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T'he Higgs potential
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Higgs complex doublet ¢ = (<p0) [Z<0i>0 |
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* Expand around the vacuum expectation value: V(@) = V(v + h)
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Double Higgs production coupling self-
This is what this talk is about coupling
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T'he Higgs potential
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T'he Higgs potential

* The least explored part of the Standard Model!

i

* The Higgs sector 1s sensitive to new physics BSM

* Cosmological consequences:
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Double Higgs production at the LHG (SM)

* At the LHC dominant production mechanism for
SM double Higgs production 1s gluon fusion (ggf)

* Other productions such as VBF and VHH also

possible; o 1s much smaller

0'( N)LO [fb]

* The “box” and “triangle” diagrams interact
destructively

* SM cross-section very small !!
(~1000 times smaller than single Higgs production)

Rt , /

K™
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HH production at 14 TeV LHC at (N)LO in QCD
M,;=125 GeV, MSTW2008 (N)LO pdf (68%cl)

MadGraph5 aMC@NLO

I



da/dmyy [fb/GeV]

Double Higgs production at the LHG (SM)
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Sensitivity to Kk, via single Higgs production

nggs trlllnear Coupllng NLO corrections in H->VV decay and Higgs boson propagator
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HH decays:

bbbb:

the highest branching
fraction, large multijet
background

bbWW((bbVV):

Second largest branching
fraction

Large background. Final
states with at least one lepton
cleaner.

Multilepton(WW*WW?*,
WW#*tt, and Tttt ):

Many different signatures,

clean leptonic final states, no

b-tagging needed

2370972024
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bbtt:

relatively large branching
fraction, cleaner final state

bbyy:

very small branching
fraction, clean signal
extraction due to the narrow
h — yy mass peak

WWryy:
Clean yy peak, leptonic final
states or jets

TTYY:
best of tt and yy. Small BR



Most sensitive

HH decays:

bbbb: 1 bbrr:
the highest branching bb BR HH —XXYY relatively large branching
fraction, large multijet (M = 125 GeV) 107 fraction, cleaner final state
background Ww §
E 1072 bbW
bbWW([bbVV): ag : very small branching
Second largest branching —10° fraction, clean signal
fraction T ] extraction due to the narrow
Large background. Final 0 h — yy mass peak
states with at least one lepton
Y4 ‘
cleaner. . WWyy:
— 10 :
o Clean yy peak, leptonic final
Multilepton(WW*WW?#*/ vY 0.26% . states or jets
WW#tt, and trre ): Vrarer l I I l 10°
Many different signatures, b Ww 99w zz W | rarer TTYY:
clean leptonic final states, no best of tt and yy. Small BR

b-tagging needed

23/709/2024 Higgs Hunting 2024, Agni Bethani 9



. Most recent
HH deCaYS . Will be discussed in this talk

bbbb: bbtt:
the highest branching BR HH —XXYY relatively large branching

fraction, large multijet (M = 125 GeV) fraction, cleaner final state

background

E 1072 bbW
bbWW([bbVV): 1 very small branching
Second largest branching 1400 fraction, clean signal
fraction = extraction due to the narrow
Large background. Final 0 h — yy mass peak
states with at least one lepton
cleaner. WWyy:

Clean yy peak, leptonic final
| states or jets

Multilepton(WW*WW?#*/ o 026% , | | | .

6
WW#*tt, and Tttt ): Vrarer 10

Many different signatures,

__rarer TTYY:

clean leptonic final states, no
b-tagging needed

best of Tt and yy. Small BR
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Jets reconstructed

H H _)bbWW i:eii:ili:i‘lﬂy: Jcts collimated due

to Lorentz boost,
, , reconstructed as
Single lepton and di-lepton onelargejet: 7 _— .-
* Mainly from WW decays, ZZ and trt are boosted g
included well
s

Gluon fusion and VBF

Boosted and resolved topology
Multiclass Deep Neural Network (DNN)
Additional Lorentz Boost Network (LBN)

H

Event categories according H — bb H_ .-

topology and b-jet multiplicity P
* boosted/resolved

* 1 or 2 b-tagged jets w

Simultaneous fit in all categories on DNN
score
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https://link.springer.com/article/10.1007/JHEP07(2024)293

HH_)bbWW cMvs |13|8fb|‘1(I13TIeV)—

5 101 HH
n Data W+]ets
. . = 10°%} + Total Unc. Misin. lep.
Single lepton and di-lepton = — Radion (400 GeV) Other
 Mainly from WW decays, ZZ and ttare ™~ 107|  mmm Top
included well _
resolved = 1b resolved = 2b boosted
Gluon fusion and VBF

Boosted and resolved topology
Multiclass Deep Neural Network (DNN)

Additional Lorentz Boost Network (LBN) ~ 10% g
Event categories according H — bb —

. : ; o 1.1}
topology and b-jet multiplicity S|
* boosted/resolved p .0}
* 1 or 2 b-tagged jets EU 0.9l
Simultaneous fit in all categories on DNN 0O 4 8 1216 0 4 8 1216 0 4 8 12 16 20
score DNN score bin (a.u.)
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https://link.springer.com/article/10.1007/JHEP07(2024)293

HH—bbWW

https:/ /link.springer.com/article/10.1007/THEP07(2024)293

95% CL upper limit on o(pp — HH) (fb)

