Latest result on di-Higgs searches at the LHC
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The Higgs mechanism

The Electroweak symmetry breaking mechanism has deep implications on
particle physics and cosmology.

Measuring the Higgs self-coupling would provide a strong test of the Higgs
mechanism of the Standard Model.

Higgs
potential
Our Stable
vacuum
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field

The shape of the Higgs potential has strong implications on the stability of the
universe.
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Measuring the Higgs self-coupling with di-Higgs
The Higgs self-coupling is one of the few parameters of the SM never directly
measured.

Di-Higgs production allows for measurement of the self-coupling A !
It can probe the shape of the Higgs potential around the minimum

| V4 ((:')T(;)) = /zgc‘)To e X ((,‘)T(,‘))Q
The EFT framework

For more model-independent interpretations, the Trilinear JH
Lagranglin is parametrised with coupling modifiers: seff-coupling  m ‘;;
’{:A —_ \\
ASM N H
H H

Several BSM theories predict enhanced di-Higgs
production, which would manifest as modifications in K
wrt. to their SM values

Quadrilinear K
self-coupling X
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HH
- : : o= =31fb
Di-Higgs production at the LHC : gluon-gluon fusion ;‘fF

The main di-Higgs production at the LHC is gluon-gluon fusion (ggf). TggF = 48 pb
It's cross-section is about 3 orders of magnitude lower than that of single-Higgs.

About 4k HH events expected in the full Run2 LHC dataset

Two diagrams of ggf HH production
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v e HH production at 14 TeV LHC at (N)LO in QCD
i M M,=125 GeV, MSTW2008 (N)LO pdf (68%cl)
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Strong destructive interference between the
two diagrams, leading to very small HH
cross-section.

Exploiting the different kinematics between the triangle

and box diagrams is expected to improve the sensitivity
toK,.
A

G(N)Lo[fb]

BSM effects can enhance the HH cross-section
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Di-Higgs production by Vector Boson Fusion (VBF)

Similarly to single-Higgs, HH can be produced by fusion of vector bosons at
proton colliders:

Can measure Koy»

the coupling of HH with
2 vector bosons (W/Z)

Advantaqges: Inconvenients: |
e tagging with two forward jets in final o lower Crogs-secglgn than
state gluon-fusion oypp = 1.7 fb
e no colour connection between VBF jets, (by about 1 order of magnitude)
leading to reduced central hadronic Also rarer production modes :
activity wrt backgrounds e  association with top pair
e association with W/Z
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HH search channels overview

X7 7.7

/ N Single-Higgs N
MTT decays modes
« - cc with BR
. uo

other
0.2%

J

Di-Higgs searches have to strike a compromise

: - : : Matrix of di-Higgs decays with BR
betwe_en pur.lty of final state and branChI_ng |:at|o_ All circled decays are included in the CMS HH
There is no single golden channel : combination is key! combination

Higher BR [TITEVITY HH—bbTT HH—bbyy

Lower BR

C——

Lower purity I-(IEh—;cljog\lll\g‘V)\l [ HH—bbzZ

(ZZ2—41)

J

)

Higher purity
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Latest HH combinations
No single channel drives the sensitivity : combination of final states is important !

Signal strength of HH measured by ATLAS and CMS

ATLAS

Vs =13 TeV, 126—140 fo-'
Ogot . ver(HH) =32.8 fb
HDBS-2021-18

—e— QObserved limit (95% CL)

Expected limit (95% CL)
(4HH =0 hypothesis)

[ Expected limit 10
1 Expected limit 20

Obs. Exp.
bbil + Emiss — + 10 14
Multilepton— * 17 11
bbbb—~ * 5.3 8.1
bbyyl * 4.0 5.0
bbbttt - + 5.9 3.3
Combined— i# 2.9 2.4

0I I 'él = I1I0I = I1I5I = I2I0| = I2|5I = ‘SIOI = I3I5I = I4I0I

95% CL upper limit on HH signal strength gy

Most sensitive analyses: [l
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W*Wryy
Obs. (Exp.): 95 (54)

bbzz, 41
Obs. (Exp.): 33 (41)

YT
Obs. (Exp.): 31 (26)

Multilepton
Obs. (Exp.): 22 (20)

bbW*W

Obs. (Exp.): 16 (18)
bbyy

Obs. (Exp.): 8.4 (5.6)
bbrt

Obs. (Exp.): 3.4 (5.3)
bbbb

Obs. (Exp.): 7.5 (4.3)

Combined
Obs. (Exp.): 3.5 (2.5)

CMS Preliminary

138 b (13 TeV)

