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Higgs boson pair production

prime process to explore the Higgs potential

after EW symmetry breaking: V(h)
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Effective Field Theory expansion schemes ﬂ(".

SMEFT (Standard Model Effective Field Theory):

« assumes that Higgs field transforms linearly as a doublet under SU(2) L
» canonical (mass) dimension counting

» weakly coupled UV completion
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Effective Field Theory expansion schemes

Karlsruhe Institute of Technology

HEFT (Higgs Effective Field Theory):

Feruglio '93; Grinstein, Trott ‘07; Contino et al. '10,
Alonso et al. '13, Brivio et al. ‘13, Buchalla et al. '13

counting of loop orders, expansion parameter fz/_/\2 ~ 1/(167‘('2)

similar to chiral perturbation theory; dx = 2L + 2 chiral dimension

U

£,5 U (DUTDAT) (1 + Fy(h) ;auhé’“h v (k)

o0 h n ) oo h n SM: mz

Higgs field h is an electroweak singlet —> a priori no correlations between the jfun; fv,n

different in SMEFT [Brivio etal. 1311.1832, 1604.06801, Gomez-Ambrosio et al. 2204.01763, 2207.09848, ...]
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Lagrangians relevant for HH production

HEFT:
h h2 _ m2 O/ h h2
La,,D—my|ci—+cu—s ) tt—cpnn—ath®+ = (c VY e paww
t t - Ctt hhh | h | hh
x4 v v? 20 8w \ 7" JIH 12 HY
Ctth , |
‘ }Cﬁh /// j}///
{ - - “\ Chhh . Ctthh
Cen h h
(a) (b) (c)
Cggh ,’//,
?‘\Chhh ?nghh
(d) (e)
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Leading SMEFT operators for HH production in gluon

fu S I O n Karlsruhe Institute of Technology

SMEFT: Warsaw basis  Grzadkowski et al. 1008.4884

Ch

c C
ALwarsaw = — 5 (970)D(970) + =5~ (6 D,u0)" (6T D"¢) + =5 (¢7¢)?

C, C
+( N gb‘Lgqu¢ctR+h.c.) - olean, G

canonical normalisation

1
CHxin :=Cgo — ZCHD
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Leading SMEFT operators for HH production in gluon
fusion ) P P ta ﬂ(IT

SMEFT: Warsaw basis  Grzadkowski et al. 1008.4884

Ch

c
ALwarsaw = — 5 (¢'0)0(¢'0) - 2 (dTDud) (6T DH ) - CH — (o7 )°

C, C
+( N q%qus%Rm.c.) - olean, G

canonical normalisation C
1 2 195 (quom TG, o 1 + e
CHxin :=Cgo — ZCHD

(chromomagnetic operator)
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Leading SMEFT operators for HH production in gluon

fusion

SMEFT: Warsaw basis

Ch
A2

A»C'V\fadrsawv —

(¢'0)

Grzadkowski et al. 1008.4884
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(610) + “I2 (41D, 0)" (61 DH) + <2 (419)°

Cu C v.a
T ( AZH ¢T¢QL¢%R—|—}L.C.) I HGﬁbwGa G

canonical normalisation

1
CHxin :=Cgo — ZCHD

EFT in Multiboson Production

CuG

? (qLa‘“’T“ G, ¢ tr + h.c.)

A2

(chromomagnetic operator)

Di-Higgs in HEFT and SMEFT

+ 4-fermion operators?
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Leading SMEFT operators for HH production in gluon
fusion ﬂ(IT

SMEFT: Warsaw basis  Grzadkowski et al. 1008.4884

C c C
ALwarsaw = — 5 (#T0)D(@'0) + =57 (67D,0)* (67 D) + 15 (670)°

C, C
- ( N q%qusCtRm.c.) - olean, G

canonical normalisation Cuc

1 A2
CHxin :=Cgo — ZCHD

'uyqbc trp + hC)

(chromoniagnetic operator)  + 4-fermion operators?

sub-leading here if UV completion is a weakly coupled, renormalisable gauge theory
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Wilson coefficients relevant for HH production
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naive translation HEFT -> SMEFT at dim6 (comparing coefficients at Lagrangian level):

HEFT Warsaw
Chhh | 1 — QX CH + 343 > CH 1dn
Cy 1 1 }é CH,kin ng Tam Cul
Ctt XZz ; jgmt Cun ng CH kin

Cggh X22 iﬂ Che

nghh X22 i: C'I—I G
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Di-Higgs in HEFT and SMEFT

problems:

