mp,¢,), Max(Mpye,, Mp, ¢,) } [54]

minimum AR of all b-tagged jet and lepton combinations
invariant mass of the bb{{ system

missing transverse energy and its significance [127]
transverse mass of the pr-leading lepton with respect to E%‘iss
minimum value of mr(£y, ET"**) and mt ({1, EX")

measure for boostedness®of the two Higgs bosons

™ Rui Zhang

Input feature

ggF NN

Description

Ne > Neys Peys Doy
Mbos Mb1s Pbos Pbys Pr's P
Mjo» Mj1» ¢J_'0’ Pji» p']ro, p%l
Emiss, ¢E¥“SS
P%, ARpp, APpp, mpp
PT s ARee, Apee, mee, ¢

bbtt

pr ", Mpbee
bbeL+ERS

Pt

m A
CO+EDSS
EMiss4pe

VBF BDT »r

tot

Pt
Mot
m;{LF

min AR[OJ', min ARglj

Xmej

max py’/, max m;;
max An;;, maxA¢;;

min ARbg

Nforward jetss N J

bb
T2

LHC Semina ="

mmmMmc

m

, ET"-sig

» Mppee+Emss

N A¢E¥ﬁss,€€

n, ¢, pt of the pr-(sub)leading lepton

n, ¢, pt of the pr-(sub)leading b-tagged jet

¢, n, pt of the pr-(sub)leading non b-tagged jet
missing transverse energy, its ¢ and significance [127]
pT1, AR, A¢ and invariant mass of di-b-jet system

PT, AR, A¢, pt and centrality’ of di-leptons system

pt and invariant mass of the bb{{ system

pr and invariant mass of bb{{ + E%‘iss system
invariant mass of di-lepton + E,‘I‘EliSS system

pt of and A¢ between EIT’fliSS and di-lepton system

pt of bbtl + E%ﬂss+ pT-lead_ing and -sub-leading jet
invariant mass of bb{¢ + E;"*+ pt-leading and -sub-leading jet
Kalman fitter top-quark mass [129]

minimum AR between pr-(sub)leading ¢-j couples

sum of the invariant masses of all £+jet combinations
maximum pt and invariant mass of any two non b-tagged jets
maximum A7 and A¢ between any two non b-tagged jets
minimum AR of all b-tagged jet and lepton combinations
number of forward jets, number of non b-tagged jets
stransverse mass of the two b-tagged jets [125, 126]

collinear mass (reconstruction of m,) [130]

value of the MMC algorithm (reconstruction of m ) [130]
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Multilepton selections

Channel | 4

Thad-vis Jets b-jets

4¢+bb 4¢4(B)
pr(€1) >20GeV
PT(ZZ) > 15GeV
pT(€3) > 10GeV
{3 or {4 pass loose PLV
2 SFOC pairs
50 < mPFOC < 106 Gev

5<mkoC , <115GeV

All pairs AR(fi,fj) > 0.02
115 GeV < mye < 135 GeV

N, =0 Nit22 1< Npje <3

Channel

4 Thad-vis Photons EF"

b-jets

3¢ 3¢, sum of charges = +1
toc(L)

fSCl(T), PT > 15 GeV

fSCQ(T), pPT > 15 GeV

Allm3fO€ > 12GeV
Z-veto

|m3g - mzl > 10 GeV

Nb-jet =0

yy+2(4,7)

N;(P)+ N, =2
mZ(g’T) > 12GeV

N, =2
Er(y1) > 35GeV
105 GeV < m,,, < 160 GeV
Y1 : pr/my, >0.35
Y2 ZpT/myy >0.25

EPss > 35GeV

Nb-jet =0

2¢SC 2¢(T), pr > 20GeV, SC

Mep > 12 GeV

N:=0 Ivjet 22 Nb-jct =0

vy+t

14(P) N,=0 Ny =2
ET('yl) > 35GeV

105GeV < m,, < 160GeV

Y1 : pr/my, >0.35
Y2 : pr/my, >0.25

yy+e: EFSS > 35GeV
YYHu: -

N b-jet = 0

2¢SC+1 2¢(T), pr > 20GeV, SC

mee > 12GeV

N:=1
pr > 25 GeV
OCto ¢

IVjet 22 Nb-jet =0

26+27 2¢(L), OC
Mee > 12 GeV

Z-veto

N =2,0C -
AR(Tl,Tz) <2

Nb-jet =0

Yy+T

Ng(P)=0 N =1 N, =2
ET(yl) > 35GeV

105 GeV < m,, < 160GeV
Y1 : pr/myy, >0.35

Y2 : pr/my, >0.25

EIsS > 35 GeV

N, b-jet = 0

t+27 1£(L)