T i
K1=Kt=KV=K2V=1
—e— Observed
------ Median expected

'HIG-20-011
E= 68% expected
...... 95% expected

|

o 2ol
1 10

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

P 0l
100

Theory

HH—bbyy

Observed limits
[ ATLAS h

opgg < 2.4 0'?11\;[

.
[ CMS A
ogg < 3.5 O’%A;E’[
" y

Full Run2 data is
not enough for
observation of HH



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-18/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/

Anomalous couplings results (combination)

The interpretation using anomalous couplings allows for model-independent probes
of BSM effects

mm“”WWMW 138107 (18TeV) o CMS Preliminary 13810 (13 TeV)
[ — Observed ------- Median expected = Observed =~ seen Median expected § HIG-20-011
i - Excluded [ 68% expected + Excluded B 68% expected
| == Theory prediction === 95% expected 10%t &= Theory prediction === 95% expected 4
¥ SM prediction » SM prediction :

1035‘

-
o

95% CL limit on o(pp — HH) (fb)
95% CL limit on o(pp — HH) (fb)
<

u 1L Excluded . Excluded ]
) y r K}\, = Kt = KV = : ¥ :
Bk 10205 00 05 10 15 20 25 30
N Koy
““u  All other couplings are fixed at their SM value LV?“}_V/ -

T -H

The latest CMS combination allows excluding k,, =0 at 95% C.L. (—showing 5
existence of VVHH coupling), thanks to the VBF channels
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/

Overview of main analysis channels

Higher BR HH—4b HH—bbTT HH—bbyy Lower BR

. ~ HH—bbzz | |
Lower purity HH—bbWW [ ] Higher purity

(—lvgg & vlv)

(ZZ2—41)
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Largest branching fraction, but very large background from QCD and tt

2 kinematic regimes : resolved & boosted

f ‘

4 small-radius (AK4) 2 large-radius jets =02

containing one b jet containing merged
H—bb decays

Each jet is _ _ Novel
independently Machine Leaynmg taggers o)
b-tagged targetting H—bb jets, 3 4

including jet mass )
b-jet mass regression regression (/|
(account for different /[
composition of heavy vs light /
flavour jets)
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Novel analysis techniques for HH—4b
Calibrating H—Dbb jet taggers is crucial for HH

searches, as it is often the leading systematic CMS calibration of H—bb tagger
uncertainty on boosted searches. on gluon—bb events
Very large background makes calibration a difficult task

ATLAS calibration of H—bb tagger

; b(c)
on Z—bb and Z(—bb)y events ¢—bb jets are used so ST
selection
. = 8

3 soc0[. ATLAS  Preliminary 4 paa as proxy for H-bb: --2e.ceuna.... )@
) —sinakeacgouncs S @ Z—[[ events are used U BDT t ”»
= i Signal .
L% :jgzé_ Bagckgrounds tO determlne the .e St?ait b;from

1200 i re-tag yield X &= b(@)

o P 37 QCD multijet y

zgo; Z:/: bE_)J:::/scalibration e /—bb events are eventS —

OO ey 500500 Gev used at high p, for characteristcs

200 T t

o post-tag yield, with Z OJI[:’erfotrm tag&Fmbe »

I . (—bb )y at lower p, O extract scale
5 oppitddal, oty 3 factors 50

_55(_; 60 70 80 90 100 110 120 130 140 1_;0 ATLAS FUB-Z1-05 CMS DP-2022/005

Large-R jet mass [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-035/
https://cds.cern.ch/record/002805611

HH—bbtt Good compromise between branching ratio and purity of

final state

Complex analysis targetting 3 11 pair decay \
modes, in both ggf and VBF production modes

ATLAS analysis flow, showing the 8 different triggers used
channel: Thag Thad bb ven channel: ££bb @_{ sfve:t ]_’[ CR ]

Multiple uses of machine \

learning techniques:
e b-jet identification
e hadronically decaying tau
lepton identification
e ggF vs VBF classification
e final discriminant

Trigger strateqy developments:
e dedicated VBF triggers
e Db-tagging at trigger level

e enhanced tau identification

ATLAS : HDBS-19-27
CMS : HIG-20-010
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-27/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-010/index.html

HH—bbyy

Very low branching ratio but mass

resolution on H—yy is very good

Latest ATLAS result combining Run2

and early Run3 (2022 to 2024)

ATLAS Preliminary

VS =13/136TeV, 140/ 168 fb1
HH - bbyy

CONF-2025-005

—— Observed Limit

Expected Limit (uyy = 0)
Expected Limit (uyy = 0) + 20
Expected Limit (uyy = 0) £ 10
Expected Limit (uyy = 1)
Expected Limit (Uyy = 0)

% arXiv:2310.12301

Exp. Exp.
O0S: (11 = 0) (i = 1)
Run 2+ i *‘)’i’ 4.8 4.2 55
A
] i
Run 3+ E 1, * 5.8 3.8 5.0
. |
1
Combined E { 3.8 26 3.7
0 2 4 e 8 10 12 14 16