10*

10°

102

10

CMS 138 fb™' (13 TeV)
T T T T I T T T T I T T T T I T T T T | T T T T I T T T T T T T T I T T T T I T T T T :
Ky = Ky = Kpy =1 —— Observed ~ ----- Median expected
=~ Theory prediction ¥ + 10 expected ]
¥ SM prediction ~ ==--- + 2 o expected
Excluded N Excluded

—_IIIIIIIIII[\\I

N

-20 -15 -10

-5 0 5 10

15 20 25

Ky

KA [-7.2, 13.8] (expected [-8.7, 15.2])
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bbwWw

dilepton
Expected: 27
Observed: 19

single-lepton
Expected: 27
Observed: 28

Combined
Expected: 18
Observed: 14

CMS 138 b (13 TeV)

K, =%x=1 .
Ky = Koy = 1 — Observed - + 10 expected

----- Median expected ----- + 2 o expected

0 10 20 30 40 50 60 70 80
95% CL upper limit on o(pp — HH) / o

eory
> c'I\lns"'|'"'|"''|"''|''''|'''1'3|8'ﬂ?_1'(1'3|T'e\',)
=) K =Ky = [ Excluded (observed) ----- Excluded (expected)
6 4+ Bestfitvalue F2558 + 10 expected
¢ Standard Model =~ ----- + 2 o expected



https://link.springer.com/article/10.1007/JHEP07(2024)293

HH—ttyy

* 5 channels based on t decay signature: CMS Preiiminary 138 b (13 TeV)
(2] trrr ' ' S ' E
21401, 1t+11, Ot+2l, 1t+Isolated track, S 105 : H o
It+01 i tt+jets M ]
10° Vey 1]
* Categorized based on the output of a 10° e
BD'T classifier. 102 HH x 25 [
) . . 10 Data ¢ _
* Iwo categories based on signal purity, 0 :
. o e . . 10 I
maximizing the expected upper limit | ﬁ
10-
myy spectrum Discarded Cat 1 Cat 0
* Signal: Double Crystal Ball functions gz T + '+ 1T T ’ | l | l
* Background: data driven smooth function %1;‘ —— |
chosen through a discrete profiling QL L | _ 1]
hod 0 09 0.99 0.998
metho BDT Score

23/09/2024 Higgs Hunting 2024, Agni Bethani 14


https://inspirehep.net/literature/2784595

HH—ttyy

b channels based on t decay signature:

e 21+01, 1t+11, Ot+2l, 1t+Isolated track,
1t+01

Categorized based on the output of a
BD'T classifier.

'Two categories based on signal purity;
maximizing the expected upper limit

myy spectrum
* Signal: Double Crystal Ball functions

* Background: data driven smooth function
chosen through a discrete profiling
method

Events / 2 GeV

CMS Prellmlnary 1 38 fb (13 TeV)
7 FrrrrrTrTT | |||||||| | ||||||||||||||| 7

C Non- resonant HH — yytt ¢ Data --B model ]
61— -

M Cat0 ---B+H —B+H+HH ]
5H . 68% expected D 95% expected —|
st 3
2 é— ] _:
1: NERK: ° (X )
0 a "'nmm'n“"“w"ww_www _____

E T T | T T T | T 1T | T T T | LN I I U N I I I N N I N I B N B B B
= B component subtracted =
4 3
; L
Op TV T ee-e-e-e

2F | ! ! ! ! ! | =
100 110 120 130 140 150 160 170 180
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https://inspirehep.net/literature/2784595

HH—trtyy

e Limits on cross secrion:
33 x ogy; (expected 26 x ogyy)

Constraints on xA:

xA [—13, 18] (expected [—11, 16])

23/09/2024

https://inspirehep.net/literature/2784595

138 fb-" (13 TeV)

o) T
—10°t CMS

% - Preliminary
T

Q.
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>
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10%F

102}

101_'|I‘||\|||v||\

L e N AL e

---- Median expected
N 68% expected
95% expected

o 95% CL upper I|m|ts -
—— Theory prediction — Observed ]
*  SM prediction

-15 -10 -5
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https://inspirehep.net/literature/2784595

bb Z2Z
Expected: 40

Observed: 32

Multilepton

Expected: 19
Observed: 21

bb yy

Expected: 5.5
Observed: 8.4

bb 1t

Expected: 5.2
Observed: 3.3

bb bb

Expected: 4.0
Observed: 6.4

Combined
Expected: 2.5
Observed: 3.4

Higgs pair production cross-section

CMS 138 fb! (13 TeV)
LI I T T T T T T T T I T T T T T T T I
K=K =1 —e— Observed ~ ----- Median expected
Ky =Koy =1 B 68% expected
----- 95% expected

Nature volume 607, pages60—68 (2022)

10

95% CL limit on o(pp - HH) / &

100

Theory

2370972024

CMS Preliminary 138 fb™ (13 TeV)
T — T Tt T — T T T T T T
TTyy G =K=1 —o— Observggl ~ ----- Median expected
Ky =Koy =1
. v 68% expected
Expected: 26 555 8% exp
----- 95% expected

Observed:33

WW yy

Expected: 52 CMS-PAS-HIG-21-014

Observed: 97

bb WW

Expected: 18 CMS-PAS-HIG-21-005

Observed: 14

bb ZZ %

Expected: 40 Acc. by JHEP (2206.10657)

