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= Bottom-up EFT! (for non-resonant production) K
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Effective field theory basics

Top-down perspective

a Effective low-energy description from integrating out heavy d.o.f. (i.e. heavy particles)
a Example: 4-fermion from heavy boson (cf. Fermi theory of EW interaction) and heavy top limit

= Classically non-renormalisable operators!
m However, well applicable for low energies due to # suppression

Benchmark study

Status of EFT calculations in gg — hh
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Two bottom-up EFT systematics: SMEFT vs. HEFT

Bottom-up EFT: systematic parameterisation for unknown new physics above energy scale A

SMEFT: m SM fields + symmetries as building blocks of higher order operators
m Light Higgs contained in EW doublet field ¢(x)
a BSM: decoupling New Physics
a Canonical counting (= expansion in %):
C,
Loverr =L+ Y Y ATI,, o2
n=1 i
a Truncate series at % collecting all non-redundant operators (EFT basis)
W Cuo Chp Cy 3
Lourr Dz (610)D(670) + 75 (61D,0) (670"0) + 57 (670)
C _ - C y C - ~
+= ( (67¢) qudta + h.c.) + o5 (olo)aemm 4o (qLa“ 3G, bt + h.c.)

subdominant (UV assumption) — last part
= Classically non-renormalisable, but consistent if truncations are considered at each step!
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Two bottom-up EFT systematics: SMEFT vs. HEFT

HEFT: =& Non-linear theory (EWxL), motivation as analogue to chiral pert. theory
a Light Higgs is EW gauge singlet

® BSM: can be strongly coupling New Physics

a

a

Chiral dimension of operators dy (0,9, g,y) = 1

Expansion in ,’\—22 ~ 16”2 (= loop counting) (f energy scale of non-decoupling theory)

L
1 =
[,HEFT ~ AC,L_I%FT + E E (167‘[‘2> C,'Ol-dx ral
L=1 i

= Relevant parts for gg — hh:
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Two bottom-up EFT systematics: SMEFT vs. HEFT
SMEFT:

i 590 (516) 0 (610) + 2 <¢*Dm) (6106) + 7 (o16)°

u2 ((W(b) (_7L¢IR + h.c.) + ? ((b’r(b) quGa Y

HEFT:

R — h .
Lugrr O — my (Ctv + CrrV2> tt— Chhh*h + P nghv + Cyghh—5 2 G, G

Naive translation SMEFT <+ HEFT after field

def 0 ( ) . HEFT Warsaw
redefinition up to in Lagrangian
C 1-22% ¢ + 3% > C
(CH‘k/n _ CHD _ 4CHD) hhh /\2 m2 H /\2 H. kin
However, formally: o ! +2ﬁ Crikin — A2 yem, Ot
’ A = Cut —%; 3gm CuH + 7z CHxin
ci~ O(1) possible %G <1
. . . . Cagh (u) Cha
= Not generally applicable in practical calculations B v2 ir o
(fits, bounds, . ..) gghh N ag(p) “HG
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SMEFT truncation AT

Karlsruhe Institute of Technology

. . . . c!
Dimension 6 operators in amplitude (p =Ci— c,-,sm>:

g
1 1
= Mgm + ﬁMsi + ﬁMdl
—— ——
dim6 dim62

= Double operator insertion same order as (neglected) dimension 8 operators (and field redefinition)!

= In HEFT the complete anomalous coupling enters at each vertex with no additional truncation
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SMEFT truncation of cross section ﬂ("

Truncation at leading order of expansion of
OSM + OSMxdimé (a) powers in 1//A? of cross section
= applicable choice

Truncation at leading order of expansion of

) 9(SM+dim6) x (SM-+dim6) powers in 1/A? of amplitude
0= = applicable choice

(c) Truncate cross section at O (1//\4) from all dim6

T (SM+dim6) x (SM+dim6)  TSMx dim6> operator insertions (ambiguous definition)

Complete insertion, naive translation
g (SM+dim6+dim6? ) x (SM+dim6+dim6? ) SMEFT < HEFT

a Truncation (a) formally most consistent, however, negative (differential) cross section can
appear for too large Wilson coefficients

= Perform analysis for truncation (a) and (b) separately!

