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Outline

e Introduction and motivations

e Status of CMS HH searches



Non-resonant HH search
e HH production is sensitive to the Higgs trilinear coupling A
e VBF HH is sensitive to ¢, coupling — k,,, = ¢, / Covism)
ggF production (ggHH) diagrams at LO
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Fundamental tests
K, of SM

K, HH production cross
section vs k, = A/A,,,

I | I | I |
HH production at 14 TeV LHC at (N)LO in QCD
My=125 GeV, MSTW2008 (N)LO pdf (68%cl)
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More on A. Carvalho talk

Sensitivity to effective field theory (EFT) couplings

e ggHH production e Modification of total and
described by 5 diagrams: differential XS
SM terms > Y
K o —C,=2
PO ‘ S 15 —Cy, =2
BSM terms S parameters S 10_1?
107550406506 600706 606 6001000

My (GeV)

> 1D or 2D constraints on couplings, e.g. ¢, or (k,, k), ...


https://indico.cern.ch/event/1001391/timetable/#32-hh-combination-and-paramete

Shape benchmarks of JHEP04(2016)126

12 kinematically representative
points in the 5D parameters

Space

Benchmark x, &, ¢ ¢, o
o 75 10 -1.0 00 0.0
1 10 10 05 -08 0.6
2 10 10 -15 00 -08
& B85 15 <80 00 00
4 10 10 00 08 -1.0
5 24 10 00 02 -02
6 50 10 00 02 -02
7 150 10 00 -10 1.0
8§ 10 10 10 -06 0.6
9 100 15 -1.0 0.0 00
10 24 10 00 1.0 -1.0
11 150 1.0 1.0 0.0 0.0

m.. distribution for the 12 benchmarks
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> Extract limit on the 12 benchmarks to explore EFT
sensitivity
> Alternative shape benchmarks defined in JHEP03(2020)091

Nppr = 299

5


https://link.springer.com/article/10.1007%2FJHEP03%282020%29091

Resonant HH searches and possible interpretations

X—HH X—YH
.......... X X
H ""»..'.‘.'.’, Y "".,".'
e Spin 0 resonances e Spin 0 resonances
o Randall-Sundrum radion o Next-to-minimal
o 2 H doublets models (2HDM) supersimmetry models
(NMSSM) JHEP07(2008)

e Spin 2 resonances
o Randall-Sundrum KK graviton o Two-real-scalar-singlet
extension of the SM

+ ' |
VBF production mechanism (TRSM) E.P.J.C80.151(2020)

> Assuming resonances with narrow decay widths


http://dx.doi.org/10.1088/1126-6708/2008/07/002
http://dx.doi.org/10.1140/epjc/s10052-020-7655-x

Explored final states

H—bb: large BR & bkg rejection from heavy-flavour jet ID
H final states with leptons, y, or 1, : efficient bkg rejection
Available resonant and non-resonant

HH (or YH) searches with Run 2 data
from CMS

1

No HH golden channel

o Channel sensitivities are
complementary

B(HH—xx yy)

my = 125 GeV || 5107

Many final states

covered
o resolved and/or boosted

Stay tuned for new
results!




Non-resonant HH searches



PRL 122 (2019) 121803

Non-resonant HH comb with 2016 data (~36 fb™")

e No deviations from SM observed

Obs.(exp.) upper limit on o(HH) Obs. k, exclusion
22.2(12.8)xSM from CMS -1 <k, <17 @ 95% C.L. from CMS
6.9(10)xSM from ATLAS -5 <k, <12 @ 95% C.L. from ATLAS

bbVV i 95% C.L. upper limits : : :
Observed 78.6xSM -.- = Observed
Expected 86,8xSM 3000/ .. ===+ Median expected el pmgeereseeseesbeneeeeeeseesesess e

- H I 68% expected
bbbb : [ 95% expected
Observed 74.6xSM 2500
Expected 36.9xSM a [ H##8 Theoretical Prediction

- 99—HH = H ; : :
BB T 2000 i B o
S —— Observed eI ) :

| = Medlan expected 8: 1500- S N ,‘; ........
bbyy & = : g
Observed 23.6xSM - 68 /o eXpeCted b 1000
Expected 18.8xSM . e 9_ 5_0/‘3 92(9?9,[?9 N
Combined 500 Y AT
Observed 22.2xSM
Expected 12.8xSM

! L . MR R I | L L i i i it A
6 7 8910 20 30 40 506070 100 200 300 400 -20 -15 -10 -5 0 5 10 15 20
95% CL on o,,,,/ooM K=A Aoy

Results with full Run 2 dataset (~138 fb™") in this presentation



http://dx.doi.org/10.1103/PhysRevLett.122.121803

Multilepton
Expected: 19
Observed: 21

bb bb, resolved

Expected: 7.8
Observed: 3.9

bb yy
Expected: 5.5
Observed: 8.4

bb Tt
Expected: 5.2
Observed: 3.3

bb bb, merged jet

Expected: 5.1
Observed: 9.9

Fabio Monti - IHEP CAS

HH searches evolution since 2016

e HH searches results with full Run 2 dataset outperform
previous results scaled by integrated lumi

CMS Preliminary
K, =K =1 —e— Observed
Ky =Koy =1

exp limit of
— 2016 HHe

L L

138 fb" (13 TeV)
T T T T T 1
----- Median expected

=== 68% expected
=---- 95% expected

1 10

M| ! MR R A | L
100 1000
95% CL limit on o(pp — HH) / GTheory

Extensive usage of
machine learning

Boosted topologies

Selections targeting
VBF HH production
mechanism

Additional final states

> We are quickly approaching to 1 (Run 3?)
o 2.60 significance expected at HL-LHC —improvements possible
as proven by Snowmass studies (N. Lu and P. Meade talks) 10



https://indico.cern.ch/event/1001391/timetable/#12-hh-prospects-at-the-hl-lhc

Constraints on the VBF HH production

Multilepton
Expected: 462
Observed: 343

bb vy
Expected: 208
Observed: 225

bb tt
Expected: 154
Observed: 123

bb bb, resolved
Expected: 411
Observed: 225

bb bb, merged jet
Expected: 409
Observed: 728

Upper limits on VBF HH XS
assuming k,,, =1 (SM)

