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The Higgs Potential

* The Higgs field has non-zero vacuum expectation value
* Leads to electroweak symmetry breaking

* The Higgs mechanism explains non-zero gauge boson masses
* Also produces fermion masses!

* Higgs Boson is an excitation of the Higgs field
* Forms unique probe of the Higgs field
* Provides means of indirectly observing Higgs Potential
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Higgs Self-Coupling

* Expanding the potential around the minimum yields:

1 1
V(g) = 5/42452 + 1/14)4

A
= WAh2+vh® + =h'+ . ..

I

HH Self-Coupling Hl_lle SeIf—Coupgn
Mass Term h
PR @ «;, = Ayun!Asy O

* Higgs self-coupling provides direct measurement of Higgs potential
* Helps identify precise shape of the Higgs potential

Measurement of A is crucial for reconstructing the
Higgs potential and testing the Higgs mechanism



Higgs Boson Pair Production
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HH production at 14 TeV LHC at (N)LO in QCD 1
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https://www.sciencedirect.com/science/article/pii/S0370269314001828

HH Decay Modes

Large Decay Fraction

* No perfect channel to study

* bbbb (34%):

e Most abundant final state

* Challenging multi-jet backgrounds
* bbyy (0.26%):

* Low decay fraction

* Excellent myy resolution
* bbTT (7.3%):

* Good all round

* Other channels provide valuable data
* Investigated by ATLAS and CMS
* Various combinations available
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Clean Final State

Seminar by Rui Zhang



https://indico.cern.ch/event/1403072/

ATLAS and CMS

* LHC hosts two general purpose detectors
* Different construction techniques
* Similar science goals

* Designed to investigate wide range of physics |
* Study of Higgs boson is key topic |




Phys. Rev. D 108 (2023) 052003 (Resolved)

HH—bbbb (AT LAS) Phys. Lett. B 858 (2024) 139007 (Boosted)
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* Main background from QCD multijet G763 05 64 65 05 67 65 G5
* Data driven normalisation from signal region sidebands DT Score
 Simple scale factor (neural net) in Resolved (Boosted)
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* Background estimation Observec oy < 05151 1§ Supredton

— Expected resolved-only

Expected: Koy € [0.4,1.7]

* Signal cross section calculation

95% CL limit on oygr HH [fb]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-02

HH—bbbb (CMS) CMS-PAS-B2G-21-001 (Preliminary)

138 fb™' (13 TeV)
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* Boosted analysis targeting VBF events = CMS — Observed - Median expected
. . . . " Preliminary ~ Theory prediction [l 68% expected
* Higgs candidates from two highest pr large-R jets o A 957% expected

E KV=K}\=1

* Novel approach using ParticleNet (link, link)
* Multivariate classifier based on graph
convolutional neural networks
* Ensures efficient reconstruction of b-jets
* Significant rejection of light-quark or gluon jets

* Background dominated by QCD multijet and tt
* Background enriched control regions defined

95% CL upper limit on o(pp — qqHH)B(HH — bbbb) [fb]
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-21-001/index.html
http://dx.doi.org/10.1103/PhysRevD.101.056019
https://cds.cern.ch/record/2707946?ln=en

VHH— Vbbbb(— ££) (ATLAS, CMS) HIG22.006 (Accapued by JHEP) (CVMS)

 Search for HH—bbbb with associatedV % i '\?_TlfASTl v | f 1| _(T)T)li‘;rryvé’ﬁlﬁiﬁf‘(’gsol/o 1
« V=W 0y, Z e, U, VV S 10 BRI TEE gomemicsiol
* Backgrounds include: T pedied =0 :
* tt, single top quarks,V+jets, multi-jet events e —— T ——— =
« ATLAS 10E -
e Multivariate analysis - :
* Eight BDTs generated (inc. for A= ZH search) L i
* Jet energy scale/resolution uncertainties dominate
* 95% CL limits: 4077302040010 2030 40
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* -34.3 < Kp <333 > 20FT " g e
e -86 <Kw<10.0 * 15: 068% CL Observed 1 A g
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* Categories optimised for sensitivity to Ky, Kav 5 17
e Uncertainties dominated by of .
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* Background modelling N 3
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-31/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-006/index.html

HH—=bbTT (ATLAS) Phys. Rev. D 110 (2024) 032012

* THadTHad:

* Single-THad and di-THad triggers (high purity) = 2 THad, /M veto
® TLep [Had:

* Single £ trigger (large acceptance) = | THad, | e/[

* £ + THad trigger (low £ p1) = | THad, | e/

* TLepTLep NOt considered

* Events split to nine categories based on trigger, myn, BDTs
* Background dominated by tt, QCD multi-jet, Z+heavy jets
* Signal/Background separation from BDT (one trained per signal region)

— ggF HH x 1000

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

HH—bbyy (ATLAS) JHEP 01 (2024) 066
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* Events selected with 2 b-jets and 2 photons !
» Events classified using modified ;- * 95% CL limits:
o mE=my,, — (m,— 125 GeV) - (m,, — 125 GeV) * HHn < 4.0 (5.0 exp)
. : e .14 <K<
« Define high/low mass regions at m* = 350 GeV |4 <Kn< 69
bbyy e -0.5<Kw<27
* One BDT per region, categorise based on score .
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High mass region: 4 categories S T ATLAS e
* Low mass region: 3 categories 6L VS=13TeV, 140 fo- ——- Observed95%CL ]
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R Expected 95% CL -
. . B % Bestfit 5
» Signal and Background modelled using m,,: 4 % SM prediton S
* HH and Single H (double sided Crystal Ball) [ ]
. . o -
* YYtjets background (exponential) ! ]
« Fit performed on m,, in each category oL B
* Dominant uncertainties: ! ]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-10

HH—bbTT, bbyy (CMS)

 bbTT:

* Events split into 8 orthogonal categories
* Deep neural network for event selection/categorisation
e Background: tt, QCD multi-jet, Z+heavy jets

e 95% CL limits:
* MHH < 3.3 (5.2 exp)
e -|.7<Krn<8.7
* -04 <Ky <26

* bbyy:

« Analysis originally developed the

%
mbbw

variable

Dedicated event classifier for tt background rejection
* Custom DNN combining feed-forward and long

short-term memory neural networks

95% CL limits:
* MHH < 8.4 (5.5 exp)
e .33<Kx<85

BDT separates signal from background:
* non-resonant YY+tjets, Ytjets
Events split into |14 categories based on BDT output

12
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-010/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-018/index.html

HH—bb0# + Eqmiss (ATLAS)

Events

Data / Bkg. pred.

e Consider:
e HH—=bbWW
e« HH—bbZZ
e HH—bbTT

* Events split to VBF/ggF categories

* DNN (BDT) selects ggF (VBF) events

ee + uu

tt CR
mp < 250 GeV

-
-
-
-
-
————
-
-
-
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-
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Wt CR
my > 250 GeV

mbbA
210 GeV -
SR 1
40 GeV +
15 GeV

* Outputs used as discriminant in fit

* Multiple backgrounds:
* tt and tW
* Single Higgs
» Z+ heavy flavour
* “Fake” leptons

T T T T T T T T T T
ATLAS ¢ Data £ Bkg. Unc.
10° Vs=13TeV, 140 fb" [IZ+jets (HF) mmtE _
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* Dominant uncertainties:
e Data statistics

OggF + var(HH) [fo]
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—— Observed limit (95% CL)
--- Expected limit (95% CL)
Expected limit +20
Expected limit +10
—— Theory prediction

%  SM prediction

_______
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|HEP 02 (2024) 037
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|
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>
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e 95% CL limits:
* MHH < 9.7 (16.2 exp)
6.7 <K< 153

e -0.17<Kw<24
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-02

HH—bbWW, bbZZ(41) (CMS) FHiEP 06 (023 130 (bb27)

e bbWWV: CMS 138 fb! (13 TeV)
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 T T T | T T
* Events categorised by trigger 5.=K=1 __ Opserved B - 16 expected
. . v= Koy =
¢ Slngle-lepton, dllepton ----- Median expected  ----- + 2 o expected

: .~ . bbWW
* Sub-categories based on DNN classification —

. — . . dilepton
Background includes tt, single top,W+jets  exectea 27

Observed: 19
DNN score fitted i
single-lepton

Expected: 27

Observed: 28

e 95% CL limits: | T n
Combined
Expected: 18
* HHH < I4 (I8 eXP) ObZerved:M | | | | | | |
° _72 < K < |38 0 10 20 953/OC|_ 40 |' 5$ ?O :|OH)/ 80
% upper limit on o — o
e ..l <Kay <32 P P

ATLAS constrains K2y more strongly
* Dedicated VBF category helps

)
—
2

138 fb~! (13 TeV)
LLCALBEAL RIS,

= T T ‘ T T T T T T T T T B
- — Theoretical prediction ]
B CMS Theoretical uncentarties

— Observed 95% CL limit

----- Expected 95% CL limit
I Expected =1 s.d.
[ Expected +2 s.d.

—
o
'S
I T ‘

* bbZZ(4l):
* Events split to nine categories using BDT
* Nine BDT distributions in data are fitted

* Main backgrounds from H, qq, gg decaying to ZZ
* 95% CL limits:

o UnH < 32.4 (39.6 exp)
. .88 <K< 134

—
o
w
TTT

95% CL upper limit on o(pp—HH) (fb
2
T
|

10" E
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-004/index.html

HH— Multilepton (ATLAS) HEP 08 (2024) 164
1) > LB R A A L B > 14— T T T
3 ( ) (" Legend ) & 12} ATLAS ¢ Data 8 ATLAS ¢ Data
2 #4+2Thag 20+2T 5 g s =13TeV, 140 fb — SM HH x 100 g 12F (s =13TeV, 140 fo' — SM HH x 100
S I BN o A Y N I
< O Post-fit 2 Uncertainty T Post-fit 2 Uncertainty
° yy+ML il 8
E YY+Thad YV+2(2, Thad) 20SC+Thad SN 6l
> \
“ —___ |
VY4 245G [ 3¢ ) [ 4¢+2b ) gl
g D220 g 1.22
0 ] ’ 3 4 (D% B 7 e ez, i i o e g 0.7;
Number of light leptons 110 120 130 140 150 160 05
m,, [GeV]
* Targets decay modes: 4V, VVTT, 4T, YYVV, YYTT ATLAS . obeorved s
o Expected (uyy=0) 1 *+20
Vs =13TeV, 140" . Expected (U = 1)
* Background estimation: 05tk ver(HH) =32.8 fb Exp.
Obs. (MHH=0)
* Prompt leptons from SM processes aeool [ 17ds 39 35
* Non-prompt leptons st o d 9 29
. . 20SC} ¢ 9 32 42
* Mis-assigned charge 205C-+ Tl ¢ e 79 63
* Mis-identified tau 20+ 2Thaal- i “
. L+ 2Thad~ ® 46 46
* Non-resonant Yy production S | e s
Yy +1I d o 51 29
. ) ) VY + Thaalk ) . 112 60
* BDT is trained in each sub-channel comsieg | T - T —
* Score used as discriminant Combinedyy+ML- @ e 5 2
Combined- ©e® oy 1|7 o I11 .
100 150 200

* Dominant uncertainty:
 Data statistics
* Theoretical uncertainty on signal modelling

|5

. 95% CL limits:
* MHH < |7 (1] exp)
e 6.2<Krn<II.6

¢ -2.5<Kw <46

95% CL upper limit on HH signal strength gy


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-04/

JHEP 07 (2023) 095 (Multilepton)

HH— Various (CMS) CMS-PAS-HIG-23-012 (Preliminary) (bbVV)
g CMS___ HH - Muliilepton __ 138 fo" (13 TeV)
75 —— Combined 3¢ + 11, — 17437, j{— CMS Multilepton
E ——4¢ _e_2f+2Th +4Th E'
6 -~ . ,
- 2rss 5 * Multilepton targets 4W,WWTT, 4T states

* Events contain 2,3,4 leptons
e Electrons, muons and hadronic taus studied

* bbVV:
* Both Higgs bosons are highly Lorentz-boosted
* Signature of two large-radius jets
* Novel multivariate classifier based on graph
convolutional neural networks, ParticleNet, to

~8- Observed I 687 expected identify the jets that correspond to H—bb
HH — Multilepton| ===+ Median expected 95% expected «

2¢ss +

u < 125 (62.8 exp)

37
I < 59.3 (41.2 exp)

4¢
K < 56.7 (76.8 exp)

37 + 1Th
U < 45.7 (63.2 exp)

2/+2Th
U < 50.3 (62.0 exp)

