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Motivation

Di-Higgs Production
@ Measure the triple-Higgs coupling
~ Probe the shape of the Higgs potential

® Much stronger bounds on di-Higgs couplings expected from HL-LHC
~+ precise predictions needed

Vector Boson Fusion
@ VBF can be separated from QCD background relatively well

m Very sensitive to coy — ¢
~> distinguish between SMEFT and HEFT
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Existing calculations

Process already studied to high accuracy in the Standard Model
@ NNLO QCD + NLO EW [Dreyer, Karlberg, et al. 2020]
® N3LO QCD [Dreyer and Karlberg 2018]
@ NNLO QCD [Dreyer and Karlberg 2019; Liu-Sheng et al. 2014]
@ NLO QCD [Figy 2008; Baglio et al. 2013]

Also studied in the context of effective field theories
® oy, ¢y and one non-SM operator [Kilian, Sun, et al. 2020]
& Only coy [Bishara, Contino, and Rojo 2017]

but both only at tree-level
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http://arxiv.org/abs/2005.13341
http://arxiv.org/abs/1811.07906
http://arxiv.org/abs/1811.07918
http://arxiv.org/abs/1401.7754
http://arxiv.org/abs/0806.2200
http://arxiv.org/abs/1212.5581
http://arxiv.org/abs/1808.05534
http://arxiv.org/abs/1611.03860

Leading Order Contributions

® No diagram selection

@ Includes all s-, t- and u-channel contributions

@ s-channel contribution part of Higgs-Strahlung,
but included here anyways (suppressed by cuts)
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NLO QCD Conributions

@ No diagram selection

@ Diagrams where the EW part is connected only
by a single propagator to the QCD part vanish
and are discarded
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Higgs Effective Field Theory

@ Built mostly on the same assumptions as SMEFT
® SM particles and gauge group
@ Higgs doublet is split, Goldstones and Higgs boson are treated separately with building blocks of the kind

v =ew (%), F0 =35 @)

® Counting of canonical dimension not sensibly applicable
a |nstead employ loop-based counting approach by introducing chiral dimensions

dX(¢7h) :0’ dX(87XH«V71ZJw7y7g) =1
® |oop-order then given by d,, = 2L + 2

® | agrangian ordered in orders of the chiral dimension
L=Ly+ L4+
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Higgs Effective Field Theory

@ Only anomalous couplings in the Higgs sector, other couplings can be constrained much better in other
processes
~~ Remaining operators of L4 contribute on the same order as the electroweak one-loop diagrams
~~ At one-loop QCD, only the EW operators of L2 are considered

@ Remaining relevant operators for VBF are
2 2

LD Uz <(DHU)T(D“U)> (1 + 2CV% + CQV:;) — C)\)\Uh?’

@ Three free parameters cy, coy and cy,
® ¢y and coy are fully correlated in SMEFT, ¢y = cav

@ HEFT at this order equivalent to the k-framework for this process
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Higgs Effective Field Theory
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Monte-Carlo Setup

@ Amplitudes provided by GOSAM-3, phase space integration and event generation with WHIZARD [Kilian,
Ohl, and Reuter 2011]

@ PDF PDF4LHC21_mc

2
@ Central scale iy = \/MzH\/ % +pi’HH, center-of-mass energy /s = 13.6 TeV

® Generic jet cuts p ; > 20 GeV and |y;| < 4.5 on the tag jets j1 and ja clustered with anti-k; and R = 0.4
® VBF cuts mj, ;, > 600 GeV and An(j1,j2) > 4.0

Parameter ranges are chosen roughly like current experimental bounds [ATLAS 2024; CMS 2024]

ey €0.9,1.1], ey €[0.5,1.5], ¢y e[-1,6]
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Parameterization of the Total Cross Section
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Parameterization of the Total Cross Section
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gi = Ay cic%/ + A; C%/ + Ag C%V + Aj C)\C%/ + A4 exeyeay + As C%/CQV
SM
Parameter | up = pi, = po/2  pir = pr = flo  PF = fir = 2fip