* two field theories with different assumptions

*valid HEF T point can be invalid
after translation to SMEFT

» franslation depends on A

* treatment of strong coupling

Gudrun Heinrich



Wilson coefficients relevant for HH production
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naive translation HEFT -> SMEFT at dim6 (comparing coefficients at Lagrangian level):

HEFT Warsaw
Chhh | 1 —2 Ch + 3}(—22 CH kin
e |1 2 Cun
Ctt | Xzz CH kin
Cggh CHa
Cgghh é C'I—I G
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Di-Higgs in HEFT and SMEFT

problems:

* two field theories with different assumptions

*valid HEF T point can be invalid
after translation to SMEFT

» franslation depends on A

* treatment of strong coupling
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HEFT benchmark points

consider benchmark points characteristic for a certain mHH shape

Benchmark 1 Benchmark 3 Benchmark 6
E 2 E 0.45 3 0.45
g 10} S 530 8 030 Capozi, GH,
s i, S e S 1908.08923
‘g 0371 1 i § 0o15{ | = § 0154
3 e S B B v S
. 00 ® o0 oo
— ' o 3.0 - 8 2.8 1
z b e e s B £ 20- . g 20— by e
300 400 500 600 700 800 00 400 500 600 700 BOO 300 400 500 600 700 800
My [GeV] Mk [GeV] myy [GeV]
benchmark chnh | et | e | Cogh | Coghh » benchmark 1: enhanced low mHH
(* = modified)

SM 1 1 0 0 0 * benchmark 3: dip

1* 5.105 1.1 0 0 0 _ .

3* 221 |1.05| -1 05 |0.25° ’ be”Ch;‘]%rklge-me";e ee’;‘l’(ept or

U
6" —0.684 | 0.9 | =L | 0.5 | 0.25 P
modified: to fulfil SMEFT relation Cggh = 2C4gnh and constraints after 2019 see also LHC Higgs WG4 note, 2304.01968
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Naive translation HEFT to SMEFT

benchmark
(* = modified) Chhh ct | ¢t | Cggh | Cgghh || CHXin | CH | Cum | CHc A
SM 1 1 0 0 0 0 0 0 0 1 TeV
1" 5.105 1.1 0 0 0 4.95 —6.81 | 3.28 0 1 TeV
3" 221 | 1.05| —% | 05 | 0.25* | 13.5 | 2.64 | 12.6 | 0.0387 | 1 TeV
6" 0684 | 0.9 | =1 05 | 0.25 || 0.561 \3.80 2.20 | 0.0387 | 1 TeV
benchmark | onpo [fb] K-factor | ratio to SM | onpo [fb] | onvLO [fb] E 2 |CZ‘ << ]_ nOt fU|f|”ed for A ~ 1 TeV
option (b) | option (b) | option (b) | option (a) | HEFT A2
SM 27.941T137% | 1,67 1 - -
A — 1 Tev —P can lead to negative cross sections
1 71.951201% | 2.06 2.58 .@ 91.62
3 68.6919 ¢ 1.80 2.46 30.15 70.20
6 70.181188% | 1.83 2.51 50.82 87.9
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SMEFT truncation

1_|_Ctt2h
A , ,
LO . "Coinn
MgMEFT = T j:} v
C____ \\ \\

S

(a)

OsMm + OSMx dim6 “linear”

O (SM+dim6)x (SM+dim6) - quadratic”

= Msm + Maime + M (dimeé)2

O (SM+dim6) X (SM+dim6) T OSMxdim62 (C)

all options available in gsSHH_SMEFT code O (SM+dim6+dim62 ) x (SM+dim6+dime2)  (0)
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Truncation effects on Higgs boson pair invariant mass