Observed: 32

Multilepton &

Expected: 19 Acc. by JHEP (2206.10268)

Observed: 21

bb yy &

Expected: 5.5 JHEP 03 (2021) 257

Observed: 8.4

bb Tt &%

Expected: 5.2 Acc. by PLB (2206.09401)

Observed: 3.3

bb bb &

Expected: 4.2 Nature 607 (2022) 60

Observed: 7.2

Comb. of &

Expected: 2.5 Nature 607 (2022) 60

Observed: 3.4

Higgs Hunting 2024, Agni Bethani

100 1000
95% CL limit on o(pp — HH)/c

CMSPublic twiki
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG
https://doi.org/10.1038/s41586-022-04892-x

Constraints of Higgs couplings from HH

éms = - ,13§fb'j(,1§Tley)

138 fb" (13 TeV)
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 —_
E K=K =k, =1 —— Observed ~ ----- Median expected
E= Theory prediction BB 68% expected

----- 95% expected

I Ky =Ky, =Ky =1 —— Observed ~ ----- Median expected
E= Theory prediction BB 68% expected
----- 95% expected

N

10°F
10°F

Excluded Excluded

102:

95% CL limit on o(pp — HH (incl.)) / fb

10F

95% CL limit on o(pp — HH (incl.)) / fb

Excluded

Excluded

10'_|||||||||

7

Assuming kt=xv=1,

Ky [-1.25, 6.85] @ 95% CL

Nature volume 607, pages60—68 (2022) K5 [0.67, 1.38] @95% CL « sy = exclciod e a
‘ CL higher than 99.99%.
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https://doi.org/10.1038/s41586-022-04892-x

7/7 w/z

Higgs triinear coupling T

CMS 138 b (13 TeV)

> .0__] T T T I T T T ] T T T ] T T T l T T T ] T T T I T T T -1
¥ e # Observed  —68%CL |- CMs 138 1b (13 TeV)
i ¢ SM Higgs ---95%CL | All other k = 1 ¢ Best fit
15 y l-:1sD
I gl pL Ty i : [+ 2sDs
i '/ ~~\ ) ' i SM
1 O — \ ‘I =1 Direct search -
L ‘\ 1 N
‘. i ]
- [N ' = :
Ty ‘~s l’ " :
e ' ] e i —
: : Indirect interpretation !
i i 1 1 1 1 I E 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1
- - -5 0 5 10 15 20
00 & & ot s 5 s U oa sl e s g 5 b oa sl g o ¢l
4 -2 0 2 4 6 8 10 _ , K,
K Constrains on x, from single H
A

production, not negligible!
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https://doi.org/10.1038/s41586-022-04892-x

Single and double Higgs searches
Simultaneously constrain
* Higgs boson trilinear self-coupling

* Higgs boson couplings to fermions and to vector bosons.

Analvsi Integrated Maximum Ref Analysis Int. luminosity (fb~ ") Targeted production modes
ysis . © 1 , eferences —
luminosity (fb™") granularity HH — y9bb 138 ggHH and qqHH
H — 4l 138 STXS 1.2 [34] HH — ttbb 138 ggHH and qqHH
H— vy 138 STXS1.2  [35mno0ne] HH — 4b 138 ggHH, qqHH and VHH
H — WW B 138 STXS51.2 [37] HH — leptons 138 ggHH
H — leptons (ttH) 138 Inclusive [38] HH — WWbb 138 ggHH and qqHH
H — bb (ggH) 138 Inclusive [39]
H — bb (VH) 77 Inclusive [40,41]
H — bb (ttH) 36 Inclusive [42]
H— 1t 138 STXS 1.2 [43]

H — up 138 Inclusive [44]



https://arxiv.org/abs/2407.13554

-2AIn(L)

5¢

Single and double Higgs searches

s CMS 138 b (13 TeV) CMS
L BN B B B LI B BN LR N NS BRI
i Observed —— single-H comb., 5_3*2': Best fit +10 95% CL interval
L 1 HH comb.. 1.0°3° o | Hypothesis Expected Observed Expected  Observed
Ki=Ky =Koy = _ Gt w30 ] Other couplings fixed to SM L0 317) [-20,477] [-12,47.5]
: — single-H and HH comb., 3.1 Floating (xy, Koy, kf) 101347 45%1S [-22,478] [-17,477]
! \ 2 A Floating (ky, &y, Ky, K;) 1.0+38 47407 [-2.3,47.7] [-14,+7.8]
4r ; Floating (ky, Koy, Ky, Ky, K, k) 108 47417 (53 478] [-14,+78]
* Single H prefers positive kA
] * Allowing other coupling to float doesn’t aftect the
i ] constraints a lot. We can measure xA without
’ 3 ] assumptions!
0 [ 1 l 1 1 1 l ' 1 1 I 1 l l 1 1 Ll L l L l L 1 L l 'l 1 1 l 1 ' 1 i
-4 -2 0 2 4 6 8 10 12 14
LSY
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https://arxiv.org/abs/2407.13554