N =2,0C
AR(TI,Tz) <2

A’jet >2 Nb-jet =0

™ Rui Zhang
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Multilepton CR definitions

Channel | Region Leptons Jets b-jets Additional
selections
40+bb tf CR* Off-shell-£¢ not SFOC - - -
Z-veto
ttZ CR* Off-shell-£¢ not SFOC - - -
All ¢ pass loose PLV
Z-req.
mag req. removed
VV, H CR* All € pass loose PLV - Npjer =0 -
Z+jets CR* pr(63) < 10GeV - -
pr(ly) <10GeV
Z-req. -
VR - - - |m4g—mH|>10GeV
3¢ WZ CR Z-req. - - EMiss > 30 GeV
HF-e CR* Csc1, €sca both e Njet >2 Nb-jet >2
No PLV on any ¢
HF-u CR* Csci,lsca both p Nijet 22 Npjer > 2
No PLV on any ¢
Mat. conv. CR* | |m3s —mz| < 10GeV - - -
Ivix > 20 mm
0 < Mmyk uk < 100 MeV
VR - - - BDT < 0.55
2¢SC WZ CR* > 34(T), pt > 20GeV - - E‘Tniss > 30GeV
One SFOC pair
Z-req.
mee (any pair) > 12 GeV
|m3g - mz| > 10GeV
VVjj CR* Z-veto (SFSC pair) mjj > 300 GeV - BDT < -04
BDTVﬂ'e[S >—-0.8
HF-e CR1* {(T)e(T), no PLV 2<Njet <3 Npjer = 1 -
HF-¢ CR2* {(T)e(T), no PLV 2<Njet <3 Npjer > 2 -
HF-u CR* {(T)u(T), no PLV 2< Njet <3 Npjer 2 1 -
Mat. conv. CR* Fvix > 20 mm - - -
Mk ik < 100 MeV
Int. conv. CR* Fvix <20 mm - - -
Mk ak < 100 MeV
QO mis-ID 2e(T), OC or SC Nijey < 2 - -
VR - - - BDT < -04

Channel | Region Leptons (anti-)Thad-vis Jets b-jets Additional
selections
2¢SC+t | VV CR* - - - - BDT < -0.2
HF-e CR1* {(T)e(T), no PLV - Niet 22 Npjer = 1 -
HF-e¢ CR2* {(T)e(T), no PLV - Njet22  Npjer 22 -
HF-y CR* {(T)u(T), no PLV - - - .
Fake-Thag-vis CR OC leptons - - - -
Z-veto
Z+jets VR OC leptons - - - -
Z-req.
tf VR OC leptons - Niet =2  Np.jer = 1 -
Z-veto
VR - - Njer < 2 -
20421 Fake-Tha4.vis CR - Nz =1and Nyyir =1 - -
or Nanti-r =2
Z+jets CR Z-req. Nt > 1or Napti > 1 - - -
tf VR - N: >1or Nayir 21 - Np.jer = 1 -
VR - SC Thad-vis - - -
{+21 Fake-Tha4.vis CR - Nz =1and Nyyir = 1 - -
or Nanti-r =2
Z+jets CR 2¢4(T), OC Nz >1or Napgir 2 1 - - -
Z-req.
tt VR 2¢(T), OC N: >1or Napir > 1 - Npjer = 1 -
Z-veto
VR - SC Thad-vis - - -

