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DiHiggs and Higgs self-coupling

» The shape of the Higgs potential determined by the self-coupling £
1 1
V() = =p’p> + —Aep*
(¢) S H ¢ A ¢

» Trilinear self-coupling A can be probed directly via HH production, extremely
challenging to measure at LHC

| | | | | | | -
HH production at 14 TeV LHC at (N)LO in QCD - symmetric
e M,,=125 GeV, MSTW2008 (N)LO pdf (68%¢l) | M,=M,=M,=0 !
BN V(¢)
electrowea
se
transitio
iggs
Cé) _____________ 0S 4
18 i
3 — N\ S
12 - - Im (¢)
3 S
14 / — asymmetric
] % Re () extra W, Zpolarisation M.=0
1= MW’ Mz
| | | | | | |
4 3 2 1 0 1 2 3 4

R.Frederix et al: Phys.Lett. B732 (2014) 142-149
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https://www.sciencedirect.com/science/article/pii/S0370269314001828

Gluon fusion HH production at the LHC

Dominant gluon-gluon fusion (ggF)
production mode (oggF = 31.05 fb)
gives best access to H self-coupling

8 (G000 o
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negative
interference
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» Spectrum of myy depends on Ky
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VBF HH Production at the LHC

» Vector boson fusion (VBF) (cVBF =1.73 fb) » smaller kov leads to larger

sensitive to HHVV coupling cross section, harder muH
spectrum, and boosted VBF
signatures
lllllllllllllllllllllllllllllllllllllll LHC 14TeV
o 4., Strong - 02f = SM(ay = 1)

- EPJC77,481(2017) — . -8
2V .
1 = Background |

enhancement M

Signal enhancement oVBF / o{BF
o
UL l

da/dmhh [fb/blﬂ]

1 0_1 |||||||||||||||||||||||||||||||||||||||

Nan Lu (USTC) Search for di-Higgs boson production at CMS 4


http://doi.org/%2010.1140/epjc/s10052-017-5037-9

EFT studies with HH

The HEFT Lagrangian as a function of the anomalous coupling modifiers

h K2\, Mg . ag [ h h2
ALygrr = —my (th T C2;> it — K/\%h i (ng + Cpp v_z) Gy G

Considering operators up to dimension 6, the tree-level interactions of the Higgs boson are

modeled by five parameters Kj, Ki, C2, Cg, C2g

Cg, C2g, C2: Interactions between two gluons and one H boson, two gluons and two H bosons,
and two top quarks and two H bosons




Nonresonant HH searches in Run 2 in CMS

Analysis U Ky Koy HEFT
bbbb, resolved jets 3.9 (7.8) [-2.3,94] [-0.1,22] Vv
bbbb, merged jets 9.9 (5.1) [—9.9,169] [0.62,1.41] v
VHH, HH — bbbb uypy < 294 (124) [-37.7,37.2] [-12.2,89] —
bbtT 3.3 (5.2) [-1.7,8.7] [—0.4,2.6] v
bbyy 7.7 (5.2) [-3.3,85] [-1.3,3.5] v
bbWW, WW — fvqq/202v 14 (18) [-7.2,13.8] [-87,152] V
bbWW, WW — 4q 141 (69) — [—0.04,2.05] —
HH multilepton 21.3 (19.4) [—6.9,11.1] — Vv
TTYY 33 (26) [—13, 18] — —
bbZZ 32.4 (39.6) [—8.8,13.4] — —
WWoy 97 (53) [—25.8, 14.4] — Vv

» multilepton (e, y, ), HH = WWWW + WWTT + TTTT

Table from arXiv:2510.07527 submitted to ROPP

bb WW TT V4 4 YY
bb
WW 25% 4.6%
T 7.3% 2.7% 0.39%
ZL 3.1% 1.1% 0.33%
YY 0.26%
References:

bbbb resolved (Phys. Rev. Lett. 129, 081802 (2022))
bbbb boosted (Phys. Rev. Lett. 131, 041803 (2023))
bbtt (Phys. Lett. B 842, 137531 (2023))

bbyy (JHEP03(2021)257)

bbZZ(4l) (JHEP06(2023)130)

Multilepton: WWWW WWtTt tTTT (JHEPO07(2023)095)
bbWW (JHEPQ07(2024)293)

WWyy (CMS-PAS-HIG-21-014 (2022))

YYTT (CMS-PAS-HIG-22-012 (2024))

HH combination (arXiv:2510.07527 submitted to ROPP)
H+HH combination (Phys. Lett. B 861, 139210 (2024))

