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Higgs boson pair production

prime process to explore the Higgs potential

1 A
V(h) ~ = (20°)\) h* + v\ h° + = h*
2 e — 8
m3 .
Standard Model: )\ — Th ~ (0.125
202

experimentally established deviations from

Ky = 1 are a clear sign of New Physics!
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ggHH: higher order QCD corrections in the SM ﬂ(".

. y Karlsruhe Institute of Technology
N3LO(HTL): Chen, Li, Shao, Wang '19

(HTL with top mass effects)
N3LOwmm)+N3LL: Ajjath, Shao 22

=EE TR
g S
NNLOwtL): De Florian, Mazzitelli "13

Grigo, Melnikov, Steinhauser ‘14

NNLOwnTL)+Geneva PS:  Alioli, Billis, Broggio et al.’22

heavy top limit (HTL)

NNLOFTapprox Grazzini, Kallweit, GH, Jones,

Kerner, Lindert, Mazzitelli ‘18
inclusion of top quark mass dependence except in virtual O(a?)

NLO full my

Borowka, Greiner, GH, Jones, Kerner, Schlenk et al. ‘16
Baglio, Campanario, Glaus, Muhlleitner, Spira, Streicher '18

Davies, GH, Jones, Kerner, Mishima, Steinhauser, Wellmann ‘19
Bagnaschi, Degrassi, Grober 23

top quark mass scheme uncertainties: pole mass versus MS mass
Baglio, Campanario, Glaus, Muhlleitner, Ronca, Spira 18, ‘20
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) .
Grazzini, Kallweit, GH, Jones, O@% see also NLO corrections to
NNLOFT&PPI'OX Kerner, Lindert, Mazzjte lg{@ \0 -
inclusion of top quark mass depende‘?ecg‘gmééb in virtual O(a?) HH decay to bb’Y’Y
NLO full my a5® © Li, Si, Wang, Zhang, Zhao
| .0 1OV 2402.00401
Borowka, Greiner, c%‘l‘—{ggxﬁ& Kerner, Schlenk et al. ‘16 '
Baglio, C(aggaét\lﬁl\o, Glaus, Muhlleitner, Spira, Streicher 18 QCD corrections to the decay
Davies, GH, Jones, Kerner, Mishima, Steinhauser, Wellmann ‘19 0670\ decrease LO result by 19%
Bagnaschi, Degrassi, Grober 23 e O(Z
e — :
top quark mass scheme uncertaintie§('\a|§9|%°\r}1ass versus MS mass — towards NNLO with full 772
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ggHH: higher order EW corrections in the SM

Full NLO EW corrections: -4% (total cross section, larger for distributions)
Bi, Huang, Huang, Ma 23

Davies, Schonwald, Steinhauser, Zhang '23 (large mt-expansion)

see also talks by
Matthias Kerner, Hantian Zhang

Davies, Mishima, Schonwald, Steinhauser, Zhang 22
Monday afternoon

Muhlleitner, Schlenk, Spira ‘22

Borowka, Duhr, Maltoni, Pagani, Shivaji, Zhao ‘19
Bizon, Haisch, Rottoli [Gillis, Moser, Windischhofer] '18, ‘24
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Anomalous couplings in Higgs boson pair production ﬂ(IT

If trilinear coupling is different from the SM, other couplings are likely to be non-SM as well

—p heed full Effective Field Theory parametrisation

C
1+ —L4h
- C
1_|_ tth /
LO _ A2 ‘ /c
MSMEFT = o _h
1+ A2 \\
C
1+ -t
ggh //
A2 ‘c
+ &« Caghn
14 chhh N A
A \
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Effective Field Theory
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E * need a scale separation
new physics scale A
» expansion parameter small through suppression by a large scale
f - characteristic scale of | A
500 1 — SM
Goldstone bosons ; —— New Physics
100 \ ----- EFT
=2 300
© 200-2
EW scale v ~ 246 GeV 0-
O_'
= 1-4‘5
E << A _ 51
>mAf< >-<4> AL—/\Z?’p’ & ¢k7u¢/+0( 4) & 10- —

||||||||||||||

500 1000 1500 2000 2500 3000
E [GeV]