CMS Preliminary 138 fb™ (13 TeV)
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Multilepton
Expected: 12
Observed: 17

bb yy

Expected: 3.5
Observed: 4.8

bb Tt
Expected: 2.5
Observed: 1.9

bb bb, resolved
Expected: 1.9
Observed: 1.2

bb bb, merged jet
Expected: 0.15
Observed: 0.14

0.01 0.1 1 10

> Exclusion of k,,, =0 at 95% C.L.
> Complementarity of the final states depending on the
specific SM/BSM interpretation

Upper limits on VBF HH XS
assuming k,,, =0
1381 (13 TeV)

CMS Preliminary
T T T T ’]'l T T T 1T |||I
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Ky, =1
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Koy

Constraints on kA and k2V

Best fit and constraints at

Best fit and constraints at

95% CL on k2V

95% CL on kA

138 b (13 TeV)

—— Theory prediction
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JHEP03(2021)257 More in L. D'Eramo & M. Gouzevitch talk

Non-resonant HH—Dbbyy with full Run 2 - overview

e C(lean but rare final state ggHH m*, for some shape
: - - benchmark
o Y pair + b-jets pair resonant on m, _ CMS Preiminary 1971 (13 Ty
o bkg from jets(+yy) — y and b-jet |D§ ~ — SMggF HH—yybb ----BSM8
requirements S gl ssMd BSM 0
e MVA strategy to optimize E
signal-bkg separation 2 10 :
o BDT to separate ggF or VBF HH
from y(y)+jets events ooh
O DNN tO Separate HH from ttH(YY) ?;OO 400 500 600 700 800 900 1000
events M* oy = My~ M- M, + 250 GeV

e Optimize sensitivity to SM, anomalous k,, and k,,,

o 3BDT x4 m*bbW categories targeting ggHH
o 2 m*bbw categories targeting VBF HH

e Signal extraction from simultaneous fit of m__ and m
Yy bb 13


https://link.springer.com/content/pdf/10.1007/JHEP03(2021)257.pdf
https://indico.cern.ch/event/1001391/timetable/#30-atlas-and-cms-non-resonant

JHEPO03(2021)257

More in L. D'Eramo & M. Gouzevitch talk

Non-resonant HH—bbyy with full Run 2 - results

e No deviations from SM observed
e Obs.(exp.) upper limit on HH signal strength 7.7(5.2)

Limit on HH XSXBR vs k, Limit on VBF HH XSXBR vs k,,,
) CMS 137 0" (13 TeV) CMS 137 b (13 TeV)
:.§ - 95% CL upper limits = § E 95% CL upper limits = 3
g - —— Observed HH — yybb 3 — - — Observed HH — yybb 3
2 3.5 L e Median expected 4 B e Median expected —
; - I 68% CL expected ] ; E I 68% CL expected \% H_
7 3 E 95% CL expected K 7 C 95% CL expected p B ]
N — - Theoretical prediction / ] 10 = — — Theoretical prediction R =
L 25 L L - Vv H™ 1
= “F\ 1 I
o L fF / 1 o
I L
T L
o w
m
>

|||\|\,._.;__-(/1’|||

-6 4 2 0 2 4 6 8 10 12
Obs. k, € [-3.3,8.5] ™ Obs. k,, € [-1.3,3.5] k,
Exp. k, € [-2.5, 8.2] Exp. k,, € [-0.9, 3.0]


https://link.springer.com/content/pdf/10.1007/JHEP03(2021)257.pdf
https://indico.cern.ch/event/1001391/timetable/#30-atlas-and-cms-non-resonant

JHEP03(2021)257 More in L. D'Eramo & M. Gouzevitch talk

Non-resonant HH—Dbbyy with full Run 2 - EFT results

CMS Preliminary 137 b (13 TeV)
Limit on ggHH XS XBR for S HH-YYbb
benchmarks of JHEP04(2016)126 = 0L mm ot oxpenod |
% ; 95% expected .
o Obs. limits ranging from 0.3to1fb £ ¢} :
. . - EoL ® __
o Kinematics variations between S . . . o . ' l :
- [ .
benchmarks — different upp. limit [ I i I ° l ]
10_15— E
- | | | | | | | | | | | |
CMS Preliminary 137 b (13 TeV) 12 3 4 5 6 7 8 9 10 11 12
§ | 95% CL upper limits HH—s bB N Shape benchmark
g - —— Observed t H Y . o
I = L | <—Limit on ggHH XSXBR vs c,
T 1-5__ 95% expected - C __
i Theoretical prediction .’.2 i o SpeCIal rOIe Of H and t |n
g several BSM theories
o o HHtt effective coupling

Obs. c, € [-0.6, 1.1]
Exp. c, € [-0.4, 0.9]

15



https://doi.org/10.1007/JHEP04(2016)126
https://link.springer.com/content/pdf/10.1007/JHEP03(2021)257.pdf
https://indico.cern.ch/event/1001391/timetable/#30-atlas-and-cms-non-resonant

CMS-PAS-HIG-21-002 More in T. Lange talk

Non-resonant (& resonant) HH multilepton - overview
e Target WWWW, WWrT, and 11717 final states with y, e, or 7.

o First search in these channels!

e Selections on p.™** and on m(¢*¢) to reduce DY and ZZ bkg

e bkg dominated by di-boson production and events with
mis-identified ¢ or T (fake bkg) BDT score in the 3¢+11, cat

CMS Preliminary 3¢ + 01, 1381b" (13 TeV)
Misid. leptons Other Bkg.