Single and double Higgs searches

+ 1.3

CMS 138 b (13 TeV) CMS 138 fb™ (13 TeV)
""l"'_ T L L L LY

[ T I T T T T I ¥ T T T I T T T T ] > T T T T I T I T T T T I T T T
- - Observed — single-H comb. Q‘ - Observed — single-H comb 4+ SM
P BT ] 4- ) ' ¢ Best fit value 7
1.9} Ky = Koy = omo. _ i K\=K= HH comb. — 68.3% CL (10)
[ —single-H and HH comb. - --- 95.4% CL (20)

—single-H and HH comb. ...... 99.99994% CL (50)

I
|

1.1

1.0f

|
1
—
|
1
B L
.
N
N
\
[y
v
\
\
\
.
N P
3 '3 -
. R :
|

0.9 : T L e _ ’ _ |
¢ Bestfitvalue | 3 o B BN W s
0.8 —68.3% CL (1) | ok """""""" J
- --95.4% CL (20) : | : ]
07'.|,...1....11...1....1.1.' S N P - T
) -5 0 5 10 15 0.8 0.9 1.0 1.1 1.2 1.3
K, Ky

* Adding the H constraints on xt and xv bring
enormous Improvement to 2D countours!
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https://arxiv.org/abs/2407.13554

Summary

Best constraints by CMS:
kA [-1.25, +6.83]

95% CL limit on o(pp — HH (incl.)) / fb

CMS

L K =Ky =k, =1

10°

102:

Excluded

T
—— Observed ~ ----- Median expected

£ Theory prediction EEE 68% expected

138 fb™ (13 TeV)
———————————————

----- 95% expected

N

Excluded T

* Many Higgs decay channels IO
* Single H and HH production studied

sCMS_____ 1387(13TeV)

* A diverse set of parameter scans and BSM = | obsenved — single-H comb., 58°%° -

R . . . . - | K=Ky = Kpy = HH comb., 1.0°%? ]

interpretentions 1s possible when studying HH 8 5F L ngeHanaHHomb. 3190

events. Not addressed 1n this talk. af 2 |

* Looking forward to more data! af :

2f ;

1_ 1o _:

L 8 10 12 14
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Bonus matenal



HH— bbWW: Analysis strategy

* Multiclass Deep Neural Network (DNN)

 Signal vs background discrimination

* (ategorisation into signal and background
enriched regions

* additional Lorentz Boost Network (LBN)

* Acts like a pre-processor
* (reates additional observables
* 10% gain 1n the sensitivity
* Event categories according H — bb
topology and b-jet multiplicity
* boosted/resolved
* | or 2 b-tagged jets

* Simultaneous fit in all categories

Density

23/709/2024 Higgs Hunting 2024, Agni Bethani

background 1

Signal

Background like Signal like

DNN score




bbVV hadronic

* HH->(bb)(VV — 4q) —ParticleNet Txbb ROC Curve

1.0 — AUC =0.97
L ~65% sig eff. for 1% bg eff.

* gluon-gluon fusion (ggk) and
vector boson fusion (VBF)

* Lorentz-boosted HH candidates
->large-radius jets

* new global particle transtormer
(GloPar'l) classitier to identity |
VV — 4‘(] 0.2:

* ParticleNet algorithm 1s used for _ _
H — bb tagging, L )

1074 0% 107 ””1'3-‘ 100
QCD Background Efficiency
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95% CL limit on o(pp — HH) x B(bb WW) (fb)

10*

10°

107

10

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Kav --.2gs Hunting 2024, Agni Bethani

bbVV hadronic

+ 2V —0.04, 2.05 (0.05, 1.98)

CMS Preliminary 138 fb™ (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
K=K, =Ky=1 —— Observed  ----- Median expected
&~ Theory prediction B8 68% expected

¥ SMprediction ~  =---- 95% expected

23/09/2024

CMS Preliminary 138 fb! (13 TeV)
@ B0 N A
S Diboson QCb
a HWW —— ggF HHbbVV x 100
s0l- Hbb —— VBF HHbbVV x 2000 n
Single-t VBF HHbbVV (kv =0)
W+Jets —— VBF HHbbVV (kay =2)
4 Z+Jets Total Background Uncertainty
of- £ -

t ¢ Data

o }HHH]H l \ ]

— L 1 P L 1 n L
50 75 100 125 150 175 200 225 250
mi, (GeV)

CMS Preliminary

CMS Preliminary 138 fb~! (13 TeV)
B L I T L S

Events

Data/MC
FNS)

N

- —
Diboson QCD

- HWW —— ggF HHbbVV x 100
Il Hbb — VBF HHbbVV x 2000
- mm Single-t VBF HHbbVV (koy =0) -
e Wildets —— VBF HHbbVV (kzy =2)
Z+Jets Total Background Uncertainty
-t ¢ Data 1

I I ]
50 75 100 125 150 175 200 225 250
m®, (GeV)

138 fb™! (13 TeV)

Ky=Ki=Ky=1

|

—e— Observed
Median expected

I 68% expected
95% expected

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

o(pp - qqHH) (k2v = 0)
Expected: 0.9
Observed: 1.1

0.1

| L | .