1 f+3Th

1 < 50.9 (48.5 exp)
4Th

n < 50.0 (78.8 exp)

Combined
1< 21.3 (19.4 exp)

95% CL upper limit on o(pp — HH) [pb]

CMS 138 fb' (13 TeV)

CMS Preliminary 138 fo~! (13 TeV)
T T T T T T 1 1 ‘ T T T T T LI ‘ T T T L ‘ T
Ky=Ki=Ky =1 —e— Observed
b bvv ---- Median expected
Bl 68% expected

— 95% expected

— o(pp = HH) (kav =1)
Expected: 69 ?
Observed: 142

o(pp - qqHH) (kzy =0)
Expected: 0.9
Observed: 1.1

L . . R
10 100
95% CL limit on 6/0Theory

0.1

1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0 50 100 150 200 250
95% CL upper limit on p = o(pp— HH) / O 16



https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-002/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-012/index.html

HH Combination (ATLAS)

Phys. Rev. Lett. 133 (2024) 101801

—e— Observed limit (95% CL)
e Combines channels: ATLAS Expected It (95% CL)
Vs=13TeV, 126—140 fb-! (MpH=0 hy.po.theS|s)
e bbbb, bbyy, bb1T, bb28 + Eymiss, Combined Multilepton O ver(HH) =3280 o eoet i e
 Common sources of uncertainty correlated unless: | Obs.  Exp.
» Different calibrations used bbtt + Emi=z * 0 14
* Different post fit profilings from different phase space Muttiepton|~ * 7
bbbbH— * 5.3 8.1
* Dominant uncertainties: ok F o 50
+6% FHH " - -
+ -
* HH QCD Scale mtOp (—23% on gg ) bbttt - * 5.9 3.3
* Modelling of single H associated with b-jets |
Combined|— e 2.9 2.4
* Background estimation in 4b e NN~ R S Ry
95% CL upper limit on HH signal strength gy
. . o Best Fit | Obs 95% CL | Exp 95% CL | Leading Channel
 Combination 95% CL limits: : . .
K 38 + [-1.2,72] + [-1.6,7.2] + bbyy,bbtT
* UrH < 2.9 (2.4 exp) ! , [1272] ¢ [16.7.2] ¢ bbyy
¢ Opn < 858 (7|.| exp) fb Kav 1.0 : [0.6, 1.5] : [0.4, 1.6] : bbbb (boosted)
<8 T T T T T T T T ] <8 T T T T T T T T T ST L B NS B
f= E ATLAS : Com.blned : zgzg E I= E ATLAS : Com.blned : ZZZE E V) " ATLAS B Com.blned —_— bth\i
A TEVE=13TeV, 126—140 10" ot emes — ppeer ] Y TEVS=13TeV, 126—14010" o — ppeer ] [ VS=13TeV, 126140t UNPOR T U
- HH combination ! . - HH combination ! . 6L HH combination *Ef T
6 All other K fixed to SM —— Obs.: 95% CL [-1.2,7.2] — All other k fixed to SM —— Obs.: 95% CL[0.6,1.5] — Obs. 95% CL + Bestfit(4.3,092) |

C ——- Exp. (SM): 95% CL[-1.6,7.2] 1]

C —=- Exp.(SM): 95% CL[0.4,1.6] ]

Pagna
Pt - 4

- _-7

- -
T NS gt e (S e it

1.5 2

T | T T T

—-—- Exp. (SM) 95% CL ¢

SM prediction



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-18/

HH Combination: HEFT interpretation (ATLAS) Phys. Rev. Lett. 133 (2024) 101801

g H 9 88— P———@ - - - - - - - - - H
ggF production: LN 4
Ky s
g (¢hhn) I g 9999299990000 @ @ LR I
g H g H 9 H

Cgghh .-~ -7 Cggh Chhh -7~

Additional ggF in BSM scenario:

Each diagram sensitive to specific coupling factors

Some diagrams appear if deviations from SM predictions in coefficients Cggh, Cgahh, Ctthh
HEFT parameterisation has quadratic structure, hence multiple minima

Best fit driven by bbbb where data-driven background modelling not perfectly accurate
* Fits in channel favour non-SM signals

Chhh=Cgghh Chhh=Cagghh Cgghh-Crthh

E 1 5 _\ T T I T T T T I T T T T I T T T T I T T T T I T T T T OI T T T T I_ E 47 T T T I T T T T I T T T T I T T T T I T T T T I T \o T T I T T E 2 | T T T I T T T I T T T I T T T I T T T I T T ; I T T T |
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Single H and HH Constraints
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HIG-23-006 (Submitted to Phys. Lett. B) (CMS)
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* Single Higgs production constrains self-coupling
* NLO electroweak corrections from self-coupling
* Corrections affect:
* Higgs cross-section
* Branching fractions
* Kinematics
* Can be used to constrain Kx

* Wide selection of processes combined

* ATLAS:-0.4 <K\ <6.3
* CMS: -12<Kr\<T75
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The HL-LHC...

* The High-Luminosity LHC (HL-LHC) will:
* Increase peak luminosity to 5-7.5x1034 cm-2s-!
* Provide at least 3000fb-! of data at 14TeV
* Allow precision measurements of Higgs couplings and differential cross-sections
* Provide access to rare decays and probes for New Physics

Long Term Schedule for CERN Accelerator complex
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Image: Jean-Philippe Tock Updated Schedule

.Lon g Shut-down (Re)Commissioning
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The HL-LHC: CMS prospects FTR-18-019

* Initial prospects study performed in 2018
 Based on best HH result available at that time

Signals normalised to 14 TeV cross-section and luminosity

Background yields scaled to 3000 fb-!

Parametric functions model upgraded detector response

Assume theory/modelling & b-tagging 2x better, other objects are Run 2-like (conservative)

. o : .
Combination places constraints on Kj: . CMS Phase-2 3000 b (14 TeV)
(o) ~—~ [~
*035< KA < 1.9 at 68% CL = - Simulation Preliminary Assumes SM HH signal
(o) - [ —_ —
* -0.18 <Ky < 3.6 at 95% CL 5 95 —— bbbb
N g = —=— bbtr
Significance 95% CL limit on oy /ophy : —e— bbVV(iviv)
Channel -
Stat. + syst. Stat. only Stat. + syst.  Stat. only 7E —=— bbyy
g bbZZ*(4l)
bbbb 0.95 1.2 2.1 1.6 6 —e Combination
bbrT 1.4 1.6 1.4 1.3 5:_
bbWW (fviv) 0.56 0.59 3.5 3.3 - o5o,
4= %\ L | I %
bby~y 1.8 1.8 1.1 1.1 "
bbZZ (0660 0.37 0.37 6.6 6.5 3E
Combination 2.6 2.8 0.77 0.71 t
iE R A T P A 68%
bt £ aof
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The HL-LHC: ATLAS prospects

* Combination of bbbb + bbTT + bbyy
* Assume theory/modelling & b-tagging 2x better, other objects are Run 2-like (conservative)
* HH discovery significance of 3.40; Kx constrained within [0.0, 2.5] at 95% CL

ATL-PHYS-PUB-2022-053,ATL-PHYS-PUB-2022-001,
ATL-PHYS-PUB-2021-044

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

8

j LI I L ! LI L UL L I L I LI ! L I L
€ 5ok ATLAS Preliminary ]
J L Vs =14 TeV, 3000 fb-! _
ot HH - bbyy + bbt* T~ + bbbb .
160 Projection from Run 2 data —
Asimov data (k) = 1) -
B —+— No syst. unc. 7]
’ 2__ —e— Baseline ]
N Theoretical unc. halved 4
- Run 2 syst. unc. =
8 —
a o NONN S 95%
I A\ I 68%
O L1 | I L1 | I L I i I | I L1 | I L1 | I L1 | I L1 | I L1
=2 -1 0 1 2 3 4 5 6 7
Ka
Significance [o] Combined signal
Uncertainty scenario bbyy bbr*t~ bbbb Combination | strength precision [%o]
No syst. unc. 2.3 4.0 1.8 4.9 -21/+22
Baseline 2.2 2.8 0.99 3.4 -30/+33
Theoretical unc. halved 1.1 1.7 0.65 2.1 -47/+48
Run 2 syst. unc. 1.1 1.5 0.65 1.9 —53/465
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ATLAS Preliminary

VS =14 TeV, 3000 fb-" i
n Non-resonant HH N
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K
Uncertainty scenario k1 68% CI k3 95% CI
No syst. unc. [0.7,1.4] [0.3,1.9]
Baseline [0.5,1.6] [0.0,2.5]
Theoretical unc. halved [0.3,2.2] [-0.3,5.5]
Run 2 syst. unc. [0.1,2.4] [-0.6,5.6]
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Summary

* Study of HH events provides unique experimental reconstruction of Higgs Potential

HH events are rare process

* No observation yet!

* Cross-section of 33 fb means ~4600 SM events in Run 2 dataset
* Requires highly efficient analyses from ATLAS and CMS

Combinations with Single H events can further constrain Higgs potential

Best constraints on HH cross-section:
* ATLAS: UxH < 2.9 (2.4 exp)
* CMS: UHH < 3.4 (2.5 exp)

Best constraints on Higgs self-coupling:
* ATLAS: —1.2< K\ <7.2 (—1.6 < Kxn < 7.2 exp)
* CMS:—1.24< K\ < 6.49

Exciting prospects for future analyses!
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HH—bbbb (Resolved) (ATLAS) Phys. Rev. D 108 (2023) 052003 (Resolved)

 Event selection:; b Jﬁt b
* b-jet trigger
* >4 b-jets with pt > 40 GeV

AnHH‘ <15

* Veto Top-quark decay

b " vEFjet
* Higgs reconstructed by minimising AR;; in leading Higgs (H1)
* No mass information used - avoids sculpting H;-H2 mass plane
< 200 T e T T T T T T T T
X J o] ATLAS —— SR ] @500
o 180 5 _13Tev, 126 fbo! == GR 11
’ & F selection, Xw; > 1.5
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b data
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* VBF categories also require:
. ‘Anjj‘ >3 and m; > 1 TeV
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(1)

Pass trigger class

Yes

A\ 4

(2)

>4 central jets

Yes

A\ 4

(3)
>4 b-tagged
central jets

HH—bbbb (Resolved) (ATLAS)

Yes

Cutflow

VBF Selection

Phys. Rev. D 108 (2023) 052003 (Resolved)

—> VBFSR

Yes

—> ggF SR

Yes

(6)
(Ipi)T < 65 GeV Yes
A \> 3| (8.vBR) 5| (9.VBF)
- XuH < 1.6 “| mun > 400 Gev
Yes Yes Yes
(5)
VBF Jets
|Ang| >3,
m; > 1 TeV
7 )
Yes
(7. g8F) S (8.8gF) S (9. ggF)
|AnnH] < 1.5 - Xwt > 1.5 - XuH< 1.6
(4) Yes Yes
> = 6centralor No
forward jets
ggF Selection
Data ggF Signal VBF Signal
SM K/l = 10 SM KZV = 0
Common preselection
Preselection 5.70 x 10° 530 7300 22 630
Trigger class 249 x 10° 380 5300 16 410
ggF selection
Fail VBF selection 2.46x 10° 380 5200 14 330
At least 4 b-tagged central jets 1.89 x 10° 86 1000 1.9 65
|Angy| < 1.5 1.03x10° 72 850 0.94 46
Xy, > 1.5 751x10° 60 570 0.74 43
Xy < 1.6 (ggF signal region) 1.62x 10 29 180 0.24 23
VBF selection
Pass VBF selection 330x10° 5.2 81 2.2 71
At least 4 b-tagged central jets 2.71 x 10* 1.1 15 0.74 28
Xy, > 1.5 218x10" 1.0 11 0.67 26
Xyy < 1.6 5.02 x 10° 0.48 3.1 0.33 17
myy > 400 GeV (VBF signal region) 3.57 x 10° 0.43 1.8 0.30 16
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HH—bbbb (Resolved) (ATLAS) Phys. Rev. D 108 (2023) 052003 (Resolved)

