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Introduction

Higgs boson pair production is sensitive to Hi
— direct relation to Higgs potential

— test mechanism of EW symmetry breaking
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HH production at 14 TeV LHC at (N)LO in QCD :
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interference

current experimental limits on self-coupling A:
— talk by Elena Vernazza

focus of this talk:

progress in theory predictions



| Gluon Fusion @ NLO — SM vs. HTL QAUT
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| Gluon Fusion @ NNLO AT
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| Gluon Fusion @ N3LO + N3LL AAT
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going even higher in perturbation theory:

N3LO Chen, Li, Shao, Wang 19
requires: - triangle contributions up to 3 loop (similar to H @ N3LO)
- box contributions up to 2 loop

Banerjee, Borowka, Dhani, Gehrmann, Ravindran 18 most accurate prediction:
m—- (N3LO + N3LL) ® NLOy,
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https://arxiv.org/search/hep-ph?searchtype=author&query=Banerjee%2C+P

Mass Scheme Uncertainties AT
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So far, all results used OS renormalization of m,

but also other schemes, e.g. MS valid — additional mass scheme uncertainty

gg! HH atNLOQCD | s=14TeV | PDF4LHC15
1 ET I ' I ' T T T

NLO predictions in MS scheme ? —— MS scheme withm,(m;)
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I Mass Scheme Uncertainties QAT
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o d! (gg! HH)I %
HH mass scheme uncertainties: 40 loma00cev 0.16094) 730,fb/ Gev
d! (gg! HH)i' ) © oo
00 o 1200 cey™ 0-0004384)7 82,10/ Gev

+0.4%

Similar effects for (off-shell) H production:  o(g9 — H”) Q=125 GV

* +0.0%
o(gg - H )‘Q=600 o 1.97715 99 Pb

Is there any preferred scheme choice?

e Leading contributions in high-energy expansion (\/7 = myy > m,) at NLO

Jones, Spira (Les Houches 2019); Baglio, Campanario, Glaus, Miihlleitner, Spira, Streicher 20; based on Davies, Mishima, Steinhauser, Wellmann 18
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— preferred choice u? = s
o Matching to HTL at low energies: preferred choice p, = m,

e Better convergence using OS scheme in H* @ NNLO J. Mazzitelli 16

— Need NNLO predictions with full m, dependence



I Towards NNLO QCD with m -dependence

Full NNLO QCD predictions with m-dependence out of reach,

but can be approximated using expansions!

gg! HH at NNLO QCD
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-

small-t expansion valid

for pr < 200 GeV

Split the amplitude into parts:

1PR

expand my,
rest exact

@gg! H)?0Ow/
off-shell gluon

Talk: M. Vitti
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expand my,
small-t exp.

[Davies, Schenwald,

Steinhauser 023]

Nh{CZ%, CaCr, CZ}

expand my,
small-t exp.

In progress
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expand my,
small-t exp. (!)

J. Davies, Loops & Legs 2024




l NLO EW corrections to gg > HH QAT
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NLO EW corrections needed in addition to QCD corrections

Recently, huge progress:

e partial results (Yukawa-/Higgs- interactions):

Bizon, Haisch, Rottoli 18,24; Borowka, Duhr, Maltoni, Pagani, Shivaji, Zhao 19;
Miihlleitner, Schlenk, Spira 22; Xiao Zhang et.al. Higgs 2023; MK et.al. Loops & Legs 2024
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e approximate results:
Top-Yukawa corrections in the high-energy limit [Davies, Mishima, Schénwald, Steinhauser, Zhang, 22]
EW corrections in Iarge—mt limit [Davies, Schénwald, Steinhauser, Zhang, 23]

e full EW corrections [Bi, Huang, Huang, Ma, Yu 23]



NLO EW corrections to gg¢ — HH AT

Full EW corrections Bi, Huang, Huang, Ma, Yu 23
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I e
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Method: Auxiliary Mass Flow (AMFlow)
Liu, Ma, Wang 17; Liu, Ma, Tao et.al. 20; Liu, Ma 22

Solve Loop Integrals
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SR Ak
via differential equations in x = — iy
o1l =MI
e Start from boundary point x = — ioco

— easy to calculate

(massive vacuum graphs) x (massless graphs)

e Transfer to x=0 using power-log expansions
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| EFT Studies QAT

HEFT:

SMEFT:

g h 9 h
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Heinrich, Jones, MK, Luisoni, Scyboz 19, 20

nggs h(X) Is EW Sing|et De Florian, Fabre, Heinrich, Mazzitelli, Scyboz 21

— & can be polynomial in h/v — independent couplings ct, cx, ... Heinrich, Lang, Scyboz 22, 23

UV completion can be strongly coupled

h > m2 5 # h h?" ,
$ I—HEFT — $mt C[V + Cttﬁ 17 ) Chhn Ehh3+ 8"8 nghv + nghhﬁ ﬁ! GaH

Higgs doublet ®(x) transforms linearly under SU(2).
Canonical expansion in 1/A

Chi C | C
$|—Warsaw - ; ,,HZ (' ')' (' |)+ ":gD (l DHI)(| DH|)+ "|'2|(| |)3
¥ ?ﬁ” !qJ%R+-hc.-+CTf!!<ﬁ;GWﬂ_

Chromomagnetic operator sub-leading (assuming renormalizable, weakly coupled UV completion)

— loop counting Buchalla, Heinrich, Miiller-Salditt, Pandler 22 Cic

EtG = F (QLO'“VTGG/C}’W&tR + hC)

Chromomagnetic and 4-top operators depend on ys-scheme

Scheme conversion relates both types of operators Di Noi, Grober, Heinrich, Lang, Vitti 23; Heinrich, Lang 23
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EFT Studies

Naive conversion HEFT — SMEFT:

HEFT Warsaw
Chhh | 1 — X—zz,,z—% Ch + 3X—Z CH kin
Ct 1+ X—Qz CHxin — X—Zﬁ Cun
Ctt —Xzz 5 jgmt Cum + j{—i CH kin
Cggh % i—f Crua
Cgghh X—i i—t Cue
CHxin :=Cgo — iCHD

— not guaranteed to work

different model assumptions
can lead out of validity range for 1/A expansion
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Heinrich, Lang, Scyboz 22

Benchmark 1*
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— depends on truncation of SMEFT predictions



VBF HH + 2-jet production AT
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e sensitivity to couplings 4 and coy
e known with high accuracy using VBF approximation

— no color exchange between quark-lines

- N3LO QCD Dreyer, Karlberg 18
- NNLO QCD + NLO EW Dreyer, Karlberg, Lang, Pellen 20
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Triple-H Production

® NLO FTapprox Maltonia, Vryonidoua, Zaro 14
e NNLO HTL de Florian, Mazzitelli 16

« NNLO HTL X NLO FTapprox de Florian, Fabre, Mazzitelli 19
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| summary QT
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Theory Predictions for gg — HH Production

o (N3LO + N3LL) ® NLOy,

remaining scale-dependence 1%

3% uncertainty due to m-effects beyond NLO

e 10-20% Mass-Scheme Uncertainties
m, effects at NNLO required

possibly in reach, using expansions

e -4% EW NLO Corrections

O(10 %) differential corrections

e EFT predictions in HEFT and SMEFT

¥s-scheme dependence of chromomagnetic and 4-top operators



