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The importance of the Higgs potential
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 non-SM coupling may provide a mechanism for first order (EW) phase transition

» key requirement for matter-antimatter asymmetry (EW Baryogenesis)
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The importance of the Higgs potential

 non-SM coupling may provide a mechanism for first order (EW) phase transition

» key requirement for matter-antimatter asymmetry (EW Baryogenesis)

e vacuum stability of the universe

Higgs boson self-coupling governs the shape of Higgs potential
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Theory and nomenclature

The Higgs potential 1s given by

_l 2 172 3 l 4
V(H) = 2mHH + MUH" + 4/14H

y)
My

22

in the SM we assume: Agy = A3 = 44 =
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The Higgs potential 1s given by
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However, we could have 4, # 4, in BSM.
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Theory and nomenclature

The Higgs potential 1s given by

1 1
V(H) = —=miH* + A;vH> + 2,14114

2

y)
My

22

However, we could have 4, # 4, in BSM.

in the SM we assume: Agy = A3 = 44 =

We often define

obs.
A3 ;

K, = Ky = anad K, =
3

obs.
/14

SM
/14
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1 pb = 1000 fb ‘

Ways to access the Higgs boson self-coupling o

Hx = —or = signal strength
Ox

SM, 13 TeV _ 3() +2.0 1, 5SM. 13 TeV _ () 979+0.012 g, oSM. 13TeV — 59 3 + 5.7 pb

GggF, HH —7.1 HHH —0.013 total, H

e large sensitivity to k3 e low sensitivity to k3 * K3 sensitivity through
. . NLO EW corrections to
* NO sensitivity to K, * sensitivity 10 Ky single Higgs production

e upper limit pyy * upper limit pippy * no sensitivity to
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HH production modes at the LHC

(a) Trilinear coupling

L arXiv:1910.00012

Kt
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9 299090990909909~ H g 999099999999 < @---------- H

(a) Trilinear coupling (b) Box diagram

q q
H K H
v
H H
q q
(b) HHVV vertex (c) VVH Production mode
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HH production modes at the LHC

arXiv:1910.00012
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HH methodology concept
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K,y can only be measured in the

VBF production mode!
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Input analyses for the latest ATLAS + CMS combination

ATLAS

e bbbb: Phys. Rev. D 108 (2023) 052003, Phys. Lett. B 858 (2024) 139007
e bbrr: Phys. Rev. D 110 (2024) 032012

e bbyy: JHEP 01 (2024) 066
e bbIl + E%liss (bbWW, bbZZ and bbrt): JHEP 02 (2024) 037

e Multilepton (everything else): JHEP 08 (2024) 164

CMS

e bbbb: Phys. Rev. Lett. 129 (2022) 081802, Phys. Rev. Lett. 131 (2023) 041803
e bbttr: Phys. Lett. B 842 (2023) 137531

e bbyy: JHEP 03 (2021) 257

o bbWWw: JHEP 07 (2024) 293

e Multilepton (WWWW, WWzr, trrr): JHEP 07 (2023) 095

arXiv:2602.23991v2
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Input analyses for the latest ATLAS + CMS combination

ATLAS
e bbbb
e bbtt
* bbyy
o bbll + E™SS: bbWW, bbZZ and bbrz

e Multilepton: everything else

CMS
e Hbbbb
e bbtt
* bbyy
o bbWW

e Multilepton: WWIWW WWrzz, tttT
L

arXiv:2602.23991v2
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Strength comes from the combination! ( ATLAS Run 2 HH combination
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Most sensitive channels are
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arXiv:2406.09971
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Best expected upper
limit comes from bbrt

The power of the HH measurements lies in their

combination: there is no golden channel
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HH ATLAS + CMS combination results
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combinations alone

The combination improved the interval width by ~20%
compared to ATLAS and by ~15% compared to CMS
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HH ATLAS + CMS combination results

K3 Rav HWHH
ATLAS —1.3,7.2] 0.57,1.5] < 2.9
CMS —1.4,6.6] 0.66,1.4] < 3.5
ATLAS+CMS | |-0.71,6.1] [0.73,1.3] < 2.5

The combination improved the upper limit on the
signal strength by ~16% compared to ATLAS and
by ~40% compared to CMS combinations alone

