


Why measure Higgs pair production?




The Higgs potential 2/ 26

» Impressive experimental results on Higgs couplings!
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> V(®) = —p2(0Td) + A\(DTD)?

» EW symmetry breaking (in the SM: u? = \v?, my = 2\v?)
— V(H) = im¥% H? + WH? + 3 H*

> SM: Higgs self-couplings are fixed by my and v




LHC production channels

—
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SM: gg fusion




Borrowed from M. Spira
An approximate history (30 years in 30 seconds)
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The Heavy-Top Limit (HTL) 4/26

Mp

HTL
(my — 00) o

[Dawson, Dittmaier, Spira '98]




The Heavy-Top Limit (HTL)

Mp
HTL -7 -7
(my — 00) N .. AN
B.-i. HTL Fx - Fx -7
[DDS 98] S AN IR

[Glover, van der Bij ’88]




The Heavy-Top Limit (HTL)

HTL -7 -7
(my — 00) AN .. N
B.-i. HTL Fx - Fx -
FTapprox Fx :/ (oo

Maltoni, idou, S N
[Maltoni, Vryonidou, (@QJ S R rg@) N

Zaro ’14]




The Heavy-Top Limit (HTL)

Mp
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Full theory § e
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[Baglio et al. ’18, '20|




Top-mass effects (crazini et a. 15

—

» NLO,,, + NNLO (m; — o0)
» + NNLL [de Florian, Mazzitelli *18]
» With 3 different approximations to the m-effects

5/ 26

0.20
. R R . éo.w —— NNLOg p
Vs 13 Tev 27 TeV 00TV NNLOwo.
NLO [fb] 27,781 138% 127.7HI% | 1147 4107% E oo - :[‘;o”’”‘"“‘
g .
NLO¢tapprox [fb] 2891 1540 | 3425 11T 1341 N 120 00 ¢
. o P 0.05)
NNLOwio-i [fb] P 38,66 1037 | 149.3 487 | 1337 3%
NNLOBpo; [fb] 33.427°15% 0 39.58 1A% 1542497 | 1406 19.3% 0,00
219 o o 1.
NNLO#tapprox [fb] 36.60 *21% | 139.9115% | 1224 409% .
My unc. NNLOprapprox *£2.7% £3.4% +4.6% 9 14
< 12] —
NNLOpuppro/NLO 1116 1.096 1.067 )
g
E =
0.6
0 100 200 300 400 500

Prn (GeV)




HTL at higher-order 6/ 26
—

» m; — oo: integrate out top-quark DOFs & match to SM

[Spira ’16], [Gerlach, Herren, Steinhauser 18]

» Range of validity: 250 GeV = 2mpy < V3 < 2m; ~ 350 GeV

» Reduces the number of internal scales ~ easier integrals

@ E%a :
T 5 BN

[Dawson, Dittmaier, Spira 98] [de Florian, Mazzitelli "13] [Chen, Li, Shao, Wang ’20]




Kinematic expansions

R0

> mit: valid when v/ < 2 - my [Davies et al. '18, *21]

> ngh—E, myg < mp KL §7 ‘ﬂ \/g z 800 GeV [Davies et al. 18]

> Small-p{l: \/g 5 750 GCV [Bonciani et al. 18]

» Large-m;, and top threshold expansion via Padé ansatz:

\/g S 700 GGV [Gréber, Maier, Rauh 18]

» Small-pr and high-E expansions with Padé approximants

[Bellafronte, Degrassi, Giardino, Grober, Vitti '22]
03 .
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— see talk by L. Bellafronte
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HTL N3LO [Chen, Li, Shao, Wang ’20] 8 / 26
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Matched N3LO + NSLL [Aijath, Shao '22]
—

» Threshold resummation at N3LL
matched to N3LO calculation by

[Chen, Li, Shao, Wang ’20]

» Scale uncertainty below %-level

» my effects?

12

39
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30

27

14 TeV, po=mp/2

t o

PDF4LHC15_nnlo_30
my=125,m,= 173
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myz-scheme uncertainty 10 / 26

—

» As scale and O(1/m?) uncertainties are going down, we
might need to worry about other sources

me

my = 2 3
O R AE (”‘S‘ﬂm”) +Ks (7‘“2’"“)

[Baglio et al. ’18, ’20]

49— HH at NLO QCD | /5 = 14 TeV. HCIS o — . _ +10%
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myz-scheme uncertainty 10 / 26

—

» As scale and O(1/m?) uncertainties are going down, we
might need to worry about other sources

[Mazzitelli ’22]
| NNLO (soft-virtual
. , . approximation)
[Baglio ¢ .
g9 — HH at
,
JIE Wi i < single off-shell H*
10 .
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EW corrections
—
» Nice progress (N°LO HTL) in QCD, but What about EW

Re(F2%)) + offset

corrections?