10 100
95% CL limit on 6/0Theory
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GloParT

heavy SO
prongness

A . 4999 0Oc/ic/2c 8
(full-hadronic) qqq 3
evqq 2
uvaq 2
H._'WW i Tevaq Oc/ic 2
(semi-leptonic)

Tuwvaq 2
Thvaq 2
bb 1
cc 1
H=aq ss 1
qq (q=u/d) 1
TeTh 1
H-tT TuTh 1
ThTh 1
L i 1b + 0c/1c 2
(hadronic) bq 2
bev 1
buv 1
t—‘bVY btev 1b 1
(leptonic) b .
bthv 1
b 1
bb 1
QCD c 1
cc 1
others (light) 1

23/09/2024

q g g 8 b4
—4@: ST
q 8

Prvvaq + Prvvaq
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Thyy = g
Pocp + Prop + Prvvaq + Prvvag
100 CMS Simulation Preliminary (13 TeV)
> - ! ! ! | ' ! ! | ! ! ! ! ' ! ! ' !
q i % - — Combined (AUC: 0.90) A
H_‘%Wwé Z Hﬁ%é Z 3 | — TT (AUC: 0.90) i
g g % | — QCD (AUC: 0.90) 1
H T H 1 g | |
7l a >
—%ﬁ p “ﬁé; S 101 .
= (T{V e g) E E
s ]
m | ]
H q i l
:: q - i
(7¢)
H 2= 102} .
7, -
’ q ’—%q
g
ﬁﬁ% b b |
v (T[l/) -3
t <, 7 t ’: £ 10~° —
g q(blc) q (/o) i
fmm<: ibly —— i |
10—4 ) ) ! | ) ) | ) ) ! | ) ) ) | ) L !
0.0 0.2 0.4 0.6 0.8 1.0

Signal efficiency
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ParticleNet:
Cutting edge b-tagging algorithm for

b_j et tagging performance boosted topologies.

Outperforms DeepAKS x 2

Resolved topologies

Boosted topologies
(13 TeV

1

p—

41.9 ' (13 TeV, 2017)

z F S FcMms ?
% : GCJ s ]
8 (3 | Simulation Preliminary ]

s : : : : % 10~ H—bb vs. QCD multijet
'-9- 107" = —— DeepJet i : : : T @ E 500 <pgen <1000 GeV, ™"l < 2.4 | g
0 [=:::::| —@— DeepCSV : cC e T 1 .
S 77| —— DeepJet with SF applied 35 p smy,rltneey | §

e + DeepCSV with SF applled o e [®) DeepAK8 §

I e UV NS SO S S 4 O L : .
... udsg el el e _ g’ 1 0_2 | & DeepAKB-MD b -
1072 22| A udsgwith SF applied | 8 : ParticleNet z <
F A _cwih SF applied m <~ - ParticleNet-MD 3
R e st et e . DeepAKS-DDT (5%) :

T *+ DeepAK8-DDT (2%)
i . . -3 -
| | | | é 107°F =
10—3 o P S S 4 - .
02 03 04 05 06 07 08 09 1 i ]

b jet efficiency
10—4 [ I Y | I I‘; { N} | 1 1 1 I | I G | I 1 1 | I | 1 1 1 I 1 1 1 1 | 1 1 1 1
Machine learning abundantly applied here! O 010203 04 05 06 0.7 0.8

Signal efficiency

All algorithms on this slide are based neural networks (NN)
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bbZ.7/(4])

* Final state: 2 pairs of opposite- 137 b (13 TeV)
6
charge leptons (4y, 4e, 2e2p) and 2 5 [ cms Tacae
b-jets g 10¢f Prefiminary =§\r>ﬁvt/-|rig?:V=z W
. . . 5 e -\Z/v)\</ where V = Z, W
* Main background: Single Higgs 2 o
. 10 - - HH—bb4l signal
production 10
. . 1
* Signal region |my - 125 <10 GeV e
+ number of jets >=2 102
. . . 10+
* BD'T trained discriminate between 14
. -1 -08 -06 -04-02 0 02 04 06 08 1
signal and background BDT score
. BDT Score used in the maXimum g - . 44444 ........................................... .......
llkellhOOd ﬁt g oLl W4 2adiin 7090707 %7%7% LA 1%] 149
A -1 -08 -06-04-02 0 02 04 06 08 1
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bbZ.Z(41)

* Observed (expected) a/ogy < 30(37) at 95% CGL

137 fb! (13 TeV)

10° -

CMS
Preliminary

104

95% CL on ggr(pp—HH) [fb]

Theory Prediction
—— Observed 95% CL Limit
------ Expected 95% CL Limit
Il Expected +1 s.d.
[ Expected +2 s.d.

102 4 §
101 ‘l ‘ T T
-20 -10 0 10 20
kl

23/09/2024

137 fb-1 (13 TeV)

G/GSM

10?

101 -

CMS Preliminary

 —]
—

Observed 95% CL Limit
Expected 95% CL Limit
Expected +1 s.d.
Expected +2 s.d.

2016
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2017

2018

Combined
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bbyy

* Final state: 2 y and 2 b-jets

* Both gluon fusion (ggf) and VBF

production studied

* Dedicated DNN (ttHScore) against

ttH

* ] BDT for get and 1 for VBF

against

Yy + jets and y + jets backgrounds
* Several categories depending on the

BD'T output and My

* Simultaneous 2D fit (m,,, my;)

in all categories.

