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Introduction: HH production in the SM

In Standard Model destructive interference of triangle [V
and box contributions — tiny cross section —
Experimentally very challenging
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The direct measure of A is a strong test of the
Electroweak Symmetry Breaking (EWSB)
mechanism

Deep fundamental questions

< What is the order of the EW
phase transition?

“ What is the fate of the
Universe? Is it stable?



Introduction: HH production in the SM

The direct measure of A is a strong test of the SM prediction (A~0.13 from
theoretical SM prediction)

V (ol0) = 1o'o +(Mol0)”

oil = 31.05%2% )fb (scale & PDF & ay @ my)

ggF — —7%

. | “triangle” ‘box”
remark: ”
Kx is a coupling g 9999909090908 > "~ S —— H
modifier: kx =
cx/csm Where A \
c is the Kt
coupling H g 9999999999999 < O---------- H

Gives a direct handle on the ki paramenter + ki dependence in the box diagram




Introduction: HH production in the SM

Oop = 31.052% fb (scale @ PDF & ag & my)

*remark: “triangle” “box”
Kx IS A g 2009999999999 ~ H
coupling Kt K
modifier: Kx A ®------ Q:/

= cx/Csm

9 2999999999999 [ ®----—--—-—--- H

Where c is g 900999999999 k H
the coupling

g 9099999999999 < Wit H

Gives a direct handle on the ki, paramenter + ki dependence in the box diagram

* Di Higgs kinematic strongly dependent on ki
* Different muH ranges can be explored to be
sensitive at different physics scenarios
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Introduction: HH production in the SM

GVBF = 1.73 £ 0.04 fb (scale @ PDF & a; ® my)

VBF production mode is less dominant but gives a direct handle on the ky and kov couplings




EFT Frameworks used in HH

* The kappa-framework: Modifies the couplings predicted by the SM

A
Ky =—
Y dsu

» Higgs EFT (HEFT): Natural extension of the kappa-framework
with additional BSM couplings

» Standard Model EFT (SMEFT) : Similar fo HEFT but the Higgs is
a SM doublet adding correlations between H and HH

HH production agF VBF ggF VBF
kappa-framework v v

v v
HEFT v v
SMEFT v X X X




Resonant di-Higgs introduction

BSM scenarios where the Higgs boson couple to particles beyond the standard
model makes are natural probe — HH final state allows also to explore new

topologies:

Spin-0: for example predicted by

completed by an

Electroweak Singlet:

« ATLAS and CMS have different

convention to denote the extra scalar

(SvsY)

g 099999999999

STY

g 2999999990909 -

Spin-2: for example predicted by a
Kaluza-Klein graviton in the context of

the bulk Randall Sundrum (RS) model of
warped extra dimensions




HH production cross-section

Limit on the HH cross-section relative to its SM prediction (signal strength p) is shown in

those plots:

* 'Golden channels' are 4b, bbyy, bb1T

* ATLAS combination leads o 2.9xSM (exp 2.4xSM), CMS combination leads to 3.5xSM
(exp 2.5xSM)
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HH production cross-section

Limit on the HH cross-section relative to its SM prediction (signal strength p) is shown in
those plots

*new with respect to
Nature combination
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Higgs self-coupling and quartic HHVV coupling

Both collaborations provided results for kj, ki and kzv relative results

* ki scan dominated by bbyy and bbtT

* kav scan dominated by 4b boosted signature
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HEFT results e

CttHH '~
Both collaborations provided results in the HEFT fmmework;/
* CMS new results: c2 scan dominated by the bbtt channel
* ATLAS 2D scan: ¢z VS Cgghh
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SMEFT results: ATLAS only

ATLAS is providing SMEFT results for bbyy, bbtt, 4b channels separately
» Effect of SMEFT operators on singleH background are accounted

ﬁgvv

ATLAS o

Observed 68% CL

= 4 —e— Expected 68% CL |
vs=13TeV, 140 »- Observed 95% CL | |
HH - bbyy --o-- Expected 95% CL | I

SM prediction

SMEFT Interpretation (linear + quadratic terms)
A=1TeV

Phys. Rev. Lett. 133 (2024) 101801 12
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Parameter Lower Upper Lower Upper
Cy -20 11 =22 11

CHG —-0.056 0.049 —-0.067 0.060
CHO -9.3 13.9 —8.9 14.5
CiH -10.0 6.4 -10.7 6.2
CiG -0.97 0.94 -1.12 1.15
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Summary of BSM results: CMS only

CMS X—HY searches for the main 3 channels, with no significant excess
 BR of the H—T1T1,yy,bb is assumed the same as the SM
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https://arxiv.org/pdf/2403.16926

Summary of BSM results: spinO results

The different searches are often complementary for different mass ranges. They
are presented in a model agnostic way and often reinterpreted in the 2HDM and

MSSM models.