benchmark point6 cpnn = —0.684,¢c; = 0.9,¢4 = —1/6,c49n = 0.5, cggnn = 0.25

modified benchmark point 6 at NLO modified benchmark point 6 at NLO
0.40 - 0.200 -
5 + sm ‘ T SMm
0.35 - —_ 4+ SMEFT ogsyxsm + 0smxdime 0.175 : —_— 4+ SMEFT ogymxsm + Tsmxdims
0.30 _ —— SMEFT U(SM-{-dimG)X(S]\/I+di7n6) 0.150 ': | = SMEFT U(SA’I+di7"6)X(SM+d'i7"6)
— + SMEFT O(SM+dim6) x (S M +dim6) + OSM x dim62 0.125 _: — —— + SMEFT O (SM+dim6)x (SM+dim6) + 0SM xdimé62 m
'_‘> 0-25 - —_— — + SMEFT O(SM+dim6+dim62) x (S M+dim6+dim62) :E_% | | P— 1 + SMEFT O(SM+dim6+dim6?) x (SM+dim6+dim6?) :
“8 : T — = HEFT S 0.100 1 — ©
— 0204 = — = e — . ~
fon] o o= A =1TeV — A=2TeV 2
3£ 015 ] - = __ — p— 1 e °£ 0.075 — — e E
1 = — == 0.050 - — — ~
0.10 - . —— — - : - __:_ g
0054 —__ _—__ _—_—:=__ 0.025 - " T ==—___ ..
= — — 0.000 = e — i
0.00 = ] 2.5 = N
N 5 |+ + =
& S ——t— —|——|—+ o| £ —+ — — *+ ¢ N S~
£ — , + -+ I . == ooty +T 1 i
< e —— T g -+ s . = —— ==
.8 ; 2 — T e R e ——— "g £ ] e —— —— g_d:* m : .
£ o) 1.0 . $ ’ * * + + + $ } } : : 1 1 : 1 : 1
................................ 0.5 —— 77—
300 400 500 600 700 800 900 300 400 500 600 700 800 900
mun [GeV] muh [GeV]

ifferen n truncation options small
characteristic shape not present in SMEFT, ditterences between truncation options smaller, but

can hardly be distinguished from SM

large difference between linear and quadratic truncation within NLO scale uncertainties
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EFT expansion + higher orders in QCD

(SM)EFT expansion parameters:
(s : strong coupling

L = (].67'(')_1  loop factor (QCD)

S

, A_dc (92 L)lQCDLlnot_QCD '

L — (]_67'(') —1 . loop factor (new physics)

dc . canonical dimension lQCD - number of QCD loops

This is an expansion in several parameters lnot_QCD . number of loops involving new particles
or new interactions (or EW corrections)
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EFT expansion + higher orders in QCD

(SM)EFT expansion parameters:
(s : strong coupling

e

lQCD Llnot_QCD L = (].67'(')_1 : loop factor (QCD)

LT AN NS N - ool R e - et g Y e S o o P A A S A . S A T L o R A A P NS~ =
i .
‘ a
.
d
, ]
: C |
/)
h
g 3
, \
5 \‘
i V]

L — (]_67'(') —1 . loop factor (new physics)

dc . canonical dimension ZQCD - number of QCD loops

This is an expansion in several parameters lnot-QCD . number of loops involving new particles
or new interactions (or EW corrections)

In renormalisable, weakly coupled UV completions:
Operators containing field strength tensors are loop-generated = get a loop suppression factor

Arzt, Einhorn Wudka '94; Buchalla, GH, Muller-Salditt, Pandler 2204.11808
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Loop-generated operators

Isidori, Wilsch, Wyler, Review Mod. Phys. 2303.16922 PTG: Potentially Tree Generated

LG: Loop Generated

5-7: Fermion Bilinears (1)?)

non-hermitian (LR)

5: 2H3 + h.c. [PTC]

6: v XH + h.c. [LG]

Qe (HTH)(lpe H) ||Qew (Zpa“”er)T"HWl{V Quc (cjpa“”TAur)I?GﬁV Q4c (cjpa“”TAd,,.)HGﬁV
Que (H'H)(Gyu-H) ||Qes  (£po* e )HB,, |Quw (@pa“"ur)TIﬁW;fy Qaw (Gpo*d,)T'HW},
Qan (H'H)(g,d -H) Qus (30" u,)HB,, |Qiz (G,0"*d,)HB,,
7: Y2H?D — hermitian + Qgyq [PTG]
(LL) (RR) (RR') + h.c.
5 (H'D H) @) |Que (H'D .H)(En er) |Qrrua i(HTD,H)(wyy"d,)
&) (HYDLH) @y y"t,) | Qura (HY'D ,H) (@ u,)
QY (HYD ,H)(@"e) |Qua (H'D H)(dyy"dy)
Q) (H'i DLH)(g,m v"q,)

14 EFT in Multiboson Production Di-Higgs in HEFT and SMEFT
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Loop-generated operators

Isidori, Wilsch, Wyler, Review Mod. Phys. 2303.16922

5-7: Fermion Bilinears (1)?)
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PTG: Potentially Tree Generated

LG: Loop Generated

non-hermitian (LR)