107

o Modeling of fake bkg from data, and
of all other bkg’s from simulation

10°

Events

Single H
16

e 7 categories distinguished by ¢,

10°

¢, and 1_multiplicity 0 g

10

£ Uncertainty ¢ Data — SM HH x 30

e BDT classifiers to separate sig '

from bkg

o Optimized separately for SM, EFT,
res. spin-0, and res. spin-2 sig’s

-t
(6 NS, |
TR

o

Data
Expectation

Bin number

16


https://indico.cern.ch/event/1001391/timetable/#37-cms-resonant-hhsh-multilept
https://cds.cern.ch/record/2799151

CMS-PAS-HIG-21-002 More in T. Lange talk

HH multilepton - non-resonant search results
e All observations consistent with SM predictions

e Obs.(exp.) upper limit on HH XS 21.8(19.6)xSM

e Obs.(exp.) constraint to k, -7.0 <k, <11.2(-7.0 <k, <11.7)
Upper limits on o(HH) for shape

Upper limits on o(HH) vs (c,, k) benchmarks of JHEP03(2020)091
s 10 CMS Preliminary HH — Multilepton_138 fo! (13 TeV) CMS Preliminary HH — Multilepton 138 fb' (13 TeV)
8:— |:, Excluded (observed) ------- Excluded (expected)_I -JHEPO3 EFT @ Observed O Median expected |
[+ Bestfit value f= 68% CL expected benchmarks g 650, CL expected 95% CL expected |
6

L ¢ Standard model - 95% CL expected g

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

107 — 2 3 4 5 6 7
Shape benchmark
> Extensive test of Higgs-top > First constraint on these

interaction benchmarks

Constraints on benchmarks of JHEP04 and on resonant production in backup

17


https://indico.cern.ch/event/1001391/timetable/#37-cms-resonant-hhsh-multilept
https://cds.cern.ch/record/2799151
https://link.springer.com/article/10.1007%2FJHEP03%282020%29091

CMS-PAS-HIG-20-004

Non-resonant HH—bbZZ(4f)
e Final state with 4{ + 2 b-jets

o Clean signature over continuum bkg
o Small BR of ~10%

Events/4 GeV
w
o

o Kkin. info of £s and jets + b-tag score

sig extraction from

BDT distribution fit
137 fo! (13 TeV) obs.(exp.) upp. lim.
'_% 106 B 99—ZZ—4l ( p ) pp
S 1op OMS = on SM HH XS
g 100 Preliminary =§\'\/Av'\;|r:g?eSV=Z,W
LE 103 =\Z/Y)\(/WhereV=Z’W 30(37)XSM
10? :.—_ aatib&l signal

obs.(exp.) k, excl.
@95%C.L.
-9(-11) < k, < 14(16)

4
-1 -0.8 -06 -04 -02 0 02 04 06 08 1
BDT score

> First non-res results for this channel

More in A. Cappati and J. Wollrath talk

After preselections bkg
dominated by single-H

137 fo™ (13 TeV)

D
o
T

- CMs

C_ Preliminary

e BDT classifier to optimize signal
separation from bkgs

gy > 727 > 4

[qq - 2Z - 4l

I SM Higgs
er

B ttV where V=Z,W

[ VVV where V=Z,W
Bl Z+X

—e— Data

- = HH — bb4l x100

80

170 1
m,, (GeV)

137 fb-! (13 TeV)

CMSs
Preliminary

% CL Limit
6 CL Limit

Tommod

__

95% CL on aggr(pp—HH) [fb]



https://cds.cern.ch/record/2725691
https://indico.cern.ch/event/1001391/timetable/#31-atlas-and-cms-non-resonant

arXiv:2202.09617 More in D. Guerrero and R.T. De Lima talk

Non-resonant resolved HH—4b - overview
e Final state with four b-jets (+ extra jet pair for VBF HH)

e H(bb) reconstruction correct in >82(91)% of ggF(VBF)

o bkg dominated by QCD and tt m,,,, distribution for VBF-enriched
. t timized for SM
o DNN-based b-jet ID & lepton veto cwfg SORYoP Imlzemch)t:-‘ (13 TeV)

2 100~ HH ->bbBbb & 20172018 Data
gJ B V4BbF SM Bkg. model
L - Agp region W% Bkg. unc.

e VBF HH signal region “ SM ggF-HH x 50
o BDT classifier to reject ggHH+jets ! T e RO
o Two BDT score cat’s optimized for
anomalous k,,, and SM
o Fittom,,

o bkg estimation from data

e ggHH signal region
o Two 4-body mass cat’s
o BDT classifier to reduce bkg

" 400 600 800 1000 1200 1400 1600 1800
My [GeV]

o Fitto BDT shape 19

Data/Bkg.


http://arxiv.org/abs/arXiv:2202.09617
https://indico.cern.ch/event/1001391/timetable/#28-atlas-and-cms-non-resonant

arXiv:2202.09617 More in D. Guerrero and R.T. De Lima talk

Non-resonant resolved HH—4b - results
e Obs.(exp.) upper limit on HH XS of 3.9(7.8)xSM

Limit on HH XS vs k, Limit on VBF HH XS vs k,,,
400G CMS 138 b (13 TeV) CMS 138 fb' (13 TeV)

é L 95% CL upper limits ' ' All categories 1 é E 95% CL Upper limits ‘ ' All catégories E

T - = Observed ; T = | ——— Observed : : _

T [ e Median expected HH — bbbb T N Median expected e - HH — bbbb _

T 3000 | BEN 68%expected . S _ e E N 68% expected 5 E

% i 95% expected g_ E 95% expected . i :

- Theoretical prediction Q i Theoretical prediction T
& : : TL 103 S R " —— e e =
e Q = ; E
' b> = - : :

(=]
@)

I—10”H—5H”0 510 —21111—1 0 1 2 3 E4
Obs. k, € [-2.3,9.4] * Obs. k,, € [-0.1,2.2] *
Exp. k, € [-5.0, 12.0] Exp. k,, € [-0.4,2.5]

> QObs < exp limits because of small data under-fluctuation

20


http://arxiv.org/abs/arXiv:2202.09617
https://indico.cern.ch/event/1001391/timetable/#28-atlas-and-cms-non-resonant

Boosted HH topologies
_ Boosted ggHH—4b event candidate
e Boosted H—bb candidate(s) BFRRELIO-EVENTS-2020-012

reconstructed as large radius jet(s)
o Possible also for H—1, 1, —

H—>bb ‘aneLdaTes

gen-level m  , for VBF HH events reconstructed as AK8 jets
s *""'dCD'Bk'g“"_' SM (anti-kT wm\R =0.8)

0.05—

: —k,,=0

i e, =D
DA 2V > Enhanced for anomalous k,,,,
=t _ _Boostedregion | = Optimal approach to search for
ooz~ X—HH or YH resonances with
0.015— i&‘x&‘ mX2 1 TeV

: e | .