Discriminant

o [T e ST T ) ot it Background |
E{D) s~ ATLAS NN Stat. + Syst. Error —
o F Vs=13TeV, 2018577 fb" + 4bDam ]
2] C ggF Signal Region ]
S 200~ [] 400xSMHH ]
O;H I s 2 S S N o AT .. : ‘ ‘ Ll ‘ e x J@E
B g T T
Y S—— RS
I e sl b s S
| |AnHH|<0.51, Xun<0.95 O.5<|AnHH|<1I.O, Xun<0.95 |AnHH|>1.OI, Xun<0.95 |AnHH|<0.51, Xun>0.95 \ O.5<|AnHH|<%.0, Xun>0.95 |AnHH|>1.OI, Xun>0.95 |
Deficit in SM, excess in
Kx = 6, excess in tail
Category Data  Expected  ggF Signal VBF Signal
Background SM SM
ggF signal region Source of Uncertainty Au/u
|Angy| < 0.5, Xgyy < 0.95 1940 1935 £ 25 7.0 0.038 —
A 0.5, Xy > 0.95 3602 3618 +37 6.5 0.036 Theory uncertatnties
|Angy| < 0.5, Xpg > 0. = : : Theory uncertainty in signal cross-section —9.0%
0.5 < |Angyyl < 1.0, Xy <0.95 1924 1874 + 21 5.1 0.037 All other theory uncertainties _1.49%
0.5 < |Angyyl < 1.0, Xy > 0.95 3540 3492 +35 4.7 0.040 Background modeling uncertainties
Ayl > 1.0, Xy < 0.95 1880 1739 £ 22 2.9 0.043 Bootstrap uncertainty —71%
|Anggl > 1.0, Xgy > 0.95 3285 3212 + 37 2.8 0.041 CR to SR extrapolation uncertainty —7.5%
VBF signal region 3b1f nonclosure uncertainty —2.0%
|Angy| < 1.5 116 1253 +44 0.37 0.090
|Angy| > 1.5 241 230.6 +5.3 0.06 0.21
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HH—bbbb (Resolved) (ATLAS)

Phys. Rev. D 108 (2023) 052003 (Resolved)
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HH—bbbb (Boosted) (ATLAS) Phys. Lett. B 858 (2024) 139007 (Boosted)

Cutflow
) ©
) _ (. ) L . VBF jet kinematics
(1) Hices B didate i Higgs boson candidate jet kinematics Pl > 20 GeV
: iggs Boson candidate jets !> 450 GeV, m”' > 50 GeV T
Pass trigger > 2 large-radius jets (1, )2) Pr = - AR(J, j) > 14

2> 250 GeV, m”2 > 50 GeV o .

v v v

3) - Ny
H—bb jets VBF jets Slgr;al-reglon :
SORWE of Xl Xnll) > 2 small-R jets ()1 J2) J(mjﬂsolo?fnfev) (P) <10
Selection Data Nonresonant Nonresonant VBF  Spin-0 resonant VBF
SM ggF (ks Koys Ky) = Narrow-width m y
(1,1,1) (1,0,1) 1.00TeV  5.00 TeV
Raw events 16854036422 1480 82.0 1290 140 140
Trigger & upstream selection 63944 638 20.9 1.15 235 70.7 126
> 2 large-R jets (7, m) 57510800 14.1 0.531 168 48.7 119
Double b-tagging 12875 5.35 0.131 77.4 25.2 24.9
> 2 small-R jets 5762 2.24 0.105 57.2 18.8 16.0
Large-R jets (pt) 3902 1.41 0.0700  48.3 13.7 16.0
Small-R jets (An(j, j), m;;) 314 0.148 0.0380 323 8.58 12.0
Signal region 23 0.0970 0.0290 245 6.68 6.59
Veto resolved selection 21 0.0590 0.0200 18.8 - -
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HH—bbbb (Boosted) (ATLAS) Phys. Lett. B 858 (2024) 139007 (Boosted)

Discriminant
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HH—bbbb (Boosted) (ATLAS) Phys. Lett. B 858 (2024) 139007 (Boosted)

,<25_""I""I""I""I""I""I""I""_ <10"|"'|"'|"'|"'|"'|"'|"'|"'
< - ATLAS — 68%CL — Combination = . ATLAS Boosted+Resolved
20 - Vs=13TeV, 140 fb™! — = 95% CL —— Boosted . N B Vs =13 TeV, 140 fb~' 95% CL: k», € [0.37, 1.67] 1
" VBF HH bbbb ¥ SM prediction —— Resolved ] gl_ VBF HH bbbb ___ Boosted-only
~ Expected gn  Best fit combination ] | Expected 95% CL: k», € [0.32, 1.71] A
- . - Resolved-only /|
15— \ — - 95% CL: Ky, € [-0.05, 2.13] Y
10 ‘\_‘~ __
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- ATLAS — 68%CL —— Combination ] = ATLAS Boosted+Resolved /]
20 - Vs=13TeV, 140 fb! — - 95%CL —— Boosted - (\Il Vs =13 TeV, 140 b 95% CL: Kk, € [0.55, 1.49] /' |
— VBF HH bbbb ¢ SM prediction —— Resolved gl\ VBF HH bbbb ___ Boosted-only /
~ Observed gr  Best fit combination ] Observed 95% CL: kp, € [0.52, 1.52] J/ ]
N 1 Resolved-only / |
15 A ] 95% CL: ko, € [-0.03,2.10]/ / 7
10 = -
5 —] 2T 95%
I~ N ] —]
- N ]
I \_\ —]
0= = ]
_5 T . N — e 68%
0.00 0.25 2.00 1.8 2.0
Koy Kov (Kx=1.0, Ky =1.0)
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HH— bbbb (CMS)

The distributions of the invariant mass of 5

the HH system after a background-only &

fit to the data, for the high-purity (upper), §102

medium-purity (middle), and low-purity
(lower) categories.
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c 10
2 9
2 8
e 7
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o 4
Event Selection ;
Trigger Combination of Ht and single-jet triggers 2
Higgs boson > 2 large-radius jets with |y| < 2.4 1
candidates piead > 500 GeV, p3P! > 400 GeV 0

Ap > 2.6, Ay < 2.0

Lepton veto

Ne:O/N]/tZO

H — bb identification | Three exclusive search categories based on Dy, working points: c 20
with ParticleNet high purity (HP), medium purity (MP) and low purity (LP) —~
VBEF selections > 2 small-radius jets with pt > 25GeV, |57| < 4.7 2 16
my; > 500 GeV, A > 4.0 Q14
Signal mass range 110 < m'*d < 150 GeV, 100 < m*™°' < 145GeV oo

10

o N~ OO
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CMS-PAS-B2G-21-001 (Preliminary)
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VHH —»Vbbbb(—» QQ) (ATLAS) Eur. Phys. ]. C 83 (2023) 519 (ATLAS)

Signal regions Control regions
Channel and signal model oL 1L (AL4/1L) oL . Vet
+/1L— +jets
0L 1L 2L !
Variable Vhh VH A — ZH Vhh VH Vhh VH A — ZH Trigger E%niss single-lepton single-lepton single-lepton single-photon
= 1 tight electron = 2 loose leptons =2 loose leptons = 1 photon with
Mpy + Mp, v v v v v v v v Lepton 0 loose leptons, with pr > 27 GeV (ete™ or ptu), (e*u™), pr > 150GeV,
_ or photon 0 identified 7, OR 1 medium muon > 1 lepton with > 1 lepton with 0 loose leptons,
Mhy = Mhy v v v v v v v v with pr > 25GeV, pr > 27GeV, pr>27GeV 0 identified 7,
]Vjets v v v v v v v v 0 additional loose leptons, 81 < mge < 101 GeV
0 identified 75,
H v v v v v v v v ,
pc E™S > 150 GeV, ‘
2 Sp tag v oo v v v ooV v ooV 4 pmiss S(EDS) > 12, EMiss > 30 GeV - - -
mESR VRV v VARV VARV v gy, Wl > 1
mE;SR / v/ J v/ J J/ J / Jets > 4 jets with pt > 20 GeV and passing the 85% b-tagging WP
mhh \/ \/ \/ D . . .
o L, PRV ominant uncertainties
EITniSS V4 V4 V4 V4 V4 V4 V4 Model Vhh like in SM WH ZH NWA—->ZH LWA-—>ZH
p¥ v V4 v V4 Systematic uncertainty source Ap/p [%]
m,‘?’ V4 Background modelling +20, —15 +14, -11 +4.7, =3.0 +17, -13 +20, —18
MC statistics +12, -9.1 +13, -7.8 +4.8, -2.2 +7.2, —4.1 +10, -8.3
cosh(An); —cos(Ag)1 v 4 4 4 4 4 Objects +12, -8.6 +8.0, 5.2 +4.5, -2.2 +19, 11 +16, —12
COSh(Al])z - COS(A¢)2 v v v V4 v V4 Signal modelling +10, —4.7 +12, —4.9 +8.6, —3.0 +14, -5.1 +17, -7.6
VR non-closure +14, —11 +11, -9.4 +4.4, =3.0 +4.9, =3.7 +12, —10
|)’h1 - yhz | \/ \/ \/ \/ \/ \/
Y v Total systematic uncertainty +30, -22 +27, —18 +12, -5.8 +30, —18 +33, =24
yv = ynn Statistical uncertainty +44, -39 +52, —43 +68, —49 +59, —47 +42, =37
Total +52, —44 +59, -47 +69, —49 +66, —50 +53, —45

Expected +10  +
Expected +20

Expected 1o
Expected +20

o | ATLAS ; - ATLAS _ Observ 1
Observed/expected 95% CL upper 10 s =13 Tev, 130 b oo (s=13TeV, 139167 _poenes
" WH-Whh . | ZH-Zhh

limits on the production cross-section
at Vs=13 TeV of a heavy narrow scalar
resonance H in the decay mode

H— hh— bbbb in association with
(left) a W boson and (right) a Z boson
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HIG-22-006 (Accepted by JHEP) (CMS)

VHH— Vbbbb(— ££) (CMS)

BDT training variables

Categorisation in channels

BDT,, BDTq,p BDT.,, BDTgyp  Variable for categorization BDTcy Ny, Dyy  rum, Oum, My Yearsplit  N(regions)
Input variable MET/1L FH MET (S) 1L(S) MET/1L (L) Input variable 2L 2L Signal regions
pr(V), pr(H,) v v v v v pr(V), pr(H,) v v MET small—rad‘lus Ky, Koy Ny, >3 SR+CR Per year 6
pr(H,), pr(HH) v v v v Mg v v MET large—rédlus Koy HP, LP SR+CR Per year 6
My, My v v v v AR(H,, H,) v v 1L small-radius Ky, Koy Ny, >3 SR+CR Per year 6
_— v v v v % AG(V,H,) v v 1L large-radius Koy HP, LP SR+CR Per k})Ieard 6
2L Ky, K N, =3o0r4 SR,CR Combine 8
AR(H,, H,) Y g pr(Ha)/pr(Hy) d FH KA KZV bN =4 SR Per year 6
Ap(V, H,) v v v v v pr(HH) v _ A Koy b Y
(H,)/pr(H,) v % v Control regions
my. , m
Prith)/Prith Hys TV MET small-radius — Ny, >3 SB Per year 3
Ay (Hy, Hy) v v v Ay (Hy, Hy) v MET large-radius — HP, LP SB Per year 6
Ap(Hy, Hy) v o v v v Energy of H, v 1L small-radius — N, >3 SB Per year 3
Energy of H, v v Energy of HH v 1L large-radius — HP, LP SB Per year 6
Energy of H, v v pr(6y)/pr(6y) v v 2L (DY) — N, =3or4 DY CR Combined 2
Energy of HH v v Ap(£y, £5) v v 2L (TT) — N, >3 tf CR Combined 1
TH, v v AR(j 1,H2'j 2,H2) v . .
(V) ;v v ARGy i) Summary of uncertainties
LH /)21,
Sb-tag G 1,2,3,4) v v pr(ty)/my v Uncertainty sources 2L 1L MET FH Combined
HY v pr(¢y) v Systematic uncertainty +54%/ —40%  +47%/—40% +64%/—45% +51%/—36% +68%/—49%
N v ( ) v Theory +16%/—3% +3%/—=12% +23%/—10% +15%/—2%  +17%/—7%
jets Pr V] 1—311%1 Integrated luminosity +6%/—0%  +5%/—1%  +8%/—1%  +4%/—0%  +6%/—4%
TZ/Tl (Hl’ HZ) \/ HT \/ Lepton +20/0/—10/0 +40/o/—10/0 +00/0/—10/0 +00/0/—00/0 +30/0/—40/0
H. H HH Pileup +3%/—6% +4%/ —2% +8%/—7% +3%/—0% +9%/ —14%
/T (Hy Hy) v pr(V)/pr(HH) v Small-radius jet F17%/—5%  +15%/—5%  +26%/—23% +21%/—2%  +26%/—16%
A¢(V,HH) v b tagging F41%/ 4%  +35%/—3%  +56%/—29% +36%/—1%  +62%/ —34%
Pr (g ) /1y v Large-radius jet +2%/—0%  +12%/—-18%  +3%/—3% +1%/—-0% +5%/—17%
1 Background modeling +53%/—38% +37%/—19% +54%/—29% +44%/—19% +62%/—40%
Normalization +40%/—12% +34%/—4%  +52%/—25% +35%/—0%  +58%/—32%
Reweighting +340/0/—360/0 +130/0/—170/0 +220/0/—130/0 +120/0/—10/0 +25[yo/—190/0
Kinematic +110/0/—100/0 -|—170/o/—30/0 —|—130/0/—40/0 —|—24%/—24% +19'J/0/—14(70
Statistical uncertainty +84%/—91% +88%/—92% +77%/—89% +86%/—93% +73%/—87%
Signal strength and uncertainty 101783 12131 2837153 190115 14518
o . .
95% CL on coupling modifiers
KA Kav Ky Koz Kow
Observed (—37.7,37.2) (—12.2,135) (—3.7,3.8) (—17.4,185) (—14.0,15.4)
Expected (—30.1,28.9) (—72, 89) (=3.1,3.1) (—105,11.6) (—10.2,11.6)
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HH—bbTT (ATLAS)

channel: Thad Thad bb

Event Selection

)

channel: £¢bb

event J

channel: Tiep Thad bb

=L| SLT + DLT H

Phys. Rev. D 110 (2024) 032012

event
selection

= on

: N '
" ( ) : ] no : STT: single Thad-vis triggers
1 ' »
' STT + DTT ' SLT | g LTT : DTT: di-Thad-vis triggers
: _ Y, : — H ' ) .
. ' yes ' ! SLT: single lepton triggers

L] L] 1
: p v ~ ; (_" s . ~ : LTT: lepton+Tthad-vis triggers
1 L] L]
. event : event ' eveth : DLT: di-lepton triggers
- selection : selection CL selection ) :
S A : .

