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?Why measuring the Higgs potential?

CMS

¢ Higgs potential: V(d)):%uz (I)2+lk
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¢ Approximation around the v.e.v:
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mass term self-coupling terms
¢ ) known from v.e.v and Higgs mass:

¢ BSM effects could change A = define deviation of tri-linear term: «; =

— no quartic terms considered here
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SM and non-SM potentials:
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?Why looking for HH production?

CMS

¢ Main production mode: ggF

— destructive interference between triangle and box diagrams = o(HH)/c(H) = 0.1%
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¢ Self-couplings through total HH cross section, and diff. cross section do/dm,_,.:

degeneracy
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HH production at 14 TeV LHC at (N)LO in QCD 1
M,;=125 GeV, MSTW2008 (N)LO pdf (68%cl) ]
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% Why looking for VBF HH production?

¢ SMat 13 TeV: G, =31.051b, 0., =173 1

F VBF

¢ HH production via VBF has unique sensitivity for the so far unmeasured HHVV

coupling x

- SM predicts x,,, = x,, = 1, cancellation of the first two diagrams, tiny cross section
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https://arxiv.org/pdf/1611.03860.pdf

% Why the HH— bbyy channel?
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001
https://arxiv.org/abs/2310.12301

?Analysis strategy

Preselection
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?Mass categories

%) 0_25_ 1T I T 1T ! T T 1T I T T 1T l T T 1T | T T 1T I TTTT I TTTT I T TT I T TT ]
o [ ATLAS Simulation 1 4 High-mass
& oL 's =13 TeV ]
E - HH—bbyy ggF ] — SM ggF
S B — K, =-6 :/
S 0151 2 - ~, SM VBF
° j - 5 non-SM
'*% 0.1 g VBF points
- - j
0.05 3

m*
¢ [ ow-mass by

ATLAS Simulati

>
- ggFkA=10and 5.6 o

o
—
o

< 0.25
- non-SM VBF points ¢ | VBF HH - bbyy, ky=1
[ S — SM
q(]_) i —_— Ky =10,Koy=1
g : ‘ \ Kx=0,Koy=1
9O o0.15 1 Kx=1,Kk2v=0
-g - —_— Ky=1,Koy=1.5
C - —_— Ky=1,Koy=3
L — K}\=0,ng=0

7
J_|-| |

0.05

II|II]I|IIII|IIIII[\\I

0.00

400 600 800 1000
ml;t_)yy

1200
[GeV]



?BDT selection

¢ Kinematics of photon and jets
¢ Extra HH related variables: mbbw*, ARW, AR

¢ VBF related variables:

Fraction of Events / 0.04
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101
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¢ 7 categories based of the maximum significance

— BDT to select the VBF jet

— kinematics and b-tag score of 3rd and 4th jet

- m, Anjj, event-shape variables
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Events / 2.5 GeV

Events / 2.5 GeV

$Fits

¢ Slmultaneous unbinned maximum likelihood fit in all categorles
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— no significant excess observed in data
¢ Upper limits on signal strength (p):

- 12% improvement wrt previous analysis
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?Constraints on K, and K,
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Limits on EFT models (1)

¢ HEFT: Higgs effective field theory

— parameterized lagrangian allowing for deviations from SM

as Cgghh
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% Limits on EFT models (2)

1/N dN/dm,,,,/ 20 GeV

¢ HEFT: Additionally search for benchmarks
— represent distinct, representative kinematic shapes in SD HEFT phase space
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¢ Benchmarks 3, 4, 5, 7 excluded at a 95% CL

- partially due to harder m,  spectrum
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?Limits on EFT models (3)

¢ SMEFT: Standard Model effective field theory

— expansion of SM lagrangian with dim-6 operators, includes 5 Wilson Coefficients

INSM:C. =C = =C =C._=0. coefficients of O(1/A?)
Ho “tH HE _
Loerr = CHn(HTH)D(HTH)+CHD |(HTD’LH)|2+CH(HTH)3+CTH(HTH qHt + h.c)+ HTH tr(GﬂvG‘”)+ (qI_CIWTE‘l HctRG‘”a)