5: 2H3 + h.c. [PTC]

6: v XH + h.c. [LG]

14 EFT in Multiboson Production

Qe (HTH)(lpe H) ||Qew (Zpa“”er)T"HWl{V Qdc (QpUWTAdr)HGﬁV
Que (H'H)(Gu H) ||Qes (Lo e, )HB,, |Quw (@pﬂ“"ur)TIﬁWiy Qaw (Gpo*d,)T'HW},
Qun (H'H)(g,d-H) Qus  (Go*u,)HB,, |Qip (G0**d,)HB,,
7: Y2H?D — hermitian + Qgyq [PTG]
(LL) (RR) (RR') + h.c.
0 (=YD H) G |Que (HYD H)(v"e,) |Quua i(HD,H) (4 d,)
) (H' DLH)(B,r172,) | Qua (H'i D L H) (@ u,)
QY (HYD,.H)(@a) |Qua (H'D .H)(dyy"d,)
QY (H'i DLH)(g,m v"q,)

Di-Higgs in HEFT and SMEFT

Gudrun Heinrich
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Loop counting in SMEFT
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Loop counting in SMEFT

1 - R S 11
167T2 ZQCD =1 A2 167'('2 QCD — A2 16 2 lnot_QCD =1
g 99~ h
MDJ> R chromomagnetic
R operator
g h
1 1
A? (167'('2)2 ZQCD = 1, lnot_QCD =1
explicit implicit
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Loop counting in SMEFT

———(\;ﬁ,\
1 1 1
acp = 1 A216n2 'QCP =1
new boson
o chromomagnetic
) operator

h

A= (167'('2)2 ZQCD =1, lnot_QCD =1
explicit implicit

EFT in Multiboson Production Di-Higgs in HEFT and SMEFT

AT

Karlsruhe Institute of Technology
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Loop counting in SMEFT

———(Eﬁ?,\
1 - R S 11
qop = 1 AZ 1672 OO0 AZ 1672 ‘mot-QeD =1
new boson
)--r g h
| | o *\/ 4-top operators enter
-« chromomagnetic . at the same order!
\ i operator g 7
1 1
A? (1672)2 lqcp = 1, lnot_qep =1 AZ (1672)?2 lqep = 1, Inot_qep = 1
explicit implicit explicit  explicit
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Subleading operators in SMEFT

In a renormalisable, weakly coupling UV completion

QA ) NIy

Co, C,
Lyt = AQQ QLY QLtRVulR - A2 QLY'T*QLtrY T tR
o) ) oB) )
- s Qr"QrQr1Qr + 5 Q' T QT QL
Cit - . -
| Atzt tRY"tRER YR

17 EFT in Multiboson Production Di-Higgs in HEFT and SMEFT
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\ / QA S Q28A

C 9 i /7 N
EtG — KQG (QLO-MVTQGZVQStR_I_h-C-) Mig = QWD.( + m&)

Gudrun Heinrich



Subleading operators in SMEFT ﬂ("

In a renormalisable, weakly coupling UV completion

999 999 999 A - - - - 900 AW - - - - -

Lig = (j\tf (Quo™ TGy, $tr+he) Me= P+ () + D

Lot = A2 QLY QLtRVulR A2 QY T*QrtrY, TR . I
C ( 1 ) C (8) 209004 - 1 00999 I ] _____
| QL”Y”QLQL%QL | A2 COLTQLQrvuT QL .~ v e
o, ﬁ> ﬁj +++++

| Atzt tRY*tRtRYutR

17 EFT in Multiboson Production Di-Higgs in HEFT and SMEFT Gudrun Heinrich



Four-top operators

» 4-top operators occur in 2-loop diagrams

- treatment of “Y5 matters!

* translation between schemes also affects other operators and parameters

18 EFT in Multiboson Production Di-Higgs in HEFT and SMEFT Gudrun Heinrich
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Four-top operators

Co; Coy
L1, — Qt PPN Qt r _ura a
At = LY 't tRYutR + A2 try Tt try, I tR +

|
my
2
=
~
~~
|
-
2
=
my
i 5
>
-
~
y
|
| |
|
2
—
~—
N\

» 4-top operators occur in 2-loop diagrams
talk by Stefano Di Noi at HEFT

- treatment of “Y5 matters!

