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Direct measurement of
the Higgs self-coupling
via HH
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CO U P I.I N GS Z. Liang's falk, A. Bethani's talk

Legend:
New from HH2023
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WHAT'S NEXT?

Lesson from the past: results exceed expectations!
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See more In F. Haslbeck's talk andlATL-PHYS-PUB-2024-016
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WHAT'S NEXT?
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MORE ON HH COMBINATIONS

Run 2 ATLAS + CMS Combination Run 2 + Run 3reach HL-LHC ATLAS + CMS

A summary document of the brainstorming on
ATLAS + CMS HH combination
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Goal: Determine whether the two collaborations value a combination of the Full Run 2
results or prefer to wait for the final Run 3 results to come. In either case, understand pros
and cons.

Previous projections (50%
precision) *very* outdated

Phys. Rev. Lett. 133
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“3” TRANSPARENCIES OF COMPARISON

Higgs Self-coupling Discussion: Observed vs Expected Slides
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THEORY
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WHAT'S NEXT?

Run 2 to Run 3
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HH PRODUCTION AT THE LHC
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HH PRODUCTION AT THE LHC

Non-resonant 672" = 31.05 fb at 13 TeV for my = 125.00 GeV
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HH PRODUCTION AT THE LHC
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HH PRODUCTION AT THE LHC
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TWICE THE HIGGS,

TWICE THE CHALLENGE

W HH Events
Run 2 i Vée;leficﬁt only Need to combine
[7%) of these multiple signatures
e i of Higgs boson decays
to increase sensifivity
0 20000 40000 60000 80000 100000 120000
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OggF + var(HH) [fb]

COUPLINGS
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HL-LHC BASELINE

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-016/
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Source

Scale factor

Experimental uncertainties

Luminosity 1.0
Electrons and muons efficiency 1.0
b-jet b-tagging efficiency 0.5
c-jet b-tagging efficiency 0.5
Light-jet b-tagging efliciency 1.0
Thad €fficiency (statistical) 0.0
Thad €fficiency (systematic) 1.0
Thad €NErgy scale 1.0
Fake-1y,q estimation (statistical) 0.0
Fake-1h,q estimation (systematic) 0.5
Jet energy scale and resolution, E‘Tniss 1.0
Theoretical uncertainties 0.5
MUC statistical uncertainties 0.0
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THE POWER OF COMBINATION
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A BROAD AND
EXCITING PROGRAMME

Further improvements to leading channels and new areas to characterise the Higgs sector with HH
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- MULTILEPTONS

« CMS full Run 2 search for HH —> WWWW,WWtt, and Tttt hitps://arxiv.org/abs/2206.10268
« Additional yytt search hitps://inspirehep.net/literature /2784595

« ATLAS ML and yyML combined https://link.springer.com/article/10.1007/JHEPO8(2024) 164
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« CMS full Run 2 search for HH —> WWWW,WWtt, and Tttt hitps://arxiv.org/abs/2206.10268
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MULTILEPTONS

e CMS full Run 2 search for HH —> WWWW ,WW<=zt, and tttt hitps://arxiv.org/abs/2206.10268

« Additional yytt search hitps://inspirehep.net/literature /2784595

« ATLAS ML and yyML combined https://link.springer.com/article/10.1007/JHEPO8(2024) 164
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AN IMPRESSIVE SUCCESS
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2D COUPLINGS
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PUTTING EVERYTHING TOGETHER

hitps://arxiv.org/pdf/2207.00043.pdf
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PUTTING EVERYTHING TOGETHER
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hitps://arxiv.org/pdf/2207.00043.pdf
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VBF HH PRODUCTION VS KL AND K2
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Reviews in Physics 5 (2020) 100045
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Fig. 82. VBF HH production cross section as a function of the coupling deviation from the SM value for the HHVV (HHH) vertex in blue (red). The
solid line is after acceptance cuts, the dashed line is after analysis cuts applied on the rapidity difference and Mj; [455]. (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of this article.)
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EFFECTIVE FIELD THEORIES AT THE LHC

« Searching for physics Beyond the Standard Model (BSM)

major goal of particle physics SMEFT Wilson coefficients
top EW
- Higgs, Top and electroweak precision measurements i CW 1
benefit from a global approach in the framework of |
Effective Field Theories (EFT) (c... e \\ Cinn
« Different operators sensitive to different phenomena o Cuws Cup Cu oW C
o Cv. Cil Ciul . "
« SMEFT (SM EFT, Higgs fields as doublets) or HEFT (Higgs g”H c® D C.. O, Cira | | Cus
EFT, physical Higgs boson mH kel Cdq
phy ele ) o Q e ) | Co g
*  SMEFT typically expanded to dim. 6 operators, dim. 8 ' Cpe | C. Ot Cs of Co
included to probe certain couplings cw | " Ta o o5 e
. . A A ——l
« HEFT more general than SMEFT, certain coefficients £ - Higgs P
become independent v +Cly

ke f Curtesy of L. Pereira Sanchez, adapted from
Di-Higgs'~ JHEP04(2021)279
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EXPERIMENTAL OBSERVABLES

