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VVHH interactions and SMEFT

® VVHH interaction vertices predicted by the SM...
® with identical strength as VVH couplings (modulo powers of v)

@ ... but very difficult to investigate
® Processes where they contribute significantly have very small cross-sections
® The only relevant experimental data is LHC Run-2

® How to parameterise possible beyond-SM effects in VVHH interactions?
® We adopt a Standard-Model Effective Field Theory (SMEFT) approach
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Choice of SMEFT dimensionality

A typical final state at the LHC:
® Production of Higgs-boson pairs
from Vector Boson Fusion (VBF HH)

EFT effects quite complex:
® Dimension-6 SMEFT effects may modify triple couplings (VVH, HHH)
o At dimension-6, modifications of VVH and VVHH vertices are necessarily the same (as in the
SM) - best constrained by single-Higgs-boson production and decay data

o Only one genuine (x h®) HHH-modifying operator - best constrained by HH production in
gluon-fusion

® Dimension-8 SMEFT operators include operators generating genuine anomalous-Quartic-Couplings
(@QC, i.e. leaving triple couplings unchanged)

o We focus on these, as the investigated final states have unique sensitivity



Dimension-8 basis and unitarity constraints

e Ebolietal. (Phys. Rev. D74 (2006) 073005)
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Using this basis, unitarity bounds
are estimated from optical theorem
(partial wave expansion, up to P-
wave), valid for all VV =» VV
transitions ( Phys. Rev. D 101 (2020)
113003

o they are function of the c.0.m.
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Relevant final states at the LHC

® VBF HH (S and M operators)

NOTE: as all processes are
very rare, we only consider the
H = bbbar decay mode
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® gg = VVH production (S, M)

O

Opo =Tr [W,, W] x Tr | W, Wes
Oy = Tr | W, 45| x Tr [W,, W
Ora=Tr ﬁ?pvﬁ}aﬁ x B Brp
Org =Tt (W W8] x B3B8
Ors = B,y B# B, B

]

, Opy = Tr W, WH| x Tr
, Oy =Tt (W Was| » Tr
. O =Tt [W,, W | x B,sB*
. Orz="Tr W, Wre| x Bs, B
. Opg =B, B Bg, Bve .

ﬁ?ﬂﬁ WQV
Fraufipus

|

N.B. sub-dominant vs. qgbar
production

Vector boson-scattering (VBS)
final states (T, but also S, M via
covariant-derivative terms)

qqbar » VHH production
(S, M)



Simulation setup

® MC generator: MadGraph5_aMC@NLO v2.7
® Generator-level selections applied:

® p., m, My, An; of tagging jets, for VBS and VBF final states (1-4)
® m,, close to my for candidate b-jet pairs (7)

cross section [fb]

=
&}

BSM/SM ©
orRNWA

0.729(3)

Process | MapGrarud AMCAGNLO | QCD Max. CMS 7[l.1, 13 TeV]
number syntax order | jet flav. | result SM (fb)
Signal (including EFT effects)
1 pp>wtutj j QCD=0 LO 4 29, 30] 4.514(9)
PP >w w- jjQCD=0
2 pp>wtzj j QcD=0 LO 1 29, 30] 8.55(2)
Pp>w-z j jQCD=0
3 pp>ww-j j QCD=0 LO 1 [30] 0.97(2)
1 pp>hhjjQcp=o LO 5 [40] 0.0329(7)
5 pp>zhh QED=3 LO 5 . 0.01295(5)
6 g g > z z h [noborn=QcD] | LI (LO) 5 — 3.493(7) x 1073
Background (SM only)
7 Pp>zbb bb” | —

Lo | 4

VBF-HH

1 fso/N*=5Tev™?
SM
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e BSM effects simulated:

1. either varying the VVHH
coupling by hand

2. or for various values of the
EFT Wilson coefficients



Validation: reproducing CM$ VBS results

e In order to estimate EFT sensitivity, real experimental analyses use signal MC templates of the
invariant mass of the di-/tri-boson states produced (m) - or proxies of m, in case of
undetected particles

e Our simplified observable: o[m_,,, m, ... ] (integrated cross section in invariant-mass interval)
O my, fixedto1.1TeV (cgy = Ggey)
O  m,,,, assuming various values between m;, + 0.1 TeV and s (the latter corresponding to no
unitarity bound)

40 — o fit 0.6 — f fit
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Validation: reproducing CM$ VBS results

o Assume integrated cross-section in BSM fiducial region is the observable determining

experimental sensitivity

1. Run simulation scans for a given bosonic final state and all operators (3xS + 7xM)
Compute all cross-sections and interpolate with quadratic function
Take the experimental limit on one operator from CMS publications (w/o unitarity)

2.
3.
4. Extrapolate corresponding 95%-CL excluded cross-section
5.

Derive limits on all other operators and compare with published ones

® Managed to reproduce CMS
results w/o unitarity bounds using
simplified observable — except in
one case

® Also filled in missing results

VBS WFW+ — 2/2p VBS W*Z — 30v VBS W*V semileptonic
Coeff. | CMS exp. | estimated | CMS exp. | estimated | CMS exp. | estimated
fvo/AY | [-3.7,3.8] | [-3.9.3.7] | [-7.6,7.6] input [1.0.1.0] | [-1.0,1.0]
S /A | [-5.4,5.8] input [-11,11] [-11,11] | [-3.0,3.0] [-3.1,3.1]
fMQ/A4 / / — [-13,13] — [—]..5,1.5]
Fas /A / - [-19,19] - [-5.5,5.5]
Fra/ A / - [-5.9,5.9] - [-3.1,3.1]
fus /A / - [-8.3,8,3] - [-4.5,4.5]
far/AY | [-8.3,8.1] | [-8.58.0] | [-14,14] [-14,14] | [-5.1,5.1] input
fso/AY | [-6.0,6.2] | [-6.1,6.2] | [-24,24] [-25,26] 4~T4.2,4.2] [67?*&1\
fsi/AY [-18,19] [-18,19] [-38.39] [-38,39< [-5.2,5.2] [-8.3,8.4]
fsa/A4 - [-18,19] - [-25,26] \\_ [-8.4,8:




Implementation of unitarity bounds

unitarity bounds

CMS limits
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VBF-HH limits from CMS results

LHC experimental results are given in terms of coupling modifier ks,

1. Consider published VBF HH = 2 bbbar 95% CL limit (N.B. from 2021 - CMS only) on k,,,
2. Use VBF-HH simulation as a function of k., to fit parabola and obtain limit on o
3. From limit on g, extract limits on corresponding Wilson coefficients

\ A fit 1 P — fusfit
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VBF-HH results
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New final states
(no LHC results yet)

® gg = VVH and qgbar » VVH
O For both, choose V = Z, since final states with W bosons would suffer
from large top-induced backgrounds, therefore would require a real
experimental analysis

1. gg=»2ZZH

0  Considering EFT effects with similar size as those induced in VBS and
VBF HH, cross-sections would be too small, even at HL-LHC

2. qgbar = ZHH

©  Perform a simplified analysis

Assume only one physical SM background (Z + 4 b-jets)
Enhance signal by requiring m, close to m for candidate b-jet
pairs

Estimate : a[m,;,, M.,] fOr signal+EFT and background
Compute S and B with LHC Run2 luminosity, and limits with a
Feldman-Cousins approach

O  Sensitivity smaller than other final states

q H,
v - H
{]: -
g LﬁLjﬂ_.
q v
ZHH — (T¢~bbbb
Coeff. no unitarity
faro/A? [—8.4,8.7]
S /A [—15,15]
faa /A [—12,12]
fMS/A4 [_ 2020]
Fara /A2 [—20,21]
Jus/A? [—18,18]
fM?/A4 [—29:30]
fso/A* [—210,200]
fe1/A4 [—350,380]
fea/A* [—350,380]
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Perspectives for HL-LHC

e Assume that at high-mass statistical uncertainties dominate in experiments
e Limits w/o unitarity bounds obtained by rescaling the excluded g by L2 (L = 3 ab")