* translation between schemes also affects other operators and parameters

18 EFT in Multiboson Production Di-Higgs in HEFT and SMEFT Gudrun Heinrich



gammay in 4 dimensions

KIhI e of Technology

V5 = 270717273 definition in 4 space-time dimensions

in 4 dimensions:

{757/)/“} =0 (1)

TriyHy Py 5] = —4ie™P (2)

Tr(I'1To7vs| = Tr|ys'1's]  cyclicity of Traces  (3)

in D =4 — 2¢ dimensions: (1), (2) and (3) cannot be maintained simultaneously

19 EFT in Multiboson Production Di-Higgs in HEFT and SMEFT Gudrun Heinrich



gammaJd in D dimensions
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different schemes to extend 7Y5 to D dimensions:

"naive dimensional regularisation” (NDR):

Breitenlohner, Maison; 't Hooft, Veltman (BMHV):

keep {75,’}/“} = (

abandon Cyclicity of trace (or fix inconsistencies by hand)

reading point for traces: "Kreimer scheme”

but: ambiguities observed at high loop orders
L. Chen, 2304.13814, J. Davies et al 2110.0549¢, ...

20 EFT in Multiboson Production

Di-Higgs in HEFT and SMEFT

7M — ’7“ _l_;)\/“ ; {’757’7#} =0 ; [757’3/M] =0
S
4-dim. (D-4) dim

* Spurious breaking of gauge invariance
* needs symmetry restoring counterterms

* the latter can be derived algorithmically

Gudrun Heinrich



Scheme dependence induced by 4t operators ﬂ(".

scheme dependent part

(1) (8) < >
A2 t 0 (BMHV)
(1) (8) t
C —|—CFC fU3 V2my (4ms—m?)
o _ ot Qt ) o _ pih)  (NDR)
4 CX A2 (Bh“ e KtH> “h < o { 0 (BMHV)
l t
t (1) (8) t
C
Cot + (c ) Cqi / v2migs  (NDR)
g T KtG X g LA KtG — { 1672
Cic \ 0 (BMHV)
t [

21 EFT in Multiboson Production Di-Higgs in HEFT and SMEFT Gudrun Heinrich
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Scheme (in)dependence

The renormalised physical amplitude must be scheme-independent

—> scheme dependence of K-terms
must be cancelled by
Msm scheme dependence of
C(l) c C(S)) < P
i ( T CF A2 omg Wilson coefficients and parameters

I (1) (8) 1
’U3 CtH CQ C
ik vV 2my ( A2 I@ A2 Msu

MTen — Mscheme indep.

22 EFT in Multiboson Production Di-Higgs in HEFT and SMEFT Gudrun Heinrich
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Scheme (in)dependence

The renormalised physical amplitude must be scheme-independent

ren __ A 4scheme indep. —> scheme dependence of K-terms
M= =M
must be cancelled by
(C(l) 0(8)) Msm < M, scheme dependence of
A? omy Wilson coefficients and parameters

[ 03 Cis C(l) 0(8) =
+ |1 | @ A2 MSM define combinations absorbing

the scheme dependence
or translation table

C 1
+ [Ciag + (Cgt) + (cp = )Cgt))@ EMtGlFIN Di Noi, Gréber, GH, Lang, Vitt
2310.18221

22 EFT in Multiboson Production Di-Higgs in HEFT and SMEFT Gudrun Heinrich



[fb / GeV]

do / dmhh

23 EFT in Multiboson Production

Example: C

0.3 1

0.1+

=
-

|
=
—_

ratio to SM
\)

-
1 l 1

(1)

SM at NLO with C! t) variation (13.6 TeV)

0.2 -

<+  SM with scale uncertainty
with C; € [~190, 190

— NDR

[fb / GeV]

do / dmhh

ratio to SM

-)
1 l 1

In different gammab schemes

0.3

&
-)
1 l 1

=
—_

(N)
1 l 1 1 l

large effect and very different behaviour in the two schemes

Di-Higgs in HEFT and SMEFT
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SM at NLO with Cé)t) variation (13.6 TeV, BMHV)

0.2-

0.1-

-+ SM with scale uncertainty
with Cop. guny € [—190, 190
S
BMHYV S
- LO
Bl %
Q\
)
C
©
—1
-
=
O
500 600 700 800 900