E<<A 2C’ a apv —
i;- — AL= ;E55(10) LG+ O ()
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* need a scale separation
new physics scale A

» expansion parameter small through suppression by a large scale

f - characteristic scale of | A -
500 1 —_
Goldstone bosons 0. \ New Physics
S| 7 EFT
5300-;
© 200-2
EW scale v ~ 246 GeV 0-
O_'
= 1-4‘5
E << A B g 1.2-;
>¢< ><4> AL = o Y Yiyuth + O (A7) 5, —

||||||||||||||

500 1000 1500 2000 2500 3000
E [GeV]

E<</\ii§. S\ AL ‘(¢T )Ga GaHY (A—4)
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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

Loops & Legs 2024 Gudrun Heinrich
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Leading SMEFT operators relevant for HH production

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'y C
+( 5 ¢*¢qL¢CtR+h.c.) - eledy, G
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Leading SMEFT operators relevant for HH production

SMEFT: Warsaw basis  Grzadkowski et al. 1008.4884

Ch

c
ALwarsaw = — 5 (¢'0)0(¢'0) - 2 (dTDud) (6T DH ) - CH (07 9)°

Cu — C C V,Qa
™ ( A2H¢T¢CIL¢ tR+h-C-) | HGﬁbTQbG GH”

Cu
? | A2G (qLO"uVTa’ quc tr + h.C.)

(chromomagnetic operator)

Loops & Legs 2024 Gudrun Heinrich
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Leading SMEFT operators relevant for HH production

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

sub-leading here if UV completion is a weakly coupled, renormalisable gauge theory

Loops & Legs 2024 Gudrun Heinrich
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EFT expansion + higher orders in QCD

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

PR

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

, A_dc (93 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

10 Loops & Legs 2024 Gudrun Heinrich
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EFT expansion + higher orders in QCD

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

e

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

, A_dc (gg L)lQCDLlnot_QCD '

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

10 Loops & Legs 2024 Gudrun Heinrich



AT

Karlsruhe Institute of Technology

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]

QeH (HTH)(ZPBTH)
QuH (HTH)(qpurﬁ)
Qur (H'H)(gpd,H)

Qew (Lpo*¥e,)T'H WJV

QeB (KPUMVGT)HBMV

Quc (qpa“”TAuT)I?GﬁV
QuW (QPGHVUT)TIﬁW;{V
QuB ((ij“VUT)HB“V

Quic (CYPO'“VTAdT)HGﬁV
Qaw (Gpo*d,)T'HW},

QdB ((jpauyd'r)HB;u/

7: Y?*H?D

hermitian + Qg4 [PTG]

(RR)

(RR') + h.c.

MH) (pry/%r) QHe

= _ P _
(H' D ,H)(eyv*e,) |Quua t(H'D, H)(u,y"d,)

) — <= _

@) (HYi DLH)(@yr'v"£,) |Quu (H'i D, H) (@ u,)
<= -

) Qua (H' D ,H)(dpy"d,)

Loops & Legs 2024 Gudrun Heinrich
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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: ¥?H? + h.c. [PTG] 6: Y?*XH + h.c. [LG]

Qe (H'H)(lperH) ||Qew (Upot¥e,)T!HW] |Que (qpa“”TAuT)I?GﬁV Qic (Gpo**T4d,)HGE,

QuH (HTH)(qpurﬁ) QeB (Zpo"uuer)HB;u/ QuW (qu-HVur)TIﬁWJV QdW (qu-HVdT)TIHWJV

Qan (H'H)(gpd-H) Qus  (Gpo"*u.)HB,, |Qiz (G,0**d,)HB,,
7: Y2H?D — hermitian + Qgyq [PTG]
(LL) (RR) (RR') + h.c.
O\ D H) (B e) |Que (HYD ,H) (@ er) |Quua i(H D H) (@ d,)
) (HY DLH) @1y, |Quu (H''D . H) (@7 u,)
QY (H'D ,H)@"e) |Qua (H'i D ,H)(dyy"dy)
Q%) (H'DLH)(g,m'v"q,)
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Loop counting in SMEFT
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Loop counting in SMEFT