95% CL upper limit on Ly

Events /2.5 GeV

Data/MC
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= T T T =
— ATLAS Preliminary ¢ aataSM 3
E {5-136TeV, 1681 o Snaioll E
E HH—bbyy pre-selection yy+bb B
: Run 3 Yr+ i -
i B Data-driven yj  —
C Data-driven jj e
- 7~ MC stat. unc. =
nil ——HH(SM) x50 o
. o 3
= teea ., =
= e, E

110 120 130 140 150 160
m,, [GeV]

Re-analysis of Run2 data with new analysis
techniques brought a ~20% increase in
sensitivity on the same dataset !

Using:
more advanced ML techniques for
b-tagging (based on transformers

architecture)

a new kinematic fit to improve the
invariant masses resolution
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-005/

Other analysis channels

HH—bbZZ(—4 leptons)

HH—bbWW
(to 1 or 2 leptons) | Very pure final state but extremly
S B8 small cross-section
EA = Et =_1 ’ —— Observed - + 10 expected
Vo . ATLAS : HDBS-2019-04 CMS : HIG-20-004
HIG-21-005 ----- Median expected  ----- * 2 ¢ expected \ )
bbWW - |
dilepton
Expected: 27
Observed: 19 | ]
dviag Multilepton analyses
Observed: 28
C i . .
ey e to W pair and/or 1 pairs
Observed: 14 N 2T T

1 1 1
0 10 20 30 60 70 80
95% CL upper limiton o(pp > HH) /o, ) e 1O YYTT é'K/ILéAE' IHG?Ss_éég 19-04

- J

Many different channels to bring some additional sensitivity to the search for
di-Higgs
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-005/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-04
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-004/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-04
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-002/index.html

Combinations and future
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Combination of single & di-Higgs Combining single-Higgs and di-Higgs
brings complementarity to constraints

K, VS K, K,, VS K,
- 138 fb' (13 TeV
~ 13 CNIIS — ——— ———] 13'8 ,fb,1(|1'r’,)’ TeV) a CMS L I L I L B |3§ T ( | e )
e | Observed — single-H comb. ] ¥ 4__ Observed — single-H comb. tggﬂstfitvalue i
1 2:_ Ky = Kpy =1 HH comb. _ [ =K =T HH comb. —68.3% CL (10)
) — single-H and HH comb. 3:_ — single-H and HH comb. Zg:g:ﬁ,nggﬁ_(%) i
11k HIG-23-006 : :
1 O:_ "“\\ l‘:,,' \“" /,,'I _: 2:_ :“‘,‘-'- """" ': _:
0'9;_ Ty U 4sM ] 1: <O ot :
I ¢ Best fit value I I
0.8 —68.3% CL (To) OF 1
3 ---95.4% CL (20) | j } : '
0.7 e T T e 08 09 10 11 12 13
-5 0 5 10 15 : : : : : :
K, Ky
Di-Higgs brings some additional Only di-Higgs can constrain k., , whilst
constraint on K single Higgs constrains K, better
A V
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http://dx.doi.org/10.1016/j.physletb.2024.139210
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-23-006/index.html

Anomalous couplings interpretations
Di-Higgs searches can also be used to probe ° ¢y ,2”
anomalous couplings not predicted by the Standard NN
Model, such as the c, coupling between two Higgses & N

and two top quarks

Higgs effective field theory (HEFT)
“‘benchmarks” are also probed : these are
sets of modified couplings where more than
one coupling is varied at a time.

CMS Preliminary

138 f" (13 TeV)

—
o
w

- = Observed
- Excluded
Theory prediction
¥ SM prediction

—_
(@)
N

N
N

10F Excluded

95% GL limit on o(pp — HH) (fb)

N
\

'/,
V.

....... Median expected A
[ 68% expected
....... 95% expected

. Excluded
N,

PR S S T P PRI
-1.0 -0.5 0.0

HIG-20-011

05 1.0 15
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/

Future analysis directions Triple-Higgs production

New decay channels and production

. . Can constrain the Higgs quartic coupling.
modes, with smaller cross-section: However, cannot set strong constraints at

—— — LHC due to extremly low cross-section
Di-Higgs production in
association with a vector boson ATLAS HHH—6b search

CMS VHH (HH—4b) Hic-22-006 4

S e 2 e s R i ) B R B B i ) B o
- - - Exp.68% CL
cMS_ 138®'(13TeV) 50 ATLAS HIGP 2_924 32 C ook
Ky=Ky=K=1 - Median expected Vs=13TeV, 126 fb eenmiiiiee. . — 83: ggofz 8t 3
Observed B8 68% expected 200~ HHH — 6b g;\ﬂltamy
X
S —— 95% expected >
MET channel 100
Small radius
obs. (exp.): 340 (252) | —
MET channel 0
Large radius
obs. (exp.): 707 (480) [ — -
1L channel 100
Small radius

obs. (exp.): 367 (737)