CMS Ssimulation 13 TeV
> RSN RER AR AL AR AR RAREE
g | — SM ggF HH—yybb BSM 8
e BSM 4 ----BSM 10
- -1 —]
5 10
o
N
© I
s [~
(@) : ’
zZ 102{|—|_|— —

3 |- | | | |

| L1 L1 L L1 AR B LT

300 400 500 600 700 800_ 900 1000
M, (GeV)

MX:le’J’_(mii_mH)_(mW_mH)


https://link.springer.com/article/10.1007/JHEP03(2021)257

6, BR(HH—yybb) (fb)

bbyy

I Observed (expected) o/ o5y <7.7(5.2) at 95% CL

CMS

137 b (13 TeV)

95% CL upper limits
—— Observed
------ Median expected
I 68% expected
95% expected
—— Theoretical prediction

-6 4 2 0 2 4 6 8

10

12

0 M e Msu

Observed: -3.3 <k; <8.5
Expected: -2.5 <k; < 8.2

2370972024

ver uy BR(HH=YYbb) (fb)

e}

CcMs 137 b (13 TeV)

E  95% CL upper limits — 5

[ —— Observed HH_>YYbb N

102 ===--- Median expected =
- I 68% expected e

- 95% expected -

10 - —— Theoretical prediction =

1 =
107"k .
102 =
1 0—3 [ 1 1 1 L l 1 1 1 1 I 1 1 1 L l L L 1 1 I 1 1 L 1 I 1 L 1 L l 1 1 L 1 l 1 1 1 L |

-3 -2 -1 0 1 2 3 4 5
Cov

Observed: -1.3 < xyy < 3.5
Expected: -0.9 < xyy < 3.0

Higgs Hunting 2024, Agni Bethani

Cov

CMS 137 o™ (13 TeV)
. Observed
41—
2¥
0_
_2_— * SM
[ ® HH cat. Best fit
- —— HH cat. 68% C.L.
[ HH cat. 95% C.L.
lII|IIlIIIIllll|IILIIIIILII|IIIIIII|III
-8 6 4 -2 0 2 4 6 8 10 12

Ky,

o
o



bbyy

* HH — bbyy signal was combined with the ttH

-1
~ CMS 1371 (13 Tev) ,CMS 137 f" (13 TeV)
‘q - i & &
t T 4sb Observed 2 * I Observed /
< - —— HHcat,, x,=-0.2777 150 y
o | ! Hsti cat, 120673, | | o5% | ‘]
Ke (====- H 35 LS
3 0.5
g t 251 o
g e t 2 0 :
Q0000 —=—— o .
H' : . e HH cat. Best fit
I o L
Kn @& —-—---- H C E cat. o C.L.
Mo osh sl ¢ HH+itH cat. Best fit
H' “F b HH+ttH cat. 68% C.L.
:‘ l :‘ — 0: i R A BRI BT NI SN A S A B | HH+t|tH Cat!. 95%’CL' | | |
g \Qm Kt t —4 —2 0 2 4 6 8 10 __ 011 ll_15|l 1;10’| il |_5! i & lol i § !5\ l10l i ¢ \15| Lk l20
K K,
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bbyy

* HH — bbyy signal was combined with the ttH

9 t
Kt ----- H
g t
Kt
7 QOO
Hl
|
A Ky ? -----
Hl
|
9 \QQQQQ—=—0—
Kt
23/09/2024

-2AIn(L)

CMS

137 o' (13 TeV)

IIIIIIIIIII

ITIIIIII]IIIIIIIIIIIIIIIIIIIIIIIIIITI

Observed
—— HH cat., x,=-0.2"33
HH-+ttH cat., x,=0.6">3

Il [ |- | | | |- ‘ |- | L

L | | | Lo J‘L (-

-4 2 0 2 4 6 8 10

Ky,
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95%

68%

4.5

3.5

2.5

1.5

0.5

CMS Preliminary

137 b (13 TeV)

R R BN | 95%
rObserved &\ | | | 68
f —— HH cat., k=1.2"0%

- HH+ttH cat., k=1.3"93

- | Ll L.l | Ll | Ll Ll | Ll Ll | L Ll | Ll ] | )

—%.5 -2 -15 -1 -05 0 05 1




bbbb (resolved)

4 dinstict b-jets 1n the final state
* large combinatoric background

Large QCD multijets background

e datadriven!

Study both GGF and VBF
GGF strategy

* BDT to discriminate GGF HH vs background

* GGF high mass
* GGF low mass
e Fit on BD'T discriminator

VBF strategy (requiring 2 extra jets)
* BDT to discriminate GGF and VBF (GGFXKiller)
e (Categories based on GGF killer

* VBF SM

* VBF anomalous couplings

* Fiton mHH

2370972024

\\\Z//,_ ]

=7l
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CMS Preliminary

102 b (13 TeV)

— HH — bbbb
- VBF SM

- AL region

¢ 2017-2018 Data
- Bkg. model
¥ Bkg. unc.
SM ggF-HH x 50
—— VBF-HH (x,,=2) x 20

400 600 800 1000 1200 1400 1600 1800

myy [GeV]

/{’U’U
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https://cds.cern.ch/record/2771912/files/HIG-20-005-pas.pdf

bbbb (resolved)