SM

What EFT BSM

allows us
to proE)e /\

LSMEFT — LSM +L5 +L6 + L7 +L8 + - ’

Inspired by D. Valsecchi

| E< Eryc

N > Wilson Coefficient

for d > 4

Odd dim. neglected (I/b number violations)

Scale of BSM physics
Operator
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EXPERIMENTAL OBSERVABLES

SM

What EFT BSM

allows us
to proE)e
v
Inspired by D. Valsecchi \

I E< Eyc E> Einc

LSMEFT = LSM + L6+ L8 + e
OSMEFT = Osm t Ointe + OBsM.6 T Ointg + -

\ ) | J
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V.M.M.CAIRO (1/A2) (1/A%) 40



https://indico.cern.ch/event/1198609/contributions/5367280/

o

EXPERIMENTAL OBSERVABLES

SM

What EFT BSM
allows us

to prope

Inspired by D. Valsecchi \

I E< Eyc E> Einc

LSMEFT = LSM + L6+ L8 + e
OSMEFT = Osm T Ointe T Opsme T+ Ointg T -

\ ) | J
|

|
linear quadratic
V.MM.CAIRO (1/A2) (1/A4)

NP7 e

5w 2 ananz

- i 5 e  30m .

High energy tails of kinematic

observables enhance

experimental sensitivity to SM

deviations

* Lin. vs Lin.+Quad. to probe
higher order effects

Differential & precise
measurements are key

Great complementarity between
SM, Top and Higgs sectors to
address fundamental physics
guestions...
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WHY HH? AND WHY IN EFT?

Higgs pairs produced by means of various interactions at the LHC, including the Higgs ..

self-coupling, A, giving us direct access to its measurement when searching for HH -____ ol
K
\‘ w
-HH pr(;duction ILﬁC14 | | | j// Os |
including interferené'e\__‘and squared terms / 0 H
dashed:" excluded by LHC results 0. éc ’
LHC early Run 2 A
constraints = 10 < Ho :
No sensitivity to 5
parameters other S
than 06 (~k/1) 10° _
rg = 0.05,rg =1
TG = 10,7"45@ = 200
Tty = 1
—20 -15 —10 -5 0 5 10 15 20
jrevip.2020.100045 ri ¢i/v? [TeV 7]
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WHY HH? AND WHY IN EFT?

Higgs pairs produced by means of various interactions at the LHC, including the Higgs ..

self-coupling, 4, giving us direct access to its measurement when searching for HH - a7
K\
\‘ "l/
-HH pr(;duction ILﬁClél | | | ’/ Os
including interferené'e\__‘and squared terms 0 H
dashed: excluded by LHC results %) éc
LHC early Run 2 A
constraints =~ 10 < Ho— :
S
5
LHC full Run 2 =
constraints =~ 3
100 -
Relevant to [ u
. \/ =0.05,ry = 1
consider general . s 10, o = 200
coupling ' rig = 1
variations 20 -15 —10 -5 0 5 10 15 20
jrevip.2020.100045 ri ¢i/v? [TeV 7]
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HIGGS PAIRS IN SMEFT -0

ATLAS HH — 4b

Wilson Coefficient Operator
T3 u | | l l I l | I
CH (H H ) g 50— ATL A S — Observed Limit (95% CL) —
CHO (H'H)o(H'H) , Js=13TeV, 1268 | | T Expected Limit (95% CL)
T == — ¢iy=0.0, ¢,g=0.0, chg=0.0 " Expected Limit+1o =
CtH (H H )(QH t) Expected Limit +20
CHG HTHGﬁvG/j‘V 30— %  SM Prediction o
¢, Qo™ TAHA Gﬁy 20— -
10— =
A 4 0 |— =
In Single Higgs, only included in ol B
linear combination with other WCs
v 20 il
Probed uniquely by HH a0l 1 1 1 1 1 1 1

-40 -30 -20 -10 0 10 20 30

More 2D scans in the extra slides
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HIGGS PAIRS IN SMEFT

2301.03212

v

Wilson Coefficient Operator
cn (H'H)’
Cho (H'H)o(H'H)
Cin (H'H)(QH!1)
CHG H'H G;‘VGT’
¢, (Qor* T 1 H G_Z‘V