» Single (off-shell) H: dpw ~ 5%

>

Top-Yukawa induced EW corrections '
to HH investigated prinnecitner, Schienk,

Spira '22]

Leading 2-loop Yukawa corrections

09

[Davies, Mishima, Schénwald, Steinhauser, Zhang ’'22] %%
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11 /26
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— see talks by M. Spira, H. Zhang




SM:

VBF production




VBF: state-of-the-art R e 12/ 26
— ‘"'§7{f"/ "E\\xf’y

» VBF probes cymm, coy and cy

» Typically computed in the DIS approximation
> NLO: non—factorisable = 0 by colour conservation

» NNLO: (’) suppressed contribution (x7? Glauber)

i

> InCluSiVe NSLO QCD [Dreyer, Karlberg 18]
> Fully—dlﬁerentlal NNLO QCD [Dreyer, Karlberg 18] + NLO EW

[Dreyer, Karlberg, Lang, Pellen ’20]

"{u(])l 5&‘1“0 QCD {slylyl?lg() QCD 51%‘11.10 EW ‘ ONNLO QCDxNLO EW ‘5131!{“1,0 QCD [fb]
0.78444(9)F0:0%2%  —0.07110(13)  —0.0115(5) —0.0476(2) |  0.6684(5)T0002, —0.001766(7)
+10.5% ~9.1% —1.5% —61% | —14.8%03% —0.23%
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» NNLO QCD implemented in public MC: proVBFHH [cacciari,

Dreyer, Karlberg, Salam, Zanderighi, (Tancredi)]
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[Dreyer, Karlberg, Lang, Pellen ’20]




VBEF /11
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» NNLO QCD implemented in public MC: proVBFHH [cacciari,

Dreyer, Karlberg, Salam, Zanderighi, (Tancredi)]

I

P H, [B/GeY]

dord
I

== s

—
09 M
= ebe)
08 | (NLO/LS
=1 (NNLO,
““““ Ky
(NNLO,
07 ——— NNLO-(
0 50

[Dreyer

Non-factorisable contributions in the eikonal

approximation

— effect of O(—0.5%) inclusively
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H H backgrounds 14 / 25
— ’37’?:% 1
_ tb
> bbH 595 X
» Included at LO (in ggF NNLOPS) [aTLAs 2112.11576) with additional
100% uncertainty
NLO QCD corrections (HTL) [Deutschmann, Maltoni, Wiesemann, Zaro ’18]

>
> Complete NLO (QCD&EW) corrections known [Pagani, Shao, Zaro ’20]
> Amphtudes for bbH in the 5F'S known at NNLO [Badger, Hartanto, Krys,

Zoia ’21]

> tt (WHWbb)
» Typically simulated at NLO QCD (Powheg):

large theory uncertainty
> MlNNLOPS [Mazzitelli, Monni, Nason, Re, Wiesemann,

op >t 013 TV

— MINNLOp

MINLO'
--- NNLO

dojdpry,, [phjGev]

Zanderighi ’21]

eatio (o MINNLOps

200 00 S
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HH in Effective Field Theories




Two different EFT approaches 15 / 26
—

» SMEFT:
» H =SU(2); x U(1)y doublet
» Canonical dimension counting (~ 1/A™)

c (6) (6) 1
LsmerT = Lom + Z 22 9 T O0(43)
(2
» HEFT:
» H = EW singlet
» Chiral dimension counting d, (= loop counting)

00 1 L
LHEFT = ﬁ(dng) -+ Z Z (16 2) CEL)OZ(L)
=1 i T




... in hh 16/ 25
—

» SMEFT:

arsaw C C *
AL = <52 (610)D(676) + 52 (6 D,0)" (6 D)

c Cy e C
+ Tg(eb%)?’ + <Af¢T¢QL¢ tr + h.c.> + ZHE

A2

oloG, G

+ S (qLo TGS, dtg + h.c.)