1 o 1 1
1672 'QCD — A2 1672
g 99~ / h
MJ> I chromomagnetic
I operator
g h
1 1
A? (1672)? lqcp = 1, bnot qep = 1
explicit implicit

Loops & Legs 2024
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Loop counting in SMEFT

1 z 1 1 1
CD —
« A2 1672
h
o chromomagnetic
I . operator

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

Loops & Legs 2024
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Loop counting in SMEFT

1 z 1 1 1
CD —
« A2 1672
new boson
o chromomagnetic
I . operator

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

Loops & Legs 2024
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Loop counting in SMEFT

———(Eﬁ?,\
1 z 1 1 1
CD —
« A2 1672
new boson
/o chromomagnetic
I . operator

A= (167'('2)2 ZQCD =1, lnot_QCD =1
explicit implicit
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lqep = 1
9
9
1 1
A? (1674)2
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1 1

A2 162 lnot_Qcp = 1

h

_ ,(/ 4-top operators enter
AN at the same order!

ZQCD =1, lnot_QCD =1
explicit  explicit

Gudrun Heinrich



Subleading operators in SMEFT

In a renormalisable, weakly coupling UV completion

NP N

C _ )
Lig = tG (QLUWTO’GG dtr + h. c) Mic = Wi>< + MQ

Cj(l) (7(8)
Qt Lwa a
Lat = A2 " QL QLtrVutR A QLY T QrLtrY T R
(7(1) (7(8)
CQCQ L CQCQ wa

| QLY QLQrv.QrL - QrY*TQrQrv,T*QrL
C' _

| Atzt tRY*tRtRYutR

14 Loops & Legs 2024
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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 = AQ; QL' QLtrVutr AQ; QYT QrtrY, TR o WA
* W
(j(l) B B (7(8) 209004 - 1 000004  N-----
o QEQLQInQr + QY TQLOLYT QL g gy e
o ﬁ> ﬁj +++++
| Atzt tRY*tRtRYutR

14 Loops & Legs 2024 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

15 Loops & Legs 2024 Gudrun Heinrich
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3 theses about gammays in 4 dimensions A\KIT

V5 = 7:’70/}/1'}/273 definition in 4 space-time dimensions
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3 theses about gammayb in 4 dimensions

V5 = i,YO,Yl,YZ,YB definition in 4 space-time dimensions

in 4 dimensions:

{75, 7"} =0 (1) Tr[y#v"+Py5] = —4ie"’?? (2); Tr[['1Tays] = Tr[ysT' 2] ()

cyclicity of Traces

16 Loops & Legs 2024 Gudrun Heinrich



3 theses about gammas in 4 dimensions &(IT

V5 = 7/}/0/}/17273 definition in 4 space-time dimensions

in 4 dimensions:

{75, 7} =0 (1); Tr[y*v" Py s] = —4ie"P? (2); Tr[[1T27s] = Tr[ys1T2] (3)

cyclicity of Traces

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

16 Loops & Legs 2024 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 {’}/5,’7“} = ()

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¢, ...

17 Loops & Legs 2024

* Spurious breaking of gauge invariance
* needs symmetry restoring counterterms

* the latter can be derived algorithmically

see talks by Matthias Weisswange,
Paul Kuhler, Dominik Stockinger

Gudrun Heinrich
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Scheme dependence induced by 4t operators

scheme dependent part

c® 4 o o® e m3

A2 0 (BMHV)

t t

B Cgt) -+ CFCC(QSt) B 03 i o \/§mt(47333—mi) (NDR)
h=- - A2 ( htf  Sme Vom, ) < he- T °0 (BMHV)

l t

[

t (1) (8)
g Cicc Y e 0 (BMHV)

t [

18 Loops & Legs 2024 Gudrun Heinrich



Scheme (in)dependence

The renormalised physical amplitude must be scheme-independent

e of Technology

MTen — Mscheme indep.