[] L) 1
: v i \4 ' v . ;
o ) ' e B Y
: VBF candidate: Yes ] VBF candidate:] Yes " | vBF candidate: Yes :
: > 2 extra jets ' > 2 extra jets J ' > 2 extra jets .
1 \_ J ' 1 \_ W, 1
1 ' ' 1
: No : No : J No :
. - Y v E A4 \ 4 E 4 \ 4 .
1 1 L) 1
: MHH ggF-like categorisation MuH ggF-like categorisation MuH ggF-like categorisation :
: L BDT : BDT : BDT .
I ' . I
: < 350 GeV > 350 GeV VBF-like ! < 350 GeV > 350 GeV VBE-like ! < 350 GeV > 350 GeV VBF-like :
' y v ' y \ 4 ' v v '
1 ] ] 1
: low-muH high-mun VBF ; low-mun high-mun VBF : low-muH high-muHx VBF :
: category category category . category category category . category category category :
] N N ]
1 ] L) 1

Thad Thad SR

Tlep Thad SLT SR
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HH—bbTT (ATLAS)

ggF vs VBF

ggk

Phys. Rev. D 110 (2024) 032012

VBF

Variable

Thad Thad

Tlep Thad SLT

Tlep Thad LTT

Variable ThadThad  TlepThad SLT  TiepThaa LTT
VBF
m; v v v
VBF
An i v v v
VBF g X 1 v v
VBF
A¢J'J' v
VBF
ARJ.J. v v
AR+ v
mgy v
5 v
ce v v
mee v v
0 4
0 4
h¢ v

3

mygH
mpp
e
ARpp
AR(7g, 71)

VBF 179 X 17
An}’BF
VBF
APy,
ARYBF
JJ
VBF
JJj
N (jets)

m

AnpH
pr(HH)

My H

mp g scaled
p1(70)
pr(77)
pr(bg)
n(7o)
n(ty)

AR (b, 70)
Thrust®
Circularity®
Planar Flow?
fo

5

1

Mg

cos %
cos(A 071_17_—”"1' rest frame )

\

SN N NSNS S

v

NN NS

<

NN NSNS

4
v
v

<SS <

N

NS SS SN

Thad Thad Tlep Thad SLT Tlep Thad LTT
Variable low-myg g high-mpyg g low-mpy g high-mpyg g low-mpg g high-myg g
Mpb v v v v v v
mMMC v v v v v v
mygg v v 4 v v v
ARpp v v v v v
AR(1g, 71) v v v v v v
N (jets) v v v
pr(HH) v v
Hy v v v v
Ty v v v v v
T v v v
Emiss v v v/
Efrniss centrality v/
My v v
m¥ v v v
mr(71) v v v
pr(70) v v v
pr(71) v v v
p1(bo) v v v
pr(by) v
pr(bb) v
pr(77) v
Apr (79, 71) v v
7(79) v v
n(ty) v v
An(7o, 71) v
A(j)(bb,E{.mss) v v
A¢p(bb, TT) v v v
A¢(T, EJIsS) v v v v
Aqﬁ("r],E.’r"‘ss) v v
DL Ir quantile(bq) v v v
DLIr quantile(by) v v 4
AR(bg, 19) v v v
AR(by, 1) v v
AR (b}, 19) v v
meg v
mge v
m(byTg) v
m(by1g) v
my g v v
ch v v
Sphericityb v v
Planar flow? v
COS(AGIZ)_)bb rest frame) v v/
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HH—bbTT (ATLAS)

bbTT BDT distributions

in 9 categories

Events / bin

Data/Pred.

Events / bin

Data/Pred.

Events / bin

Data/Pred.

T T T T T
ATLAS

Vs =13 TeV, 140 fb"
ThadChadt 2 b-tags
ggF SR, ma< 350 GeV

T T T
' ' ! —ggFHHxIOIOO '
—— VBF HH x 1000
¢ Data
B HH (u=2.2)
Top-quark
Jet — 1, , fakes
Z+(bbbccc)
N Jet — 1, fakes (tt) 7]
[ Other
Single Higgs
[J Uncertainty
Pre-fit background—

1.5

—y

—e—
1

0.5

T

¢ f
111111*111‘

7 8 9 10 11 12 13 14
BDT score bin

T T T T T

ATLAS

Vs =13TeV, 140 fb"
TiepThad SLT, 2 b-tags
ggF SR, ma< 350 GeV

L Y S
—— ggF HH x 2000
—— VBF HH x 2000
¢ Data
N HH (u=2.2)
Top-quark
Jet —» 7, fakes
Z + (bb,bc,cc)
I Other
Single Higgs
[ Uncertainty
----- Pre-fit background ]

ol ol 3

7 8 9 10 11 12 13 14

BDT score bin

T T T T T
ATLAS
Vs =13TeV, 140 fb"

TiepThad LTT, 2 b-tags

“9rn.gus,

Al LT PP

—I gglF HIII X 2600 I
—— VBF HH x 2000
¢ Data
I HH (u=2.2)
Top-quark
Jet — 1, _, fakes
Z + (bb,bc,cc)
I Other
Single Higgs
1 Uncertainty
«««s. Pre-fit background

YT e *
| | | 1 1 | | |

-
—e—
coleailvalin

2 3 4 5 6

7 8 9 10 11 12 13 14
BDT score bin
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Events / bin

Data/Pred.

Events / bin

Data/Pred.

Events / bin

Data/Pred.

Phys.Rev. D 110 (2024) 032012

ATLAS
{s=13TeV, 140 5"

Thadthas 2 D-1AGS

ggF SR, m.z 350 GeV

T T T
—— ggF HH x 200 !
—— VBF HH x 200
¢ Data
B HH (1=2.2)
Top-quark
Jet — 1, , fakes
Z +(bbbccc)
N Jet — 1, fakes (tt)
Bl Other
Single Higgs
[“1Uncertainty
«+++ Pre-fit background

15F 1 T T T T T T T + T T
4k . Y [} 4 . E
IEe J Y + g l E

0.5__1 1 1 1 | 1 | 1 1 L 9?4

1 2 3 4 5 6 7 8 9 10 11
BDT score bin
6 T T T T T T T T T F HIH 4loo T
—gg x
10°E" ATLAS —— VBF HH x 400
s =13 TeV, 140 ' ¢ Data
5 B HH (n=2.2)
10 TiepThad SLT, 2 b-tags Top-quark
ggF SR, m.z 350 GeV Jet — 1, fakes
104 B2 Seee: Z + (bb,bc,cc)
.. N Other
: Single Higgs
10°

----- Pre-fit background

|
156 T T T T T T T T T T.,.T17T13
1 Fo o o o o0 o b 4 + + 3
g T ]
0.5 1 ] | ] | ] | ] | 1 [_—
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BDT score bin
©
IR L L N LB U PO SV
C — gg x 3
- ATLAS —— VBF HH x 200 N
10*E Vs =13Tev, 140 ' ¢ Data —=
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[ 99F SR.m,, =350 Gev [ Jet >, fakes ]|
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= T I Other 3
- ¢ Ve "‘ Single Higgs ]
‘e ] Uncertainty
10°E be@ey -+-+« Pre-fit background 5
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o
Illl 1 i;ll
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o511 1111 |+|T| L
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Events / bin

Data/Pred.

Events / bin

Data/Pred.

Events / bin

Data/Pred.

ATLAS
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L
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HH—=bbTT (CMYS)

95% CL limit on o(pp — HH) x B(bbtr) (fb)

2016
Expected: 11

Observed: 8.9

2017
Expected: 12
Observed: 9.5

2018
Expected: 8.2
Observed: 5.5

Combined
Expected: 5.2
Observed: 3.3

Y

o
w
I

—
o
)

—_
o

bbrr, 138 b (13 TeV)
T T T T I T T T T

K =Ky=Ky,y=1  —— QObserved = = -----

—— Observed
£ Theory prediction

Median expected
B 689% expected
95% expected

0 5

CMS bbre, 138 fb™! (13 TeV)

K =k =1 —e— QObserved
Ky = Koy =1

Median expected
B 68% expected
95% expected

10 15 20 25 30 35

95% CL limit on o(pp — HH) / oTheory
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95% CL limit on o(pp — qgHH) x B(bbrr) (fb)

Phys. Lett. B 842 (2023) 137531

L K, =K =K, =1

CMS bbrr, 138 b (13 TeV)

—— Observed
i £ Theory prediction

Median expected

B 68% expected T
95% expected
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] T | I 11 1 1 I 11 1 1 I 11 1 | I 11 1 1 I 11 1 1 I 11 1 | I 11 1 1 I 11 1 1 I 11 1 17
-4 -3 -2 -1 0 1 2 3 4 5 6
Kov
5 CMS bbrr, 138 b (13 TeV)
T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T
Ky =Ky =1 - Excluded (observed) ----- Excluded (expected)
4 ¢ Standard Model £2554 68% expected

95% expected
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HH—bbyy (ATLAS) JHEP 01 (2024) 066

bbyy BDT training variables

Variable Definition

Photon candidates

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

AR(y1,v2) 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, N and ¢ Transverse momentum, pseudorapidity and azimuthal angle of each jet

p?’g . Npip and ¢y i Transverse momentum, pseudorapidity and azimuthal angle of the two-b-jet system
AR(by, b)) Angular distance between the two candidate b-jets

mpyp Invariant mass of the two candidate b-jets

Single topness Variable used to identify t — Wb — ¢g’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,n and ¢ Transverse momentum, pseudorapidity and azimuthal angle of each jet

VBF-jet candidates

An(j1, j2),mj; 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 p of the jets in the event

E%liss and @™ Missing transverse momentum and its azimuthal angle

- The 4-body invariant mass of the two photons and two candidate b-jets, mz Byy =
bbyy Mpjyy = (Mpp — 125 GeV) = (my,, — 125 GeV)
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HH—bbyy (ATLAS)