» HEFT: P
mp 3 IS .
ALHEFT = — Chhh D ' )

2v

h+ " tt g g
—my | ¢t— + cy—= . ,
AOS/ANED S

Qs

h h? a a,uv
+ g ngh; + nghhvﬁ GMVG ’




HEFT NNLO, QCD [de Florian, Fabre, Heinrich, Mazzitelli, LS ’21] 18 / 26

> NLOmt [Borowka et al. ’16],[Buchalla, Capozi, Celis, Heinrich, LS 18] +

NNLO (mt — OO) [de Florian, Fabre, Mazzitelli *16] ED’\

4 2 2.2 2 2 2 2 3
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HEFT NNLO, QCD [de Florian, Fabre, Heinrich, Mazzitelli, LS ’21]

> NLOmt [Borowka et al. ’16],[Buchalla, Capozi, Celis, Heinrich, LS 18] +

NNLO (mt — OO) [de Florian, Fabre, Mazzitelli *16] ED‘

4 2 2.2 2 2 2 2 3
OBSM/ O\ = @1 C; + Q2 Cip + A3 € Clpp, + Gt Co g Chpp, + @5 Coghp, + Q6 CuCi + Q7 C; Chin

2 2
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2 . 3
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2
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BM 1 N

Scale uncertainty "’ oo
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i
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Dim—8 Operators fOI' HH [Cappati, Covarelli, Torrielli, Zaro ’22] 18 / 25

» Investigation of constraints on S " i

dimension-8 operators in VBF, ZHH (and g9 - VVH)
» aMCeNLO at LO QCD
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Dim—8 Operators fOI' HH [Cappati, Covarelli, Torrielli, Zaro ’22] 19 / 26

—

» Investigation of constraints on

dimension-8 operators in VBF, ZHH (a
> aMCONLO at LO QCD
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g107 10
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H o £
a 1073 E
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.
.
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— see talk by
A. Cappatti
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SMEFT@NLO [Degrande, Durieux, Maltoni, Mimasu, Vryonidou, Zhang ’20] 20 / 26

» Automated NLO SMEFT implementation
(not limited to HH)

» Dimension-6 operators (Warsaw basis)

» Interface to MadGraph [Alwall et al. '14]

logy(linear/SM)

logyy(quadratic/SM)
4

0, ; 0.

=04 rp=1

= O, e =10
O rp=1
Oug, rap=1
| O re =100 wmsu eV | Interplay of multiple operators:
101.0 -15 -10 -5 0 5 10 15 20 p y p p

€= [TeV 7] need for global fits




SMEFT NLOm [Heinrich, Lang, LS ’22] 21 / 26

J—

M= MSM + Mdimg + Mdimg
Pure SM Single-insertion Double-insertion
1+ 3%
o _ % -
H’%';’ZT::/ = + ..
REEE 1 S
1+ %

> At amplitude-squared level:
O0SM + OSMxdimé6 (a)
O (SM-+dim6) x (SM+dim6) (b)
O (SM+dim6) x (SM+dim6) T TSMxdim6?  (C)
)

7 (SM+dim6-+dim6?) x (SM+dim6+dim6? ) (d




SMEFT NLOm [Heinrich, Lang, LS ’22]

J—

M

r

s see talk by J. Lang

|

O (SM+dim6) x (SM+dim6) T 9 SMxdim62
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SMEFT < HEFT 22 / 26

[Gomez-Ambrosio, Llanes-Estrada, Salas-Bernardez, Sanz-Cillero ’22]

» Flare function

Luaper = 30,h0"h — V() + JF (R0 0w (85 + 5% )

2

LSMEFT = Uz]:(hl)(DHUTD“U>+%(8uh1)2—V(h)—CHD((vgﬁé)s_vS))V/(hl)

Flha)=1+ (") (2+29885) + ..+ (%)4 (262155 )

» With correlations between flare function coefficients

» Connection to geometry: scalar loop corrections ~ curvature of the
Scalar manlfold metric [Guo et al. ’15],[Alonso et al. ’16]




SMEFT < HEFT

—

[Gomez-Ambrosio, Llanes-Estrada, Salas-Bernardez, Sanz-Cillero ’22]

22 / 26

» Flare function

L

LSMEFT

> Wit

> Con
scal

1
Lsmprr = [OH]P + - [
—— 2

2
By @mew

g
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=ALesu Possible non-analyticity
Correlations Correlations A~* Assuming
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r(h1)

the




SMEFT < HEFT

—

&
g %}9 UHEFT

[Gomez-Ambrosio, Llanes-Estrada, Salas-Bernardez, Sanz-Cillero ’22]

» Flare function

L

LSMEFT
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HEFT
> LO and NLO my — OO HPAIR [Gréber, Miihlleitner, Spira, Streicher '15]
» Full top-mass dependent NLO QCD corrections to gg — hh