(1) 8)) 1 Msm
(C TR C ) A? omy % T
3 Oy C’(l) _|_ - 0(8)
+ 11 | M
fmt ( @ SM
i C
+ | Cira + (C(l) A C(S))@ A2 ./\/ltg‘FIN

19 Loops & Legs 2024 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
1 Msm scheme dependence of
08) + cr C) xm ;
( T CF A2 omg ’ Wilson coefficients and parameters

{ v3 Cig @C'St) + cp C(S)
\/imt A? I

+ [Cra + (C(l) + (cr = 0(8))@ A2 — Mic|FIN

MTen — Mscheme indep.

Msm

_|_

19 Loops & Legs 2024 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
1 Msm scheme dependence of
08) + cr C) xm ;
( T CF A2 omg ’ Wilson coefficients and parameters

{ v3 Cig @C'St) + cp C(S)
\/imt A? I

+ [Cra + (C(l) + (cr = 0(8))@ A2 — Mic|FIN

\_\,_./
Cic

19 Loops & Legs 2024 Gudrun Heinrich

MTen — Mscheme indep.

Msm
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Scheme (in)dependence

possible solution: redefine parameters, absorbing scheme dependent parts

~ C
CtG — CtG —|— (C(l) ( A)C(S)) KtG

Cim = Cim + (Céglt) C(S)) King

C(l) 0(8)
’ﬁlt — TN (1 | Kmt)

AZ

Loops & Legs 2024
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known e.g. in flavour physics

Ciuchini et al. 93
Herrlich, Nierste ‘94

Gudrun Heinrich

S. Di Noi et al, 2310.18221
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Scheme (in)dependence

AT
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possible solution: redefine parameters, absorbing scheme dependent parts

~ C
Cic = Cic + (CG) + (er — )CH) ) Kic
étH = Crg + (C(l) C(S)) KiH

C(l) 0(8)

more flexible: derive a translation dictionary by requiring Y NDR _

Loops & Legs 2024

known e.g. in flavour physics
Ciuchini et al. '93
Herrlich, Nierste ‘94

XBMHV

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

3

BMHV NDR m 1 8

BMHV __ ~NDR , \/§mt(4m% m%) (1) (8)
CBMHV — CNDR e (O] + erC))

BMHV _ (NDR _ V2myg, (1) CA\ ~(8)
note: loop suppression factor for CtG not included here (Warsaw basis conventions)
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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))

1672 1674

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

shift can be of same order as Wilson coefficient itself

21 Loops & Legs 2024 Gudrun Heinrich
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Effect of different gammab-schemes
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osverT / osm at LO with linear dim-6

LO with linear dim-6 using BMHV.

0! o osverT / osm at LO with linear |tn 6 :JSIng | o>

a T

Z =
c 0 <
o) = S
2 O 0
AL 2 -
S = =
10° c% 10° S &
O -
° © >
8 53
= S >
[} = L
5 S ©

- 101
~100 0 100 10 —100 X 100 ©
C é? 1t) Cézlt); BMHV
value pairs of (Cé)t), CRPRY within the circle are mapped to value pairs of (Cé?t), C;2™VY) within the ellipse

CBMHV _ ONDR V2mug, (0(1) (CF . ) 0(8))

1672V
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Effect of different gammab-schemes

osverT / osm at LO with linear dim-6

AT

Karlsruhe Institute of Technology

osvert / osm at LO with linear dim-6 using BMHV
100 o / — \ 108 >
A 1
Z =
= @ <
©O — o
D (o 0
AL 2 -
> qb] Y
100 O 10 "5 %
S L& 5
© C
2 53
2 B E
el = T
= 3 O
107 100 0 100 0 %
—100 0 100 — 1)
C’gt) CQt; BMHV

(1) CBMHV

) CNPRY) within the circle are mapped to value pairs of (Cor s

value pairs of (Cp;,

) within the ellipse

C’BMHV CNDR V2mi g, (0(1) (C ) C(g)) total cross section is th_e same in both schemes,
167720 F 9 a single Wilson coefficient is not an observable
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Effect of chromomagnetic and

C

(1)
QLA

+ C: operators

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

0.20 1
=
¥
O 0.15
~—
=)

