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Double-Higgs (HH) production:
e OHH~31fb at 13TeV

e sensitive to trilinear self-coupling

e deep physics program in ATLAS and CMS to
measure HH production: SM possibly in reach
at the end of LHC Run-3
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e sensitive to quartic self-coupling




How do we measure Higgs self-coupling at the LHC?

Ka = AHHHH/AsMm N
(AHHHH = V4 A) \\ H

Focus of today’s presentation !

Double-Higgs (HH) production:
e Oonn~31fb at 13TeV
e sensitive to trilinear self-cou

e deep physics prog

pling
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LAS and CMS to
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Triple Higgs (HHH) production:
* OHHH~0.08fb at 13TeV:

—(0O(10) events at LHC Run-2
—((2) events after HHH(—6b) decays

—comparison: O(1300) events in HH(—4Db)
for an exclusion limit at ~5-SM

e sensitive to gquartic self-coupling




Triple-Higgs production in the Standard Model

HHH production at the LHC is sensitive to several Higgs coupling parameters
(through interfering diagrams)
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Triple-Higgs production in the Standard Model

HHH production at the LHC is sensitive to several Higgs coupling parameters
(through interfering diagrams)
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HHH production at the LHC is sensitive to several Higgs coupling parameters

Triple-Higgs production in the Standard Model

(through interfering diagrams)
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HHH experimental analysis

Very small onnn (~0.08 fb) - BR’s important to determine viable experimental channels
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e HHH(—6b) ~ O(20%)

e HHH(—4b2W) ~ O(20%)
(+W decays)

e HHH(—=4b2T1) ~ O6%)
° (—4b2y) ~ O(0.2%)

In ATLAS focus on HHH(—6b)
toO maximise statistics.

CMS already explored smaller
channels (4b2y) as well.



HHH experimenta| analysis Phys. Rev. D 111 (2025) 032006

Chal Very small onnH (~0.08 fb) 6 bottom-quark jet final state
allenges H(bb) decay * large QCD background
for maximum statistics * 6 bottom-jets pairing

Relatively simple analysis selection:

* combination of b-jet triggers across full Run-2
(2b2j, 3b1j)

* at least 6-jets (40 GeV), at least 4 b-jets (DL1d 77 %)
* 4 b-jets: validation region
* 5 b-jets: background extrapolation region

* 6 b-jets: signal region

... relatively busy final state |



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.032006

HHH experimental analysis Phys. Rev. D 111 (2025) 032006

Very small ounH (~0.08 fb) 6 bottom-quark jet final state

H(bl) decay * large QCD background
for maximum statistics * 6 bottom-jets pairing

Challenges

Run: 349592
Event: 793710422
2018-05-06 03:37:28 UTC
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HHH experimenta| analysis Phys. Rev. D 111 (2025) 032006

Jet pairing: how often do we reconstruct the correct Higgs candidate from (bb) pairs?

reconstruct (bb) pair consistent with Higgs mass ~ 125GeV  [efficiency ~ 60% for SM]
img1 — 120GeV| + |myy — 115GeV| + |my3 — 110 GeV|
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Phys. Rev. D 111 (2025) 032006

HHH experimental analysis

MVA: how do we distinguish the signal from the background?

DNN approach combining variables (with minimal correlation with b-tagging information)