™ Rui Zhang
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Multilepton B

Inputs

Variable Description 4(+bb 3¢ 2¢SC
pr(&) pr of the ith lepton i=1,2,3,4 - -
n(&) n of the ith lepton i=1,2,3,4 - i=1,2
EAR<03/Er(£;)  Tsolation metric (E£R<03 = total energy i=1,2,3,4 - -
deposited in a cone of radius R = 0.3 around
the lepton, and ET = lepton energy)
Dilepton type pupu =1, eplue =2,ee =3 - -
me;.¢; Invariant mass of the ith and jth leptons i,j=1,2 i,j=12 1i,j=1,2
i,j=3,4 i,j=1,3
i,j=2,3
mZ;match Invariant mass of pair of SFOS leptons that - v -
minimises the difference with the Z boson mass
m‘t’,‘fher Invariant mass of the other SFOS lepton pair v - -
min. mSEOS Minimum invariant mass out of all SFOS pairs - v -
mag Invariant mass of four leptons v - -
mse Invariant mass of three leptons - v -
Mg, close-jet Invariant mass of the ith lepton and its closest jet - i=1,2,3 i=1,2
m3gjj Invariant mass of the three leptons and the leading - v -
(or two leading, for events with Nje > 2) jets
mj Invariant mass of the two leading jets v - -
Mma Invariant mass of all selected objects in the event - -
my (€, EMiss) Transverse mass of a leptonically decaying W-boson - - i=1,2
reconstructed from the ith lepton and its closest jet
An(€i, €)) Separation in 17 between the ith and jth leptons - - i=1,2
AR(t,t)) Separation in R between the ith and jth leptons =12 i,j=1.2
,j=13
i,j=2,3
AR(¢;,close-j)  Separation in R between the ith lepton and its - i=1,2,3 i=12
closest jet
min. AR(¢,jet) Minimum separation in R between any lepton and any jet - - v
Lt Scalar sum of the pr of all leptons and the E%‘i“ - v v
Hy Scalar sum of the pr of all jets - v e
St Scalar sum of the pr of all objects in the event v v -
XQ0¢ Sum of all lepton charges - - v
Njet Number of jets in the event - - v
Np.jet Number of b-jets in the event v - -
(i) pr of the leading jet v - -
rr(jj) pr of the leading di-jet system v - -
Emiss Magnitude of the missing transverse momentum v v v
AG(EMSS ) ¢ angle between the EX** and the leading jet 4 - -

™ Rui Zhang
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Variable Description 2(SC+t 20+27 {421
Dilepton type pup=1,eulue=2,ee=3 - v -
me;.¢; Invariant mass of the ith and jth leptons - iL,j=12 -
My, close-jet Invariant mass of the ith lepton and its closest jet i= - i=1
me;, Invariant mass of the ith lepton and jth jet ij=1,1 - -
i,j=1.2
i,j=21
An(&i, €;) Separation in 7 between the ith and jth leptons i,j=12 - -
AR(¢;,¢5) Separation in R between the ith and jth leptons ij=12 i,j=12
AR(t:,j;) Separation in R between the ith lepton and jth jet i,j=1,1 - iL,j=1,1
LJ=1
AR((;, close-j) Separation in R between the ith lepton and its i=1,2 - ! -
closest jet
pr(jy) pr of the leading jet - - v
ET™ Magnitude of the missing transverse momentum - - v
2‘;::35 Polar angle between the Thaq4.vis and the ith jet after a i=1,2 - -
Lorentz boost to the dilepton system
?g?::ffﬂhﬂd Separation in R between the ith lepton and jth jet i,j=1,2 - -
! after a Lorentz boost to the Tp,q.yis and ith lepton system #,j =2, 1
Mrr Invariant mass of the tWo Thad-vis - v
AR(¢;, 7)) Separation in R between the ith lepton and jth Tpq.yis - i,j=2,1 -
AR(&;,7T) Separation in R between the ith lepton and the - i=1 i=1
di-Thag.vis System
me;z; Invariant mass of the ith lepton and jth Thag-vis - ij=2,1 -
Merr Invariant mass of the lepton and two Thag.vis - - v
pr(€) + pr(close-j)  Vector sum of the prs of the lepton and its closest jet - - v
pr(t1) + pr(72) Vector sum of the prs of the twWo Thag.vis - v v
Variable Description yy+l  yy+t
pr(yy) pr of the diphoton system v v
pr(€) pr of the lepton v -
P1(Thad-vis) p of the Thad-vis - v
E%’jss Magnitude of the missing transverse momentum v v
P(Emiss) ¢ direction of the EIss - v/
n(CERSS) n of the lepton-EMS system v -
n(vi) n of the ith photon - v
Neentral-jets Number of jets with || < 2.5 . v v
AR (¢, EF™) AR between the lepton and the E7"** v -
AR (yy, CETSS) AR between the diphoton system and the v -
lepton- E5"** system
AG(€/Thad> YY) Separation in ¢ between the lepton v v
OT Thad-vis and the diphoton system
Ad(y1,vYy) Separation in ¢ between the leading v v
photon and the diphoton system
min.A¢(ETS, j,£)  Minimum ¢ angle between the EMS, v -
the lepton, and any jet
Ag(EDSS, yy) Separation in ¢ between the EM* and the v v

diphoton system
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Multilepton systematic table