I Observed (expected) o/ og\ < 3.7(7.3) at 95% CL

gz 4000
T
I
L 3000
2
[T
g
-
82000

2370972024

CMS Preliminary 138 fb™ (13 TeV) CMS Preliminary 138 fb™ (13 TeV)
L 95% CL upper limits A A All categories 1 -ﬁ E 95% CL Upper limits A A All catégories E
i Observed 7 = B Observed . . ]
[ e Median expected : HH = bbbD - T 104 Median expected i ... HH—Dbbbb 4
~ I 68% expected Cn =T,n =17 I E I 68% expected u =13
__ 95% expected ............................. ....... ggF VBF : ‘1\:- - 95% expected : ggF 3
| —— Theoretical prediction : | o 3 - —— Theoretical prediction : : T
: : ] o 10 3 Y . Rt SN S =
m - 3
- > - -
© ' ]
102 ......................................................
1 0 ................................................................................................
: : 1 e b e T
1 I 1 1 1 1 I 1 1 =
-10 -5 0 5 10 -2 -1 0 1 2 3 4

Observed: -2.5 <k; <9.5
Expected: -5.0 <k; <12.0

Observed: -0.1 < ¥y, < 2.2
Expected: -0.4 < xy, < 2.5

Higgs Hunting 2024, Agni Bethani

o

~I



bbbb(VBF boosted)

* Modified couplings can lead to boosted
topologies!

* Less combinatorics than resolved search
* 2 defined large R jets, 1 per Higgs decay.

* H->bb 1dentified using novel neural
network (NN) algorithm, ParticleNet

* graph convolutional NNs, multi-classifier

* 3 event categories according the ParticleNet score
(high, medium and low purity)

1200-1600

* ParticleNet also used for jet mass i K, =0 is
regreSSIOn ShOWH in red
* QCD multijet background estimated 5 g & Vory
using sidebands in data wE E g sensitive
. . =0 3 h!
* Fitis performed on myyy oaq = search:

O O O~ © O ¥ O N T O

-

uiq / SJUBAJ

(&S]
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bbbb(VBF boosted

10

95% CL upper limit on o(pp — qqHH)B(HH — bbbb) [fb]

138 fo! (13 TeV)

138 fo ! (13 TeV)

AR AR
CMS — Observed ~ ----- Median expected CMS — Observed ~ ----- Median expected
" Preliminary =~ T Theory prediction [l 68% expected " Preliminary ~ © Theory prediction [ 68% expected
0 e e 95% expected 3 e ooy e 95% expected
Voo E Koy =K, =

-
o
w

10

-1

-0.5 0 0.5 1.5

2.5 3

2

95% CL upper limit on o(pp — qqHH)B(HH — bbbb) [fb]
o

Koy

-1.5 -1 -0.5 0 0.5

Ky

1.5 2

Assuming kt=xv=1,
kvv=0 15 excluded at a

CL higher than 99.99%.

Observed: 0.6< «,, <1.4

Expected: 0.6 < x,, < 1.4 Kk, compatible with SM
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bb’[’[ CMS-PAS-HIG-20-010

e H->11 candidate _ CMS _ Preliminary 59.7 b (13 TeV)
ToTo ToTTLT *2 10 bb 1,7, ——— Prefit qgHH SM x 150.0 —— Prefit ggHH SM x 5.0
) h'tps thle .h h ) ) res2b [ Drell-Yan [t
* 1solated with opposite charge e,p or T, o 10* o acp B Single H

Others ® Data
Stat+Syst post-fit unc.

* 1, 1dentified using Deeplau algorithm

e H->bb candidate

* b-jets identified using DeepJet algorithm
* neural network HH-btag

e Study both GGF and VBF

* Fake lepton and t hadronic backgrounds in data
driven way

* HH-selection and event categorisation
 Elliptical mass cut on m(tt) and m(bb)

. 2F
. %plit events in 8 categories: 2 resolved, 1 boosted, and 5 g,? 1.5F
BF 3 1E
* VBF categories using multiclass DNN S 0.5F- e |
: : : 05 = 3
* Signal extraction using DNN s = % &8 i 5§ & 8
(=) (<) o o (<) ) =) ~
* binary signal vs background classification DNN
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bb’[’[ CMS-PAS-HIG-20-010

H->tt candidate
ThTs ThTesThTh
* 1solated with opposite charge e,p or T,

CMS Preliminary
C T T T T I T T T

bbrr, 138 fb™ (13 TeV)
T T I T T T T I T

2]
* 1, identified using DeepTau algorithm s 10F f==1  ElDrelyan  WllSingleH —— Data
) ] N [ [ others Background (post-fit)
® H->bb Candldate 10 3 [aco N Uncertainty (post-fit)
* b-jets identified using DeepJet algorithm 10°F | [ signal (r = 3.33,ssvct)
* neural network HH-btag -
e Study both GGF and VBF 0k
* Fake lepton and t hadronic backgrounds in data 10°
driven way
10
* HH-selection and event categorisation
.. 1
 Elliptical mass cut on m(tt) and m(bb) o 1-‘2“
. %plit events in 8 categories: 2 resolved, 1 boosted, and 5 2 . . .
BF £ o8k >
: : . 8 o6k S
* VBF categories using multiclass DNN 08 L - 3 B E—

* Signal extraction using DNN
* binary signal vs background classification

23/709/2024 Higgs Hunting 2024, Agni Bethani

Pre-fit expected Iogm(S/ VE)
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https://cds.cern.ch/record/2803419

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

bbtt

Observed (expected) inclusive ¢/ ogy < 3.3(5.2) at 95% CL Best limit on VBF
Observed (expected) VBFo/osy < 124(154) at 95% CL cross-section!