0.10

do / dmhh
-
S

=
o
S

ratio to SM

23

(N)
. 1

-
1 l 1

SM at NLO with Cig variation (13.6 TeV)

-+ SM with scale uncertainty
| with Cig € [—0.15,0.49]
= NDR scheme
300 400 500 600 700 800 900
mpn [GeV]

do / dmhh [fb / GGV]

ratio to SM

0.20 -

=
[
o)

=
[
-

=
-
St

=
ot

SM at NLO with Cj¢y + Cy variation (13.6 TeV)

-+ SM with scale uncertainty
with C5% + Cit € [~190,190]

NDR scheme

—_
-]

Effect of Cy in this variation range larger than SM scale uncertainties

Loops & Legs 2024

Gudrun Heinrich
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Karlsruhe Institute of Technology

GH, J. Lang, 2311.15004
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Effect of C’ (1) in different gammad schemes

SM at NLO with Cgt) variation (13.6 TeV)

SM at NLO with C t) variation (13.6 TeV, BMHV)

0.3 0.3 1 _ _
— ) <+  SM with scale uncertainty ';‘ _ +  SM with scale uncertainty
g ; 2 with C3) € [—190, 190] 5 09! with Coyp, gy € [~190,190)
= _ — NDR =, : = e BMHV S
0.1 - i — 0.1'_ i ‘Lf_)
LS T : 1 T :
< 00+— - < 00+— Q
~ ~— -
O)
S 3 =
—0.1‘_ —0.1 1 —
- - —
(% 2 1 % D - -
o T .
- _8 @)
Q] o -
30 80
300 400 o00 (6;03/ 700 800 900 300 400 500 600 700 800 900
mpn [GeV] mpp [GeV]
large effect and very different behaviour in the two schemes
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Effect of C( ) in different gammad schemes

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

0.3
= - -+  SM with scale uncertainty
' - (8)
8 09- with C; € [—190, 160
\ - —
= — NDR
0.1 - i
< ' — —
Q - —— __
E [ —_—
< 00T
~
o
=
—0.1 A
3 2-
o
4+
Q]
&Y
300 400 500 600 700 300

0.3

[fb / GeV]

do / dmhh
-
-

|
-
p—

ratio to SM
(\)

-
1 I 1

large effect, scheme difference less pronounced,;
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SM at NLO with C3; variation (13.6 TeV, BMHV)
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0.2-

0.1-

-+ SM with scale uncertainty
with Cop. guny € [—190, 160

— BMHV

H(H) production to constrain 4top-operators?

Gudrun Heinrich

GH, J. Lang, 2311.15004
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Summary & outlook A\KIT

@ |Increasing the precision in modelling potential new physics effects by Effective
Field Theory has several aspects:

@ combination with higher orders Iin perturbation theory

® inclusion of subleading operators
I

@ SMEFT description of Higgs boson (pair) production beyond leading O's:
@ 4-fermion operators enter at two loops, introduce a dependence on gammab
® gammab scheme dependence also affects other operators
@ scheme translation “dictionary” provided for operators entering H(H) production
@ constraints on individual Wilson coefficients can be scheme dependent!

Loops & Legs 2024 Gudrun Heinrich
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If we lead a careless life
all our money cannot

buy a place in heaven
(free interpretation of Luther)

o iR

P e .
m.u—-um e it L

p————

(-\-"v-" ; " g

i
%
(g
t 1 g
:;. -i

AT

Karlsruhe Institute of Technology

D

B L R

If we treat gammas carelessly
all our fits of Wilson coefficients
may not lead us to a BSM theory
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ST

Translation between BMHV and NDR S an g

- Coor ~ o C =
similarly: operators of type ¢2¢2D ,e.9. Log =%§QLWQL (¢Ti D“¢) A(bzt tRYutR (</5T73 D “fb)

(1)