Relative impact of systematic uncertainties [%]

Uncertainty source
ML channels yy+ML channels Combination

Systematic 22 14 19
MC statistics 5 <1 3
Experimental 5 <1 3

Detector response 4 <1 3
Luminosity and pile-up <1 <1 <1
Electrons <1 <1 <1
Muons <1 <1 <1
Thad-vis . <1 <1 <1
Jets and E;™ 3 <1 2
Flavour-tagging | <1 <1
Photons <1 <1 <1

Background estimation <1 <1 <1

Theoretical 13 14 13

Signal 10 12 11

Backgrounds 4 2 3
Top quark 1 - <1
Vector boson 3 -

Single Higgs | 2 1
Other <1 - <1

™ Rui Zhang LHC Seminar: Recent HH results and the combination



HEFT benchmark

Og4gr (HH) [fDO]

103

102}

101

I
“ATLAS

Preliminary
Vs =13 TeV, 126—140 fb™"
| HH—>bbT™ T~ + bbyy + bbbb mmm Expected limit +10

A

I I I I

e Observed limit (95% CL)
Expected limit (95% CL)
(UyH =0 hypothesis)

(@)

[ Expected limit 20
+  Theory prediction

Benchmark  c¢pnn € Cggh Cgghh Crrhn
SM 1.00 1.00 O 0 0
1 511 1.10 0 0 0
2 6.84 1.03 -1/3 0 1/6
3 2.21 1.05 1/2 1/2 -1/3
4 2779 090 -1/3 -1/2 -1/6
5 3.95 1.17 1/6 -1/2 -1/3
6 -0.68 090 1/2 1/4 -1/6
7 -0.10 094 1/6 -1/6 1

- A A Exp bbbb ]
5 vV Exp. bbyy i
A ° s O Exp. bbbttt ]|
: - IR S S
- * ° A E =
O ‘ |:| P @) A -
O o O ¢
o) o - .
+ o |
| | | | | | | |
SM 1 2 3 4 5 6 7

™ Rui Zhang
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@ Complementary sensitivities
contributed from different

channels, driven by the

softness/hardness of the
Kinematics in a given
benchmark
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Combine with single Higgs measurements

® Ky can affect single Higgs processes via NLO electroweak corrections

4 %
Self energy & 9 (00000 —— . ;
/ N | N Decay
H ----- . t.----- H Production tA Vi Smrm HoOo— o
\\ // / H KA .
\\\_,/ - // H H N
z 9 QQQQ0— "
- Affect the inclusive cross-sections, decay branching fractions and differential
distributions
§107§""|""|"""""""""""h""? 1-15_""I""|""|""""""""""_ 1-30----...____ T T ' T
£ [o(pp = H(H)}+X) . P — Heww : 120f tiH
g 10° (s=13 TeV —m oy f —Hoz 1 1ok 13 TeV LHC
5 | _F'T%H | 5 : oo [
S 105? ggHH 3 1.05k | = Cb— “M
- - : = 090 | .
10°E E i S o080} 1
- ] 1 (7))
T ——] @ o70} ]
// : 0.951 0.60 | r. Phys. J. C (2017) 77
10°F ; E A ] 0.50 | K3=0 —— 1
ok ] 0.9 - 040 | Ks_li?:ié —
-~ LHCHWG-2022-002 1 0.30 ' - l e —
| AT T T VAR T IO osbo bl b 0 100 200 300 400 500
20 -15 -10 -5 O 5 10 15 Kfo 20 -15 -10 -5 0 5 10 15 Kio pt(H) [GeV]
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https://cds.cern.ch/record/2803606
https://link.springer.com/article/10.1140/epjc/s10052-017-5410-8