* ATLAS also found a small excess with combined local (global) significance of 3.2

(2.1)at 1.1 TeV, not found by CMS
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Summary of BSM results: spin2 results

The different searches are often complementary for different mass ranges. They

are presented in a model agnostic way and often reinterpreted in the 2HDM and

MSSM models.

« ATLAS published only the HH— 4b result

* CMS channels that dominates at low mass is bbyy, while at high mass search is
dominated by 4b boosted

138 b' (13 TeV)

'3‘ B I I I I I | I I I | I I i

2 10L CMS ~e- HH Combination .

T i ——HH — 4W/4t/2W2t — > 2| ]

I N N 3 T T T T T T T T T T T

roo | AR = DO WW= = Mesores 4 = 105k ATLAS _, —— Observed limit (95% CL) -
5 1 _% ——HH — bb,WW — = 1| (merged-iet E T E SSirT—213 TeV,126-139fb~" _ __ Expected limit (95% CL)

! e\, ) HH — bb,yy T¥ 104‘ Expected limit + 10 |
a i M M ~~HH — bb,bb (merged-jet - 03 Expected limit +20 ]
% 10_1 . 3 Y T | Narrow Width Approximation E ; Resolved expected limit

C e A ] o

- ./ T 10%f Boosted expected limit
__g . - o f RS Graviton, kkMpj=1
E 102F \ |

= 102}

m I

Q.

S a3

7 10° = Spin 2, ggF production E 101

@) F—— Observed

% | ---- Expected i

o 104 ! | ! ! L 10°F Phys. Rev. D 105 (2022)

-1 | | | | | | | | | |
3x10 1 2 3 4.5 6 250 500 1000 2000 3000 5000

CMS-B2G-23-002 - Sub to Physics report mg [TeV] m(Ggg) [GeV]

15


https://arxiv.org/pdf/2403.16926

??

What comes next??




HL ESU projections: S1, S2, S3

Ultimate sensitivity to HH production will be achieved during HL-LHC
« The two collaborations are activitely working to provide inputs for the EU

strategy update

* Channels projected: 4b, bbyy, bbtt, bbWW, multilepton + their combination
* Luminosity scenarios studied: 2000 fb-1, 3000 fb-!

* Projections provided in 3 systematic uncertainties scenarios:
«S1: same as Run 2

«S2: unc. with stat. origin reduced by 1/4/k;, theory unc. are halved, MCstat
removed

- S3: same systematic assumption as S2 + b tagging and tau ID object run3
improvement

17
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HH projections: ki precision and significance

CMS and ATLAS provided projections for HL:
» evidence of HH production at the end of HL for both experiments
* krprecision <30%

« 3000 fb-1S3 assumption

HH significance ks 68% CI

CMS ATLAS CMS ATLAS
bbrT 2.7 3.8 [0.3, 2.0] [0.5, 1.6]
bbyy 2.6 2.6 [0.4,1.9] [0.5, 1.7]
bbbb resolved 1.3 1.0 [-0.3,7.2] [-0.5,6.1]
bbbb boosted 2.2 \ [-0.4, 8.2] \
Multilepton \ 1.0 \ [-0.1,4.7]
bbll \ 0.5 \ [-2.1,9.1]
Combination 45 45 [0.6, 1.5] [0.6,1.4]
CMS+ATLAS 7.6 -26% / +29%

What does this mean???
18 EU strategy update



https://cds.cern.ch/collection/CMS%20Notes

HH projections: k, precision and significance

CMS and ATLAS provided projections for HL:
* kiprecision <30%

V(g)

V(¢) — Vsm(d)

1.2 . .
ATLAS +CMS i
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o
0.8+ = SM SMEFT 6 o
= min _ . 1o Uncertainty —
SMEFT 6, k" =166 K elo7a-120] 3
0.6 T SMEFT8, kP =169, kF" =54 i driven_ i
"7| ==:= Log. Potential, k{"n = 1.57 mmm 1o Uncertainty
. . k3 €[0.74 —1.29]
Exp. Potential, k""" =1.99
0.4r
0.2¢
0.0E E : : :
0.2 SMEFT 6 HH-driven
20 Uncertainty 20 Uncertainty
SMEFT 6 HH-driven
0.1r 1o Uncertainty 10 Uncertainty
0.0%
=0.1.f
—024—%% 08 1o 12 14 16 18
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*reminder

With the sensitivity that we

have now we cannot fully

determine the shape of the

Higgs potential

» Different assumption on the
shape are made

CMS+ATLAS projection exclude
at >20 FOPT SMEFT dimé
potential

EU strategy update
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HH projections: k, precision and significance

What if ki is not equal 1??? Is HL sensitive to new physics?