L arXiv:2602.23991v2 | |arXiv:2507.034935
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Current HH partial Run 3 results

e ATLAS bbyy: arXiv:2507.03495 Run 2 + 2022-2024, 2024 data included

o CMS bbyy: CMS PAS HIG-25-007, only 2022-2023, 2D fit m,, vs. m,;

e CMS 4b: CMS PAS HIG-24-010, only 2022-2023

e ATLAS rtHH: arXiv:2603.13113, Run 2 + 2022-2023

(W
I
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ATLAS HH most stringent single channel limits to-date

non-resonant /H — bbyy Run 2 + partial Run 3

T TN2022-2024
first analysis including 2024 data !!!

+168 b~ ! 11!

arXiv:2507.034935

14
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ATLAS HH most stringent single channel limits to-date

non-resonant /H — bbyy Run 2 + partial Run 3

e Split into high mass region and low mass region

e Train Boosted Decision Trees (BDTs) to
distinguish signal from backgrounds

 Make categories based on the BDTs outputs

e Make simultaneous fits to m

—_
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Events / 2.5 GeV
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o
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- ATLAS ¢ Data
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_ 1
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ATLAS HH most stringent single channel limits to-date

non-resonant /H — bbyy Run 2 + partial Run 3 Kinematic fit

350 |+ 1| rrrrrrjrrr 11111 [T T 11T

- ATLAS
300 Vs=13/13.6 TeV, 140/ 168 b
— HH-—>bbyy pre-selection

250

e Split into high mass region and low mass region

e Train Boosted Decision Trees (BDTs) to
distinguish signal from backgrounds
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 Make categories based on the BDTs outputs

e Make simultaneous fits to m,, Uy Improved by ~ 5%

o

Cedrine Hiigli (DESY), SM@LHC 2026, Higgs potential at the LHC
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Current HH partial Run 3 results

e ATLAS bbyy: arXiv:2507.03495 Run 2 + 2022-2024, 2024 data ...

included

by < 3.7, k3 € [—1.6,6.60]

Run 3}

Combined

ATLAS

---- Expected limit (uyy = 0)
V5 =13/136TeV, 140/ 168 fb~1 Expected limit (i = 0) 20
- Expected limit (uyy =0) £1o0
HH - bbyy —«— Expected limit (Upy = 1)
o Expected limit (uyy = 0)
JHEP 01 (2024) 066
Exp. Exp
008 (= 0) (s = 1)
g
I &0 | 4.8 4.2 5.5
i |
L
P
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i |
b
P
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|
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95% CL upper limit on uyy
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ATL A S —e— Observed I'imlit

Expected limit (Upyy

Current HH partial Run 3 results e

—— Ep ected limit (Upy

Expected limit (Uyy =

®  JHEP 01 (2024) 066

* ATLAS bbyy: arXiv:2507.03495 Run 2 +2022-2024, 2024 data ... 7000 P —
included \
Py < 3.7, k3 € [—1.6,6.0] =

o 2 4 6 8 10 12 14 16

o CMS bbyy: CMS PAS HIG-25-007, only 2022-2023, 2D fit m,, vs. m,;

CMS Prellmlnary 61.9 fb '(13.6 TeV)
— T T [ [ T T
“f—i | K=Ky = ng = 1 — Observed ----- Medlan expected |
T 2D strategy —— Theory prediction ----- 68% expected
T 10°F ¥ SM prediction === 95% expected
T = ]
A ID fit: k3 € [—3.9,10.4)

2D fit: ky € [—5,12]

Ceédrine Hiighi (DESY), SM@LHC 2026, Higgs potential at the LHC
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ATLAS —e— Observed l.im.it

Expected limit (LUyy

Current HH partial Run 3 results i

Expecte dImt(uH
JHEP 01 (2024) 06

* ATLAS bbyy: arXiv:2507.03495 Run 2 +2022-2024, 2024 data ... 7000 P —
included \
Py < 3.7, k3 € [—1.6,6.0] =

o 2 4 6 8 10 12 14 16

o CMS bbyy: CMS PAS HIG-25-007, only 2022-2023, 2D fit m,, vs. m,;