Events / 2.5 GeV

Events /2.5 GeV

bbyy discriminants

JHEP Ol (2024) 066

q- [ T T T I T T T I T T I T T T I T T T [ T I T T T I T T I T T T I T T T ]
o o C ]
o . ATLAS —— SMHH ggF E o - ATLAS —— SMHH ggF .
-~ _ _ ~ 1L - = -
o 10" vs-13Tev, 140 fbo-" HHOOR k=10 o 107E vs-13Tev, 140 fo-! HH QR k=10 =
= g , —— SMHH VBF E = S - —— SMHH VBF E
o - HH-bby HH VBF, ky=10 ] o - HH-bbyy HH VBF, ky=10 ]
| Low mass region ... HH VBF, koy=3 i | - High massregon ... HH VBF, koy=3 E
© 100 Single H _ S 100 Single H .3
g g — yy+ets e g E — vyy+jets L.
= - ¢ Data sidebands i B Data sidebands -
S - S ]
L o1k = w10 Sah
. 10_2—_ 4 @ .“:...'
10_2k e e T T 1
3 ol
B ] 1
- ] 10_3::1 1 ! | ! ! ! | L b | ! ! ! | ! I I
0 . 1 0 0.2 0.4 0.6 0.8 1
BDT score BDT score
35_'|""| L B %20:"I""I""I""I""I""_ 18
soF ATLAS 3 8 s ATLAS 3 % [ ATLAS | ‘ ' ' 1 3 .,.[amas’ ' ' RS
F Vs=13TeV, 140 fb’ ¢ Data ] 2 16E /s =13TeV, 140 fo" ¢ Data E O 18 B = o p ]
o5 HH—bbyy " Cont. background - S EHH—bby 0 Cont. background 3 o qaf Is = 13TeV, 140 b ¢ Data E 0oL is= 13 TeV, 140 fb ¢ Data ]
- Low Mass 1 — Total background 3 g 145— Low Mass 2 — Total background E Z 125— HH ~ bbry ;ggt';tl'::::g::::: —E ,\@ 8¢ HH = bbyy —19::;::;:9::::: E
200 3 S 12k E & 12E High Mass 1 9 ; S [ HighMass2 g ]
2 ] 10F B @ 10F = & 6 —
15 = : E - E C ]
a ] 8F = 8¢ = L ]
10p 3 6 E 6F 3 a E
st = I -~ )3 ‘F ER & ;
E - E \ = 2 — E— ]
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@) (®) (e) High Mass 1 (f) High Mass 2
14— T L LA AL L %10:'1""1' I L B B E
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120 {5 =13 TeV, 140 b ¢+ Data . © gF (s=13TeV, 140 b ¢ Data 3 G 10 5 - 13 TeV. 140 1" . Data ]
n Eo Cont. background - < E B e Cont. background 3 oo 's= ev, 7
10 HH — bbyy — Total backg - 2 7E HH — bbyy . 9 3 a 8 HH—bBYYy Cont. background _]|
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HH—bbyy (ATLAS) JHEP 01 (2024) 066

Observed/expected limits of kx and kay

E 7 _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 ] E 7 _| 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 |
NI N ATLAS —— Observed ] KJI N ATLAS —— Observed ]
6 vs=13 TeV, 140 fo-! ---- Expected ] 6 vs=13 TeV, 140 fo-! ---- Expected ]
[ HH - bbyy ] [ HH - bbyy ’
oS . Observed , ] S, Observed , ]
NN 68% CL: Kk € [0.6,5.2] ! . MY 68% CL: Koy € [0.3,1.9] ! ]
4L \‘ 95% CL: k) € [-1.4,6.9] ,,' 95% Cl-] 4 ‘\ 95% CL: Koy € [-0.5,2.7] ,"950 o L]
E o\ Expected | - E v\ Expected ] FA .
- \ 68% CL: Ky, € [-1.2,6.1] ; ] N 68% CL: Koy € [-0.3,2.5] / N
3 \ 95% CL: Ky, € [-2.8,7.8] / - 3 \ 95% CL: Koy € [-1.1,3.3] J -
- - SR ]
2 / = 2 N\ / -
B / ] | \\ I/, ]
b NN ) VA 68% CL N NN 68% CL ]
O —I | | I | | | I ] O _I | I | | | | | I | | | | I N
-4 -2 0 2 4 6 8 10 -1 2 3 4
K Kav
> 8 [ I I I I I LI I LI I LI I [ I [ I [
N - -
2
B A TLAS —— Observed 68% CL T
6 | Vs =13TeV, 140 fb- — == Observed 95% CL ]
. HH-> bBYY Expected 68% CL ]
| Expected 95% CL -
B & Best fit .
4= ¢  SM prediction -
ol _
|- _
ok _
B L1 1 I L1 1 I L1 1 I | | I | | I | | I L1 1 I L1 1 I L1 1 N

-6 -4 2 0 2 4 6 8 10 12
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HH—bbyy (CMYS)

JHEP 03 (2021) 257

CMS 137 b (13 TeV) CMS 137 b (13 TeV)
T« 7 IIIJIIII|IIII|IIII|IIII|||||||||||||||||||||| h nmm 10 E‘—Illllllllllllllllllllll|||||||||||||||||||||||—0§
2 10”5 {1, > 500 GeV E S b V<500 Gev :
<~ 10°¢ + Data 7lggH EvBFHS = "% % § Data 7]ggH [E]VBF H
% 105L - SMgF HHx10° [ VM [JfH ] *;é: 107 - SMggF HHx10° [ IVH [JfH 3
> ,F —SMVBFHHx 10° E > 107§ —sM VBF HH x 10° E
LLl 10 3 3 = L 104 3 E_
= ¢,, =0 VBF HHx 10 - s ¢,, =0 VBF HH x 10 5
10° &, E _ E
102 - - E
10k -
)
0 010203040506 07 08 09 1
VBF MVA (High )
Category MVA My (GeV)
VBECATO0 0.52-1.00 >500
VBECAT1 0.86-1.00 250-500
ggF CAT0  0.78-1.00  >600
ggF CAT 1 510-600
ggF CAT 2 385-510
goF CAT 3 250-385
ggF CAT4  0.62-0.78  >540
ggF CAT 5 360-540
ggF CAT 6 330-360
ggF CAT 7 250-330
ggF CAT8  037-0.62  >585
goF CAT 9 375-585
goF CAT 10 330-375
ggF CAT 11 250-330
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HH—bbWW (CMS) JHEP 07 (2024) 293 (bbWW)

CMS 138 fb~ (13 TeV) CMS 138 fb~! (13 TeV) CMS 138 fb~! (13 TeV) CMS 138 fb~! (13 TeV)
c 10 T T T T T T T T T T T ] c T T T T T T T c i = T T
510 HH(ggF) 5 00 HH(VBF) 3 HH(ggF) 5 46 HH(VBF)
~ ~ r ~ ~ 3
$ 108 ¢ Data m Top @ ¢ Data  Top 9107 ¢ Data mm Top @ ¢ Data m Top
= Total Unc. Misid. lep. = Total Unc. Misid. lep. = Total Unc. DY+Multiboson S 105) Total Unc. DY +Multiboson
£ —— HH (ggF) x28 W+Jets €107t —— HH (ggF) x28 W+Jets £ —— HH (ggF) x18 Misid. lep. € —— HH (ggF) x18 Misid. lep.
“ 108t —— HH (VBF) x468 Other w —— HH (VBF) x468 Other “ 105} —— HH (VBF) x385 Other ] w w0l HH (VBF) x385 Other
10° resolved = 1b resolved = 2b boosted 105+ resolved = 1b resolved = 2b boosted resolved = 1b resolved = 2b boosted 0% resolved = 1b resolved = 2b boosted
103 1 103
5 103 L
10 Lot 10?
_|—‘_~—'—|—._|- 1 0 -_|_.___._._ —|—-
0 10
10 - 10t
. x — P P ) — = — . = c
¥ I T I PO I
S L0keerstrreereetocserertorrurytio sttt gt = 1.0fweserrrptid] B = L00f w4 bbby |  1.00 jmtimy R | ;
+— +~ 4~ +— +
© + @© © 075 E 1 ©
005 ] D8 fa . . Q0.75L
0 3 6 9 120 3 6 9 12 0 2 4 6 8 0 3 6 9 12 0 1 01 2 3 45 0 5 10 01 2 3 450 1 2 0o 1 2 3 0 1 2 0 1
DNN score bin (a.u.) DNN score bin (a.u.) DNN score bin (a.u.) DNN score bin (a.u.)
CMS 138 fb~! (13 TeV) CMS 138 fb~! (13 TeV) CMS 138 fb~! (13 TeV) 1010 CMS 138 fb~! (13 TeV)
= (=4 11 ] c c
S o Top + Higgs s 10 W-+Jets + Other s 101/ Top + Other s DY + Multiboson
9 ¢ Data mm Top 9 R ¢ Data mm Top 9 ¢ Data mm Top $ 108 ¢ Data DY+Multiboson
s " Total Unc. W+Jets s 10%¢ " Total Unc. W+Jets s "1 Total Unc. DY+Multiboson g " Total Unc. B Top
€ 10°F —— HH (ggF) x28 Misid. lep. c —— HH (ggF) x28 Misid. lep. c 108F —— HH (ggF) x18 Other c —— HH (ggF) x18 Misid. lep.
“ —— HH (VBF) x468 Other ¥ 107l — HH(VBF) x468 Other w —— HH (VBF) x385 Misid. lep. * 106} —— HH (VBF) x385 Other
107+ resolved = 1b boosted 1 R 106} resolved = 1b boosted R
105} 104
105¢ 104
3L 102 L
103 = 10 102 1
[
g1005f = 7 T I g 1.001f ' ' ' ' g 1.025 T T g1.01 R
i o 2 S N N - : L 2 S—
~ 1,000 ==ty f | ' ' ~ 1.000 ~ 1.000} e ~ 1.00 :
e ! - s | | ! | s — s } ;
8 0.995} ) ) ) ) ) ) ) 8 0.999} ) ‘ X ) 8 0.975 8 0.99¢ 1
0 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4 5 ! 0 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4 5
DNN score bin (a.u.) DNN score bin (a.u.) DNN score bin (a.u.) DNN score bin (a.u.)
Single Lepton Dilepton
Single-lepton channel Dilepton channel
Categories Subcategories Categories Subcategories

HH (ggF) Resolved 1b Resolved 2b Boosted HH (ggF) Resolved 1b Resolved 2b  Boosted

HH (VBF) Resolved 1b  Resolved 2b  Boosted HH (VBF) Resolved 1b Resolved 2b  Boosted

Top + Higgs Resolved Boosted Top + Other Resolved Boosted
W +jets + Other Inclusive DY + Multiboson Inclusive
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HH—bbZZ(4l) (CMS)

Expected yields in the 42 SR after additionally requiring at least two jets in the event.

Final state Signal ttZ

ttH bbH ZZ ggH+VBF ZH+WH Others Z+X Total expected Observed

4u 0.056 058 068 016 3.75 12.35 1.61 0.04 3.87 23.10 29
4e 0.030 037 039 0.07 142 6.16 0.82 0.02 2.65 11.93 12
2e2yu 0082 095 091 020 4.93 15.56 2.08 0.10 7.22 32.03 33
138 fb™" (13 TeV) 138 fb™ (13 TeV)
> F >
60— Mg —-2Z2-4 10— My —-22-4
GF CMS G- 2z — 4l Sk CMS [ldG— 2z — 4
I_F B SM H e L B SMH
< 50~ Bl ttV, where V=2, W c 8 Bl ttV, where V=2, W
g r VVV, where V = Z, W e r VVV, where V = Z, W
W0 B z+X wor B z+x
E ¢ Data B 61— ¢ Data _
30:_ - --HH — bb4/ x100 : - --HH — bb4/ x100
- 4=
20— i
10F 2r
170 _ 180 % 80 100 120 140 160 180 200
m,, (GeV) m,; (GeV)
o 2; + B mC stat. unc. 33 2; [ 2P # ) EZ MC stat. unc.
] T e ] e o ot % I e o S
A SN 00 S A 1 O 34 A A K |
= = \ T ‘ T ‘ T ‘ ‘ ‘ © = . ! I ‘ ‘ s 0 ’
T + + D +++
§00 710 120 130 140 150 160 170 180 O —20 40 60 80 100 120 140 160 180 200
Experimental uncertainties
Source 2016 2017 2018
Integrated luminosity 1.2% 2.3% 2.5%
Lepton reco./ident. eff. 1.6-15.5% 1.1-12.1% 1.0-11.0%
b-tagging SF shape shape shape
JES shape shape shape
JER shape shape shape
Z+X bkg. uncertainties ~ 30-41% 30-38% 30-37%
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Theory uncertainties

Branching fractions

B(H — bb) 1.2%
B(H— Z7) 1.5%
PDF set and ag
HH 3.0%
HH (m,, effects) 0%
geH (PDF set) 1.9%
geH (ag) 2.59-2.62%
VBFH 2.1%
ZH 1.6%
WH 1.3%
bbH 3.2%
ttH 3.0%
qqZZ 3.1-3.4%
ttZ 7-14%
VVV 2-17%
gglZ 3.2%
Scale uncertainties
HH 2.2-5%
geH 4.27-6.49%
VBFH 0.3-0.4%
ZH 2.7-3.5%
ttH 6.0-9.2%
qqZZ 3.2-4.2%
ttZ 2-3%
VVV 3%
ggl”Z 4.6-6.7%
K-factors
qqZZ 0.1%
ggl”Z 10.0%
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HH—bb0# + Eqmiss (ATLAS)

wr

- -———

H H W

Dy

vl
» BRunbpeeiveT = 1.62%
» W-pair has spin correlation
» small m; and Ady,

- -———

H H

Vs

» BRyysppeeimeT = 0.91%'