Kx constraints with least assumptions

@ Generic fit: couplings (Ka, K, Kb, Kr, Kv) are all floating in the fit

<10|IIII|IIII|IIII|IIII 4.;1.4_|||||||||||||||||||||||||||||_
c | ATLAS — HK ol i < | ATLAS —— 68%CLHH+H
~ | VS=13TeV,126—139 1o o ] - V§=13TeV, 126—139 fo-' ——- 95%CLHH+H 1
| 8 Observed 2 Oy — 1.3 Al other « fixed to SM — 68%CLH —
B = HH+ H K) only " Observed =-=: 95%CLH
i — 68% CL HH
I HH + H k; only: HH + H K, generic ! i o 9 OLHH
6 95%: K € [-0.4,6.3] B 1.2 J¢ SMpredicion ]
- HH + H K, generic: - - qp  BestfitHH+H A
: 95%: k) € [-1.4,6.1] : 1 1 - R i el T B
4=\ N\ .y ) 95% — . i \l
i ] : II,
_ i 1+ / —
2| - I ’
NN\ S 68%.__] -
I 1 0.9F -
O ) g ] ] ] ] | ] I ] I S — 1 -
-5 0 5 10 15 -10 15 20
KA KA
3.0 . [-04,63] = [-1.9,7.6]
2.3 . [14,61] | [-2.2,7.7]

- Dominated by HH while H provide strong constraints to other couplings.
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Projection scenarios

No systematic uncertainties.

Baseline: systematic uncertainties are scaled as in Table 2.

Theoretical uncertainties halved: theoretical systematic uncertainties are scaled as in Table 2, while
experimental systematic uncertainties are assumed to keep their Run 2 values.

Run 2 systematic uncertainties: both the theoretical and experimental systematic uncertainties are
assumed to keep their Run 2 values.

Source Scale factor bbyy bbr*r”
Experimental Uncertainties bbbb
Luminosity 0.6 * *
b’?et tagg.ing eﬂic‘iency 0.5 * * Systematic uncertainties Scale fact.ors for _
c-jet tagging efficiency 0.5 g * HL-LHC baseline scenario
Light-jet tagging efficiency 1.0 * * . .
) , Theoretical uncertaint 0.5
Jet energy scale and resolution, E7"™ 1.0 * * 4
k) reweighting 0.0 * * b-jet tagging efficiency 0.5
Photon efficiency (ID, trigger, isolation efficiency) 0.8 * c-jet tagging efficiency 05
Photon energy scale and resolution 1.0 * Light-jet tagging efficiency 1.0
Spurious signal 0.0 * .
Jet energy scale and resolution 1.0
Value of mpy 0.08 * ey
Thad €fficiency (statistical) 0.0 * Luminosity 0.6
Thad efficiency (systematic) 1.0 * Background bootstrap uncertainty 0.5
Thad €NETgY scale 1.0 * Background shape uncertainty 1.0
Fake-T},4 estimation 1.0 *
MC statistical uncertainties 0.0 *
Theoretical Uncertainties 0.5 * « Jable 2

B Rui Zhang LHC Seminar: Recent HH results and the combination /8



ombined J results

.. —e— Observed limit (95% CL)
ATLAS Prellmmary ____________ Expected limit (95% CL)
Vs =13 TeV, 126—140 o~ (MHH =0 hypothesis)
OSQAF(HH) =31.05fb 1 EXpeCted limit 10
1 Expected limit t20
Obs. Exp.
bbiL + Efiss - * 10 14
Multilepton— * 17 12
bbbb|- * § 54 82
bbyyF *é 4.1 5.3
bbrrt - * 5.9 3.3
Combined[— ¢ 2.9 2.4
Il Il I L1 11 l L1 11 l L1 11 l L1 11 l L1 11 l L1 11 l L1 11 l L1 11
0 5 10 15 20 25 30 35 40 45

™ Rui Zhang

95% CL upper limit on ggF HH signal strength Liggr

" —e— Observed limit (95% CL)
ATLAS Pre“mlnary ____________ Expected limit (95% CL)
Vs =13 TeV, 126—140 fb~" (MrH =0 hypothesis)
O'\S/glF(HH) -1.73 b 1 EXpeCted limit 10
1 Expected limit t20
Obs. Exp.
Multilepton— * 670 425
bbyy 97 147
bbbb |- 119 129
bbf + EPiss|— 98 116
bbttt |- 93 72
Combined|— 44 47
L L l L L L l L L L l L L L l L L l L L
0 200 400 600 800 1000 1200