CDII nmnnn

CMS Prellmlnary 61.9 fb '(13.6 TeV)
— T T [ [ T T
é | K=Ky = sz = 1 — Observed ----- Medlan expected |
T 2D strategy —— Theory prediction----- 68% expected
T 10°F ¥ SM prediction ~ ===- 95% expected
T - .
s | 1D fit: k; € [—3.9,10.4]
g 10° £ E
_-og E ___________________________ "," E 2D ﬁto K3 e [_5, 12]
< 62 fb' (13.6 TeV)
0102 . e
Sk z10%E 1
D 38:-_ - CMS 95% CL upper limits
= |, 3| Preliminary — Observed N
s 10 E - - - - Median expected =
10 | C_I) - . |Excluded 68% expected ]
_1_0 — _15 — (l) — 5I — 110 — 1_5 o 102k — Theory prediction g 95% expected _|
o 5 3
X - K, =K, =K, =1

o CMS 4b: CMS PAS HIG-24-010, only 2022-2023
Ky € [0.63,1.43]

e ATLAS #tHH: arXiv:2603.13113, Run 2 + 2022-2023
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ATLAS ttHH - Run 2 + partial Run 3

@,

e Run 2 + pRun 3 =196 fb! = e gm/t %
g 9999999 —» o | A o <

e targets 3 final states: H . H T E
A =il el jc—g

» 1L: 1 + > Sb-jets m 1 " ! -

. g \JUUUUUUUZ/-A—\ B e g w&wf\‘\ ) 2

« SSML: > 2b-jets + (2£(SS) or > 27) t t t %

. e

* bbyy: > 2b-jets + 2y P ~— arie g

* 3 final states — different analysis strategies: ot e e | S
Exp. —

» 1L and SSML.: transformer to distinguish sigpal |~~~ > wan=0) Cz@
from bkg, MC and data for bkg estimation, fit to by | } s “
transformer output and selected variables in bkg SSL } 0 o rZz
CRs 1L { e s @:

WWWWWWWWWW . B . -~

. . Combined| -i 20 o1 =

« bbyy: very similar strategy as HH — bbyy fittom,, 1 — E)

e HEFT interpretation: —3.9 < ¢,z < 3.3 (95% CL) 35

16

CMS ttHH: CMS-PAS-HIG-23-004, only Run 2
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HHH methodology concept

e HHH 1s complementary to HH searches

e HHH 1s uniquely suited to access k,

L arXiv:2407.03015

“
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HHH methodology concept

e HHH 1s complementary to HH searches

e HHH 1s uniquely suited to access k,

e 3 most promising channels to explore are:

« HHH — 6b
« HHH — 4b2y
« HHH — 4b21

L arXiv:2407.03015

“

iy

|| I LI I l |

| I I I | I I
95% exclusion contours 450/fb (

1 I |
Run 2

1 | I |
+ Run

3)

300 ;_ Divination -+
~ E— HH+HHH m
200F s
100 — AAA =
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~100[- k =
—200 - X Standard Model =
—~300F —
: | I | | | I | | | I | | | | | ! 1 l | | | I I :
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A
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BR(HHH — bb xx yy) [%]

myg = 125.25 GeV

bb WW gg TT

bb 19.3%

WW | 21.8% 8.2%

oo 82% 6.2% 1.2%

T 6.2% 4.7% 1.8% 0.7%
/47 2.7% 2.0% 0.8% 0.6%
yy 0.2% 0.2% 0.1% 0.0%
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’ Run 2

Current triple Higgs boson production landscape

Only 3 searches have been published looking into triple H
Higgs boson production: v e
 ATLAS HHH — 6b: Phys. Rev. D 111. 032006 | > _____ .
« CMS HHH — 6b: CMS PAS HIG-24-012 )

. CMS HHH — 4b2y: CMS PAS HIG-24-015

L CMS PAS HIG-24-015

(W
\O
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-015/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-015/index.html
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CMS HHH — 4b2y analysis - Run 2

e only resolved topology 1s considered

resolved

e A BDT 1s used to separate signal from background

e The final result 1s extracted via a 2D Fit (or sitmultaneous
fit) ot the m,, distribution and the BDT output scores