00"~ 500" 400606 500 10007200 1400 1800 7500200 ngher mHH ~ lower QCD bkg

My (GeV)

e H—Dbb ID using jet substructure info
o Excellent performance through usage of “ParticleNet” graph NN 21



https://cds.cern.ch/record/2714889
https://cds.cern.ch/record/2707946

CMS-PAS-B2G-22-003 More in D. Guerrero and R.T. De Lima talk

Non-resonant boosted HH—4b - overview

e Final state with two AKS jets Regressed mass of one AKS jet
(+extra jet pair in VBF HH) in a ggHH(4b) category
138 b (13 TeV)

= CMS Preliminary
-} oaa [HHw=35 [ aco,goF H,veF H

------------------------------------------------------

go H—bb ID using jet substructure
o Regression to improve H—bb mass

resolution ParticleNet-based :

o bkg estimation from data

> 3 VBF HH - enriched categories

o Classification on ParticleNet score
o sig extraction from fittom .

.ttJt .VJt \a% .VH

ttH TtI

Events /10 GeV
a

Data / pred.

60 80 100 120 140 160 1é_o 200 220
> 3 ggHH-enriches categories ) mrei[eev]

o BDT classifier to separate sig from bkgs & to define categorles /!
o Signal extraction from fit to subleading jetmass - - -___----~

22


https://cds.cern.ch/record/2803672/
https://indico.cern.ch/event/1001391/timetable/#28-atlas-and-cms-non-resonant

CMS-PAS-B2G-22-003 Fabio Monti - IHEP CAS  More in D. Guerrero and R.T. De Lima talk

Non-resonant boosted HH—4b - constraints on k2V
e No deviations from SM observed

Limit on VBF HH XSXBR vs k,,, 2D likelihood scan of (k,, k)
ry— 13 (1I3'1:e\'/l _ o5 138" (13TeV) __ _ ,
= CMS Preliminar —— Observed - Expected + 1o ] o
| : Kk=Kt=KV=1 Y == Theory prediction === Expected + 26 ]

95% CL limit on o(pp — HH)B(bBbb) [fo]
=

—_
o
TTTTT | — TTTTT

—20 -10 0 10 20 30

Obs. k,, €10.62,1.41] | > K =0 excluded at>50

Exp. k,,, € [-0.9, 3.0]

assuming k, =k =k, =1

> Most stringent constrainton k = 0 excluded at >30
k,, to date for any value of k, 23


https://indico.cern.ch/event/1001391/timetable/#28-atlas-and-cms-non-resonant
https://cds.cern.ch/record/2803672/

CMS-PAS-B2G-22-003 More in D. Guerrero and R.T. De Lima talk

Non-resonant boosted HH—4b - constraints on kA&SM

e Good constraints on HH signal strength and kA thanks to
ggHH boosted categories

Limit on HH XS split by categories Limit on HH XSXBR vs k,
138 fb”' (13 TeV) q 138 fb! (13 TeV)
— — — 5.10: — T T e e g
CMS Freliminary == Ohsmed g t CMS Preliminary — s Bl Expected £t
K, =Ky = Koy = Ky = i - Expected + 1o |8 [ K=y =Ky= 1 = Theory prediction =---: Expected + 20 ]
- Expected £ 26 |g
B N § 3
VBF cat. T 10°F
Expected: 114 T
Observed: 88 T
ggF cat. 3 % J
Expected: 35 B’
Observed: 34 c 10%E ]
— ] o E ]
ggF cat. 2 = C ]
Expected: 13 g B 1
Observed: 32 = B T
- —] - L 4
ggF cat. 1 Lg
Expected: 5.5 PN 10E =
Observed: 8.1 8 E ]
Combined N N A N A R N B
Expected: 5.1 -10 -5 0 5 10 15 20
Observed: 9.9 Kh

- ' 00
95/ CL limit on o(pp — HH) / L. o

obs(exp) UL = 9.9(5.1) X SM Obs. k, & [-9.9, 16.9]

Exp. k, € [-5.1,12.2],,


https://cds.cern.ch/record/2803672/
https://indico.cern.ch/event/1001391/timetable/#28-atlas-and-cms-non-resonant

CMS-PAS-HIG-20-010 Fabio Monti - IHEP CAS More in F. Brivio and Y. Liu talk

Non-resonant HH—Dbb1T with full Run 2 - overview

e 1.7.,Te, andr y final states — ~88% of H—11 BR

e Online selections for single-lept., Iept.+Th, TT, and VBF TT,

DNN score in one resolved
e bkg from tt, QCD, and DY events ggHH(bbr 1) category

CMS  Preliminary 59.7 fb™' (13 TeV)

o Kinematic selections on (m_, m_) _ .
o Lepton ID+iso & b-jet ID & 10°

e Event categorization on

production mode and final state
(o 1 category for VBF HH 10"
X3TT|o 1 cat for ggHH with boosted H—bb '

final o 2 cat’s for ggHH with resolved
states
. H-bb

DNN

e DNN classifiers to maximize sig vs bkg separation

e Signal extraction from fit to DNN score 25


https://cds.cern.ch/record/2803419/
https://indico.cern.ch/event/1001391/timetable/#29-atlas-and-cms-non-resonant

CMS-PAS-HIG-20-010 More in F. Brivio and Y. Liu talk

Non-resonant HH—Dbb1T with full Run 2 - results

~2 X better than HH—bbTT
search with 2016 dataset

e No deviations from SM observed

Upper limit on HH XS XBR vs k, Upper limit on inclusive HH XS

CMS Preliminary bbrr, 138 fo! (13 TeV) CMS Preliminary | | _ bbr, 138 fo” (13 Tev)
T T T T | T T T T I 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 | T T T T T T T T T T T T T
10° L K=Ky =Ky =1 — Observed ~ ----- Median expected | K=K =1 —e— Observed ~ ----- Median expected
- E=— Theory prediction BB 68% expected Ky =Ky = 1 B 68% expected
----- 95% expected t=--: 95% expected

10%E

2017
Expected 11.7
Observed 9.47

10k
F 2018

Expected 8.16

Observed 5.51

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

Obs. k€ [1.8,8.8
Run 2

:_Exp k)\ < [-3, 99] E ' Observed 3.33 l
“5|"I‘“’H'"5'"'0""5”"10””;5 — 0 5 I R R S R
* Most stringent limit 95% CL limit on o(pp — HH (incl.)) / o_

@CMS to date!

e

heory

Most stringent to date!