Ay 0.7011(46) 0.6889(35) 0‘6830(30)

A 22.15(12) 21.71(9) 21.55(8)

As 11.86(7) 11.59(5) 11.55(4)

Az —6.139(42) —6.025(33) —5.984(27)

Ay 3.865(29) 3.786(23) 3.773(19)

As —31.44(18) —30.75(14) —30.56(11)
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Variation of a Single Coupling
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a Significant dependence on all couplings & K-factor mostly flat
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Variation of Two Couplings: o /oM
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Variation of Two Couplings: Ratio to LO
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(Di-) Higgs Observables
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Summary and Outlook

@ Studied for the first time di-Higgs production in VBF at NLO QCD within an EFT framework

® Parameterization of the total cross section in terms of coupling combinations and determination of the
coefficients

& Significant enhancement of the total cross section possible, relatively mild reduction as well

® Various enhancements and shape changes in differential distributions

a Significant enhancements at high p_ , muu for anomalous ¢y or cay
® Shape change at low-An(H, H) for variations in any of the three couplings

Possible directions for further studies
@ Add parton shower / Higgs decays

@ Consider NLO EW contributions
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Summary and Outlook

@ Studied for the first time di-Higgs production in VBF at NLO QCD within an EFT framework

® Parameterization of the total cross section in terms of coupling combinations and determination of the
coefficients

& Significant enhancement of the total cross section possible, relatively mild reduction as well

® Various enhancements and shape changes in differential distributions

& Significant enhancements at high p_. , mugn for anomalous cy or cav
® Shape change at low-An(H, H) for variations in any of the three couplings

Possible directions for further studies
@ Add parton shower / Higgs decays

@ Consider NLO EW contributions

Thank you for your attention!

1717 05.12.2024 Jens Braun: Double Higgs Production in Vector Boson Fusion at NLO QCD with Anomalous Couplings Institute for Theoretical Physics



KIT

Backup - Leading Order HEFT Lagrangian

1 a a, v 1 nz 1 LV /s L
£2 = — EG/'”’G o - ZW;UWIJ - iBMVB/ + ZwDM’Vl w
P

V2
+ 2@y (0h) + UL (D) (DO F ()~ V (b

(QY (h)Uézdr + QY"“(h)Uéyug + LY (h)Uéser + h.c.)

k

V(h)=v4ivk<2)k7 ]—‘(h)zl"'lifk(};) 7 yX(h)zyXJrgy? (Z)
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Total Cross Section Table
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JHHVV

ONLO in fb

JLO in fo

oNLO/OLO

0.010
0.75270 530 + 0.009

0.096
0.81470 5% + 0.003

0.923(11)

gHHH JgHVV
1 1 1
—1 0.9 1.5
-1 1.05 1.3
0 1
1 0.9
1 1 0.5
1 1 1.5
2 0.9 1.4
2 1 1
3 1.1 0.5
4 0.95 0.5
6 1.1 1

2.10%9:02 +0.01
3.357005 £0.03
1.8910:05 £ 0.02
0.37570 005 £ 0.004
4.38100% £0.03
1501952 +0.01
3.8170:98 +0.02
0.6169:058 £ 0.007
4.3270:05 £0.03
2.40709% £ 0.01
9.83109 +0.07

2.29070:3%% & 0.004
3.7070 35 £0.01
2.1075:15 +0.01

0.4080:059 = 0.001
4.801056 £0.01

1.66010 712 £ 0.003
4.2373-9% 4+ 0.01

0.68310:059 = 0.003
4.74%5:55 £0.01
2.6270 35 +£0.01
10.9070 23 £ 0.03

0.916(6)
0.907(8)
0.900(9)
0.921(10)
0.913(6)
0.902(6)
0.900(6)
0.902(11)
0.911(6)
0.914(8)
0.903(7)
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