L CMS PAS HIG-24-015

CMS Prellmlnary

138 fb (13 TeV)

Events / GeV

HHH — 4b2y

_ll[llllllll]lllllllllllll llllll "Ilnlhillrlni

All HHH Categories

¢ Data
— S+B fit

----- B component
[ J+1o ]
[ ]=x20

Events / GeV

B component subtracted

lllllll]llIllllIllllIlllllllllllll
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:I||III|||||IlIII||Illl|IIIIIIIIIlllllllllllllllll:
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~ Statistical Uncertainity -

ol

T

01 02 03 04 05 06 07 08 09 1.0

BDTonres Score

N\
S

L Cédrine Hiigli (DESY), SM@LHC 2026, Higgs potential at the LHC J


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-015/index.html

I Run 2

HHH summary of results

. CMS HHH — 6b: K, € [-7,12] and &, € [—190,190], 7 < 588
+ CMS HHH — 4b2y: k;, € [—16,20] and &, € [—533,541], iz < 3400

400 | | CMS Preliminary 138 fb' (13.0 TeV)
g : ! ! ! ! ! ! ! ! ' ! v ' J : . . ﬂ' B | | I | | | | I I I I I I | | | 1 I I | | | | | | I |
- ATLA Exp. 68% CL CMS Prelimina 138 tb' (13 TeV ~ .
300 = S EXp 95% GL 3 <+ 500 I B B 'Iyl LA LA LA A R B N B B (I T T ) < 1000 [ _ Observed 95% CL (K7\3=-1 OS, K7\4=_435'9) ]
- Vs=13TeV, 126 fb — Obs. 68%CL 4 s = :
- SPPE T TIN . ----Obs. 95% CL - HHH—6b, u  (k3Kk,), u  (k;) Exp. 68% CL - - Expected 95% CL (Kx3=1.0, Kx4=1.2)
200~ HHH — 6b i Unitarity . 400 HHH HH ' — - -
- S., ¥ SM ] - Exp. 95% CL a 750 |— Allowed range for K3 -
100: ) . 3000 -- 825- 68% gt - N from H+HH measurements ]
— —] - — Obs. 95% . - .
- = — || Unitarity bound ] 500 - e — -
O — 200 = + SM = B /,f-f" N a
[ ] — - B //' \\\ ]
100 E 100 E_ — 250 - ) / \ B
- : 0 - = : f"/’v‘ “ﬂm,‘)%
—200 — 3 ] ol / SM \ ]
N A e L R P . . — S— . B / \
- \ ] -100 /¢ et TTT T TTeell — - / \% -
-300— . — — Seo 7] B / \ .
[ . , . — ~See L 7 250 / , —]
E | -2005 : - =/ \ -
-400F- — = = B / H‘\ i
= i N -300F- E S00F e . BE
_500 :_ :: "v"' ‘\\\ :: —: _400 - 11 [ - E ‘[f P _’,,.»'“’“;" - h - _..___.;/‘ i
6001: L I‘"’l T T T T T B T S T A I T A T ] L1 ] _1 5 20 -750 [ ) ~ ]
- -20 -10 Ks - —

-1000

0 10 20 " - ) ]
3 C o b e 1
-20 -10 0 10 20
Phys. Rev. D 111, 032006 CMS PAS HIG-24-012 CMS PAS HIG-24-015] "
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Single Higgs boson methodology concept

e k3 dependence enters at NLO EW:

H
— - =~ V
7 N /7
/ \ H //
H K3/ VK3ooH K37
- - - S H-------- ‘ %
' N\
\ / N
AN / H \\

e inclusive cross-sections are sensitive to 3, but some contributions cancel each other out
o differential cross-section measurements have a larger sensitivity to i,

e VH and ttH productions have the best differential sensitivity to k;

L arXiv:1607.04251v3

\®)
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I Run 2

CMS latest result - H combination

cms 188 o' (13 TeV)
§L1-15f— anH=12|538GeIV | | | * BIeStﬁtl |
i k=1 ' — 68% CL
110l --- 95% CL 3
¢ SMexpected |
This round of combination has new input analyses in
particular:

0.85}

most notably the VH (H — bb) and ttH (H — bb) channels ..