+ [ obs(exp) UL on VBH HH XS of 124(154)X SM |
+ obs(exp) k,,, constraints: -0.4 <k, < 2.6 (-0.6 <k, <2.8)2g



https://cds.cern.ch/record/2803419/
https://indico.cern.ch/event/1001391/timetable/#29-atlas-and-cms-non-resonant
https://doi.org/10.1016/j.physletb.2018.01.001
https://doi.org/10.1016/j.physletb.2018.01.001

Resonant HH searches



95% CL limit on o(pp—X—HH) (fb)

Resonant HH comb with 2016 data (~36 fb™")

10*

10°

107

e No significant excess found

Upper limit on o(pp—X—HH)

spin 0 resonance

—— bbbb (2+2) JHEP 08 (2018) 152
—— bbbb (2+1, 1+1) JHEP 01 (2019) 040
—— bbyy PLB 788 (2018) 7
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--- Expected

.~
..
.
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L
.....

—— Comb. (2+2, 1+1) PRL 122, 121803 (2019

CMS 35.91b (13 TeV)
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spin 2 resonance

—— bbbb (2+2) JHEP 08 (2018) 152
—— bbbb (2+1, 1+1) JHEP 01 (2019) 040
—— bbyy PLB 788 (2018) 7

= pb2qlv arXiv:1904.04193

LI Illllll

--- Expected
Spin-2

g

T lIIIIIl

—— Comb. (2+2, 1+1) PRL 122, 121803 (2019

— Observed

CMS 35.9 b (13 TeV)
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C —— bbiviv JHEP 1801 (2018) 054 7

B —— bbrt PLB 778 (2018) 101 i
bbtt JHEP 01 (2019) 051

| | 1 1 | 1
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Results with full Run 2 dataset (~138 fb™") in this presentation




CMS-PAS-B2G-20-004 More in M. Valente and S. Laurila talk

Resonant X—HH—4b - overview

m*_  in high b-tag scores

e m, < [1, 3] TeV and spin 0 or 2 CategorY vy
§ 200 CIV'I‘S‘ ' ' ;: ' -

e Final states with 1 or 2 boosted H £ i fwimzimoew B = 3
o 2AKS8jets,or 1 AK8 + 2 AK4 jets T g

e main bkg from QCD and tt

o b-jet ID based on DNN discriminators -
. . 2
o modeling from data assisted by MC 2
4 i ; z A ;
lead AK8 jet mass in high b-tag scores cat’ 1000 1500~ 2000 2500 3000
"~ R . 138 fo (13 TeV) m*,, =m, -m,-m_, +250 GeV
8 1eof CMS b - :
g 1w s S e One category for semi-boosted +
>
L

two cat'’s for fully-boosted based on"'::
the b-tag scores |

e Signal extraction from fit to m* .~

=
- . .
i and leading AK8 jet mass

80 100 120 140 160 180 200 220 29
m, (GeV)



https://indico.cern.ch/event/1001391/timetable/#36-atlas-and-cms-resonant-hhsh
http://cds.cern.ch/record/2777083/

CMS-PAS-B2G-20-004 More in M. Valente and S. Laurila talk

Resonant X—HH—4b - results
e No significant excess found in the 1-3 TeV m, range

Upper limit on o(pp—X—HH—4Db)

spin 0 resonance spin 2 resonance
I I1]38[fb"‘ (113ITeIV

N

5
‘.3 103 E T I T T T I T T T T I T T T I 1138I fbl (I1 3|TeIVE) § 103 E T I T T T I T T T T I T T T E
&= 59 1 & (2 .
L_'§ [~ Preliminary L_'§ [ Preliminary i
T [ — Observed 1 i i —— Observed J
i 2 | o 20 - g
£ 10 = UV cutoff ... Expected (95% CL) E £ 10 = e Expected (95% CL) =
% /\ o 3 TeV I + 1 ¢ Expected ] % I + 1 ¢ Expected i
zx R + 2 o Expected zx B WM - O 5 + 2 o Expected 7]
1 0 E_ - Theory xRadion _E 1 0 E_ PI . - Theory XGravilon _E
b3 E 1F E

1 0—1 1 | 1 1 1 1 I 1 1 1 1 | 1 Il 1 1 | 1 1 1 1 1 1 0—1 1 | 1 1 1 1 | 1 1 1 | 1 1 1 1 | 1 I [ 1 | 1

1000 1500 2000 2500 3000 1000 1500 2000 2500 3000
my (GeV) my (GeV)

limits from 4.94 to 0.19 fb limits from 9.74 to 0.29 fb

> ForA,=3TeV & kIM, = 0.5, radion with m € [1, 2.6] TeV
and graviton with m € [1, 1.2] TeV excluded @95% CL 3q


https://indico.cern.ch/event/1001391/timetable/#36-atlas-and-cms-resonant-hhsh
http://cds.cern.ch/record/2777083/

JHEP 2205 (2022) 005 More in T. Lange talk

Resonant boosted X—HH-—bb+leptons - overview

e Resonance with m, € [0.8, 4.5] TeV and spin = 0 or 2

e Target HH decays beW(quv)]+ bbﬁT(224v)]+ bbﬁ/V(zzzv)]

single-lepton (SL) final state = large
radius jet + nearby lepton + p_™*

+ H-—Dbb reconstructed as a large radius heavy-flavored jet

di-lepton (DL) final state = 2 leptons + p.™s*

e Main bkg from tt and Z+jets modeled with simulation

m,. in one DL category _ _
it w31 @ Event categorization on lept. flavour,

CMS I Data I q/g bkg.