Trained on Sb-data as background

Variable Definition nonres res heavyres
. . L. w l LI I | I L I UL | L I UL I L ' UL l L L I L
mpy-radius  Euclidean distance between the event and the pairing center v € ® ]
(120,115, 110) GeV in the (m 1, mpr2, mpr3) volume. o - ATLAS Data —
. . . > _ -1 —
M| cll{:tceonstructed mass of the highest pr Higgs boson candi- v/ v L r =13 TeV, 126 fb — (mx’ ms) = (400, 200) GeV*
s R ‘ (RS, of the v P y 10* =Non-resonant interpretation SM HHH® —
mi; oot-mean-square of the invariant mass o — -
possible jet pairs that can form a Higgs boson candidate. - ?b Slgnal Reglon Post-fit —
RMS(AR;j)) RMS of the angular separation between all possible jet v v : S|9n3| normal'zed to baCI(g rou nd . Post-fit baCkground :
pairs that can form a Higgs boson candidate. / _
RMS(7n) RMS of the pseudo-rapidity of the Higgs boson candidates. v v 7 Uncertainty
Skewness Skewness of cosh(An;x) — cos(Ad;x), where i, k are all v 103 — Low-Score . High-Score L
AAj possible jet pairs that can form a Higgs boson candidate. . -
H;j Scalar sum of the pr of the 6 jets selected to reconstruct v : -
the 3 Higgs boson candidates. =
cos In the (mpy1, mp2, mp3) coordinate system, @ is the angle v 7
between the vector from the origin to the event’s recon- 2
structed mass of the Higgs boson candidates, and the 10 - —
vector from the origin to (120, 115, 110) GeV. -
Aplanaritys; The fraction of pt from the 6 jets selected to reconstruct v/ v v
the 3 Higgs boson candidates lying outside the plane
formed by the 2 highest pr jets.
Sphericitys;  Isotropy of the momenta of the 6 jets selected to reconstruct v
the 3 Higgs boson candidates.
; ; o 1.2 T T T T ey Tt T T T
Transverse  Isotropy of the p of the 6 jets used for Higgs reconstruc- v ) — ’ u
Sphericitys;  tion, within the x — y plane. Qh. 112 ull : a
Sphericity Isotropy of the momenta of all jets in the event. v E 3 E +
5.1 2P pEx(cosh(An (ik))~1) . oy O 1.04 ;
N — MHHH — where i, k are all possible jet v 0 b/ 7. 7 P I P09P, 7,
fraction pairs that ca’rilﬂfgrm a Higgs boson candidate, and myp gy 0 96 W /// /// / /A/ /// /:% ///{ /4/ /3
is the reconstructed tri-Higgs invariant mass. ’ C ’ H
ARH Angular separation between the jets paired to form the v v 0.88 . E —
highest pt Higgs boson candidate. = . -
AR Angular separation between the jets paired to form the v v 08—t
second-highest p1 Higgs boson candidate. 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 DNoNg 1
ARp3 Angular separation between the jets paired to form the v v nonres Score

lowest pt Higgs boson candidate.
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HHH experimental analysis Phys. Rev. D 111 (2025) 032006

Background modeling: QCD multi-jet multi-b background fully data-driven

extrapolation from low-DNN and low-#b-tag regions to fully control the bkg shape and yield

Key assumption: QCD modeling similar for 4b, 5b, 6b events
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Binned DNN distribution fitted in the final fit: [8b] + [6b] regions in the profile likelihood
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HHH experimenta| analysis Phys. Rev. D 111 (2025) 032006

—xtrapolating in #b-tags means that the figure of merit for good modeling is D = R6b /5b / R5b /4b

Low DNN-score region: non-closure in the double ratio D taken as systematics
(accounted for 3 different uncorrelated variables)
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HHH experimental analysis Phys. Rev. D 111 (2025) 032006

—xtrapolating in #b-tags means that the figure of merit for good modeling is D = R6b /5b / R5b /4b

Low DNN-score region: non-closure in the double ratio D taken as systematics
(accounted for 3 different uncorrelated variables)
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HHH ATLAS Run-2 results Phys. Rev. D 111 (2025) 032006
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HHH ATLAS Run-2 results: TRSM interpretation  hys. Rev. 0 111 (2025) 032006

Results in the HHH(6b) final state can be translated to limits to TRSM and generic heavy resonance models:
DNN approach re-optimised for different signal models
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Hl -L HC Projections ATL-PHYS-PUB-2025-003

SM HHH limited by small cross-section and low statistics: O(10 times) more data at HL-LHC
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Hl -L HC Projections ATL-PHYS-PUB-2025-003

SM HHH limited by small cross-section and low statistics: O(10 times) more data at HL-LHC
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Hl -L HC Projections ATL-PHYS-PUB-2025-003

SM HHH limited by small cross-section and low statistics: O(10 times) more data at HL-LHC
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CMS results & other channels CMS PAS HIG-24-012

Recent CMS results for the HHH(6b) final state: CMS Supplementary Preliminary 138 10" (13 Tey)
. . . . HHH - 6b —* Observed ~  ===-= 68% expected
* Including boosted and semi-boosted topologies, | voden ooociod R 559% excectod
one or more H reconstructed as large-R jets T ; -
. oost :
— O(20%) improvement o 370 1
* including events with <3 reconstructed Higgs ooty o
- . . Oks:iiss | o O(25%) better limits
(impact of limited b-tagging acceptance) Resolved ; thon ATLAS
— O(18%) improvement obe- 615
oo 1 MHHH < 588
CMS Preliminary 138 fb" (13 TeV) . — . ol
h S L L % _ 5(0D —> .
. 400;_HHH—> 6b, MHHH(K3’K4)’ uHH(Ks) Ezg gg:ﬁ gt —i 95% CL limit on o(pp — HHH) / Theory
300:_ - = Obs. 68% CL = ] ]
- —osswc o Gonstraints on the self-coupling plane:
200 :_ ? glr:/:tanty bound _:
100 e 3 * HH processes included as background,
oF = with ks dependency
-100F S0 Tl = — strong Impact on k’'s constraints |
200F [ AT —— T = (missing from ATLAS results)
-300 —
QO  Difficult to model HH(ks,ka4) yet
s % Kaka) Y

®


https://cds.cern.ch/record/2945361/files/HIG-24-012-pas.pdf

Conclusions & Outlook

First triple-Higgs experimental search from ATLAS in the 6 b-jets final state
o Limits still very far from SM (~750xSM)

e Sensitivity to trilinear and (uniguely) quartic self-coupling,
some complementarity with HH

* Probing TRSM / heavy scalar BSM models

Clearly this is a physics target yet far from Standard Model sensitivity, yet some interest
growing In the experimental community.