Gudrun Heinrich



AT

Karlsruhe Institute of Technology

Running Wilson coefficients

coming soon Iin the ggHH_SMEFT code (Powheg-Box-V&2): [GH, Jannis Lang]

see also Grober, Di Noi 2312.11327

Aoude et al. 2212.05067

Battaglia, Grazzini, Spira, Wiesemann 2109.02987
Deutschmann, Duhr, Maltoni, Vryonidou 1708.00460
Maltoni, Vryonidou, Zhang 1607.05330

dC o c, 1
tH _ _opy s Q1 (1) (8) new options for users:
2 dllz — 2/80 4 CtH T /YCtH 167.‘_2 (CQt +C CQt P ]
dC v c q C c WCscaledependence : Switches the WC scaledependence between three modes,
U HG _ —Zﬂ() —SC HG —+ ’YCtG _SQCtG —+ ’yc (C (1) (c + A )C (8)) 0: ugprr = pg but without any running effects (default, represents
d ! 47 HG 107 HG 47T 2 previous implementation)
dct G Qg Chres s 1: static EFT scale pugrr = UEFTinput X EFTscfact with running
7} i — _,BtG 4_CtG —I-’YCtG 1672 CHG for EFTscfact # 1
H n \—/ﬂ-—/ 2: dynamic EFT scale pgpr = % X EFTscfact with running.
neglected inputscaleEFT: defines the input scale/measurement scale pgprinp: of the Wil-
dc(l) (1) son coefficients, from which the running starts (only relevant for
L d,u B g CQt R 0 3NN;1 WCscaledependence > 0)
dC (8) o Q1 (8) B Qt — 6N 2 —2NC—12 EFTscfact: varies the EFT scale ugpr around the central scale, to be used for
Q! T \Coi 12
M du Ne uncertainty assessment.
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Running Wilson coefficients

benchmark point 6: effect of running on CHG only:

BP6 SMEFT (a) at NLO with different modes of pgrt dependence Crcg = 1 TeV 72 linear only at LO with different modes of pgrt dependence

0.30 1
_ ] -+ without perr dependence — Q- o
% 0.25 ‘ — + Ho — 200 GeV; HEFT fixed % _F —__
O —_— —+  po = 200 GeV; perr dynamic O _1- e
— 020— ;__E + Ho = 1 TeV; HEFT fixed N : - 03
=3 ] — — . | . = | B = -
0.15 - S— o = 1 TeV; perr dynamic — —2] E ilB
< = =E < ] + without pgrr dependence o
S 0.10 1 — e S 3 5 -+ o =200 GeV; perr fixed S
3 : — 3 %; 4+ o = 200 GeV; ,u,EFT dynamic %
5 0.05 ] p— —— 5 —41 | 4+ po =1 TeV; peer fixed ﬁ
© ) T e e ] po = 1 TeV; perr dynamic %)
0.00 1 g - &3
_ - S
_ 1.5 1 >
_ e PR ' Y=
O | remm—————————— == ke
s T © 1.0 e —— S e e — =
- = 11 -+ ==
o——""""""‘""~""‘" "1 5
300 400 500 600 700 300 200 300 400 500 600 700 800 900
myp [GeV] mpp [GeV]
L. . _ Mhh " —r .
grey band: usual My U f variations. dynamic: MEFT = 5 large effects only for “inconvenient” starting scale 1TeV
)
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Running Wilson coefficients

C:c = 1 TeV ™2 linear only at LO with different modes of pugrt dependence Co: =1 TeV ™ linear only at LO with different modes of perr dependence
0.1 _
_ ] —  0.002 -+  without pgrr dependence
% —— s T % =+ | po =200 GeV; pger fixed
@ 0.0 ) Bl 3 0.001 _ —+ o = 200 GeV; pgrr dynamic
g = ==—___— s ' : —— — + po=1TeV,; pgpr fixed o
= —_ T —_ 0,000 I _=_ o = 1 TeV: pgrr dynamic %
< —0.1- B _= -+ without perr dependence § ' (i T — ~J
S — 4 po = 200 GeV; perr fixed S ] 5 = 82
3 -+ po =200 GeV; perr dynamic 3 —0.001 7 __ _— E
b —0.2- + Ho — 1 TeV; HEFT fixed | b g
g 1 to = 1 TeV: pger dynamic © —0.002 A ’
2 == ' — Qo
_ . 2 T — S
P e o T
p=R _— —— + 0 —
o 0- ™ —— o : e —
_9 _ —
! 1 ! ! ! ! 1 ! ! ! ! 1 ! ! ! ! 1 ! ! ! ! 1 ! ! ! ! 1 ! I' l ! ! ! ! I ! ! ! ! I ! ! ! ! I ! ! ! ! I ! ! ! ! I ! ! ! ! I ! ! ! !
300 400 500 600 700 800 900 300 400 500 600 700 800 900
mpn [GeV] mupn [GeV]