T b-tag score, and other variables
10 cB(X—>HH)=pg|.-1°pb o

Events / 100 GeV

providing good sig-bkg separation
o 8 SL categories + 4 DL categories

e 2D fitto(m,,m, )

Data / fit

~1000 1500 2000 2500 3000 3500 4000 4500 5000 3 1
my,, [GeV]


http://dx.doi.org/10.1007/JHEP05(2022)005
https://indico.cern.ch/event/1001391/timetable/#37-cms-resonant-hhsh-multilept

JHEP 2205 (2022) 005 More in T. Lange talk

Resonant boosted X—HH-—bb+leptons - results

e No significant excess found

Upper limit on o(pp—X—HH)

spin 0 resonance spin 2 resonance

" 138 fo'' (13 TeV) i 138 fo™' (13 TeV)
5‘10§IIIIIII|IIIIIIIIlllllllllll‘llllllllllg '3‘10§IIIIII(]IIIIIIIYIIIIIIII[IIIIIII'IIIII§

= [ CMS 95% CL upper limits = I CMS 95% CL upper limits
T L Spin-0 X e— Observed & - Spin-2X —e— Observed i
L0 = e Median expected — L 10 S L L Median expected
T & I 68% expected ] i g I 68% expected E

X [ 95% expected < [ 95% expected

m 102 - - m 102 - . ~ —
B —— Radion (Ag = 3 TeV) 3 Bulk graviton (k = 0.3) 3
R 5 [ =~ S = s Bulk graviton (k = 0.5) ]
10F E 10 4 E

g, | | | | | \ | E 195 | | | | E
1000 1500 2000 2500 3000 3500 4000 4500 1000 1500 2000 2500 3000 3500 4000 4500
my [GeV] my [GeV]

Upper limits from 24.5 to 0.78 fb Upper limits from 16.7 to 0.67 fb

> Sensitivity similar to search for X—=HH—4b 39


http://dx.doi.org/10.1007/JHEP05(2022)005
https://indico.cern.ch/event/1001391/timetable/#37-cms-resonant-hhsh-multilept

arXiv:2204.12413 More in M. Valente and S. Laurila talk

Resonant boosted X—YH—4b - overview

e m, € [0.9,4] TeV and m, € [60, 600] GeV — boosted H & Y

e Similar final state and bkgs of boosted non-resonant HH(4b)
o Similar ParticleNet-based strategy for H(bb) ID, m_ regression and
event categorization

e Modeling of QCD bkg from data and of tt from simulation

o Data control regions for validation & to improve data/MC agreement
e 2D fit to reconstructed m, and m,, of signal candidates

138 fb~1(13TeV) 138 fb-1(13TeV)

S e b e e e e R R P AL e
3 ; X= eV o i X= gy 3
@ 104l CMS + Data ™ My=150 GeV | B o CMS + Data " My=150 GeV |
(]CJ ot -~ Mx=2000 GeV | GCJ g it et Mx=2000 GeV
u>.| 103} Multijet My=300 GeV | u>.| 3: Multijet My=300 GeV |
: 2z TOtal bkg. Mx=3000 GeV 10°F . Total bkg. Mx=3000 GeV -
102 uncertainty ~ " My=400 GeV | d . F uncertainty " My=400 GeV ]
F _ § 2 _ N
101l a(pp - X - YH - bbbb) = 1fb | reco mY an mx In- 1o 6(pp — X = YH — bbbb) = 1 b
E the hlghest 101 gk‘u‘“ I ]
ParticleNet score |
10k
category -
191
» 1
=0
; o ;
PRI T S ol S T T S I 33
500 600 1000 1500 2000 2500 3000 3500 4000

MY [GeV] My, [GeV]


https://indico.cern.ch/event/1001391/timetable/#36-atlas-and-cms-resonant-hhsh
http://cds.cern.ch/record/2807689

arXiv:2204.12413 More in M. Valente and S. Laurila talk

Resonant boosted X—YH—4b - results
e No significant excess found

Observed limits on o(pp—X—YH—4b)
at 95% CL as a function of (M, M, )

1381b" (13 TeV) .,
> | CMS  —-- Observedfor NMSSM 2 E
Q ———r served for x = I
o) v T TRE 2= = Limits range from 0.1 fb
= &
= S 3 to 150 fb
10" £
e T
c T
100 € ¢
L Q.
B2
> ©
Qo C
L8 °
1 1.5 2 25 3 35 4 00O
Mx[TeV]

Assuming maximally allowed NMSSM and TRSM XS’s

> NMSSM excluded within M, € [1, 1.15] TeV and M, € [101, 145] GeV
> TRSM excluded within M, € [0.95, 1.33] TeV and M, € [110, 132] Ge}){4


https://indico.cern.ch/event/1001391/timetable/#36-atlas-and-cms-resonant-hhsh
http://cds.cern.ch/record/2807689

JHEP11(2021)057 More in R. Schmieder and T. Lenz talk

Resonant H—h h—bbT1 ( = X—YH—bbTT) - OVerview

SM Higgs boson . . .
Online+offline selections

\h /< targeting 1.1, et uT
he s < Require ID of exactly
. 1or2b-jets

e Main backgrounds from QCD, tt, and Z+jets

7, 7,: Signal 137 fb' (13 TeV)
oz Ootim | | "
| 22000FCMS -¢- Observed [lZ_/tt/diboson i) — > n VvV
Z .o - preliminary =§':o;|on N %:cjte(tlr) - plimize signal vs gs
500k ESingle h Blg.unc. - separation with NN
n — H(500)—h(125)h (110) (50 fb) . i o
- ] multiclassifier
1000 |~ — . . .
" ] o Signal region dominated
500 4 - by events with genuine T,_
n:—’— +=+%
0.2 0.4 0.6 0.8 1

0
DNN output for 7,1, signal 35


https://cds.cern.ch/record/2773420
https://indico.cern.ch/event/1001391/timetable/#35-atlas-and-cms-resonant-hhsh

JHEP11(2021)057

95% CL limit on ox B(H—h(t7) hS(bb)) (pb)

More in R. Schmieder and T. Lenz talk

H—>hsh—>bbTT at CMS with full Run 2 - results

e No deviations from SM observed
o Upper limits from 125 fb (m = 240 GeV) to 2.7 fb (m = 3 TeV)

model-independent limit on H—hh_ XS
vs h_mass for different m, hypotheses

T HUT 4T, T, 137 b (13 TeV)
L I T T T T T T T 13

T

10%° 5
CMS —o— Observed B

1022 Preliminary - - - Expected .
. my, = 240 GeV (x 10%) % E
:w___HmH =280 GeV (x 10%) [_168% expected i

10" sess oo =320 eV [ 10%) [ ]95% expected ]

m,, = 360 GeV (x 101933

Ser O 400 GeV (x 10
106 66 688 o m, =450 GeV (x 10

> _ 16
i My, = 500 GeV (x 10°%)

