XIT P¢H @ TP

Karlsruhe Institute of Technology Institute for Theoretical Physics

Phenomenology of multi-Higgs final states
>~ double

Matthias Kerner
Institute for Theoretical Physics, KIT
SMOLHC — Rome, 9. May 2024



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

g9 — HH at NLO QCD | /s = 14 TeV | PDF4LHC15
1 F T I ! I ! I ! I ! I ! I

NLO predictions in MS scheme ? — MBS scheme with m,(m,) ]
Baglio, Campanario, Glaus, Miihlleitner, Spira, Streicher 19,20 O MS scheme with my(mgp/4) |
107 F . —— MBS scheme with m,(mpgy) 3
do(gg — HH) B 0% : |~ OS scheme, m; = 172.5 GeV
0 |Q:4OO = 0.1609(4) %, fb/GeV - N __
do(gs — HH) ’ — 0.000435(4) 9%, fb/GeV | — 3
dQ 0=1200 GeV 0 ]
107 = E
/ do/dmy, [fb/GeV] ]
large scheme uncertainties at large mun ot HRTRRT M2

Full NLO results for different top-quark masses
(larger than pyg, u- dependence)
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I Mass Scheme Uncertainties AT
HH mass scheme uncertainties: dolgs > HH)
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dgQ ‘Q:4OO oy = 0-1609(4) 7935 fb/GeV
dc(ggdg HH) ‘szo = 0.000435(4)*9% fb/GeV
Similar effects for (off-shell) H production:  o(g99 — H") oo
Q=125 GeV
o(gg > H )‘ 0—600 GV 1.97799% bb

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
2 2
OS: F NLO

m m 1 — 4 2 |
1 = om0 () S A - and @) 4] M, o (1)
) ) S S ’ S ’ ’ 3 S ’ S
— 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

AT
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-

small-t expansion valid

for pr < 200 GeV

Split the amplitude into parts:

1PR

expand my,
rest exact

(99 — H)?" Wi
off-shell gluon

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

[Davies, Schonwald,

Steinhauser 23]

ny{C4, CaCr, Cg}

expand my,
small-t exp.

In progress

fay“ --
—

n={Ca, Cr}

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

g - - 97000 -
T
g - - H 9000 & -

Method: Auxiliary Mass Flow (AMFlow)
Liu, Ma, Wang 17; Liu, Ma, Tao et.al. 20; Liu, Ma 22

Solve Loop Integrals

I < lim /Hddk H —’”7)]

n—0+t
via differential equatlons inx =—1ng
0.1 =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

Moriello 19
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| EFT Studies QAT
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Heinrich, Jones, MK, Luisoni, Scyboz 19, 20
H|ggs h(x) is EW Sing|et De Florian, Fabre, Heinrich, Mazzitelli, Scyboz 21
Heinrich, Lang, Scyboz 22, 23

HEFT:

— & can be polynomial in h/v — independent couplings ¢, ctt,...

e UV completion can be strongly coupled

h h2 — m2 Ol h hQ
ALygrr = —My (Ct_ + G ) Lt — chpnrh® + — (ngh; + nghh_2> G, G

v V2 2V Y v

SMEFT: e Higgs doublet ®(x) transforms linearly under SU(2)L
e Canonical expansion in 1/A

A'CV\/'arsaw — CH - (¢T¢)D(¢T¢)

CuH
n ( i

e Chromomagnetic operator sub-leading (assuming renormalizable, weakly coupled UV completion)
— loop counting Buchalla, Heinrich, Miiller-Salditt, Pandler 22

CHD

C
5 (01 D,0)" (6" D"0) + <5 (916)°

¢Ga GIHv.a

PqLotr + h-C-)

Loc = CtG (

QLo TGS, tr + h.c.)

o 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

g h g h \/5
L BMHV NDR migs ( (1) ( ) (8))
B o Gie =0T T e, (el T ¢



EFT Studies

Naive conversion HEFT — SMEFT:

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

CH,kin CH Cuvi | Cha

Chhh Ct Cit Cggh | Cgghh

5105 | 1.1 | O 0 0 4.95 —6.81 | 3.28 0

benchmark point 1* at NLO

SM
SMEFT

SMEFT
SMEFT
SMEFT
HEFT

OSMxSM + OSMxdim6
O(SM+dim6) x (SM+dim6)

O(SM+dim6) x (SM+dim6) T OSM x dim62

|
+++++

O(SM+dim6+dim62)x (S M+dim6-+dim62)

— depends on truncation of SMEFT predictions
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VBF HH + 2-jet production
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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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NLO 2.065 o018 10 | | | | | | | | |
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NNLO 2.056 L0005 :
3 1+0.001 i
N°LO 2.099 T 5 001 1 _
09 | =
: _ , |
| (1+6EW)
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SRR " Keuli/ver
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Triple-H Production AT
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po = Q/2 14 TeV 27 TeV 100 TeV

34% 28% 21%

o LO 0.0605134% 0.205+28% 3 gg+21%
—\\ % % %
NLOp; | 0.0983718% 0.473716% 5 75+15%

NLOgpi | 0.0982115% 0.471717%%  5.7275%

5% 5% 5%
NNLOg; | 0114737 0.540%2%  6.47+5%
, - NNLOgp | 01133  0.534%3%  6.36+3%

N ~ % % %
. NNLOges: | 0.10373%  0.501%3%  5.56+5%

CM Energy: 27TeV

10—3_
o NLO FTapprox Maltonia, Vryonidoua, Zaro 14 =
c
- o
e NNLO HTL de Florian, Mazzitelli 16 §10_4 ’
« 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