sign change for large [
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VBF HH production in HEFT

uncorrelated in HEFT (LO): Cggh and Cgghh . CVVh and CVVhh

v v

138 fb™' (13 TeV

2AInL

2205.06667

2404.17193

gluon fusion VBF
q q .
H v Kov . H E
g =
v e S
H H 9 T
E T L ATAS e TS I e
q q P Lo i 5 setmomenaten
15 —
10 R —
* The figure shows the kappa-framework @ s )
Iy
* A priori O(20) operators in HEFT A e S T
0.00 025 050 < 75 100 1 25 1 50 1 75 2.00
Buchalla et al. 1307.5017, Brivio et al. 1604.06891
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VBF HH production in HEFT

Jens Braun, GH, Marius Hofer (work on NLO in progress)

Separation between Higgs bosons in #

di-Higgs mass

o 1077

Vs =13TeV, u = 2my,
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VBF cuts |7(j1,72)| > 4
M (j1,72) > 600 GeV

Q - I | | | B — 104 =11 I — I — R — I — L =

= R 3 F preln e

= B — 8HHH = V.0- g - guHH = 0.5 7

= ] __I_'_I I_'_I_ gHHHzl-S: 2 _5— A

s | I - gHHHiZ 1/ z 'V E SHHH =2 =

< —t 8HHH =~ O T r — = -1 7

= . = = - gHHH = —1 -

S o } }

T 104 I_l—'_' _'—_'_—I_'_'—H —~ ~ ] -
- — L — 1 g 1070 £ A—ﬁ__—_::l_,ﬂ = S
= — [ - Clg - _:IE::.!—-— - @
— _|—|_I_:___I|—|_.——|— = 7_ = ] Cé)
i B 107 g = I

| | ¢ : B
1073 — - _
4 e o S I LI I "L'H'gg 1.§.-.W§
19 E- I = @p) = —= )
13 EC 1 = O 1 E | i
% e —I_I_'—'——‘ @ o IRE ehirh | i S
- ’: 2: _|_|—'_I_I— % é %— .—-—""—"'—'—'-'-" ! :'—l—-__-.—l _-:F=Ij§
:g | [ | | | | = :g Eé
| - - ’ : y S0 |4(|30| | |6(|)o| | I8(|)0| | I10|00| | |12|00| | I14|00| )
An(H,H

shape very sensitive to trilinear coupling  (other couplings set to SM values)
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Summary & outlook A\KIT

® mHH shape benchmarks in HEF T: partially invalid in SMEFT and depend
on truncation scheme and on value of A

@ chromomagnetic operator and 4-top operators are linked through
renormalisation = 75 scheme dependence talk by Stefano Di Noi at HEFT

® — consider O;; and 083’(8) together or document the scheme

@ coming soon in SHH_SMEFT: running of Wilson coefficients
@ work in progress: HH in vector boson fusion at NLO QCD+HEFT
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Thank you for your attention !

~

QRPIEY
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image: Laura Vogiatzis
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gsHH and ¢sHH_SMEFT codes

* both codes: NLO QCD with full top quark mass dependence Borowka et al. 2016

HEFT: ggHH code available at

http://powhegbox.mib.infn.it/User-Process-Va

5 anomalous couplings: GH, Jones, Kerner, Scyboz, 2006.16877

SMEFT:

leading operators, different truncation options ggHH_SIMEFT GH, J. Lang, L. Scyboz, 2204.13045

+ 6 subleading operators GH, J. Lang, 2311.15004

note: bug in 2-loop triangle contribution (in both codes) corrected September 2023
(thanks to Ramona Grober, Emanuele Bagnaschi, Guiseppe Degrassi, 2309.10525 )
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Effect of different gammab-schemes

osmert / osw at LO with linear dim-6 0 o osmert / osw at LO with linear dim-6 using BMHV %
- ; - ; - 10

i | - =
Z 0 .
5 (o e
2 2 <
S 5 %
100 O 100 © >
3 3 £
O o -
© S _Jh
= = T
S S °

- -

10—1 © 10_1 ©

—100 0 100 —100 0 100
1
c Cloir v

BMHV

() C;>™) within the circle are mapped to value pairs of (Coi»Cia™ ) within the ellipse

value pairs of (Cp;,

C’BMHV C’NDR V2mygs (0(1) ( ) C(s)) totall Cross _section IS t.h_e same in both schemes,
16720 F— a single Wilson coefficient is not an observable
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Effects of chromomagnetic operator

variation ranges: from global fit (marginalised), Ethier et al, 2105.00006 [SMEFIT coll.]