‘F-,—) m,, = 550 GeV (x 10"
e o =600 GeV (x 10%

ses-g o0 oo m,—700GeV (x10%) i
L ad ..M/mH = 800 GV 1012)11 B
my = 900 GeV (x 10" =

R ""‘.‘...‘f‘/ m,, = 1000 GeV (x 10'%) =
My, = 1200 GeV (x 10°) §

o m,=1400GeV (x 105  _|

e-eee-e-e W,..t“//m“ﬂmoeev(”o?)e—_
'SPV =00 P Coesee my, = 1800 GeV (x 10°) _]
. e ssoace vueedt® . ]

m,, = 2000 GeV (x 10%)]

10 - = 2500 GV (x 105 ]

-,E oeoe--o- tmu.'““n.'.. m,, = 3000 GeV (x 10%)]

1072 ' et :
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CMS Preliminary

NMSSM interpretation

137 fb' (13 TeV)
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(
w
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95% CL exclusion on maximally allowed
cross section times branching fractions in NMSSM
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----- Expected
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My+m,_ > m,,

| | L1 |
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Exclude m, up to ~620 GeV
Exclude m,__ up to ~250 GeV
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Fabio Monti - IHEP CAS

Summary

e HH physics offers wide physics program at LHC
o HHVV, tri-H couplings + effective BSM couplings
o Search for BSM resonances

e Presented CMS Run 2 results

o No deviations from SM predictions observed so far
o New techniques and approaches wrt 2016 analyses
o Other interesting results coming - stay tuned!

e Quickly approaching to upper limit on HH XS equal to SM

o Run 3?

Exciting times ahead!

37
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HIG-20-005

Non-resonant resolved HH—4b
results by category and by year

CMS Preliminary 13 TeV
HH—>bbbb
2016 95% CL upper limits
Obs: 10.1 —e— Observed
Exp: 12.9 --o- Median expected
I 68% expected
95% expected
2017+2018
Obs: 4.5
Exp: 9.1
Combined
Obs: 3.7
Exp: 7.3
PRTETN SFRATE SNSRI ST SUSATSE SRS SrAAArE SrSA i S S

CMS Preliminary

102 fo' (13 TeV)

2 700 HH > bbbb

o) ™ ggF high- M

Lﬁ 600 - A&, region
500f—

¢ 2017-2018 Data
[ Bkg. model
Bkg. unc.
—— SMggF-HH x 100
——— VBF-HH (i,,=2) x 100

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

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

Data/Bkg.

01 02 03 04 05 06 07 08 09 1
BDT Output

ggF Low m.,

Obs: 23.4
Exp: 25.1

ggF High mHH

Obs: 4.0
Exp: 7.7

VBF categories

Obs: 43.2
Exp: 70.8

Combined

Obs: 3.7
Exp:7.3

More in D. Guerrero and R.T. De Lima talk

CMS Preliminary

13 TeV

HH—bbbb

95% CL upper limits

—e— Observed

--o-- Median expected

I 68% expected
95% expected

0 20 40

100 120 140
SM
u= GHH/GHH


https://indico.cern.ch/event/1001391/timetable/#28-atlas-and-cms-non-resonant
http://cms-results.web.cern.ch/cms-results/public-results/superseded/HIG-20-005/index.htm

CMS-PAS-HIG-21-002 More in T. Lange talk

HH multilepton - resonant search results
e No significant excess found

Upper limit on o(pp—X—HH—4Db)

spin 0 resonance spin 2 resonance

CMS Preliminary ~ HH — Multilepton 138 fb™ (13 TeV) CMS Preliminary ~ HH — Multilepton 138 fb™" (13 TeV)
IIIIIIIIIIIIIIIII|III||III||II||||||| ||||||l|||II|IIII|IIII|IIII|IIII|IIII

...... Median expected
B - 68% CL expected 7]

95% CL expected
—— Observed

------ Median expected
L B 68% CL expected 7

95% CL expected
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Illlllll
| IIIIII|

j0- spin 0 - spin 2

IIIII
IIII|
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95% CL upper limit o(pp—X— HH) [pb]
95% CL upper limit o(pp—X—> HH) [pb]
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CMS-PAS-HIG-21-002 More in T. Lange talk

HH multilepton - JHEPO4 benchmark results

e No significant excess found

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

"JHEPQ04 EFT @ Observed O Median expected ]
-benchmarks - 68% CL expected 95% CL expected |

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

| |
9 10 11 12 8a
pe benchmark 41
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https://indico.cern.ch/event/1001391/timetable/#37-cms-resonant-hhsh-multilept
https://cds.cern.ch/record/2799151

ATLAS-CONF-2021-016

Oggr+ver (HH) [fb]

HH—bbyy at ATLAS with 139 fb™" - results

e No deviations from SM observed

Limit on HH XS vs kA

10— :

. ATLAS Preliminary —— Observed limit (95% CL) ]
_ —1 ---- Expected limit (95% CL)

I l\_l/a;:)% TeV, 139 1o I Expected limit +1c ]

104 3 n ) H [ Expected limit +2¢
: H . E== Theory prediction
T ... * SM prediction

103k - H

S
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Limit on spin O resonance with
mass m, and narrow width

ATLAS Preliminar}/
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I|IIII|IIII | T |
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P R
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Obs. limit between 620 and 50 fb

for m, € [251, 1000] GeV
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https://cds.cern.ch/record/2759683

*
LU advantages

e Reduce effect of jet and photon energy resolution
e ~falling shape for non-resonant bkg
e peak at m, for resonant HH signal

X

> O.3_I LI L | L | L I L | L | L I L l_
o] - ATLAS Simulation Preliminary -
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JHEPOQ7(2020)108

VBF HH—bbbb at ATLAS with 127 fb™ - results

e No deviations from SM observed

Limit on spin 0 resonance with
mass m, and narrow width

Limit on VBF HH XS vs k2V

o) S B e - N N AR AN R RN AR RN RN RN S
E - ATLAS = Theory prediction ] ; 10° | ATLAS — Observed limit (95% CL) 7
I 10°F \s-13TeV, 126" — Observed limit (96% CL) 5 L =~ E  \s=13TeV, 126" ... Expected imit 95% CL) 3
g_ \ - HH—Dbbbb 0 e Expected limit (95% CL) 1 T Wl HH— bbbb . £ oocted= | a
e — X T |0 —
f—i 10 E " Expectedt 1o 3 >1<\ 10 = Spin-0 narrow resonance g E
b§ 5 - Expected+ 26 _ % C Expected = 26 ]
e T g10E E
- 1 & F =
o N C §
10 10°E E
10,;_ ?; - ]
= 3 10 =
e | | i | | . 5 i ........ lsssaliioilenislasrallssoslopsilioss E.