BMHYV NDR | 4 M? Cro — Cry modification of EW-type couplings
& — 3272 A2
note: m, = — (y v’ CtH)
CBMHV CNDR yt(yt2+3)‘) (C(l) _C ) T e\ 2 A2
4872 Ht
BMHV NDR , YsYt (1)
Cia =G6T T gy (C CHt)
Iit ¢ C(1) _c, p t
example g GV + 9&4:(;0 thzé2¢ X g U + ...
I w CtG ®
t

/ t
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Effect of different gamma5 schemes

benchmark point 6

. 1 - - . 1 ..
BP6 at NLO with CJ; variation (13.6 TeV) BP6 at NLO with G, variation (13.6 TeV, BMHV)
= 0'6__ = SMEFT truncation (a) with scale uncert. = O°6__ <+ | SMEFT truncation (a) with scale uncert.
5] with Cg; € [~190, 190) 2 with Coy gy € [—190, 190]
0.4 - = SMEFT truncation (b) with scale uncert. ~ 0.4_- <+ | SMEFT truncation (b) with scale uncert.
= _ with C4) € (=190, 190] = | with CY) gy € [—190, 190]
= | - M —
§ O 2 T F _=— § - __|_=| !
E | - 0.2 | ——
E 0.0 = M < == —
0 6 0.0
8 & 2] o @ 2-
. = ]
=R o J
(O
- O = C i
5 0 T S
: s 0
2= o L2 21
C 30 S g
+ ® >
] e -l: O_
300 400 500 600 700 800 900 - 77—
mp, [GeV] 300 400 500 600 700 300 900
mpup [GeV]
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Tools for ggHH production with QCD corr. + EFT ﬂ("'

Karlsruhe Institute of Technology

HEFT
* LO + NLO Iin heavy top limit: HPAIR  Grober Muhlleitner, Spira, Streicher ’15, “17

 NLO QCD with full top quark mass dependence implemented in gg8HH code available at

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

K\ variations only: GH, Jones, Kerner, Luisoni, Scyboz 1903.08137

5 anomalous couplings: GH, Jones, Kerner, Scyboz 2006.16877
» approximate NNLO (HTL NNLOQO, full NLO): De Florian, Fabre, GH, Mazzitelli, Scyboz 2106.14050

SMEFT
leading + subleading operators: gsHH SMEFT (NLO QCD) GH, Lang, Scyboz "22, *23

also: LO / HTL tools, MG5_aMC@NLO Brivio et al., Degrande et al.
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LO _
MSMEFT —

— MSM + Mdim6 + ./\/l(dimfi)2

SMEFT truncation

Loops & Legs 2024

AT

Karlsruhe Institute of Technology

(a)

OsMm + OSMx dim6 “linear”

. ké Pl
O (SM+dim6) x (SM+dim6) ' quadratic
O (SM+dim6) x (SM+dim6) T TsMxdim62  (C)

U(SM+dim6+dim62) X (SM+dim6+dim62 ) ()

Gudrun Heinrich



Naive translation HEFT to SMEFT
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benchmark
(* = modified) Chhh Ct | Cit | Cggh | Cgghh || CH)in | CH | Cum | CHg A
SM 1 1 0 0 0 0 0 0 0 1 TeV
1* 5.105 1.1 0 0 0 495 | —6.81 | 3.28 0 1 TeV
3" 221 | 1.05| —3 | 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
C; .
HEFT Warsaw E2 | ;‘ < 1 notfulfilled for A ~ 1 TeV
Chhh | 1 — 2Xz vz Ch + 3% > CH xin A 5
. o X_zCH,kin Xz " Cu and ~ Mmpp Up to ~1 TeV
Ctt A2 ngm Curr + 37 O in h— h+ fu2CH; i (h | W | b ) to achieve canonical kinetic term
v° 8 A2 () 3v?
Cggh A2 o, CHG 1
Cgghh %i—ﬂ Oite C'H,kin ‘= CH, — iCHD