SM at NLO with Cyg variation (13.6 TeV) ) 1or SM at LO with Gy variation (13.6 TeV)
— e ] -+ SM with scale uncertainty - <+ SM with scale uncertainty
% : with Cye € [—0.15,0.49] % (),10()-_ with linear only Cyg € |—0.15,0.49]
3 0.15- T | | < ] —_| with linear+quadratic Csg € [~0.15,0.49]
P = linear truncation £ 00751 = =
— 0.10 — ‘ s
s — B < 0.050 i 1
§ 0051 __ = S 0.025] — g
~ - _— ~ - -
b | S —— b = —
< 000 S 0.000
R |
c% e —— % 27
_8- _8 - L o o e e s
O 0- QO 7
4(:“ ' = O‘_
300 400 500 600 700 800 900 T 00 w0 so . 100 oo
Mun [GeV] mpyp [GeV]
Effect larger than SM scale uncertainties Effect of linear+quadratic truncation smaller than linear only

due to destructive interference
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Operators contributing to VBF HH before application of
custodial symmetry arguments
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2
AL = _%ghhhhg
2V
L h
ghyy A A" »
1 0" h | 2) Vh
_I_gi(zZ)’yAW/Zlu v gi(zZ'yAHVZu ;
1 0”h 2 ,,h 3 h
+gf(LZ)ZZlWZM i gi(LZ)ZZNVZ'u » "‘Mgggz)ZZuZ“;
1 _ o' h 9 _wh 3 _h
oy W 4 0e) T g et o 0wt
I/h2
+ghh/y'yAu1/A ’U_2
1) ho” h o (2) 1/h2
—I‘Q;(LhZ,yAuVZM 9 1 ghh,nyAlWZu ,0_2
1 ho*h 9 Vh2 M2 (5 h? (4) 0,ho"h - (5) ,0,ho*h
+g§Lh)ZZZMVZ“ 5 gi(Lh)ZZZAWZ'u 5 2Zgi(Lh)ZZZMZ ﬁ"‘ghhzzzuzu 2 Innzz4us 2
, _ ho'h (o Y I R _L0h'h _,B,hd"h
+gf(Lh)WW (W/Z/W #+h.c.) 2 gf(m)WWWJ:W - ) +Mng(zh)WWW:W = +9thWWELW - | gthWW/j_W 2
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Scheme

possible solution:
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(in)dependence

redefine parameters, absorbing scheme dependent parts

~ C
Cic = Cic + (CG) + (er — )CH) ) Kic

2
C~' — C _|_ C(l) C(S) K known e.qg. in flavour physics
tH tH tH Ciuchini et al. '93
Herrlich, Nierste ‘94
) +exCS)
1 e Ko,

My = My
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Scheme (in)dependence

possible solution: redefine parameters, absorbing scheme dependent parts

~ C
CtG — CtG —|— (C(l) ( A)C(S)) KtG

~ — (1) (8) known e.g. in flavour physics
Cim = CiH + (C C KtH Ciuchini et al. ’93
Herrlich, Nierste ‘94
1
~ e + cpC®
My = My 14 A2 Kmt

more flexible: derive a translation dictionary by requiring XNDR — XBMHV
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Translation between BMHV and NDR A\KIT

4-top operators are linked to other operators through a scheme translation

BMHV _ NDR iy (1) (8)
mMHY = PR — o (G + er Q)
BMHV __ ~NDR |, \/§mt(4mf — 2) (1) (8)
O = Cir C C
167293

2migs
CBMHV CNDR , \fmtg (C(l) 4 (CF C;)Cgt))

note: loop suppression factor for CtG not included here (Warsaw basis conventions)

36 EFT in Multiboson Production Di-Higgs in HEFT and SMEFT Gudrun Heinrich

S. Di Noi et al, 2310.18221



Translation between BMHV and NDR A\KIT

4-top operators are linked to other operators through a scheme translation

iy

|
S

BMHV __ __ NDR my (C(l) C(S))

CBMHV _ ONDR V2my (4m§ — mj) (C(l) 4 CFCS?)

2migs
CBMHV CNDR \fmtg (C(l) + (cr CA)C(8))
1672 1674

note: loop suppression factor for CtG not included here (Warsaw basis conventions)

shift can be of same order as Wilson coefficient itself
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