— Less general. h is contained in SU(2) doublet (same as SM)
— More useful for global combination: many other LHC searches use SMEFT

o [T T T T T ]
° 60l ATLAS —— Observed 68%CL ]
- Vs=13TeV, 140 fo~'! ——- Observed 95% CL .
B >bb Expected 68% CL ]
40 = bbv Exgec}(ed 95%CL ] Wilson coefficient  95% CL Observed 95% CL Expected
i % Bestfit .
202_ Y&  SM prediction _j cy [-14.4, 6.2] [-16.8, 9.7]
i 1 CHO [— 9.4,10.2] [—12.4,13.7]
ofF .
—20¢ ] ¢ No significant deviations from SM
_40: il I 1 — 1 l 1 1 1 1 l 1 1 1 1 I 1 1 1 1 l il 1 1 ]—— ‘ Best fit agrees With SM Within 10




& Conclusion Q.

¢ New Legacy Run 2 analysis for the search for HH— bbyy
— now dedicated selection for VBF HH
— constraints on K, and Koy but also EFT

¢ Comparison of expected limits on x, an «,,, for different channels:

bbyy best for K, K K

A 2V

B ATLAS CMS ATLAS CMS

bbyy [-2.8 ;7.8] | [-2.5; 8.2] |[-1.1; 3.3]|[-0.9; 3.1]
bbtt [-3.1:10.2]| [-2.9 ; 9.8] [[-0.5 ; 2.7]|[-0.9 ; 3.1
bbbb (resolved) [[-5.4 ; 11.4]|[-0.5 ; 12.0]|[-0.1 ; 2.1]|[-0.4 : 2.5]
bbbb (boosted) [-5.1: 12.2] [0.7 ; 1.4] ﬁ

boosted bbbb best for K, !

K,,=0 hypothesis excluded
4 Combined limit on W... ~3*SM/experiment * at 60 level when fixing other

— evidence at reach at the end of Run 3?? couplings to SM values
e at 30 level when fitting K, and

K, simultaneously 14
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?Variables for BDT event selection

Variable

Definition

Photon candidates

primy,
n and ¢

AR(y1,72)

Transverse momentum of each photon divided by the diphoton invariant mass m.,,,
Pseudorapidity and azimuthal angle of each photons
Angular distance between the two photons

b-jet candidates

b-tag status
Pt 1 and ¢
P’ M and @y
AR(b1,b2)

Mpp
Single topness

Tightest fixed b-tag working point (60%, 70%, 77%) that each jet passes
Transverse momentum, pseudorapidity and azimuthal angle of each jet

Transverse momentum, pseudorapidity and azimuthal angle of the two-b-jet system
Angular distance between the two candidate b-jets

Invariant mass of the two candidate b-jets

Variable used to identify t — Wb — ¢4’ b decays. For the definition, see Eq.( 2?).

Other jets (only first two, if present, ranked by discrete b-tagging score)

b-tag status
Pr.- 1 and ¢

Tightest fixed b-tag working point (85% or none) that each jet passes
Transverse momentum, pseudorapidity and azimuthal angle of each jet

VBF-jet candidates

An(j1, j2),mj;

Pseudorapidity difference and invariant mass of the two jets

Event-level variables

Transverse sphericity, planar flow, pt balance
Hry

E%niss and quiss

#*

bEyy

For the definitions, see Ref. , Ref. , and Eq. (??)

Scalar sum of the pt of the jets in the event

Missing transverse momentum and its azimuthal angle

The 4-body invariant mass of the two photons and two candidate b-jets, mz Byy =
Mppyy — (Mpp =125 GeV) = (my, — 125 GeV)
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Fraction of Events / 0.05

% VBF BDT selection

Variable

Definition

p% and 7/
AR(j,yybb) and
An(j,yybb)

m;jj and An(j, j)

AR(jj,yybb) and
An(jj,yybb)

Transverse momentum and pseudorapidity of each of the VBF-jet candidates

Angular and pseudorapidity separation between the VBF-jet candidates and the
yybb system

Invariant mass and pseudorapidity separation of the two VBF-jet candidates

Angular and pseudorapidity separation between the VBF-jet candidate pair and
the yybb system