95% CL upper limit on VBF HH signal strength Livar

bbit + Efiss
Multilepton
bbbb

bbyy
bbTrT™

Combined

ATLAS Preliminary
Vs =13 TeV, 126—140 fo~!
Ogar » ver(HH) =32.8"55 b

—e— Observed limit (95% CL)

Expected limit (95% CL)
"""""" (UHH =0 hypothesis)

[ Expected limit 10
[ Expected limit 20
E== Theory prediction

Obs. Exp.

* § 292 403

5 * 486 336

* 163 241

* § 125 158

* 166 98

! 86 71

1 I 1 L1l I l 1 1 l 11 | l l 1
50 100 200 500 1000 2000
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OggF + vBr(HH) [fb]
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Combined k results

KA

< 10 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 | I I I < 10 I I 1 1 1 I 1 1 1 I I 1 |. 1 I
< [ ATLAS Preliminary — Combined < [ ATLAS Preliminary — Zg:g'”ed
N | vs=13TeV, 126—140 fb-" : Zgyf ) G | Vs=13Tev, 126—140 b C ppee
8~ HH combination T, ! 8~ HH combination _ ice ]
- All other k fixed to SM — Mutilepton - All other k fixed to SM T bbIAETE
- Observed Combined: —— bbbb - Observed Combined: — bbyy
| ombpineaq: — bb”_I_E_Ir_niss - B ombinea: — Multilepton ]
6 68%: K; € [0.2,5.9] - 6 68%: Ky € [0.79,1.24] -
- 95%: k) € [-1.2,7.2] i 95%: Koy € [0.57,1.48]
P T T | [ ]/ es%cL PN W U Y A  Jes%cLd
ol - ob- -
T 20 0 5
K Kav
K Koy
Measurement 68% CL 95% CL 68% CL 95% CL
Obs. Exp. Obs. Exp. Obs. Exp. Obs. Exp.
ky foat, ko =1 3.873%  1.071F [-1.2,7.2] [-1.6,7.2] - - - -
Koy float, Ky = 1 - - - - 1.0210355  1.0070 5 [0.57,1.48]  [0.41,1.65]
Ky, Koy float 43779 10778 [—12,75] [-1.7,74] 092703 1.00003s [0.40,1.45] [0.32,1.65]
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HEFT 1D scans

10||||||||||||||||||||||||||||||||| 10|||||||||||||||||||||||||||||||||
< . —— Combined 1 <l - —— Combined 1
< [ ATLAS Preliminary compine = [ ATLAS Preliminary ey
N | vE=13TeV, 126—140 fb-" bBZE)T | | vs=13TeV, 126—140 o' bBZ[,T
8l 5Tt T + bb 5bb ’ - 8l 5Tt T + bb Sbb ’ -
HH - bbt*Tt™ + bbyy + bbbb boyy HH - bbt*T~ + bbyy + bbbb bbyy -

| All other c fixed to SM
| Observed

| All other c fixed to SM
| Expected (SM)

Combined:

Combined:
68%: Cgghn € [0.17,0.39] 68%: Cggnhn € [-0.24,0.24]
4 95%: Cgghn € [-0.38,0.49] 95% CL 4l 95%: Cgghn € [-0.36,0.36]

2r - 2r -
NS N\ S 68% CL | NN S S 68% CL |
0_ TR T [N N T N N [N N T T T A N B | | 0_ T I N N B [ [ I |
-0.50 -0.25 0 0.25 0.50 0.75 1 -0.50 -0.25 0 0.25 0.50 0.75
Cgghh Cgghh
< 1 O rrr1rrrrrrrrrryfrrrrrrrrrrrrr [ 11 T[T ' | < 1 O rrtl rrrr[rrrrrrrrrrrrrrr 1t [ 11t 1 171 - L |
< [ ATLAS Preliminary — ggmf'ﬁed ] < [ ATLAS Preliminary — ggmf"ﬁed I
N | vs=13TeV, 126—140 b~ - b[)ZBT i N | vs=13TeV, 126—140 fb e bBZBT
8 HH - bbt*T~ + bbyy + bbbb bi 7 8" HH - bbt*T~ + bbyy + bbbb bE 7
" All other ¢ fixed to SM e " All other c fixed to SM e
| Expected (SM) i | Observed i
6r , - 6r , -
B Combined: _ B Combined: _
- 68%: Cithn € [-0.14,0.53] . - 68%: Cithn € [0.29,0.58] .
A N\ 90%: Cum € 70.27.0000 [/ | 95% CL1 A A\ 90%: Cumn € 01,0700 [/ 95% CL1
2r - 2r -
I \ N \ W )/ 68% CL | N\ Sl 68% CL |
O i TR N T N B [ | T | | O i — »_4.5‘4 [ I R R A | |
-0.50 -0.25 0 0.25 050 0.75 1 1.25 -0.50 -0.25 0 0.25 050 0.75 1 1.25
Ctthh Ctthh
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Compare with CMS - bbbb
ATLAS CMS