Refining analysis techniques (see CMS) and exploring other channels (40271), possibly
interesting results already at HL-LHC?

alala workshop

14 16th of July 2023 Dubrovnlk
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Triple-Higgs production

HHH cross-section dependency on Higgs self-coupling: the details
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Standard Model = ks=ks=1
XSmin(ks, k4) = k3 ~2, ks ~8
XSmin(ks, ka=1) = k3 ~1.6
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Triple-Higgs production
This complex dependency makes measuring the ks and ks parameters non trivial

OnHH(Ks, ka=1)/0HHH(SM) OHHH(K3, Ka==-100)/0HHH(SM)

OHHHIOsm . OHHHIOsm
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ol \/
: 4 different values of ks
: could fit this signal yield

109 -

-15 -10 -5 0 5 10 15 20 -15 -10 =5 0 5 10 15 20

Our signal scaling with a non-linear function of ks and ks can create degeneracies if we only
rely on the signal-yield and cross-section information: Higgs kinematics can help

(3)



Impact of coupling variations on HHH kinematics:

A.U.
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X ->SH - HHH - 6b : The first ever search of this topology at the LHC!

/ [CERN-EP-2024-285]
6 small-radius b-tagged jets from @

Searching for heavy scalars in TRSM

o H
* 325<myg<575GeV e o Higgs boson decay
[ ---‘\ " H . f
200 < Mg < 350 GeV Nhioo e Large # combinatorics: C(6, 2) = 15
& generic heavy resonance ~°~\ * Mass-based method, minimising:
* 500 <my <1500 GeV “~H my; — 120 GeV| + |my, — 115 GeV| + |mys — 110 GeV]

e 275<mg <1000 GeV

6x10'3
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X —->SH - HHH - 6b - The first ever search of this topology at the LHC!
| [CERN-EP-2024-285]

No significant evidence of BSM signals observed

Non-resonant interpretation: constraints placed on the trilinear & quartic Higgs self-coupling
modifiers k3, K4 (see Bill Balunas’ talk on non-resonant HH)

Obs. upper limits on

O'TRSM(X —- SH -» HHH - 6b) O'Heavyresonance(X — SH - HHH — 6b)
< _350 %'
B 550 1 g O 1400 ©
= 1300 &®  x 2
= . o £ O
- I_ I_
500 1050 & 1200 S
@ @
< <
D ¢)]
450 200 & a
48 —310 fb § 1000 5 5.7—-381b
D D
150 = =
400 - 3 i L
_ o 800 ATLAS - 9
ATLAS i 100 g Vs =13TeV, 126 fb~" 3
! Vs =13 TeV. 126 fb~1- — Heavy Resonance —
350 5 TRSM Benchmark 3 = LF =
nolnresDNNi resDNN | | enc rrrar 3 : 50 600 p | (m_xzm_szO.IO1) _
200 225 9250 9275 300 325 350 — 400 600 800 1000
mg [GeV] mg [GeV]
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HHH signal phenomenology
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HHH signal phenomenology
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HHH signal phenomenology
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Unitarity Bounds

100 ———————— T T 10
' W ' | Not Favored
8|
50T\ /- |
\ , C Ist order EWPT\ 6
Q- Or \\I\'\ ‘ u / - unitarity bound g
\ — ILCI 4
-50¢F / & | ree leve
' \x / ' b . 2| :aculum :stability
' ' constraints on
. L , 0 TI?I?: gosle t':t?n':iagtg: ::Ign;za;oaun; n:"g] : "tm‘
e G 0 1 2 3 4 5
K3 K3
|k3 (= ka)| = 6 from unitarity bounds vacuum stability poses conditions
[slisht dependence on K] on the relationship between k3 and Ks

- Interesting In case we see deviations
https://arxiv.org/abs/2312.04646
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The RHiggs Potential

The Higgs Potential in QF T textbooks of the future
(might still be the Standard Model realisation)

@
-
A,
-,
'-':.._.
;
Ay

Landau-Ginzburg Higgs Nambu-Goldstone Higgs
Coleman-Weinberg Higgs Tadpole-Induced Higgs