Nan Lu (USTC)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-011/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-011/index.html

Search for HH using boosted Higgs bosons in HH — bbbb channel

Reconstruction efficiency

Phys. Rev. Lett. 131, 041803

HH—4b decay channel has largest branching ratio (34%)

1.5k HH—4b events produced in Run 2 Small-radius jets | Large-radius et

15% HH—4b events with two boosted Higgs (Anti-krt ) et o bt

algorithm with R=0.8 (AK8) jets, pT > 250 GeV) A it H(bb) jet
Among the first analyses to use ParticleNet GNN

algOchm tO dISCrImIﬂate betweeﬂ H — bb aﬂd QCD' Boosted jets: Increasmgtransverse momentum, p;
induced jets

13 TeV I o
1_6_IIII IIIIIII|IIIII|IIIII| I IIII|I IIII|IIIII|IIIII|IIII I|IIIII_ "g 003— *g ’ _—
1 4:_ CMS Simulation == Resolved: 2 AK4 jets’ T D osl Requiring the first Higgs
" [ Supplementary = Merged: 1 AK8jet 1 2 00251 ° pT>250 GeV
- - O N O i
1.2 H-bbcc o« Merged: 1 AK15 jet — *g 0 0ok g 0.04
i | i CoF TR
s ot OHEFODIOOTRI g 0015} 0%
i Q) F .Y <l ] - _
0.8 o 0ot 0.02F
0.6 — 0.0053 001
0.4 __ % __ 0 O_ N
- - i} 0 50 100 150 200 250 300 350 400 450 500 0 100 200 300 400 500 600 700 800 900 1000
0.0f _ Higgs 1 P, [GeV] Higgs 2 P, [GeV]
O__4_|.|_|_||,,;l§,'@rj§,|_1"|.|,,||.|..§| TTRE RTINS RENITRE RIS ERIRE ERITRE SREE ~200/O acceptance for the fIrSt nggs to ReqUIrlng fIrSt nggs ET>250 GeV,
0 200 400 600 800 1000 have high pT > 250 GeV large acceptance (75%) for having a second
p_(H) [GeV] boosted Higgs
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https://arxiv.org/abs/1606.02266
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803

ParticleNet Jet tagger for AKS8 jets

ParticleNet: A multi-class jet classifier for top,
Higgs, W or Z tagging for large radius jets

e low-level jet information (PF objects,
secondary

vertices from b-quark decays etc.) as inputs

e Dynamic Graph Convolutional Neural
Networks

(DGCNN) as ML architecture, details in Phys.

Rev. D 101, 056019

Mass decorrelated ParticleNet-MD:

Background efficiency of ~0.1% for signal
efficiency of 50%

e Compare to DeepAK8-MD, background

ParticleNet output scores: X—bb,
(13 TeV) X—cc, X—light quarks,QCD jets

>
O
= CMS - In this di-Higgs search:
I3 Simulation Preliminary discriminate X—bb vs QCD jets:
=lq=> _1|_H—bbvs. QCD multijet
o 10 500<pf"<1ooo GeV, "l < 2.4 * Ty = Pxpi
g 90 < m, < 140 GeV o Pxw + Pocp
% —DeepAK8 * The discriminant (called Txub Or
X 102F g:ft':’g::;:“’ Do) is calibrated using data and
3 .- ParticleNet-MD simulated samples dominated
% DeepAK8-DDT (5%) Ry, by QCD multijet events
# DeepAK8-DDT (2%) Al
107° A
P QCD H—bb
16 L
O 0102 03 04 05 06 0.7 0.8 .
Signal efficiency
Jet T, .

- PRD 101, 056019 (Huilin Qu & Loukas Gouskos)
- CMS Collaboration, Identification of highly Lorentz- boosted heavy particles using graph neural networks

and new mass decorrelation techniques, CMS Detector Performance Note Report CMS-DP-2020-002
(Congagiao Li and Huilin Qu are key authors)

- Calibration of the mass-decorrelated ParticleNet tagger for boosted bb and cc jets using LHC Run 2 data,

rejection improved by a factor of ~2 per jet

CMS Detector Performance Note Report CMS-DP-2022-005 (Conggiao Li and Huilin Qu are key authors)

Nan Lu (USTC)
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Search for HH using boosted Higgs bosons in HH — bbbb channel

Phys. Rev. Lett. 131, 041803

@Trigger:

& A combination of several trigger algorithms, all requiring the total hadronic transverse energy (Hr) or jet pT to

be above a given threshold. A minimum triggering threshold on the jet mass is also imposed