Ky = 2.11“‘31:(2) (ky, K f1xed)

q(Kx, KF

Ky = O.lfgg (ky, K floating)
slight improvement compared to arXiv:2407.13554 o _
The analysis does not provide 95% CL intervals o5 :

¢ SMexpected

—1 RN I T T T W N S [N T ST T A ST S Y S ST O AN S WY SN |—
-10 -5 0 5 10 15 20

L arXiv:2602.18611v1 "
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Current self-coupling results summary Run 2

DiHiggs (HH) Triple Higgs(HHH) Single Higgs (H)
SM, 13 TeV __ +2.0 SM, 13 TeV __ +0.012 SM, 13 TeV _
OooF, HH =~ 30.8757 1b Oy = 0.079754,5 fb O rotal. 11 =59.3£5.7pb
e large sensitivity to o low sensitivity to k; e K3 sensitivity through NLO
. N EW tions to singl
+ no sensitivity to 5, - sensiviy (o, EW cortections (0 single
* upper limit pyy * upper imit fppyy * nO sensitivity to &,

Ky € [—0.71,6.1]

Ky € [0.73,1.3]
g < 2.5

k, € [—190,190] +7% 1mprovement
Mgy < 383 to k3 constraints

We are closing in on HH production and x; values!

Still pretty far from HHH production and x, values....

arXiv:2602.18611| |Phys. Lett. B 843 (2023) 137745 | Phys. Rev. D 111, 032006 | [CMS PAS HIG-24-012| |arXiv:2602.23991v2 25
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https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-012/
https://doi.org/10.1103/PhysRevD.111.032006
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HL-LHC projections



LHC HL-LHC

EYETS 13.6 TeV LS3 13.6 - 14 TeV
splice consolidation crvolimit LIU Installation . . HL-LHC
7 TeV 8 TeV  yutton collimators interaction o _ inner triplet : :
R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
ATLAS - CMS —
experiment upgrade phase 1 ALLLAS B %MS X nominsaltcl)_gr}?'i
beam pipes . : . . upgrade
Ppe nominal Lumi 2 x nominal LumL{ ALICE - LHCb : 2 x nominal Lumi :

75% nominal Lumi | /" upgrade
'/m 190 fb! 5005 ] 3000 fb*
luminosity JEIN VR R

The HL-LHC era 1s about to start with the Long Shutdown 3
HL-LHC data-taking (Run 4) should start in 2030

L arXiv:2505.03535

)
~
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Key points about HL-LHC

e 13.6 TeV or 14 TeV
o collect 3 ab™! (intermediate 2 ab™!)

e systematic scenarlios:

* S2 - Reference Scenario: A conservative projection where theoretical
uncertainties are halved and experimental systematic errors scale down based on

the increased volume of data (1/ \/Z).

* S3 - Optimized Scenario: A more realistic projection that includes all S2
improvements plus a 5% boost 1n performance for 1identifying specific particles
(like b-jets and taus) due to better hardware and Al algorithms.

* Increase pileup is not taken into account: assumption the increase in pileup 1s
compensated by the improvements 1n detector technology and recording as well as
data processing improvements

\®
o0
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ATLAS + CMS HL-LHC projections significance

_1 _1 ° °
2ab 'vs3ab ATLAS bbrt projections
8
ATLAS + CMS [ S2,2 ab~! per experiment o, | | D | | | | |
7 DOEE » . = 7t ATLAS Preliminary —#— Nosyst.unc. 47
Projections ESPPU 2026 I S2, 3 ab™" per experiment T . —a— Baseline
Vs =14TeV ==+ 50 Threshold 3’ Vs =14TeV,3 ab” —4— Run 2 syst. unc.
6- O g HH-bbT T~ 16
-
S Run 2 legacy projection
IS
7))

N

w

Combined Statistical Significance (o)

®
o
N

N el 0.85 090 095 100 105 110 1.15
0 relative T ID efficiency change

obt®

While a single-experiment observation is unlikely at 2 ab™!, it’s possibly in reach at 3 ab™!,
also 1in view of further analysis optimisations: bbzt 1s the most sensitive channel for discovery