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

-

- -———

H H

v, q

7.7
» BRyu sppersmer = 0.095%'

» my close to Z peak or small
for offshell Z

» only same flavour leptons

|HEP 02 (2024) 037

Event yields

Process ggF-SR VBF-SR tt-CR Wie-CR Z+HF-CR
SM background

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

tt+V 1121 +4 194.7+19 11335 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+0.8 248 +0.35 1.21+0.28 0.35+0.14 0.25+0.11

Z — ¢t (HF) 16090 + 180 1178 £ 34 3610+ 70 525+11 43390 + 260

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

Z — 17 (HF) 2200+ 40 154 +13 3+7 1.9+0.5 416

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 -02+04 — —

Diboson 288 +4 32.6+0.8 159.0+2.8 39.0+0.9 226.8+3.3

Single Higgs 601.0+1.1 105.1+04 336.5+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

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

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

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

> egFHH 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
> ggF+VBF HH 12.303 £ 0.019 1.582 +0.006 0.0055 + 0.0004 0.00126 + 0.00020 0.0531+0.0014
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HH—bb0# + Eqmiss (ATLAS)

ggF NN inputs

|HEP 02 (2024) 037

VBF BDT inputs

Input feature

Description

Input feature Description

same flavour
¢t b
P1s Pr
£l
mees Py
bb
Mpb, P
mbb
o)
AR¢e, ARpp

mpe
min ARbg
mbl_a{’f )
E,Irmss, Efrms.s-sig
mr ({o, ET"™)
min mr. ¢
HR

T2

unity if final state leptons are ee or pu, 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

AR between the two leptons and two b-tagged jets

min{max (mp¢,, Mp, ¢, ), Max(Mpge,, Mp,¢,) }

minimum AR of all b-tagged jet and lepton combinations

invariant mass of the bb{{ system

missing transverse energy and its significance

transverse mass of the pr-leading lepton with respect to E}niss
minimum value of mt(¢y, EX"*) and mt ({1, EX")

measure for boostedness'of the two Higgs bosons

1, ¢, pr of the pr-(sub)leading lepton
1, ¢, pr of the pr-(sub)leading b-tagged jet
#, 1, pr of the pr-(sub)leading non b-tagged jet

o €1
nf() D rlfla ¢f0a ¢f1a pT s pT
by b
nb()’ nbp ¢b07 ¢b1a p_T s pT
Jo J1
Mjo> Mjrs Pjos Pjrs P> P

: miss . .
E%HSS, ¢ET , E%llSS—SIg

P2l ARpp, Adpp, mp,
PEL ARce, Adee, mee, 95

bbet
Pt > Mbbee

bbt’{’+E¥ﬁSS

Pr s MppeerEmss

Meerpmiss

Emiss+oe

T .

pT . A¢E’;mss’€€

tot
Pr
Mot
m}(LF
min ARy, ;, min ARy, ;
xmej

JJ .

max pr’, maxm;;
max An;;, max Ag;;
min ARy,

Ntorward jetss N J
bb
M1y

Mcoll
mmymc

missing transverse energy, its ¢ and significance
pT1, AR, A¢ and invariant mass of di-b-jet system
1, AR, A@, pr and centrality'of di-leptons system

pr and invariant mass of the bb{{ system

pt and invariant mass of bb{{ + ETIniSS system

invariant mass of di-lepton + EITniSS system

pt of and A¢ between E‘TniSS and di-lepton system

prt of bbll + E%’iss+ pr-leading and -sub-leading jet
invariant mass of bb{f + E{"+ pr-leading and -sub-leading jet
Kalman fitter top-quark mass

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

sum of the invariant masses of all {+jet combinations
maximum pt and invariant mass of any two non b-tagged jets
maximum An 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

collinear mass (reconstruction of n1,1)

value of the MMC algorithm (reconstruction of m )
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HH—-bb @ + Eymiss (ATLAS) JHEP 02 (2024) 037

j 6I_ T I‘I T T T | T T T T | T T T T T T T T T T T T T " T T T ] j 6_I I\\I T | L | L | T T T | T T T T T T T T T T T I' LI T I_
> I ' : Es; - ! ]
S . ATLAS : i © L ATLAS : -
< OF /s =13 TeV, 140 fb” .' ~ < °F (s =13 TeV, 140 fb" ,' .
: - HH — 2b+21+E£7"° ' . : - HH — 2b+21+E7"° / .
4 ; . 4 =
- ‘ ___observed ! i - \ ___observed ' ]
- ! [-6.2, 13.3] @95% CL ; 1 - ) [-0.17, 2.4] @95% CL ! .
3 \ ___expected K ] 3 \ ___expected ," ]
- \ [-8.1, 15.5] @95% CL / - - \ [-0.51, 2.7] @95% CL ; .
2= - 2 =
1 — 1 P —
OI_I | | | | | | I\I 1~ | L —|—1"|,| | | | | | | | | | | I_ O_IIII|IIII|III\I\|‘I.IJ IAZ’I’I’I'IIII'IIII'IIII'II_

-10 -5 0 5 10 15 20 -05 0 05 1 15 2 25 3 35
K, Koy
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HH— Multilepton (ATLAS)

Channel Selection Criteria

Channel

t Thad-vis

Jets

b-jets

4€+2b

4¢(B) N:=0
pr(€1) >20GeV
pr(6) > 15GeV
pT(€3) > 10 GeV
{3 or {4 pass loose PLV
2 SFOC pairs

50 < mSFOC . < 106 GeV
5 <mSEOC ;< 115GeV
All 4 pairs AR(¢;,€;) > 0.02

|m4g — mZ| > 10GeV

1 <Npjer <3

HEP 08 (2024) 164

3¢

3¢, sum of charges = +1
toc(L)
fsc1(T), pPT > 15 GeV
fscz(T), pT > 15 GeV
All m3E0C > 12 GeV
Z-veto
|m3g - mz| > 10GeV

Np-jet = 0

Channel | l Thad-vis

Photons

Emiss b-jets

Yy+2(€, Thad) | Newy + N =2,0C
mz(g’.r) > 12 GeV

)/y+€ ‘ Ng(p) =1 N = 0

2¢SC

24(T), pt > 20GeV, SC
Mmee > 12 GeV

Ny =0

Npjer =0

YY+Thad | Nepy=0 Ne=1

N, =2
ET('}’I) > 35 GeV
105 GeV < m,,,, < 160 GeV
Y1 : pr/myy > 0.35
Y2 : pr/myy > 0.25

EMSs > 35GeV

yy+e: E‘T’”iSS >35GeV

Np-jet = 0

YYtu -

EMSS > 35GeV

2fSC+Thad

24(T), pt > 20GeV, SC
Mee > 12 GeV

Ne=1

OCto?

pr>25GeV

Np.jer =0

2642 had

2¢(L), OC
Mmee > 12 GeV
Z-veto

N =2,0C
AR(11,12) <2

Np.jer =0

€+27'had

14(L) N:=2,0C
AR(Tl,Tz) <2

Npjer =0
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HH— Multilepton (ATLAS)

Control Region Definitions

HEP 08 (2024

Channel | Region Leptons Jets b-jets Additional
selections
4¢+2b tf CR* Off-shell-£€ not SFOC - - -
Z-veto
tiZ CR* Off-shell-££ not SFOC - - -
All ¢ pass loose PLV
Z-req.
mye req. removed
VvV, H CR* All ¢ pass loose PLV - Npjer =0 -
Z+jets CR* pr(63) < 10GeV - -
pr(€s) < 10GeV
Z-req. -
VR - - - |m4g—mH| > 10 GeV
3¢ WZ CR* Z-req. - - EMSS > 30 GeV
HF-e CR* Csci1, {sco both e Njet >2 Nb—jet >2
No PLV on any ¢
HF-u CR* Csci,lsca both u Njet >2 Nb-jet >2
No PLV on any ¢
Mat. conv. CR* lmse —mz| < 10 GeV - - -
fsc] or fscz: Vytx> 20 mm
0< Mk ik < 100 MeV
VR - - - BDT < 0.55
2£SC WZ CR* > 34(T), pr > 20GeV - - E%‘iss > 30GeV
One SFOC pair
Z-req.
myee (any pair) > 12 GeV
|m3g - mz| > 10GeV
VVjj CR* Z-veto (SFSC pair) mjj > 300 GeV - BDT < -0.4
BDTZzjes > 0.8
HF-e¢ CR1* {(T)e(T), no PLV 2 < Njet £3 Npjer = 1 -
HF-¢ CR2* £(T)e(T), no PLV 2< Njer £3 Npjet 22 -
HF-u CR* £(T)u(T), no PLV 2< Njet £3 Npjer 2 1 -
Mat. conv. CR* Fvix> 20 mm - Npjer 2 1 -
Mk ok < 100 MeV
Int. conv. CR* rvix< 20 mm - Npjer 2 1 -
Mk ik < 100 MeV
O mis-ID 2e(T), OC or SC Nijet <2 -

VR

BDT < -0.4

Channel Region Leptons (anti-ID) Thad-vis Jets b-jets Additional
selections
26SC+Thag | 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 - Niet 22 Npjer 22 -
HF-u CR* {(T)u(T), no PLV - - - -
Fake-Thad.vis CR OC leptons - - - -
Z-veto
Z+jets VR OC leptons - - - -
Z-req.
trt VR OC leptons - Njee =2 Npjer =1 —
Z-veto
VR - - Nijer < 2 -
20+2Thad Z+jets CR 2¢4(T), OC Nt + Nantiap = =2 Nige21 Npjer =0 -
and Z-req.
{+2Thad tf CR 2¢(T), OC Nz + Nantioip = =2 Niegt21  Npjer =1 -
Z-veto
26427Thaq Fake-Thad-vis CR - (Nt =1, Nansieip = 1) - - -
or Nangi-Ip + = 2
Fake-Thad-vis VR - SC Thad-vis - - -
C4+2Thad Fake-Thad-vis CR - (Nt =1, Nansieip = = 1) - - -

Fake-T had-vis VR

or Naniip = = 2
SC Thad-vis
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HH— Multilepton (ATLAS)