138 fb' (13 TeV)
| I 1 1 1 1 I 1 1 I 1 1 1 1 I 1 1 I 1 I 1 1 1 1 _
"""""""""""""""""" - —— Observed Expected + 10 T
104 — ATLAS —— Observed limit — | 10* CMS Supplementary = T dicti "-m - p o+ 25
E /5=13TeV, 140 fb-! - —- Expected limit = | =Ky =K =Ky = 1 eory prediction xpected + G§
~  VBF HH bbbb I Expected limit +10 ’

| Expected limit +20 . BOOSted

103 /‘\ —— Theory prediction |

1035— A

Obs. (exp.) constraint (boosted)
[0.6,1.4] ([ 0.7,1.4])

i . Y% SM prediction
\ —-= Expected boosted-only
— — Expected resolved-only

Observed: koy € [0.5,1.5]

T IIIIIIII
| IIII|II|

Expected: koy € [0.4,1.7]
102

IIIlIIl

95% CL limit on oygr yH [fb]

101

000 025 050 075 100 125 150 1.75 2._00

95% CL limit on 6(pp — VBF HH)B(bbbb) [fo]

Koy (ky=1.0, ky=1.0)
Kov = 0 exclusion 3.4 (exp 2.9) o Kov = 0 exclusion 6.3 o
Phys. Rev. Lett. 129 (2022) 081802

Phys. Rev. Lett. 131 (2023) 041803

o Difference mainly comes from powerful Xbb tagger in CMS in boosted analysis
o Ky and pny are similar driven by resolved analysis
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Compare with CMS - bbTT

Phys. Lett. B 842 (2023) 137531

Trigger Strategy B
ATLAS reference i |
ATLAS and CMS use a similar trigger strategy based only on leptons and 7, _,
®  ThadThad ®  Thad’had'
o single t trigger with P; of 80-160 GeV o di-r trigger with p>35 GeV
o  di-r trigger with p_ of 35 and 25 GeV o di-r (p>25 GeV) + zjets
m In2016, 1jet (> 25 GeV)at L1 .
m 2017-2018, 1jet (> 25 GeV)or 2 ® Tplhagr
t L1 o single-e with p,>25 (32) GeV (2017-2018)
o Tlepthad: o e-t trigger with
o SLT: single lepton trigger with 24-26 m elep.>24 GeV
(20-26) GeV for e (p); m (7 p>30 GeV
o LTT:lepton+r, . trigger witli 17 (14) GeV o Single-p with p.>22 (24) GeV (2017-2018)
for e (p) and’25 GeV for 7, _, o p-r trigger with
[ | From 20717, jet (>25 GeV) or 2 m pT>1 9 (20) GeV (2017-2018)
jets (> 12 GeV) at L1 s 7p>20(27) GeV (2017-2018)
Previous round in ATLAS
Obs. (exp.) constraint on K, Obs. (exp.) constraint on K,:
2.4 <K, £9.2(-2.0 <k, £9.0) —1.7 <Krn < 8.7 (-2.9 < K»< 9.8)
o Different signal accxeff
ATLAS acceptance 4+4+1% for CMS acceptance 5.5 (3.4)%
ggF and 2.5+2.5+0.7 VBF SM for the ggF (VBF) SM
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Compare with CMS - bbyy

® Close results between the two

* CMS: punH < 8.4 (5.5 exp)