A 4

Limits are ~ comparable with global
combination (dominated by single Higgs)

Order-of-magnitude hand-made comparison between 2301.03212 (Global Fit) and ATL-PHYS-PUB-2022-037 (HH4b)

7.5 1
5.0 1
2.5 1
0.0 1
—2.51
—5.01
—7.51

—10.0 1

Observed 95% CL (range)
linear+quadratic

CHG

HH4b
V.M.M.CAIRO

Global Fit

0.06 1
0.04 1
0.02 1
0.00 1
—0.02 1
—0.04 1

—0.06 1

1.0 1
. 0.5 1
Observed 95% CL (range) H Observed 95% CL (range)
linear+quadratic 2 ) linear+quadratic
& 0.0]
-0.5
—1.0 1
HHab Global Fit HH4b Global Fit
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H I GGS PAI RS I N H E FT 2301.03212, ATL-PHYS-PUB-2022-019, JHEP 03 (2021) 257

In HEFT, anomalous single-Higgs couplings # HH couplings (¢, un # Cggu, Ctenn # Ceen )

: Standard Model
o H 2 0000999999
Ctth Chhh ,,"
______ .’ A
H AN
Ky KX .
. "H g

Beyond Standard Model

V.M.M.CAIRO
(*) In black the CMS WCs convention, in colors the ATLAS one

H g H g H
Cggh  Chhh ,*° Cgghh -
______ ./ ’ :
H \\\ \‘\ - \\
Cg \\\ C2g \\\\ C2 \\\
H g (*) H g H
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In HEFT, anomalous single-Higgs couplings # HH couplings (¢, un # Cggu, Ctenn # Ceen )

~ Standard Model

H g 0000099000

Ctth Chhh ,*

H £ 0990099990~

Beyond Standard Model

H g H g H
Cggh  Chnn o nghh’x'/
: >
8 Cog . C2 .
H g (*) H g H

HEFT results for ATLAS HH — yybb + HH — bbtt (0 /osy < 0(3)), ATLAS HH — 4b and CMS HH — yybb

See extra slides for constraints
on “benchmarks”, i.e. xs limits
on recommended
combinations of WCs values

Q' Q'
= al e —— Observed limit (95% CL) = 4 [ —— Observed limit (95% CL)
f 10 o A TLAS Prellm I nary ---- Expected limit (95% CL) f 10 E A TLAS Pre“mlnary -- Expected limit (95% CL)
I r Vs=13TeV, 139 fbo" = Expected limit +10 T C = m == Expected limit +10
5 :| HH - bbT* T~ +bbyy | 1 Expected limit +20 5 HH - bbT* T~ +bbyy 1 Expected limit +20
=} - —— Theory prediction =} —— Theory prediction
0oL Y% SM prediction 100k Y% SM prediction
102 102
ET N e _— - T
| Observed: cggnn €[—0.3, 0.4] | Observed: Cithn €[—0.2, 0.6]
10" =Expected: cggnn € [0.3, 0.3] 10" =Expected: cunn € [—0.2, 0.6]
: L I 1 1 1 1 I L | | | I 1 1 | | I | | L L I 1 1 I | | L | 1 1 1 1 I | | | L l | 1 1 1 I 1
-1 -0.5 0 0.5 0.5
Cgghh Ctthh
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(*) In black the CMS WCs convention, in colors the ATLAS one
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HIGGS PAIRS IN HEFT.... ..

CMS full Run 2 search for HH —> WWWW ,WW=zt, and tTTT

Require multi-leptons (e, u, t,44) iN the final state

o/osy < 0(20)

HH — Multllepton

138 fb (13 TeV

1.8F
1.6F

95% CL upper limit on o(pp — HH) [pb]

2r

- 68% expected = QObserved

95% expected

1 4b & Theoretical prediction

----- Median expected ]

V.MM.CAIRO

CMS | HH —>|Mult|Iepton o 13|8fb1 (1|3| TeV)
103 95% CL excluded 1
- [ ] Observed - Median expected
8- + Bestfitvalue . 68% expected -

¢ Standard model

95% expected
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HOW DOES HH LOOK IN HL-LHC?

Uncertainty scenario

Significance [o]

No syst. unc.