BDT inputs

HEP 08 (2024

Variable Description 4¢0+2b 3¢ 2¢SC Variable Description 20SC+7had 20+2Thag  €+2Thad
pr(t) pr of the ith lepton i=1,2,3,4 - - Dilepton type up=1,eulpe=2,ee =3 - v -
()| Absolute 7 of the ith lepton i=1,2,3,4 - i=1,2 me,e, Invariant mass of the two leptons - 4 -
E%R<O.3 JET(&) Isolation metric (where E%R<0"3 = total transverse i=1,23.4 _ _ Mg, close-jet Invar%ant mass of the lleading lepton rfmd. its closest jet o v - v
energy deposited in a cone of radius R = 0.3 around me;j, Invariant mass of the ith lepton and jth jet i,j=11 - -
the lepton, and ET = lepton transverse energy) L= 1,2
Dilepton type up =1, eulpe =2, ee =3 - o Lj=21
me ¢ Invariant mass of the ith and jth leptons - i,j=12 i,j=1,2 An(L, £) Separat%on mnn between the two leptons v D a
: P =13 AR(¢,¢€) Separation in R between the two leptons v v
z:j _ 2: 3 AR(fi,jj) Separation in R between the ith lepton and jth jet ij=1,1 - z,] = 1,;
i J =1,
SFOC : :
Mon-shell-¢¢ Invariant mass of pair of SFOC leptons that v v - AR(¢;,close-jet)  Separation in R between the ith lepton and its i=1,2 - -
minimises the difference with the Z boson mass closest jet
mggg}?eu- ot Invariant mass of the other SFOC lepton pair v - - 1) pr of the leading jet _ _ v/
min. m3;°¢ Minimum invariant mass out of all SFOC pairs - v - Epss Magnitude of the missing transverse momentum - - v
myy Invariant mass of four leptons v - - 2;’;:3;” Polar angle between the Tj,4.vis and the ith jet after a i=1,2 - -
mse Invariant mass of three leptons - v - Lorentz boost to the dilepton system
me; close-jet Invariant mass of the ith lepton and its closest jet - i=1,2,3 i=1,2 A ngéj?st-l’.- Thad Separation in R between the ith lepton and jth jet ij=1.2 _ _
. 1 1 _ _ 1o, _I
M3 Invariant mass of the three le.p tons and th'e leading v after a Lorentz boost to the Thag.vis and ith lepton system iL,j=2,1
(or two leading, for events with Nje > 2) jets .
. . Mot Invariant mass of the tWo Thad-vis - v v
mij Invariant mass of the two leading jets v - - .o .
. ] . AR(tp,11) Separation in R between the second lepton and first Thaq.-vis - v -
man Invariant mass of all selected objects in the event - - v ..
W . ) . ) AR(¢1,7T) Separation in R between the first lepton and the - v v
my (€, ET™) Transverse mass of the ith lepton and the EJ"** - - i=1,2 FT
. . -Thad-vis System
An(t1,6) Separat%on inn between the ﬁrst and §ec0nd leptons - - o v Meye, Invariant mass of the second lepton and first Thad.vis _ v/ —
AR(¢;,¢5) Separation in R between the ith and jth leptons - iLj=12 i,j=12 Merr Invariant mass of the lepton and tWo Tha.vis _ 4
i,j=13 pr(€ +close-jet)  Vector sum of the pr of the lepton and its closest jet - - v/
i,j=2,3 pr(T1+712) Vector sum of the pt of the two Thad-vis - v v
AR(¢;,close-jet)  Separation in R between the ith lepton and its - i=1,2,3 i=1,2
closest jet Variable Description yY+€  yY+Thad
min. AR(Z,j) Minimum separation in R between any lepton and any jet - - v pr(vy) pr of the diphoton system V4 4
Lt Scalar sum of the pr of all ¥eptons and the ET" v/ v/ pr(€) pr of the lepton v/ -
Hrt Scalar sum of the pr of all Jet§ . - v v pT(Tha dvis) pr of the Thad.vis _ 4
St Scalar sum of the pr of all objects in the event v v - Emiss Magnitude of the missing transverse momentum v/ v/
ng 1S\Ium l())’f a]lflf:pt()p cllllarges - - ; o EITniss) ¢ direction of the EITniss _ v/
jet umber o Jet,s n ,t e event - - n(CEF™) n of the lepton-Ef"** system Ve -
Np.jet Number of b-jets in the event v - - f the leadi h /
Gy) of the leading jet v - _ n(y1) n of the leading photon -
pT (]..1) pT of the leadine difet svstem / Neentral-jets Number of jets with [5] < 2.5 v v
p ngg pT O £ Clet 5y AR(¢, EF™) AR between the lepton and the EJ"* v -
ET™ Magnitude of the missing transverse momentum v/ v/ v/ AR(yy, CETS) AR between the diphoton svstem and the v B
AG(EF™,j1) ¢ angle between the ET"** and the leading jet v - - Yy thr miss P y
lepton-E™ system
AP (€] Thadviss YY) Separation in ¢ between the lepton v v
O Thad.vis and the diphoton system
Ad(y1,yy) Separation in ¢ between the leading v v
photon and the diphoton system
min. A¢(ET™,j,¢) Minimum ¢ angle between any pair of v -
the ET"*°, the lepton, and any jet
AG(ET™, yy) Separation in ¢ between the ET"** and the v v
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HH—Multilepton (ATLAS) HEP 08 (2024) 164
Systematic Uncertainties
Systematic Relative impact of systematic uncertainties [%]
uncertainty source ML channels yy+ML channels Combination
Total 22 14 19
MUC statistics 5 <1 3
Experimental 5 <1 3
Detector response 4 3
Jets and E7"° 3 2
Flavour tagging 1 <1
Background estimate <1 <1 <1
Theoretical 13 14 13
Signal 10 12 11
Backgrounds 4 2 3
Top quark 1 — <1
Vector boson 3 — 2
Single Higgs boson 1 2 1
Other <1 — <1
% —T T T T —T T T T T %14||||| % L I e e
G 12 ATLAS ¢ Data 7 O} ATLAS ¢ Data G 14 ATLAS ¢ Data
o Is =13 TeV, 140 fb” — SM HH x 100 o 12f {s=13TeV, 140 fb" — SM HH x 100 o Is =13 TeV, 140 fo — SM HH x 100
o 10k vy+2(7, Thad) Single Higgs i > Yy+¢ Single Higgs % 120 yy+thag Single Higgs
% Signal region I yy-continuum “GEJ 10f BDT Tight J_ [ yy-continuum ?, BDT Tight [ yy-continuum
o gl Post-it 77 Uncertainty 1 AT Post-fit 72 Uncertainty o 100 Post-fit 72 Uncertainty
8_
6f +] ] sl
‘ l
4r ] 4l
2 o
] 'y
) 0 A o A )
X 15 ,’, : < 125 - < 125
PR (4 4 e dude 5 g IR 5 o »ﬁ//////l //-///f-/ﬁ//
e : : % 0.75} : % O.
=) . . . . . o) . . . . o . . . .
0 110 120 130 140 150 160 0-5 110 120 130 140 150 160 0-5 110 120 130 140 150 160
m,, [GeV] m,, [GeV] m,, [GeV]
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HH— Multilepton (CMYS) JHEP 07 (2023) 095 (Multilepton)

3.5 CMS _HH — Multilepton 138 b (13 TeV)
CMS 2¢ss. 138 fo' (13 TeV) CMS zzfss 138 fo! (13 TeV) a YV L L
B 3000 I misia. ¢ Otner bkg.  EEWZ E & 1600 & Nuisid. ¢ Oherbkg.  IWZ 2 I - 68% expected — Observed ]
(g 2500 C -ConverS|ons %77 Charge Misid. Single H ] S 1400 -Conversmns Y7 Charge Misid. Single H f 3 - i
N Z_ M zz ¢ Data %% Uncertainty 2 Mz ¢ Data &2 Uncertainty I N Y i R
3 o0 . — SMHHx500 E 5 1200 = — S b xs00 p I 95% expected Median expected 1
c C ] w i ]
° - . 1000 - . . . i
5 1500 |- E 400 Q 2.5- Theoretical prediction .
1000 * 7 600 2 1
500 E - 400 o 2
3 E 200 =
ot : E -
§15 515 ~ 1.5
slg PPN | + SIS hbgee - . o
g 8 L g K J A AR g A 4 g 8 2 A hd LJ A g TTOTOTRY Q_
205 20.5 - . o3
W50 100 200 300 400 500 600 700 W20 05 1 15 2 25 3 35 4 )
H; [GeV] AR,, -
(&)
o
CMS 37 138 fo” (13 Tev) CMS 3{ _138 fo” (13 TeV) o
N220_'*'|""""|""|'H| ] >600_ T '|" T ] Gu?) 05
S 200; iwz N\ Misid. # Other bk E 8 E M|S|d ¢ Otver big. E
E 1805— .Conversions .ZZ Single H _i f 5005_ .Conversmns .ZZ Single H —f T A
§ 160 ;— ¢ Data % Uncertainty == SM HH x 300 —; £ 400 E_ ¢ Data £ Uncertainty == SM HH x 300 _E -10 -5 0 5 10 15
i 140 = = q>) C ] K
120 E w 300 E 3 A
100 |- = g ]
jod 3 200 - E g CMS HH — Multilepton 138 fo' (13 TeV)
E E : : 3 [ T T T T I T T T T I T T T T I T T T T I T T T T I i
40 E 100 — - o - . 8
20 _ ———— = : : = - —o— Combined 3¢ + 11, —*~ 17431, 1
0 TSt 0 T 7| .
51. §15¢ - ]
= 2k T L 4 —2¢+21, =41, |
alo of® 3 i ]
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. . . . o B —— ]
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HH—bbVV (CMS) CMS-PAS-HIG-23-012 (Preliminary) (bbVV)

Input features into GloParT

Variable Definition

charged IF candidtes Training jet classes for GloParT

log pr logarithm of the particle pt

log E logarithm of the particle energy
An(jet) difference in pseudorapidity between the particle and the jet axis Final state/ heaw flavour | # of cl
Ag¢(jet) difference in azimuthal angle between the particle and the jet axis prongness Vy flavou ORCIASSES q
7] absolute value of the particle pseudorapidity ~ _
q electric charge of the particle H-VV ke 0c/1c/2c 8 H q H q
isMuon true if the particle is identified as a muon (full-hadronic) qqq 3 q q
isElectron true if the particle is identified as an electron evqq 2 q q
isChargedHadron true if the particle is identified as a charged hadron q
pvAssociationQuality flagrelated to the association of the track to the primary vertices HoWW Hvaq 2 H g
lostInnerHits quality flag of the track related to missing hits on the pixel layers . . Tevqq Oc/1c 2 _‘w"",\f
X?/dof X2 value of the trajectory fit normalized to the number of degrees of freedom (semi-leptonic) ,v4q 5 T z
qualityMask quality flag of the track g -
d, longitudinal impact parameter of the track hvaq z
d./o4 significance of the longitudinal impact parameter bb 1
dyy transverse impact parameter of the track . 1 H q
dyy/ Ta,, significance of the transverse impact parameter H—qq ] —< _
el pseudorapidity of the track relative to the jet axis S8 4
PTrel Tatio track momentum perpendicular to the jet axis, divided by the magnitude of the track momentum qq (q=u/d) 1 H (z,) y
Ppar,rel Fatio track momentum parallel to the jet axis divided by the magnitude of the track momentum TeTh 1 T
d3p signed 3D impact parameter of the track . 1 T
dsp/o3p signed 3D impact parameter significance of the track A i
trackDistance distance between the track and the jet axis at their point of closest approach ThTh 1
Neutral PF candidates t—bW baq 2 ¢ cz t _

log pr logar%thm of the part}cle's Pr (hadronic) - EsCCilc o _% q q
log E logarithm of the particle’s energy b b
An(jet) difference in pseudorapidity between the particle and the jet axis bev 1
Ag(jet) difference in azimuthal angle between the particle and the jet axis buv 1 ¢ o ; ("'ﬂ/)ﬂ".v
7] absolute value of the particle pseudorapidity t—=bW % 4 % 4
: . Sy . . bTev 1b 1
isPhoton true if the particle is identified as a photon (leptonic) b b
isNeutralHadron true if the particle is identified as a neutral hadron btuv 1

For SVs within the jet cone bthv 1
log pr logarithm of the SV pr b 1 g q (b/c) q (b/c)
Mgy invariant mass of the tracks associated with the SV qymﬂymp<: - —
Ay (jet) difference in pseudorapidity between the SV and the jet axis bb 1 qblc)
Ag(jet) difference in azimuthal angle between the SV and the jet axis QCD ® 1
7] absolute value of the SV pseudorapidity e 1 q 8 g 8 8
Niacks number of tracks associated with the SV —@ OO
x2/dof X2 value of the SV fit normalized to the number of degrees of freedom others (light) 1 q 8
dop signed 2D impact parameter (i.e., in the transverse plane) of the SV
dop/ 0ap signed 2D impact parameter significance of the SV
dsp signed 3D impact parameter of the SV
dsp/ 03p signed 3D impact parameter significance of the SV
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HH—bbVV (CMS) CMS-PAS-HIG-23-012 (Preliminary) (bbVV)

B-only Post-Fit ggF Region B-only Post-Fit VBF Region CMS Preliminary 138 tb™! (13 TeV)
. . _1 ) 3 _1 H’Q_\ T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T
weoQMS‘F‘re‘/’m’r"é‘"‘y‘ — ‘1‘3‘8‘&‘)‘ (13T?V) o 10(‘:|‘V|‘S‘,‘D‘re‘//‘n7‘/r‘1a‘r‘y‘ —— ‘1‘3‘8‘&‘)‘ (13T?V) ~ 100 K=K, =K, =1 — Observed ~ ----- Median expected
S | Diboson QCD | s I Diboson Qcb 1 = - E=— Theory prediction B8 68% expected ]
! - HWW — ggF HHbbVV x 100 13t - HWW —— ggF HHbbVV x 100 : = . SMorediction 959 g .
sol- BN Hob — VBF HHbbVV x 2000 ] I W= Hob — VBF HHbbVV x 2000 1 3 I ¥ prediction " expecte ]
: == Single-t VBF HHbbVV (kay = 0) . 8- I Single-t VBF HHbbVV (kay =0) T o
[ = WilJets —— VBF HHbbVV (kay =2) ] - N W+Jets — VBF HHbbVV (kv =2) 1 X 103k -
L Z+Jets Total Background Uncertainty - - Z+Jets Total Background Uncertainty - T F ]
a0 i { Data 8 s . i } Data 1 T
1 ] 6l e | i ]
I 1 - g o
I ] g i |
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O N : j ‘ ' ' ‘ : O | ! ' T ‘ ‘7 | 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 1 1 I 1 1 1 1 I 1 1 1 1 -
% | 5: I E % 4l _ -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0
=l I 1 5| ] Kav
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N ] 2 .
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HH Combination (ATLAS) Phys. Rev. Lett. 133 (2024) 101801