[Borowka et al '16], [Baglio et al ’18]
| inCOrpOrated Wlthln HEFT [Buchalla, Celis, Capozi, Heinrich, LS ’18]
> .. and in Powheg—BOX—V?/ggHH [Heinrich, Jones, Kerner, LS ’20]

» NNLO’ (NLO full-m; + NNLO m; — o) predictions (de Fiorian,

Fabre, Heinrich, Mazzitelli, LS '21]
SMEFT
» LO and NLO m; — 0o HPAIR [Grober, Mihlleitner, Spira, Streicher *15]
» SMEFTQNLO & MG5_aMCONLO [Degrande, Durieux, Maltoni, Mimasu,

Vryonidou, Zhang ’20]

» NLO full-m; available in Powheg-B0X-V2/ggHH_SMEFT with
various truncation options [Heinrich, Lang, Ls '22]




HH: LHC Higgs Working Group
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Yy,

Upcoming Pub—NOte [Alasfar, Cadamuro, Dimitriadi, Ferrari, Gréber, Heinric}gl?}/

Carlson, Lang, Sjolin, Ordek, Sanchez, LS, 22XX.XXXXX]
> Updated BMS from [Heinrich, Capozi ’18]
> Review of uncertainty sources

» Set of NLO (full-m;) A; coefficients (incl. and diff.) w. full

correlations, and scale variations

» Speed-up of event generation by reweighting SM samples

benchmark
(* = modified) Chhh Ct Ctt | Cggh | Cgghh
SM 1 1 0 0 0
[N 5105 | 1.1 0 0 0
2* 6842 1033 | I [ -1 0
3° 221 | 1.05 | -2 ] 05 [ 025"
1* 2.79 09 [-I[-1T1 -2
5 3.95 | LI7 | — : -1
6 —0.684 [ 09 [ -1 ] 05 [ 025
7 —0.10 | 094 | 1 I -1




HH: LHC Higgs Working Group 2, 24 / 26
by,
U,

Upcoming Pub-Note [alastar, cadamuro, Dimitriadi, Ferrari, Grober, Heinrich] {?}/
Carlson, Lang, Sjolin, Ordek, Sanchez, LS, 22xx.xxxxx]
» Updated BMs from [Heinrich, Capozi "18]
> Review of uncertainty sources
» Set of NLO (full-m;) A; coefficients (incl. and diff.) w. full
correlations, and scale variations

> Speed_up Of event ggﬂmmwxmm&w

" [ generated BM 1* e [ generated BM 2*
benchmark SM reweighted to BM 1% o] SM reweighted to BM 2
(* = modified) Chih “ crt
SM 1 1 0
1" 5.105 1.1 0
2* 6.842 | 1.033 | I
3" 2.21 1.05 | -1
4% 2.79 0.9 — .
5 395 | L7 | 1] &° T H
6 ~0634 | 09 | —1 &b ._-,,",wﬁi‘ H\ + & b, o.‘"ﬂ‘;mm“l.“ 44
7 —010 | 094 | 1 | © TTH i AN
¢ st ¢ i 61




BSM medley 25 / 26
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Though I was asked to present results in SM and EFT’s only,
there are very many results from BSM models as well!

>
>
>

2HDM triple-Higgs coupling (arco, Heinemeyer, Herrero 20, *21, '22]
2HDM: GW and cgpgg Bickstter et al. 21, 22]

HH with an extra scalar singlet [(abouabid et al *21],[Adhikari, Lane,
Lewis, Sullivan *22] — see talk by I. Lewis
Radiative corrections to ¢ppp in the 2HDM Banl, Braathen,
Weiglein ’22]

SFOEWPT <« 2HDM-EFT |Anisha, Biermann, Englert, Mihlleitner '22]
chhn in CP-violating NMSSM (Borschensky, Dao, Gabelmann,
Miihlleitner, Rzehak *22] — see talk by H. Rzehak
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—

» Much progress on theoretical front in recent years
> ggF: NLO (full QCD), N3LO (HTL)
» VBF: N3LO (incl.), NNLO QCD + NLO EW (diff.),
non-factorisable contributions

» Leaps on both the theory and the experimental fronts!

» Two different EFT approaches:
» SMEFT: linear realisation, H € doublet, Wilson coefficients
naturally small, partial correlations
» HEFT: non-linear, H € singlet, Wilson coefficients formally
~ O(1), no relations between e.g. cgqn and cggnn
» hh is a nice playground to study differences between these EFT’s
(e.g. whether the Higgs sector is realised (non-)linearly)

» Many other interesting developments (EW corrections, my- scheme,
higher- D-operator constraints, generic EF'T considerations...