= limit improvement very mild (scales roughly as L"4)

e Limits w/ unitarity bounds present significant additional gain since m,,,, moves to larger values,

allowing inclusion of higher-mass data in the analysis

= limits improve by a factor up to 4-5

VBS W*V semileptonic VBF HH— bbbb
Coeff. | no unitarity | w/ unitarity | no unitarity | w/ unitarity
fmo/A* | [-0.47,0.47) | [-0.96,1.02] | [-0.43,0.43] | [-0.90,0.87]
fMl/A4 [-1.5,]..5] [-2.3,2.4] [-]_.7,]..7] [-35,35]
favz/AY | [-0.69,0.68] [-2.1,2.1] [-0.62,0.61] [-1.7,1.7]
fus/A | [-2.5,2.4] [-6.8,6.3] [-2.4,2.4] [-6.5,6.6]
faa/AY | [1.4,1.4] [-2.4,2.5] [-1.8,1.8] [-3.9,4.0]
fus/AY | [-2.0,2.0] [-3.0,3.1] [-3.2,3.2] [-6.9,7.0]
far/AY | [-2.4,2.4) [-3.5,3.5] [-3.5,3.5] [-7.1,7.1]
fso/A* | |-1.8,2.0] [-2.6,3.3] [-14,13]
fsi/A* | [-2.4,24] [-5.8,6.1] [-5.1,4.5]
fao/AY | [-2.3,2.4] [4.8,5.2] [-8.1,7.1]

fua/A* limit [TeV~4]

30X CMS limits: Run2
. —— CMS limits: HL
unitarity bounds
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Conclusions

® Sensitivity of LHC processes involving rare VVHH interactions to BSM effects
o Specific operators in a dimension-8 EFT extension of the SM are chosen, which introduce
modifications to VVHH (and VVVV) vertices, without altering the better-constrained VVH and VVV
interactions
® Examined current (up to 2020) experimental results by the CMS Collaboration
o In spite of a much smaller SM cross-section, constraints from vector-boson fusion Higgs-pair
production (VBF HH) on those operators are already comparable with or more stringent than
those quoted in vector-boson-scattering (VBS) final states

® We suggest a final-state-independent and experimentally-reproducible

method to take into account unitarity bounds
o Constraints on Wilson coefficients weaken very significantly (in some cases become irrelevant)

® We investigated the potential of new experimental final states, such as ZHH
associated production and we show perspectives for the high-luminosity
phase of the LHC.
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137 fb” (13 TeV)
T

= T
® ® ® 5 10°cMs I tvx * Data —
Unitarity bounds - in CM$ o B
= | [ Other bkg. B EWK WZ N
2 ok tvicur=aher <N
e Non-homogeneous treatment among AL — o]
. . 10 :— ,—:.—.—I_—j
different analyses (not considered, _ —
. . 107" = =
bound only quoted a posteriori...) - :
107 =
e VBS ssWW and WZ: limits on aQGCs = F ' l
- Y PO S
cited with and w/o unitarity bounds 8 uf * ]
. . ” . ‘0 500 1000
o “(Partial) clipping method” on signal samples i [GeV]
Observed (_\:vtwi) Expected(}}liwi) Observe(ij(WZ) Expecte(ﬂWZ) Obser:r;d Expec_tded
- the SImU|ated aQGC dlStI’IbUthﬂ was Fro/ A [-o(ges‘:,n.gl] m{.Tf:n,;q] [-g.l:z‘fo.e]ﬁ] [-&;‘fo.r?ﬁ] [4{1;5‘,,0.2)3] [-O(EES‘:,G.;?]
i itarity limi = /sU A tomos  foseos  Hoaa  mainm Lowmossl fosos
clipped at the unitarity limits (A = v/s¥ ) and ﬁﬁ: 38 050 050,083 B al7 03 0d8] (049,06
replaced with SM above A, , with a n Le0ed sz bz psasl fsessl L7ara
. fM7."A: [-6.7,7.0] [-8.3,8.1] [-10, 10] [-14, 14] [:5.7,6.0] [:zs, 7.6]
smoothing form-factor A el Eoss  [osl  Dwel e bwi
o Tool used for unitarity limits: VBFNLO Same limits but cutting on