& Trigger efficiency: 10% to 95% for jets with pT from 300 to 450 GeV, fully efficient for jets with pT > 500 GeV

& Two complementary analyses targeting ggF and VBF HH events:

& based on the characteristic VBF signature of two additional small-radius jets (anti-kr algorithm with R=0.4) in

opposite forward regions: m(jj) > 500 GeV, Ay (jj) > 4.0

© ggF analysis: sensitive to SM HH production cross section and Higgs self-coupling

& VBF analysis: sensitive for HHVV coupling



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803

Search for HH using boosted Higgs bosons in HH — bbbb channel

Two highly Lorentz-boosted high-pr Higgs candidate jets: Phys. Rev. Lett. 131, 041803

tt+)ets

Ordered by ParticleNet H—bb tagger Txob
ParticleNet regressed jet mass mreg > 50 GeV for subleading jet
Soft-drop mass myeg > 50 GeV for leading jet

BDT for major background tt and QCD rejection

Main backgrounds estimation:
tt+jets: simulation with corrections derived in data control regions

QCD: parametric fit to data in control region

Jet2 Txvn Tagger

Fail Pass
0.014 = o
80000 = Jrl__,-"‘l i Total transfer factor 5
| &
a £ 0010+ - '
60000 5 W 600 LL 0.980 -
: ¢ 0.008 = : ]
c c = ol
& 40000 X £ 0.006- = & 4 *
. = i
zooooJ 0.004 200 = 0.950 |--
0.002 =
O= 0000y 1T—7 ] ] ] 0 %
U WEs SN P M=) W P 40 60 80 100 120 140 160 180 200 —r—Tr T
40 60 80 100 120 140 160 180 200 Tet meo 40 60 80 100 120 140 160 180 200 0
Jet msp Jet msp 0.11
0.03 . 0.43 BDT Score
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Search for HH using boosted Higgs bosons in HH — bbbb channel

4

h 4

Events / 10 GeV

Data / pred.
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Data / pred.
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Phys. Rev. Lett. 131, 041803

CMS Supplementary
K, =K =Koy =Ky =1

VBF cat.
Expected: 114

Observed: 88

ggF cat. 3

Expected: 35
Observed: 34

ggF cat. 2

Expected: 13
Observed: 32

ggF cat. 1
Expected: 5.5
Observed: 8.1

—e— (Observed

B Expected = 1o
----- Expected + 20

138 fb™' (13 TeV)

Combined
Expected: 5.1
Observed: 9.9

1 10

100

95% CL limiton o(pp — HH) / ©

Theory

Kov=0 excluded at 6.30, assuming other Higgs couplings to be SM values, by VBF analysis

138 fb' (13 TeV
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Observed (expected) upper limit at 95% CL on HH cross section: 9.9 (5.1) X SM, by ggF analysis

| 1 IIIIII|



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803

HH combination Run 2
arXiv:2510.07527 submitted to ROPP

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

bbW*'W
Obs. (Exp.): 272 (289)

bbbb

Obs. (Exp.): 226 (274)
bbyy
Obs. (Exp.): 225 (208)

bbbttt
Obs. (Exp.): 126 (154)

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

1 10

95% CL limit on o(pp — qqHH) / ©

L L1l
100 1000

Theory

combined VHH4Db,
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4b analyses
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Obs. (Exp.): 31 (26)

Multilepton
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bbyy
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Obs. (Exp.): 3.4 (5.3)

bbbb
Obs. (Exp.): 7.5 (4.3)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-011/index.html

2 Aln(L)

HH combination Run 2 arXiv:2510.07527 submitted to ROPP

Method

k) observed (expected) Koy Observed (expected)

—2AIn(L) scan, 68% CL [-0.07,4.18] ([—0.87,6.31]) [0.81,1.23] ([0.77, 1.26])

Observed Expected
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K
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arXiv:2510.07527 submitted to ROPP

HH combination Run 2

Method k) observed (expected) Koy Observed (expected)
—2AIn(L) scan, 68% CL [—0.07,4.18] ([—0.87,6.31]) [0.81, 1.23] ([0.77, 1.26])

Observed Observed and Expected
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2 Aln(L)

HH combination Run 2:

HEFT arXiv:i2510.07527 submitted to ROPP

g Hg
/// ng
/C2 :
g HEg

10CMS Supplementary 138 1b" (13 TeV)
of — bbbb resolved jets —— bbW'W E
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Preliminary result: HH—bbyy search 2022 + 2023 Run 3 data CMS-PAS-HIG-25-007