1 I 1 1
——SM HH ggF
==:HH ggF, K)\=1 0
= SM HH VBF
----- HH VBF, k\=10
----- HH VBF, koy=3

Single H

YY+ets

¢ Data sidebands

. 1

L

ol
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Ht Scalar sum of the pr of the jets in the event
I I I I 1 1 I I I I I I I I I 1 I 0 I 1 I I I 1 I I I
o
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?Expected number of events

High Mass 1

High Mass 2 High Mass 3

Low Mass 1

Low Mass 2

Low Mass 3

Low Mass 4

1) < +0.03 104+0.021 +0.10 +0.007 0.004 +0.004 +0.004
SM HH(k, = 1) signal 0.26" 5 0.1947 3> 0.84%; 4 0.048% 00 0.03870 00 0.039% 05 0.0327 2
+0.03 188+0.021 140.10 +0.007 0.004 +0.004 +0.004
ggk 0.2575 04 0.188% 032 08155 14 0.046%500s  0.036%57006  0-037%5006  0-025%5 004
103 +0.6 +0.5 +4 1 0R+0.28 1 71+0.16 1 061021 +0.6
VBF x10 797,72 53753 297 1.98%57, L7175 1.967 74705
Alternative HH (x, = 10) signal 2.5%0%4 18102 6.2+0% 50705 3.8 3.7 3.6%0%%
+0.4 1 @4+0.25 +0.8 1.0 +0.7 +0.7 +0.34
gek 23753 16475 49706 47558 3.6206 3.3%05 204557
1+0.019 17(+0-019 1 7g+0.15 +0.20 +0.23 +0.10 1 §7+0.17
VBF 023175017 017075017 12975 1% 0287571 0.2375°1 03675 08 L5775 16
: _ . +0.04 +0.05 +0.7 +0.04 +0.06 +0.023 177+0.04
Alternative VBF HH (kv = 3) signal 0.237, 0.207; o4 3.8 0.037; 05 0.0375 0 0.0487 15 0.1775 03
- : 1 5+0.5 +0.21 +0.25 1 79+0.31 +0.08 +0.14 16+0.06
Single Higgs boson background 1L.5757 0.48%, 70 0.5775 70 L7275 0.537 06 0.297; 7 0.16%, 3
+0.5 144021 +0.25 +0.31 +0.08 +0.13 +0.06
gek 0.5753 0.14%5709 0255571 0.297575 0087504 0.0755 66 0.04%5703
- +0.034 +0.009 +0.008 +0.09 14+0.029 100+0-012 +0.005
wH 0.30275 03, 0-06975005  0-06375 07 0777508 0.214% 556 0.100%5055  0.048%5 005
1+0.06 174+0.020 1RK]+0.035 +0.05 140+0.028 +0.033 +0.010
ZH 0.6175765 0.174%5 016 0-188%5 6% 0.4975 04 0.149%5055  0.069%505;;  0.028%07
177+0.08 +0.030 +0.04 18 1+0.030 0.016 +0.007 +0.008
Rest 0.1775 04 0.08974 616 0.07Z4 02 0.181%G 510 0-089%57009  0.046%550,  0.0395 700
: 11 2+15 +0.8 +0.8 2.9 : 1.5 +0.9 1 1+0.5
Continuum background 11.37 3.275% 2.8, 37.2*55 10872 4.47 1173
Total background 12.871¢ 3.749% 3.470% 38.9*5% 11.3*3 4.7 13703
Data 12 4 1 29 8 5 4
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Summary of EFT limits

- ATLAS —e— Observed 68% CL
i _ 1 —e— Expected 68% CL
. Vs=13TeV, 140 fb e~ Observed 95% CL
HH - bBYY --e-- Expected 95% CL
SM prediction
| HEFT Interpretation
. __ b—————t i~ 1.039
hhah - 4 3.4:24
c B l—f* 0.00:9:48
gghh B + 4 0.043:3%
B - A=o———1 0.00*3:71
Ctthh [~ 44— - 0.22+9-28
- ee-0.27
. SMEFT Interpretation (linear + quadratic terms)
L A=1TeV
i F+ > - 0.0*%5;
CHI '
i - —0— +————————— | -5.1*82
B == 2 == ooig?
CHol™ - @ 1-—1 0.8:21
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