Loops & Legs 2024 Gudrun Heinrich
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Truncation effects on Higgs boson pair invariant mass

benchmark point 6* figures: Jannis Lang
modified benchmark point 6 at NLO modified benchmark point 6 at NLO
0.40 1 0.200 -
: 4+ sMm : + SM
0.35 - —_ 4+ SMEFT ogsyxsm + 0smxdime 0.175 : —_— 4+ SMEFT ogymxsm + Tsmxdims
0.30 . — SMEFT O'(SM—i—dimG)x(S]\/I+di7n6) 0.150 ': — = SMEFT O (SM+dim6) x (SM +dim6)
— + SMEFT O(SM+dim6) x (S M +dim6) + OSM x dim62 0.125 _: —— + SMEFT O(SM+dim6) x (SM+dim6) + OSM x dim62
'_‘> 025- —_— — + SMEFT O(SM+dim6+dim62) x (S M+dim6+dim62) :E_% | | P— 1 + SMEFT O(SM+dim6+dim6?) x (SM+dim6+dim6?)
a2 ] — - e ) 1 ——
= 09201 = — HEFT — 0.100 - —
o] = T—=_ A =1TeV Lom] —_ A =2TeV
0.10 ] - — T — _:—_—':_ 0.050 _ :_ _:
l-=—n T — ————= 00259 — —
0.00 =— — = 0.000 4= o
e 2.5 =
- — - +_.___!__ 7 +
o = 4 7] - — +—|—+ > i 20
g) g ] —_—T -|-'|'++ JE i __+4=+ :t ]
T L _— . —+ + < 15 , =|=,...=|=| + +++
e [ === S— -+ p apm—— ==
_g § 2 e _—:_—_ —— —8 E ] e — N— g_#* . . I . I
£ o) 1.0 . $ ’ * * + + + $ } } : 1} 1 1 : 1 : 1
— Q05 —4—m—mm—m—7" T
300 400 500 600 700 800 900 300 400 500 600 700 800 900
mpp [GeV] mnn [GeV]

, _ | | differences between truncation options smaller, but
large differences between different truncation options .
and HEFT/SMEFT can hardly be distinguished from SM

within NLO scale uncertainties
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HEFT and SMEFT ﬂ(IT
- HEFT: Goldstone sector has a symmetry SU(2);, x SU(2)g (chiral)

which Is broken to SU(Z)L+R (“custodial symmetry”, protects the rho-parameter)
» physical Higgs field h(xz) is SU(2), x U(1l)y singlet (cf. non-linear sigma-model)

—p L agrangian can contain polynomials

ch (@) with no a priori relation among the ¢,

U

* UV completion can be strongly coupled

model examples: composite H, H-dilaton, conformal H, induced EWSB, ...

« SMEFT: Higgs field ®(x)is complex doublet, transforms linearly under SU(2) x U(1)
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Loop counting matters in SMEFT

Buchalla, GH, Muller-Salditt, Pandler, arXiv:2204.11808
general term in EFT Lagrangian: (") . 8Np ¢N¢ ANA ¢N1/J K;Nﬁv

EFT power counting: estimate size of coefficient ()

size depends on both, canonical dimension d. and loop order L

1
loop order L can also be expressed by chiral dimension dX - [, = 5 (dx — 2)

= C =C(d.,dy)

3 1

Loops & Legs 2024
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Loop counting matters in SMEFT A\‘(IT

define reference scale f — A/47T where EFT expansion is valid

Lagrangian has canonical dimension 4, loop factors 1/167r2 are counted by L

4—d. 1 1 dy —dc+2
= C(de,dy) = / — (—)

(4m)9x=2  Ade—4 \ 4nm
dy —4
therefore, at ical dimension d. = 6 : C(dc,dy) = 1 : 2
erefore, at canonical dimension =
~ A2 \ 1672
1
dy = Np + §N¢ + N, => need to know scaling with number of weak couplings NV
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Loop counting matters in SMEFT A“

result for renormalisable interactions:

terms with 4 fermions: >< sz (?,Zlﬂ)z dX — 4

terms with field strength tensors: :‘jj generally loop-induced operators  ~u ,{4

K'Y 0, F* o, kT o Fu, F* d, = 6

chromomagnetic operator

)

titute of Technology

1/ 1\ ° 1 /1
C(d. = 6,dx) = p(lﬁﬂ2> = Cchromo = A2 (1671'2)

38
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