Analysis strategy:
Two isolated photons
Two AK4 jets with highest ParticleNet b-tagging
score
Regression to improve the mass resolution of
the reconstructed m(Hbb) developed on top of
the ParticleNet b-jet pT regression (10-20%
improvement on m(Hbb) resolution
One AKS8 jet with highest ParticleNet Hbb score
Dedicated classifiers to reject diphoton and ttH
backgrounds

< m(yy) 1D or m(yy) x m(bb) 2D fit strategies
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Preliminary result: HH—bbyy search 2022 + 2023 Run 3 data

CMS-PAS-HIG-25-007

CMS Preliminary _ | | | 61.9 fbl" (13.6 TeV) CMS Preliminary 61.9 fb’' (13.6 TeV)
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Preliminary result: HH—bbyy search 2022 + 2023 Run 3 data
CMS-PAS-HIG-25-007
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Outlook for Run 3

Machine learning to improve b-tagging and jet energy regression, HLT trigger
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HL-LHC prospect
arXiv:2510.07527 submitted to ROPP

. . . p -1 . ' .
CMS Projections e (14TeV) _ CMS Projections 3000 f!(14TeV) e Systematics uncertainty scenario:
1oL —— 1000 fb™ —— 3000 b 1 ¥ 1oL —— S1 scenario —— Stat. Only ]
I 2000 fb™ K=Ky =Ky =1 1 < [ S2 scenario K=Ky =Ky =1 ] ® Stats on Iy
AN

S2 scenario

e S1 scenario: same as Run 2
e S2 scenario: estimated scenario for HL-LHC

W

Discovery Significance [0]

N

| I ]
3000

| I |
2000
Luminosity [fb~1]

* HH signal significance 4.20 @3000 fb-1, 3.50@2000 fb-1
e CMS and ATLAS combination would achieve observation at HL-LHC

Uncertainty Scaling with respect to Run 2
Theoretical uncertainties 1/2
Stat. uncertainties in MC simulation Removed
b-tagging efficiency stat. component 1//k;
b-tagging efficiency (nonstat. component) Unchanged
AK4 jet absolute energy scale max(0.3,1/+/k;)
AK4 jet energy scale dependence on flavour max(0.5,1/+/ k)
AK4 jet relative energy scale max(0.2,1/+/k;)
CMS Projections 3000 fo~' (14 TeV) AK4 jet energy scale method 1//k
- I | S Significance (c’) at 2000fb~"  Significance (') at 3000 fb " AK4 jet energy resolution max(o'sl 1/ \/ kL)
- S2 scenario - S2 Stat. only S2 Stat. only ErTniss max(O.S, 1/ \/E)
L — _ | - bbbb resolved jets 1.0 1.4 1.2 1.7 . .
41~ Stat. Only — bbbb merged jets 1.8 1.9 22 2.3 Luminosity 0.6
‘ 1 bbrr 1.9 2.1 24 26 Ty, ID Unchanged
bbyy 2.0 2.0 24 25 T}, energy scale Unchanged
. bbWW 0.3 0.8 0.3 1.0 :
— 7] HH multilepton 0.4 0.6 0.5 0.8 Pﬂeup Unchanged
1 Combination 35 3.9 42 48 Run-2 issues Removed
§ 1 S2 scenario:
* Kx[0.5,1.6] @3000 fb-1, [0.4,1.8] @2000 fb-1
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Summary

& The Discovery of the Higgs boson and the study of its properties have expanded our
vision of particle physics

& The shape of the Higgs potential needs to be verified

& CMS Run 2 HH combination: observed (expected) upper limit at 95% CL on HH cross
section: 3.5 (2.5) X SM

& Opportunities with CMS Run 3 data:
& First preliminary result in HH—bbyy channel on CMS 2022 + 2023 data

& Many more analyses to come with new HLT triggers, Transformer Algorithm AK4 b jet
tagging, boosted Higgs tagging, with the potential to significantly improve HH sensitivity

& ATLAS and CMS combination shall achieve HH observation at HL-LHC
& Looking forward to LHC Run 3 and beyond

Apologies for all | could not cover




Thank you!
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HH combination Run 2: HEFT arXiv:2510.07527 submitted to ROPP
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QCD Background modeling

138 b (13 TeV)
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data after subtracting the non-QCD backgrounds, agrees well with
QCD background prediction in the sideband regions
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Run 3 data-taking
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HH—bbyy search 2022 + 2023 Run 3 data
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