v unitarity violating phase space

VBFNLO utility to calculate form factors, version 1.4.0: Observed (WEWZ) Expected (WEWZE)  Observed (WZ) Expected (WZ) Observed  Expected
This program belongs to the program package VBFNLO and can calculate input parameters needed for anomalous (TeV %) (TeV~%) (TeV—4) (TeV—) (TeV~4) (TeV %)
gauge bo_son coupling studies with VBFNLO. ) - o s s fm,n'A‘ [-15,2.3] [-2.1,27] [-1.6,1.9] [-2.0,2.2] [-1.1,1.6] [-1.6,2.0]
A§ e'speually the pure operators for anovT\anus quartic gauge boson ¢ > r lead t'o a c of t.. A unitarity frn ,"A‘ [-0.81,1.2] [-0.98, 1.4] [-1.3,15] [-1.6,1.8] [-0.69,097] [-0.94,1.3]
within the energy range of the LHC, special care has to be taken to avoid this unphysical behaviour. Within VBFNLO we i ,"A‘ [-2.1,4.4] [27,53] [27,34] [-44,55] [-1.6,3.1] [-23,3.8]
have opted for the use of a dipole form factor and this tool can calculate the maximal form factor scale Lambda_FF T2 4 — T s 1.6 1'9’ 1;) 1'1’ 1'2 1'5‘ 1'5
which is allowed for a given input of coupling parameters, assuming the form factor shape Sao/ & [-13,16] [-19, 18] [-16, 16] [-19,19] [-11,12] [-15,15]

S/ A2 [-20,19] [-22, 25] [-19, 20] [-23, 24] [-15, 14] [-18, 20]
FF = 1 fue/ At [-27,32] [-37,37] [-34, 33] [-39, 39] [-22, 25] [-31, 30]
1+ —3-)FFezp v/ A [-22, 24] [-27, 25] [-22,22] [-28, 28] [-16, 18] [-22,21]
A
o feo/ A? [-35, 36] [-31,31] [-83, 85] -88,91] [34,35]  [-31,31]
The form factor is determined by calculating on-shell VV scattering and computing the zeroth partial wave of the !51/1\" [-100, 120] [-100, 110] [-110, 110] [-120, 130] [-86,99] [-91, 97]

amplitude. As unitarity criterion the absolute value of the real part of the zeroth partial wave has to be below 0.5 [1].

Bvents violating um%ar_?{g ave vejected ~ 0% (WW) & 50%(W2)



HH production

e HH production can be used to directly study Higgs boson self-coupling and Higgs potential
e At CERN LHC mainly produced through gluon fusion via fermion loop
e |n SM destructive interference of triangle and box contributions

= Tiny cross section (31.05 fb) » Experimentally very challenging

g H g Y4 - H\

arXiv:1312.5672

gg HH \
CLS \ V (¢'9) = 16lo (M) (¢'e)’

Vi -
g H g H
/ VBF HH

e With full Run2, possible to target
also
production mode (1.72 fb)
=+ sensitive to coupling

q
) \Z/ .
— \’! _ _ -
6: - Qv
v T~
H H
q
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https://arxiv.org/abs/1312.5672

Processes Studied

[VBF—HH ]

ZHH

[ 9g—zzH |
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Simulation setup details T

IS =) ©

g [1.1,13 TeV] (fb)

N

® Generator. MadGraph5_aMC@NLO v2.7.3
® Processes:

0

o) VBF_HH, ZHH’ gg_,ZZH, -20 -15 -10 -5 0 5 10 15 20

fif" (TeV™) VBF-HH
o VBS (W:W* VBS, W*Z VBS, W*W- VBS) (for validation) |
o  Zbbbb (main background for ZHH) * T e
® Wilson coefficients variations f,/A*={0, +2, 15, £10, +20} TeV* €30
® for VBF-HH, also k,y, variations (k,, = {0, 1, £2, £5, +10}) _ Ezo
® Typical experimental selection applied on VBS and VBF processes 0
® Since EFT sensitive region at high energy D

o no parton shower applied
o no selection applied to decay product of H and gauge bosons (exception for ZHH and Zbbbb
processes, simple analysis performed)

A.Cappati Higgs 2022 19



Observable and Processes

® Observable used to estimate the EFT sensitivity:
o o[m,;,, M4l (Cross section in mass interval)
o m = invariant mass of the di- or tri- boson states produced

o Mpy,=11TeV, m_, =Vs

Cuts:
e For VBS and VBF processes
o  p+{(j) >40 GeV
o m;>500 GeV

o |n() <4.7
o |A17jj| >25
e For Zbbbb:

o 115 <my, <135 GeV

Process | MADGRAPH5 AMC@NLO | QCD Max. CMS 7(1.1, 13 TeV|
number syntax order | jet flav. | result SM (fb)
Signal (including EFT effects)
1 pp > wtwtj j QCD=0 LO 4 [27, 28] 4.514(9)
pp>w-w-j jQCD=0
2 PP>uwtzjj QCD=0 LO 4 [27, 28] 8.55(2)
pp>w-zjjQCD=0
3 pp>wtw-3j j QCD=0 LO 4 [28] 9.97(2)
4 pp>hhjj QCD=0 LO 5 [35] 0.0329(7)
5 pp>zhh QED=3 LO 5 - 0.01295(5)
6 g g > z z h [noborn=QCD] | LI (LO) 5 - 3.493(7) x 1073

Background (SM only)

-T

pp>zbb  bb" [

LO | 4

|

0.729(3)

A.Cappati

Higgs 2022

20




EFT Modifications to Mass Distributions

VBF-HH

cross section [fb]
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Perspectives for HL-LHC: ZHH

@ Exclusion limit on o recomputed for L =3 ab™,13 TeV
® Possible to set limits w/ unitarity requirements on some M-type operators
® For future analyses: important to develop strategies to enhance signal w.r.t. bkg

b BRLIIRRREEL 0’0’0‘0’00002:?2 CMS limits Run2 -
Deeteleren Weletedetotete e e tetete e tetetete e etos
0 et e e e e e te e e e e totetetete e tete e O
e e e tete e teteteto e e e e e tete e tete et e e 0!
SN
LIRRRRIALIRIIRRRRILIIAIIRRS
o0 2000 20005 e tetetetete e oot to%etetetetetete !
KRR R SRR SO0 . . L .
0 R ANERIIRRNRS unitarity bounds Oell. 11O unitari W,/ unitaril
CRRRRIIINIRRRRILIRIIKK KRS
20 SR IIIRRILLRRRERKS
Q325R0RRRRIRELIIILIRIRS
K52IE5LRRIRRRIRRRILIKIIRLERRLKS
e 000 e e e o ta e e Pute0e %% % te e e e te!
QRIS IRELRERRIIERKS _
QRIS B .
OIRRS IR .
o0 0202200, OISR
5RERRRRIRELIIREEHAHIAIHIIIHILHIRHIIIHKHIHIIITHIHKARH A
SRR SR80SR 4
P R RARIRIRHRARIIIK - _66 3]_
0;03-.-.;:& $o¥ O bt i 1

faz/A* | [47.4.8] /
faz/A | 8482 /
faa/At | [8.28.9) /
fas/AY | 71,77 -34,52]
far/AT | [F12,13) [-91,160]

st/A4 limit [TEV-4]

fso/A* [-90,83] /
fm/ﬂd [-140, 160‘] /

4
1500 00 2500 3000 3500 4000 4500 5000 fsa/A -140,160] /

upper mzyy cut-off [GeV]
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