Baseline

bbyy IbZ_)T+T_I bbbb | Combination

e
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bbt* T~
bbyy
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Combined
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05<k,sl.batlc
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95%

68%

ATLAS alone
comparable to
previous expectation
from ATLAS + CMS
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FUTURE COLLIDERS

arXiv:1907.02078v?2

a b (&) Ca C3 d3 d4
relevant couplings hRVV | hhVV hit hhtt | hhhtt hhh hhhh
e SM 1 1 1 0 0 1 1
2 2 b )\ 3 " P ere 2 2
—-m?H'H + A\(H'H)? + %\GT(HTH) ,  Elementary Higgs SMEFT (with Og) 1 1 1 0 0 |1+ceds | 1+c%%
: : : MCHs, 5 1-£[1-2 —3¢| —2¢ | -2 —3 1-2
—asin® (VHYH/f) + bsin*(VHTH/f), Nambu-Goldstone Higgs ot . ; 2t | 72 | 75 2¢ 3
V(H) =~ { ’ CTHg. 1-§|1-2 |1-3¢|-d¢| -§6 | 1-3¢ [ 1-%¢
t : : ‘
NHTH)? + e(HTH)? log 25, Coleman-Weinberg Higgs CW Higgs (doublet) | 1 1 1 | o | o | zam) | L
5 : CW Higgs (singlets 1 1 1 0 0 5(1.91 410
—k3VH'H + m2H'H, Tadpole-induced Higgs iees(ginees) 303 | @)
N Tadpole-induced Higgs | ~1 ~1 ~] 0 0 =0 =0

Table 1: Higgs couplings, defined in Egs. (2.1) and (2.3), for the SM and various NP scenarios. For the
Coleman-Weinberg (CW) Higgs scenario, we also present in the parenthesis the Higgs self-couplings up to
the two-loop order, predicted in the two of the simplest conformal extensions of the scalar sector: SM Higgs

doublet with another doublet [14], and SM Higgs doublet with two additional singlets [15].
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HOW DOES HH LOOK IN HL-LHC?

Ka=1, Koy = |1 '?‘Simqu I|3ata
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HOW DOES HH LOOK IN HL-LHC?

\I

I 1 I I | I | I I I I | I 1 I I I I | I I I

ATLAS Preliminary

—+— No syst. unc.

Significance [0]
(*2]

Vs=14Tev . _ _ —e— Baseline
HH - bbyy + bbt™ T~ + bbbb Theoretical unc. halved
5 Projection from Run 2 data —+— Run 2 syst. unc.

Asimov data (kx = 1)
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HOW DOES HH LOOK IN HL-LHC?

ATLAS Preliminary

~

—+— No syst. unc.

Significance [0]
(o))

Vs=14TeV . _ _ —— Baseline
HH = bbyy + bbT™ T~ + bbbb Theoretical unc. halved
5l Projection from Run 2 data —+—_Run 2 syst. unc. N

Asimov data (k) = 1)

4 E
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o 00— TR0 %000———300——— '3o|oo':
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g
HOW DOES HH LOOK IN HL-LHC?

Modern flavor tagging algorithms based on Graph Neural Networlks fully exploit the potential of

the ITk = large sensitivity gains for HH!

Ky =1, Koy = 1 Asimov Data
T T T
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==o==Baseline

Theoretical unc. halved

==t==Run 2 syst unc.

[

I | | | 1

C B T T T T I T T T T I T 1 1 1 : 1 1 1 1 i IB! B
O 10° | ATLAS Simulation Preliminary| —— GN1 (f.=0.05) | | 30— -
5 E VS = 14 TeV, (i) = 200 ==~ DL1d (f-=0.09) ] S [ ATLAS Preliminary
) - [Tk Layout: 23-00-03 e DIPS (f, = 0.17) 1 8
D0tk out ¢ i L [ Vs=14TeV, 3000 fo-'
o 10 tt, pr> 20 GeV | MV2c10 | g 251 Projections from Run 2 data
© ' & [ HH-—>bbbb (ggF+VBF)
-I— a |
2 3 L
. 2

o 1.5_—

1,0 [pmmmmmmm e e
- /
.9 T | T T T T | T T T T | T T T T ] 0.5__ p—
e -
&6 B 1 | 1 1 | 1 | | | | |
0.65 0.70
ATL-PHYS-PUB-2022-053
S —— -"-:'_"___—_-:_—;.-;: ------ \‘7
...I 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
%.6 0.7 0.8 0.9 1.0
ATL-PHYSPUB-2022-047) b-jet tagging efficiency

0.80

b-tagging effiency [%]

0.85

+ 5% efficiency for the same mistag rate — + 0.3 ¢ sensitivity gain for HH — bbbb

V.MM.CAIRO

54


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-047/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/ATL-PHYS-PUB-2022-053.pdf

RUN 3 b-TAGGING
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b-jet efficiency

ATLAS Simulation Preliminary
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/
ITK BTAGGING

Moder taggers based on Graph Neural Networks further exploit the potential of the
ITk: up to x2 improvement in light-jet rejection!
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