« ATLAS this round: pnn < 4.0 (5.0 exp)
* CMS: -1.5 <K\ < 6.7 (68% exp)

« ATLAS: 1.2 <Ky < 6.1 (68% exp)

e Slightly better results from ATLAS coming from
- Slightly better signal resolution

- High/low mass categorisation

™ Rui Zhang
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Compare with CMS - bbWW (bb22+Ermiss)

® Close results between the two CMS: arXiv:2403.09430

* CMS: pHH < 14 (18 exp)

« ATLAS: pHH < 9.7 (16.2 exp)

« CMS: -7.2<Kr<13.8 (-8.7 <kKrn < 15.2 exp)

« ATLAS: 6.2 <kyx<13.3 (-8.1 <kax<15.5 exp)

« CMS: -1.1<kyn<3.2(-1.4<K)r< 3.5 exp)

« ATLAS: -0.17 <Kov < 2.4 (-0.51 < Kov < 2.7 exp)

® Stronger constraints in Koy from ATLAS
- A dedicated VBF signal region / category may have helped
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Compare with CMS - bbZZ(42)

© CMS http://www.arxiv.org/abs/2206.10657
* MHH < 32.4 (39.6 exp)

« -8.8(-9.8) <kKan<13.4 (15.0) . Accxeff

: o ggF ATLAS 0.164, CMS 0.168
® ATLAS: o Bkg: ATLAS 30, CMS 67.06

* MHH < 39 (35 exp)

)
E I 1 1 I I I I I 1 1 I I I I I I 1 1 I I I I 1 E I I T I I l I 1 1 T I I I I I I I I I 1 I I I I I
5 o,  ATLAS 1 §,. ATLAS ]
= Combined ML ==+= Combined ML
i Vs =13TeV, 140 fb! 4(+2b Vs =13TeV, 140 fb" e Al+2b
— 3f T - veen 3¢
HH - ML ZISC'l'Thad n B HH - ML saas 2[SC+Thad
8 Observed 24SC — 8 Expected 2/SC —
68% CL: k) € [-2.3, 8.5] 20+2Thag = B 68% CL: k) € [-2.9,7.8] ceee 2042Thag
95% CL: k) € [-5.1,10.7] {+2Thad 7] B 95% CL: k) € [-5.2,10.2] seer {4+2Thag
— 6_ —
___________________________________________________________________ 5% Gl MR hR L E0 ES DT 9590l
] ol :' ]
_______________ 68% CL Y LA W, N - Y« }
'$ ’:: %"”
| 0 | | £zl ¥ egle bt |
20 30 =20 -10 0 10 20 30
KA KA
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Compare with CMS multilepton

Number of hadronic taus

2 ( 2421 ]
1 YY+T YY+2(£,T)
0 yy+£

r \ Legend
20+21 ML
k Y, channels
yy+ML
2/SC+T channels
'2fSC ( 37 ) ( 4¢+bb J
3

Number of light leptons

HH — Multilepton

ATLAS Preliminary o Observed = tio 20sS
o Expected (Uny=0) 3 +20 u < 125 (62.8 exp)
Vs=13TeV, 140" . Expected (s = 1) 2y
O + ver(HH) =327 fo o 2% L < 59.3 (41.2 exp)
a4 + bb|- de 40 36 4¢ X
b o ot 327 I < 56.7 (76.8 exp)
2¢sCh : d 33 42 3¢ + 11,/
2SC+Tk e 83 65 1 <45.7 (63.2 exp)
20+ 2T c:b | 41 37 4-_;2f+21'h
vl " Py .5 1 < 50.3 (62.0 exp)
vy + 208 Tk d o 53 41 1£+3T1,
el e . ‘. 2 I < 50.9 (48.5 exp)
yy+ T | d . 114 60 4Ty, v
Combined ML|- @ 12 12 n < 50.0 (78.8 exp)
Combined yy + ML cb ° 45 21 Combined
Combined- @® 48 11 n<21.3 (19.4 exp)
0 50 100 150 200
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CMS: JHEP 07 (2023) 095

CMS 138 fb (13 TeV)
e ;
-@- Observed - 68% expected
= ==: Median expected 95% expected
PR I TN TR TN S [N SN TN TN TR T SN TN SN TN NN TR SO
0 50 100 150 200 250

95% CL upper limit on p = o(pp— HH) / Cem
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