A significance 7.60 can be achieved in the ATLAS+CMS HL-LHC combination

L arXiv:2504.00672| | ATL-PHYS-PUB-2025-006| | ATL-PHYS-PUB-2024-016

\®
\O
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-2 Alog(L)

ATLAS + CMS HL-LHC projections

1

15

10

1 1

ATLAS + CMS Projections ESPPU 2026
Vs =14 TeV, S3, 3 ab~! per experiment

All other couplings fixed to SM
68% CL k3 €[0.74, 1.29]

—— Combination

—— bbTt*T"

—— bbyy

—— bbbb
Multilepton
bbll

+29%

K3 uncertainty of iy

arXiv:2504.00672

ATLAS +CMS projections ESPPU 2026

Vs =14 TeV, 3 ab™! per experiment
Boosted VBF HH — bbbb

All other couplings fixed to SM

— 52, 68% CL K,y €[0.87,1.16]
- S3, 68% CL k2 €[0.90,1.13]

can be achieved with 3 ab™! (S3)
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https://arxiv.org/abs/2504.00672
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Largest uncertainty = largest interference

ATLAS + CMS HL-LHC projections k; # 1 and k,

In case iy # 1

3 ab~! per experiment (14 TeV)

~ ATLAS+CMS "
Projections ESPPU 2026 . .
S2 .
. =
'
1k
- : I
_____________________ '__-____________________________________________m
'
=
=
g B © 95%Cl ]
u i 68%Cl T

|||||||||||||||||||||

L arXiv:2504.00672

Triple Higgs production

Mﬂ' 300_]. | I | | | | I | | | | I | | | | I | | | | l | | | | | | |

- ATLAS+CMS -

- Projections ESPPU 2026 -

200[— —

- V\s=14TeV Expected 95% CL Unitarity

-1 . —

- 3ab” per experiment — S3 + reduced bkg. unc ¥ SM N

- HHH— 6b 7

100— / —

ol . -

-100— ]

_200 l_ | | | | | | I | | | | I | | | | I | | | | I | | | | | l_
-10 -5 0 5 10 15

K3

Expected upper limit on pz; < 86 (S3 scenario)
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Strong first order phase transition

e Goal: investigating a Strong First-Order Phase
Transition (FOPT) in the early universe(not

possible in the SM).

e Method: analysis of four alternative BSM >
Higgs potential shapes predicting a FOPT

e Results:

2 ab~!: some FOPT scenarios remain
possible

» 3 ab~!: the 95% CL sensitivity (red band)
excludes nearly all strong-FOPT hypotheses

V(®) — Vsm(@)

L arXiv:2504.00672
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Vacuum stability

GeV]

<+

m

177.5 1
175.0 -
172.5 -

170.0 -

1 ATLAS+CMS
| Projections ESPPU 2026

180.0 -

Instability

Metastability

3 ab™! per experiment

my from tt+jet
---- 8 TeV (20.2 fb~1)

—— 13 TeV (36.3 b7 1)
— S2 with profiling

S2 without profiling

//"" T ~ s
\ T )(
. ‘\\\_///’
Stability “~-----
124.8 125.0 125.2 125.4 125.6 125.8
™MH [GGV]

L arXiv:2504.00672

Assumption: the central values of the
two masses remain the same as
measured at present

May be able to make a conclusive
statement on the stability of the
vacuum assuming the SM 1s valid up
to the Planck scale, depending on the
central value of m,

o
W
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Conclusion

 The Higgs self-coupling can be accessed through HH and HHH
measurements, and single H EW NLO corrections

e HH ATLASH+CMS combination (Run 2 only) puts the most stringent
limits on k5 to-date: puyy < 2.5, Ky € [—0.71,6.1] and x,,, € [0.73,1.31]

e HHH production: total of 3 public analyses: best limits obtained by
CMS HHH — 6b k, € [—190,190], pypy < 588

e Single H can measure k5: can improve HH result alone by up to 7%
e HL-LHC 1s gonna be exciting!
« HH discovery (7.60 expected)

» k; measurement with a £30 % uncertainty expected

Thank you for listening! Questions?
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