IE!105:|||||||||||||||||||||||||||||||||||||||:
- I I I I I I I I o= - = Observed limit (95% CL) 3
fe) L = N ]
210t ATLAS e Observed limit (95% CL)~ = | ‘/A_ TLAS | Expected limit (95% CL) -
= C Expected limit (95% CL) 1 - Vs =13TeV,126—140fb' 7 (UnH = 0 hypothesis) ]
I - = —_ -1 . = -
T VLI_S:I 125T6Y’ 1_26 b1540 fo bEbE (k11 =0 hypothesis) E:L: HH combination [ Expected limit +10
T pHH-bbT T + bbyy + [ Expected limit +10 @ 10% —— combined  —— bbrie 1 Expected limit 20 E
5 . [ Expected limit +20 + - Multlepton bbyy E== Theory prediction .
+  Theory prediction - - . Y - ]
103 P LS 03 - —— bbt + EPisS —— bbbb ¢ SM prediction .
g A 6 Exp.bbbb 7 i mmmmmmmmmm-s
& - e N Syl
= v Exp. blfyy i 10° P =~~~ _
A ° - O  Exp. bbttT™ :
v © ’ % + & oo
102 e * . N . A 8 ! [ M
- O (m] A A e
0 o E‘ . b 1 02 =
o o = E
* © ]
101 L l | | L I I l i
SM 1 2 3 4 5 6 7 101I||||I||||I||||I||| TN T T N T T N T [N
-7.5 -5 -2.5 0 2.5 5 7.5

Benchmark point

Observed and expected 95% CL “
combined upper limits on the cross-

E‘ |||||||||||||||||||||||.|.|||||
. &=, B = Observed limit (95% CL) _
Sectlon for the SM and Seven BSM —_— 1045 ATLAS Expected limit (95% CL) 3
Ry F Vs=13TeV, 126—140fb-" 777 (Lnw =0 hypothesis) ]
HEFT benchmarks T [ HH combination == Expected mit+1o -
@ 3' — Combined —— bbTtT- [ Expected limit +20 i

o 10°F _ Multilepton  —— bbyy E== Theory prediction

¢  SM prediction

—— bblf + Eiss —— bbbb

Observed/expected 95% CL limits on_,[ R
HH production cross-sections of E
(top) inclusive ggF and VBF processes o 7 :
as a function of Ky and (b) the VBF ~ : -
process as a function of Kay _

-2 -1 0 1 2 3 4
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HH Combination: Combined K results (ATLAS)

—2InA

= ATLAS — Combined
| V5 =13 TeV, 126—140 fo-! - zgyf o
—HH combination T. ‘ ]
- All other k fixed to SM — Multlepton ]
- Observed . — bbbb 7
i Combined: . bBU_FE_rI_niss -

— 68%: k) € [0.2,5.9] —
95%: k) € [-1.2,7.2] ]

95% CL—

Phys. Rev. Lett. 133 (2024) 101801

< 10 T | T T T I T T T | T T T | T .. T I
c [ ATLAS — gg:gmed :
N L vs=13TeV, 126—140 fo R
8~ HH combination o e
- All other K fixed to SM bfo+ET 1
| — bb s

. Observed Combined: y_y

— Multilepton

68%: Koy € [0.8,1.2] -
95%: Koy € [0.6, 1.5] I

95% CL

oo B8%CL) L N ANNSL S/ 68%CL
| | I | I_
20
K Kav
K Kav
Measurement 68% CL 95% CL 68% CL 95% CL
Obs. Exp. Obs. Exp. Obs. Exp. Obs. Exp.

kq floating, kpy =1 3.8*%%  1.0M7  [-1.2,72] [-1.6,7.2] - - - -

Koy floating, k3 = 1 - - - - 1024052 1.00*%%  [0.6,1.5]  [0.4,1.6]

K1, koy floating 43t 10ME [-1.2,75]  [-1.7,74] 0927021 1.00*04%  [0.4,1.4] [0.3,1.6]
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HH Combination: HEFT |D Scans (ATLAS) Phys. Rev. Lett. 133 (2024) 101801

< 10 T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T ! T T < 10 1T I T 17T I T 17T I T 17T I T 17T I T 17T I T 17T I T |l| T I
= [ ATLAS — Combined 1 ¢ [ ATLAS o omned ]
~ y — bbTtT- o~ B — bbt'T”
N | vs=13Tev, 126—140 b vibp I [ Vs=13TeV,126—140 b — bbbb ]
8- ST - + bb b6 0 - 8 S - + bb b 0 -
HH - bbt*T~ + bbyy + bbbb boyy | HH - bbt*t~ + bbyy + bbbb — bhyy

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

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

Combined:
68%: Ctthh € [—014, 053]
95%: C¢thh € [-0.27,0.66]

Combined:
68%: Cyghn € [-0.24,0.24]
95%: Cggnn € [-0.36, 0.36]

o - 2+ =
NN S 68% CL | NN S 68% CL |
0 I [ I I B ] 0 i T N N T N N A A Ll [ N N | |
-0.50 -0.25 0 025 050 0.75 1 -0.50 -0.25 0 0.25 050 0.75 1 1.25
Cgghh Ctthh
10 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
< I I I I I I ' 10
- — Comblned . < LI ] 1T T T ] 1T T T ] 1T T T ] 1T T T ] 1T T T ] 1T T T ] T I.I T ]
= [ATLAS — bbTT ] c | ATLAS —— Combined |
N | vs=13TeV, 126—140 fo- o i ~ T s i
| L) N _1 T T
sl o ) o —— bbbb | | L Vs =13 TeV, 126—140 fb o
" HH - bbt*t~ + bbyy + bbbb bbyy 1 8F HH - bET 1= + bBvv + bEb —— bbbb ]
[ All other c fixed to SM ] I _ 144 — bbyy |
[ Observed ] i éllloother ch: fixed to SM |
serve
oL i i i
Combined: | 6F Combined .
L ompined: i
68%: Cggnn € [0.17,0.39] - I 68%: Cunr < [0.29, 0.56] ]
715 W W N 95%: Cognn < 1-0.38,0491 /) 95% CLA - 95%: Cenr € [~0.19,0.70] .
B i 4= NN\ N\ R 7Y | 95% CL4
2F - 0 ]
______________________________________________________________________ 68% CL |
[ | | 1
0———050 025 0 025 050 075 1 o XA
-050 -025 O 025 050 0.75 1 1.25

Ctthh
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HH Combination (CMYS) Nature volume 607, pages 60-68 (2022)

CMS 138 fb~1 (13 TeV)
Observed and expected N T At - fheirepested
. Ky =Hoy = B 68% expected
95% CL Comblned UPPel" ----- 95%exzected
limits on the signal strength _ sz | .
Multilepicon B N
bt')yy B |
o2 | |
Combined expected and observed 95% CL upper T -
limits on the HH production cross-section for
. . . Combined
different values of Ka (left) and Kav (right), assuming St | T
the SM values for the modifiers of Higgs boson 1 9595 L it on 19— HHYoy “
couplings to top quarks and vector bosons
CMS 138 fb~! (13 TeV) CMS 138 fb~! (13 TeV)
MRS L o N T 2 A N L L B B UNE R L S N 2 1T = = [ ¥ F&° [ f SB[ PP T ] FT&&E T LG o
- Ky =ky =ky,=1 —— Observed ----- Median expected - F i = By | — Observed ~ ----- Median expected
= Theory prediction BB 68% CL expected ] . = Theory prediction [##8§ 68% CL expected ]
----- 95% CL expected - === 95% CL expected -
103F N\ N\ -
C 102 -
N ;

Excluded Excluded

102:—

-
o
TTT

95% CL limit on o(pp — HH) fb
95% CL limit on o(pp — HH) fb
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Single H and HH Constraints (ATLAS) Phys. Lett. B 843 (2023) 137745 (ATLAS)

* Ki can affect single Higgs processes via NLO electroweak corrections

i N
/ \ -4
Higgs Self-Energy # ----- o N H V§ __%e---- H Higgs Production
N v H
‘I_’[" q - - q

* Generic fit: couplings (K, Kt, Kb, Kt, Kv) are all floating in the fit
* Dominated by HH while H provide strong constraints to other couplings.

Channel Integrated luminosity [fb~!] Ref.
HH — bbyy 139 [17]
HH — bbt*1~ 139 [18]
HH — bbbb 126 [19]
H — vy 139 [58]
H—>Z7Z7"— 4t 139 [59]
H— v~ 139 [60]
H— WW* — evuv (ggF,VBF) 139 [61]
H — bb (VH) 139 [62]
H — bb (VBF) 126 [63]
H — bb (ttH) 139 [64]
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Single H and HH Constraints (ATLAS) Phys. Lett. B 843 (2023) 137745 (ATLAS)

< 10 I I I I I I I I I I I I I I I I I I I g 1 _4_ | | | | I | | | | I | | | | I | | | | | | | | I | | | | ]
- [ ATLAS — H K o i | ATLAS —— 68%CLHH+H |
~ | Vs=13Tev, 126—139 b HHAK )r:I ] - VS=13 TeV, 126—139 fo-" ——- 95%CLHH+H 1
| 8|~ Observed 2oy - 1.3 All other « fixed to SM — 68%CLH
B — HH+ HKyonly " Observed ==: 95%CLH ]
i HH + H v HH + H k; generic i — 68%CLHH .
i + 1 Ky only: 1 - ——. 95%CLHH -
6 95%: k) € [-0.4,6.3] ] 1.2 # SMpredicion ]
- HH + H K, generic: - B qp  BestftHH+H -
I 95%: k) € [-1.4,6.1] I - -—-=x. E
A= NN ) 95% = E \ y
| ] [~ ' —
i ] i ] ]
i ] 1 / —
ol . : ot i
= ] = ,/ |
NN\ S 68% __ - - 1
- ] 0.9 -

O | I I | L A BN BT

-5 0 5 10 15 -10 10 15 20
Ka Ka
. | Obs 95%
Best Fit cL ° | Exp 95% CL

knonly | 3.0 1[-04,63]! [-1.9,7.6]
Generic fit| 23 :[-1.4,6.1]: [-22,7.7]
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Single H and HH Constraints (CMS) HIG-23-006 (Submitted to Phys. Lett. B) (CMS)

CMS 138 fb™ (13 TeV) CMS 138 fb™ (13 TeV)
g 1V T L s L ] I — L L A B
. Observed — single-H comb. ] 5 | Observed — single-H comb., 5.8 i
1.6 Ky = Ky = 1 — HH comb. — kel K= Ky = Ky = 1 4.2 ]
- single-H and HH comb. fj 5L — HHcomb,, 10+1359 _
1.5¢ ¢ Bestfitvalue - I i single-H and HH comb., 3.17%° ]
C — 68.3% CL (10) ] i 80 7
14 el ----95.4% CL (20) - L ]
r ‘ ] Ar ]
1.3 = - )
1.1 . I
- ] 21 =
1.0 ] i I
0.9F E ! :
0.8 = i :
: 1 1 1 1 | 1 1 1 : . 1 1 1 1 | 1 1 1 1 1 | |
0.7} = 15 0 0 15
Ky K5
: Integrated Maximum
Analysis .o 1 _ References
luminosity (fb~") granularity
H — 4l 138 STXS 1.2 [34]
H— vy 138 STXS 1.2 [35,none]
H—WW _ 138 STXS _1'2 371 Best fit 10 95.4% CL interval
H — leptons (ttH) 138 Inclusive [38] Hypothesis Expected Observed Expected Observed
H — bb (ggH) 138 Inclusive [39] Other couplings fixed to SM 10778 31730 [-20,7.7] [-12,7.5]
H — bb (VH) 77 Inclusive [40,41] Floating (ky, v, %) 1.0717 45435 [-22,78] [-1.7,7.7]
H — bb (ttH) 36 Inclusive [42] Floating (v, k¢, &p, ;) 1.0718 47037 [-23,77) [-1.4,7.8]
H— 1T 138 STXS 1.2 [43] Floating (ky, Koy, K, Ky, Kz, K;,) 1.0778 47435 [-2.3,7.8] [-1.4,7.8]
H — up 138 Inclusive [44]
Analysis Int. luminosity (fb~") Targeted production modes
HH — yybb 138 ggHH and qqHH
HH — ttbb 138 ggHH and qqHH
HH — 4b 138 ggHH, qqHH and VHH
HH — leptons 138 ggHH
HH — WWbb 138 ggHH and qqHH
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If you're reading this, you've
reached the final slide!

64