1907.02078


https://arxiv.org/pdf/1907.02078.pdf

The Higgs Potential ESU ATLAS & OMS 2025
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https://indico.cern.ch/event/1439855/contributions/6461580/attachments/3045954/5381912/ESU2025_ATLAS_CMS.pdf

HH signal phenomenology: HH Cross-Section

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

MadGraphS aMCE@NLO




Self-couplings through single-H corrections
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e higher order EW diagrams make single-H
boson processes also dependent on the
Higgs boson self coupling lambda

e combination of both H and HH (and HHH")
measurements allows to put stringent limits on
lambda, while at the same time relaxing
assumptions about other Higgs couplings (e.qg.
top-Higgs couplings in particular)
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slides from Giulia Zanderighi

| HC Run 2 analysis

h h
N LHC Run 2 9 \h »’ "
o 600 s +| +| X
,/ \\ B single-Higgs ,L' \\ h
h h 400 . M double-Higgs +
| M triple-Higgs
200 [ unitarity
3 0f 4 2.
: """""" + - W T— h
—~200} -2 "o
+ " / +
J ,,’ ] . "
+ LN T —400
3 + Y
600l W N

—-30-20—-10 0 10 20 30

K3

[Haisch, Sankar & Zanderighi, 2505.20463; double-Higgs bound from ATLAS, 2406.09971; triple-Higgs bound from ATLAS, 2411.02040]


https://indico.cern.ch/event/1387239/contributions/6709944/attachments/3145223/5583601/Dubrovnik2025.pdf

Th e ba C kg rO u n d eSti m atio n slides from Gabriel Oliveira Corréa
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https://indico.cern.ch/event/1387239/contributions/6674700/attachments/3144752/5582604/4b2tau_hhh_workshop_2025_v4.pdf

slides from Marko Stamenkovic N on-resond ni. HHH — 4b2}, CMS-PAS-HIG-24-015

Fit to the data (3, K,) scan

CMS Pfe/lmlnafy 138 fb (13 TeV) CMS Preliminary 138 b~ (13.0 TeV)
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Observed (expected) limit on the signal strength: 1 < 3400 (2086) x SM at 95% CL

e Slight excess observed in data (within 1 sigma)
* Challenging channel, large background and low cross-section
* Selection acceptance, trigger, pairing, tagging, ...

Interpretation: 1D: —16 < x; < 20 and —397 < k,; < 405 as well as 2D scan
. Stamenkovic, 29th of September 2025


https://indico.cern.ch/event/1387239/contributions/6638168/attachments/3144623/5582378/20250929_HHH_workshop_2025.pdf

slides from Marko Stamenkovic

Non-resonant HHH — 6b CMS PASHIG-24012
Number of reconstructible Higgs in 2 AK4
oh 1h  2h  3h
00
! : : :
T 3bh | 1.7%
~JSN N R A R E—
2 2bh | 12.5% 5.9%
U EEAN RN N N
if, 1bh 8.6% 17.5% 7.9%
5 Obh | 1.3% 111% 22.0% 11.1%
0 ? z
oz

OHiggs 1 Higgs wigs

1.3% 19.7% 27 %

From MC study matching simulated b-quarks and Higgs bosons to small-and large-radius jets
*Only 27% of signal events have 3 Higgs that can be reconstructed in the detector acceptance!
* Main issue: tracker acceptance needed for b-tagging
* Most populated regions: resolved Higgs reconstruction
. Stamenkovic, 29th of September 2025 15
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slides from Marko Stamenkovic N On-l’esondnf HHH — 6b CMS-PAS-HIG-24-012

' Prob Multi-H 7
Perform 2 training with same hyper parameters ‘ ProbQCD / TT... '
Inclusive training and then specific in HHHéb

Network sensitive to number of resolved / boosted events in input samples

Inputs

SPANET

Train on signal
and background

‘ Prob 3 reconstructible Higgs '
SPAN ET Train on signal-onl :
gy i ‘ Prob 2 reconstructible Higgs '
‘ Prob 1 reconstructible Higgs '
‘ Prob O reconstructible Higgs ’

A. Stamenkovic, 29th of September 2025 17
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slides from Marko Stamenkovic
Non-resonant HHH — 6b CMS-PASHIG-24.012
Expected contours Observed contours
CMS Supplementary Prellmlnafy 138 fb™' (13 TeV) CMS Supplementary Preliminary 138 fb (13 TeV)
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Study: different interpretations based on normalization effects

* MrEE (K3, Ky) V8 Pgpp (K3, Ky) + Pp(K3) V8 fppp(Ks, Kg) + (K, Ky)
* Using parametrization described in HHH white paper for HHH6b and HH4b

* Inputs from theorists needed: how to parametrize «, in HH? MC generator?

. Stamenkovic, 29th of September 2025 2
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