CMS Preliminar bbrr, 138 fb (13 TeV CMS Preliminar, bbrr, 138 fo™' (13 TeV
C'I\II'S'I-"rfelirlni?a'ry"I""I'”'It',m'»;,'13'8]:b'1'(1'3"|'e'v) :,,y,,,,,,(,% o 5_....,....},/....,....,....,....,....,(....2
S| KERy =Ry = 1 Observed ~ ----- Median expected Lo =K =K, =1 —— Observed ~ ----- Median expected [ Ky=Ky =1 |:| Excluded (observed) ----- Excluded (expected)
10 E_ = Theory prediction [HEEl 68% expected E &5 Theory prediction [l 68% expected | 4 ¢ Standardmodel N 687% expected .
----- 95% expected 102 77777 95% expected - C ----- 95% expected

h

107

10¢

95% CL limit on o(pp — qqHH) x B(bbrtr) / fb

Observed: -1.8 <k; <8.8 Observed: —0.4 < x,y < 2.6
Expected: -3 <k;<9.9 Expected: —0.6 < x;y < 2.8
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Multlepton®

*WWWW, WWrr, and Tttt

* Higgs bosons decays to either WW, ZZ, or

T7T.
e First search for WWrtt and tttt.
* 2,3, or 4 leptons

* including hadronically decaying t
e 7 channels

* b-jet veto!

* BDT classifiers

e control regions W7 and 7.7 also included
in each of these fits

* Fake lepton and t hadronic backgrounds

in data driven way
(fake factor method)

Events

Data
Expectation

O—L

S NSy

EMS Preimian 8¢ + 0Ty 13816 (13 Tol)
B wz | N\ I | Misid. eptons [} Other Bkg. -
. Conversions . zZ Single H
% Uncertainty + Data = SM HH x 30

lllln t IITP-I |IIIIII| | Illlllll | IIIIIIII | IIIIIIII | llllllll L

i
'1; A A .5. A A A .10. A A A .15. A A A .20. A A A .25
Bin number
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Multlepton®

*WWWW, WWrr, and Tttt

* Higgs bosons decays to either WW, ZZ, or

T7T.
e First search for WWrtt and tttt.
* 2,3, or 4 leptons

* including hadronically decaying t
e 7 channels

* b-jet veto!

* BDT classifiers

e control regions W7 and 7.7 also included
in each of these fits

* Fake lepton and t hadronic backgrounds
in data driven way
(fake factor method)

Events

Data
Expectation

O O NN W & O O N 0 ©

(@ G V)

p—
TTETY

CMS Preliminary 0 + 41, 1381fb"' (13 TeV

S~

_“ Misid. leptons .ZZ Single H
Other Bkg. - Uncertainty ¢ Data
— SM HH x 30

Bin number
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Multlepton®

*WWWW, WWrr, and Tttt

Observed (expected) o/ osy < 21.8 (19.6) at 95% CL

3 5CMS _ HH — Multilepton 138 fb™ (13 TeV)
- 68% CL expected = —— Observed
3— .
------- 95% CL expected ===~ Median expected BSM Co )
2.5 = Theory prediction ] i .
2

95% CL upper limit on o(pp — HH) [pb]

| SR TR e
K oy
Observed: -7.0 < k; <11.2 ‘? ™

Expected: -7.0 <k, <11.7

2370972024
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CMS Prellmma:y HH o Multllepton 138 fb (13 TeV)

95% CL upper limit on o(pp — HH) [pb]

95% CL upper limit (ggHH) [pb]

10

- - 68% CL expected
N 95% CL expected

- = Theory prediction i

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

— Observed _

----- Median expected 1

CMS preliminary HH — Multilepton 138 fb' (13 TeV)

O Median expected
95% CL expected

[JHEPO4 EFT @ Observed
_benchmarks - 68% CL expected

| |
7 8 9 10 11 12 8a
Shape benjrc_hmark
z 39)
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Multlepton®

*WWWW, WWrr, and Tttt

Observed (expected) o/ osy < 21.8 (19.6) at 95% CL

95% CL upper limit on o(pp — HH) [pb]

2370972024

CMS 'Pr'elilmi'na'ry' 'H!-I - N‘Iulltillep'top ‘11'38' fl:e’1 (13 "I'elV)

- —— Combined 37+ 11; =+ 12431, |
E 4y == 2f+21'h —= 0f+4Th ]
- = 3£+0T,, —— 2¢ss .

Solid (dashed) lines: obse eqf(median expected) limits

Observed: -7.0 < k; <11.2
Expected: -7.0 <k; < 11.7

BSM
couplings
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95% CL upper limit on o(pp — HH) [pb]

95% CL upper limit o(ggHH) [pb]

CMS Preliminary HH — lultile%)ton I138 fl?" (13ITeV)

8:— - 68% CL expected

1.6:- """" 95% CL expected

1 4_ * Theory prediction

vvvvvvvvvvvvvvvvvv

— Observed _

----- Median expected 1

CMS Preliminary HH — Multilepton 138 fb' (13 TeV)

"JHEPO4 EFT @ Observed

-benchmarks B 68% CL expected 95% CL expected |

O Median expected

[ =
] | | | I

107"

778 9 10 1112 8a
Shape benchmark
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