1L channel
Large radius
obs. (exp.): 473 (398) |

o -200

-300

2L channel
obs. (exp.): 298 (210)

-400

FH channel

obs. (exp.): 367 (220) -500

. PO S L BN DR N RN
e A g =0 10 0 10 20
1
100 1000
Upper limit on c/cg,
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-006/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-32/

HL-LHC projections

High-Lumi LHC will bring a projected 3000fb™! of integrated luminosity.
It is expected that this will allow evidence of di-Higgs production when combining all

the decay channels.

With significantly improved analysis techniques and combination with ATLAS, it might
be possible to claim discovery of di-Higgs at the end of HL-LHC.

Median expected

S1 scenario
Expected: 0.7

S2 scenario
Expected: 0.5

Stat. Only
Expected: 0.4

CMS Projections Preliminary
D U L N L L

3000 fo' (14 TeV)
T T | LI | L | T T 7T | L
Combination

B 68% expected
95% expected

Same systematics a
as Run2

Reduced
systematics

00 02 04 06 08 1.0

95% CL limit on o(pp — HH) / &

N PPN BRI RFRPRTEN RN A
12 14 16 18 20

Theory

Discovery Significance [o]

(13-14 TeV)

CMS Projections Preliminary

- —— Stat. Only

T T T LI B e T

S2 scenario

K =K=K=Ky=1 7

N R RN B BN B
500 1000 1500 2000 2500 3000

Luminosity [fo]

Latest CMS

projections
HIG-20-011

including channels :

e bbyy

e bbTT

e 4b (resolved &
boosted)

e VHH (—4b)

e bbWww

e bbZZ (leptonic &
hadronic)

e multilepton

o WWyy

® TTYY
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/

Conclusion

e Observing the Higgs boson self-coupling is one of the main target of the next
decade at the LHC

e The upper limit on di-Higgs cross-section is currently at 2-3 times the SM
expectation

e The self-coupling K, is constrained around -1 <k, <6

e The absence of VVHH coupling is excluded (k,,, '=0)

e Limits on di-Higgs are still statistically dominated, but more data is foreseen
o analysis of the Run3 dataset is well underway, with already significantly more integrated
luminosity accumulated wrt. Run2
o High-Lumi LHC will bring an unprecedented amount of data

e Innovative analysis techniques are steadily improving the sensitivity, bringing
us closer to observation of di-Higgs production
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Backup
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VBF results

Multilepton
Obs. (Exp.): 343 (463)

bbW*W

Obs. (Exp.): 272 (289)
bbbb

Obs. (Exp.): 226 (274)

bbyy

Obs. (Exp.): 225 (208)

bbt+t
Obs. (Exp.): 126 (154)

Combined
Obs. (Exp.): 79 (91)

CMS Prellmmary 138 fb™ (13 TeV)
T T T TTTT
KK—KI—KV—KZV—‘l
—e— Observed = 68% expected
------ Median expected :=-::- 95% expected

4 BT, 100

95% CL limit on o(pp —» qqHH) / ©

1000

Theory

Théo Cuisset - Laboratoire Leprince-Ringuet

22



CMS Pre//m/nary 138 fb (13 TeV) CMS Prel/m/nary 138 fb' (13 TeV)
> BURILES BT > TE T IR W S A A
2 D Sca n S Of 3.0F — Observed — 68 3% CL (10) 1 & 47 S Observed —— 68.3% CL (10)
r Expected = ssesem 95.4% CL (20) F Expected = seseen 95.4% CL (20)
250 ¢ Bestfit  aeen 99.99994% CL (50) 1 i ¢ Bestfit e 99. 99994%CL (50)
anomalous B o
BEE  ememec ] 3
couplings (B e {9 ; -
10F & % @ . 1 .
0.5:_ R LT ——_ ] i
r ] or .
0-0:' K=ty =1 7 [
I | P P 1 I RN B AR B _1_.1 | I L [ SRR B
-8 6 4 -2 0 2 4 6 8 10 12 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
K, Ky
20, CMS Pre//m/nary 138 fb (1 3 TeV)
k= | PR B B R T
< F — Observed — 68 3% CL (10)
1.8L Expected ~ ssseen 95.4% CL (20) .
[ ¢ Bestfit ]
16F :
1.4F .
1.2F .
1.0F .
0.8F s
0.6F .
0 4:_ Ky = Kpy =1 ]
i A - 1 1 Ll 1 L Ll ]
-6 —4 -2 0 2 4 6 8 10
Ky
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