K3

3 ab~! per experiment (14 TeV)

.~ ATLAS+CMS '
_Projections ESPPU 2026 ; _
S2 . i
0 i
1k
| I I
.----------------.'.--' .......................... -
I
i
. ' 5 95%Cl |
d I 68%Cl -
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* Maximum interference
between box and triangle
diagram at 2.45 -> largest

precision

« Still possible to measure kl >
2.0 and exclude the SM at

>2sigma

EU strategy update
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Conclusions

Many results produced by the CMS and ATLAS collaborations:

- di Higgs SM:
 Upper limit on the signal strength for ggF and VBF production modes
- 1D/2D likelihood scans for kappa framework
« 1D/2D likelihood scans for HEFT
* SMEFT result by ATLAS

« HH BSM searches:
 Spin0 results
* Spin2 results

Many more to come in the Run3!!

21
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HH projections: ki precision and significance

CMS and ATLAS provided projections for HL:
» evidence of HH production at the end of HL for both experiments
» ~27% precision on ki

a ] 1 ] T L] 1 ]
5 ATLAS + CMS Projections ESPPU 2026
:S 20F Vs =14 TeV, S3, 3 ab™! per experiment
~ All other couplings fixed to SM
| 68% CL k3 €[0.74,1.29]
15
—— Combination
— bbTtT"
—— bbyy
10F —— bbbb
Multilepton
bbll
5 D
0

25 00 05 1.0 15 20 25 30 35
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HH projections: ki precision and significance

CMS and ATLAS provided projections for HL:
- evidence of HH production at the end of HL for both experiments

5 CMS Projections Preliminary (13-14 TeV)
'F : I 1 1 I 1 I Ll 1 I I 1 Ll 1 | I Ll 1 1 I 1 I 1 ] I Ll 1 1 I:
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= e
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HH projections: k, precision and significance

CMS and ATLAS provided projections for HL:
» evidence of HH production at the end of HL for both experiments
« ~40% precision on k, determination per single experiment

j 10 | | I I I | I | | I | I I_ | | | I 10 é 2.5_ I I I I I I I I I I I I I | 1 I | I I | 2-5
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8~ Baseline ——— bbb -8 $ " HH combination —— Nosystune. .
" All other « fixed to SM o= pBrri+Ems |5 O Allother k fixed to SM -
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6 .. He < T :
! ! I [ ]
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HH SMEFT interpretation

SMEFT:

C©0©)

L=Lg+ ), —5— +(OL™)

* No light new physics (E<A)

Expansion in 1/A%: dimension-6 effects are expected to be dominant over
dimension-8 effects etfc

* SMEFT is assumed that the physical Higgs boson is part of a doublet
transforming linearly under SU(2).xU(1) - ideal for new physics evidence [1]

[1] https://arxiv.org/pdf/2204.13045.pdf o6



HH SMEFT interpretation

SMEFT:

CcO0®

L=Loy+ Y ——5—+OA™)

No light new physics (E<A)

Expansion in 1/A%: dimension-6 effects are expected to be domipant over dimension-8 effects
etc

For the HH case we have 5 different operators:

Wilson Coefficient Operator |
cy (H' H)? We want to have the following scans:
CHo (H'H)o(H' H) * (cH, cHbox)
CiH (H'H)(QH!?) * (cH, ctH)
tgaA BV * (cH, cHG)
CHG H HG,quA
* (cH, ct6)

G (Q-O'”VTAt)fIGﬁV
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HH SMEFT interpretation

Let's take a closer look o our SMEFT operators

Wilson Coefficient Operator
Ch (H'H)’
Cho (H'H)o(H'H)
Cin (H'H)(QH!1)
CHG H'HG G*”

CiG

@ TG
/ p

HEFT

Chromomagnetic operator, sometimes ignored
as being higher order operator, connected with

processes like t1, 1tH, t1V [1]

» safe to ignore in a first CMS SMEFT HH

study

[1] https://arxiv.org/pdf/2311.15004.pdf
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Introduction: HH production in the SM

This is not the end of the story.. many other couplings to be studied

I I

T T T T T ]
HH production at 14 TeV LHC at (N)LO in QCD
M,=125 GeV, MSTW2008 (N)LO pdf (68%cl)
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LHC: luminosity collected by CMS ATLAS in Run2

CMS and ATLAS collaborations were able to record ~140fb-! of (physics)
data during the Run2 phase of the LHC (at 13 TeV)
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Run3 is ongoing (center of mass energy 13.6TeV), it will end in 2026 we
expect to double the luminosity collected in Run2
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