—4 -2 0 2 4 6 200 300 400 500 600 700 800 900 1 000
Koy m, [GeV]

Obs. k,,, € [-0.43, 2.56] Obs. limit between 10 and 4 fb

Exp. k,, € [-0.55, 2.72] for m, & [260, 1000] GeV
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JHEP11(2020)163

Boosted X—HH—bbt 1_at ATLAS with 139 fb"’
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Reconstructed HH—bb1T candidate

For Iarge mx non-resolved on ATLAS transverse plane

1.7 (and bb jets) pairs 3 =
~-—— = _ H-bb
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HH projection for HL-LHC at CMS and ATLAS

e Focus on most sensitive HH decay channels

e Based on MC simulations with pileup conditions and
detector performance expected for HL-LHC

e Analyses optimized for 3000 fb™! of integrated lumi

e Studies extended for Snowmass 2021
o New analysis techniques, additional HH production modes and
final states
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https://snowmass21.org/
https://doi.org/10.23731/CYRM-2019-007.221
http://cds.cern.ch/record/2806962

CMS-ATLAS HH combination @HL-LHC

CERN Yellow report Vol. 7 (2019)

Significance
HH channel (standard deviations)
ATLAS CMS

bbbb 0.61 0.95
bbrt 2.1 1.4
bbyy 2.0 1.8
bbVV(ftvv) - 0.56
bbZZ(41) - 0.37
Combined 3.0 2.6
Combination @(D

w/o syst. uncertainties 4.50

2AIn(L)

<052 <k, <1.5@ 68% CL_>

S and CMS 3000 fb™' (14 TeV)

12

ATLA

*

HL-LHC prospects

—— ATLAS
—e— CMS

{ —e— Combination

Expected SM

k

k,=0 excluded @ >95% CL

> Evidence of SM HH expected with 40

> Minimization of syst. uncertainties will be crucial
o Theory, heavy-flavor jet ID, 1 reconstruction & ID, ...

95%

68%
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https://doi.org/10.23731/CYRM-2019-007.221

CMS-PAS-FTR-22-001 / ATL-PHYS-PUB-2022-018
Improvements from Snowmass studies

o ATLAS Run 2 HH—bbyy and 2™ ausramm |
- /s=14 TeV, 3000 fo!

bbTT results projected to 3 ab 'S 10 Eotn L e

8} —*— Allcategories

o 30(10)% improvement on SM HH e High mass categories

Low mass categories

bbrT(bbyy) wrt yellow report g

mostly from improved analysis af

techniques i
Pl

2 i
o bbyy precision on k, improved %i ..................... .
. . -12 -10 -8 -6 -4 -2
through event classification on

4-body mass

e CMS HH—Dbbyy projection re-optimized with updated MVA
architecture and VBF HH cat’s

o 20% improvement wrt yellow report
+ New projections for HH—-WWyy and 11yy final states
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http://cds.cern.ch/record/2806962

Fabio Monti - IHEP CAS

HH projections for HL-LHC with Showmass updates

e Naive combination assuming no correlations between
channels and experiments

Significance
HH channel (standard deviations)

ATLAS CMS
bbbb 0.61 0.95
bbTt 2+ 2.8 1.4
bbyy 20622 4+82.16
bbVV(ftvv) - 0.56
bbZZ(4%) - 0.37 + upper limit on
WWyy + TTYY - 0.22 ttHH(4b) XS of 3.14
My naive combination 4-0 4.6 XSM @95% CL

> |Improvement of results possible through new techniques
& ideas—observation of HH? .0



Impact of resonance width on X—HH sensitivity
e ATLAS X—HH—bb search with 127 fb™’

Limit on spin 0 resonance with
mass m, and narrow width

S [F | A | T T T T | L l IIIIIIII I L ] L | T T T T | LI 7
E ] 05 :_ ATLAS — Observed limit (95% CL) _:
T E -1 3
T £ \s=13TeV,126 b ---- Expected limit (95% CL) 3
T ' HH-Dbbbb .
Q 10 ] Expected + 1o —
£ Spin-0 narrow resonance 3

g_ C Expected = 26 ]
- 10°E —
@ E 3
> C —_ -
S N O, =4MeV -
102 X =
10 e =

1—— IIIIIIII I IIIIIIII I 111 1 I L1 11 | IIIIIIIIIII :I

200 300 400 500 600 700 800 900 1000

m, [GeV]

Limit on spin O resonance with
mass m, and broad width

GVBF( pp— Xjj— HHjj) [fb]
s 3
T IIIIIIII T IIIIIII| TT

ATLAS — Observed limit (95% CL)
\s=13TeV, 126" ... Expected limit (95% CL)
HH— bbbb

Spin-0 broad resonance

Expected + 1o

Expected + 26

O,/ M, ~ 10-20%

-
e
.....
e
.
__________
-

1 IIIIIIII 1 IlIIIIII | IIIIIII| 1 IlIIIIIl 1 IIIIIII| |1

300 400 500 600 700 800 900 1000

m, [GeV]

50



Phys. Lett. B 801 (2020) 135145

HH—bb2f at ATLAS with 139 fb! of data
o H-W*W /Z*Z /17 final states with 2¢{

o lept. and b-jet ID > Main backgrounds from tt+x
o selections on m,and m, . and z/y*+heavy-jets events
e DNN multiclassifier to optimize signal vs bks separation
e Counting experiment in high DNN score region
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https://www.sciencedirect.com/science/article/pii/S0370269319308676

Trilinear self-coupling in single-H mechanisms

e A-dependent NLO electroweak

corrections to single-H XS

Examples of A-dependent diagrams
for single-H mechanisms
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https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-017-5410-8
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-017-5410-8

A measurement from single-double H comb
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