Motivation SMEFT and HEFT Status of EFT calculations in gg — hh Benchmark study Power counting and O Summary
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NLO cross section heatmaps in SMEFT

Generated at /s = 13 TeV with A = 1 TeV

0/ sy for SMEFT truncation (b)

0/ asu for SMEFT truncation (a)

10 10 10°
—1 -10
10 - - 0 10 - c 107t
Cy Ch
(@) (b) (d)
m Large area of negative cross section for truncation (a) a Flat directions differ substantially
a Non-trivial shape for HEFT-like option (d)
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Public implementations A“(IT

HEFT HTL = Heavy top limit (m; — o0) ’
m LO and NLO QCD HTL HPAIR [Gréber,Muhlleitner,Spira,Streicher '15]

[Borowka,Greiner,Heinrich,Jones,Kerner,Schlenk,Zirke 16]
[Heinrich,Jones,Kerner,Luisoni,Vryonidou '17]

m Full my NLO QCD POWHEG—BDX-VQ/ggHH [Buchalla,Capozi,Celis,Heinrich,Scyboz '18]

[Heinrich,Jones,Kerner,Luisoni,Scyboz '19]
[Heinrich,Jones,Kerner,Scyboz '20] <=

u Non-public state-of-the-art NNLO’ (HTL NNLO, full m; NLO) [de Florian, Fabre, Heinrich,Mazitelli,Scyboz "21]
SMEFT

m LO and NLO QCD HTL HPAIR [Grober,Miihlleitner,Spira,Streicher *15]
LO (1-loop) including chromo-magnetic operator

SMEFT@NLO + MG5_aMC@NLO [Degrande,Durieux,Maltoni,Mimasu,Vryonidou,Zhang '20]
- LO including chromo-magnetic operator [Brivio,Jiang,Trott '17]
SMEFTsim + MG5_aMCG@NLO [Brivio '20]

Full m; NLO QCD POWHEG-BOX-V2/ggHH_SMEFT

with truncation options
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Amplitude evaluation in ggHH_SMEFT AT
Mgg%hh = €(P1 ),uG(p.?)l/ (-F1 : T{W + -FZ : Tglw) [Glover,van der Bij '87]
Born: Analytic expressions for form factors F; and F»> (tree and 1-loop contributions)

Real: |Mgg_nngl?, | Mgg—nngl?, [Mgg—snng|? and crossings evaluated using (private) modified version
of GoSam 1-loop ME generator

Virtual: 2-loop diagrams in HEFT are similar to SM = reweighting :E:D:D .
HEFT virtuals are available as function of 23 grids a; + ;}l T

NLO 2 4 2 22 2 2 2 2 3
|/\/lgg_>hh\ =a1 - G + a8 - Cy + a3+ Cf Chypy + 84 * CognChpy + 85 - Cgpp + @6 - CtC; + a7 - C Chnn

2 2
+ag - CitCtChhn + @9 * CitCgghChhh + @10 - CttCgghh + @11 - C; CgghChhh + @12 * Ct Cgghh
2 3
+ai3 - CtCpppCogh + @14 - CtChhhCgghh + @15 * CgghChhhCgghh + @16 - Ct Cggh
2 22
+a17 - CtCitCogh + @18 * CtCqgnChhh + @19 * CtCgghCgghh + 820 * Ct Cygp

2 3 2
+a21 - CitCygn + @2 * CggnChhh + @23 * CggnCaghh

= Grids can be directly reused for SMEFT (considering translation and truncation) up to counter
terms and special treatment for truncation (b), where additional 1-loop contributions are added

Motivation SMEFT and HEFT Status of EFT calculations in gg — hh Benchmark study Power counting and O Summary
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Naive benchmark translation

Consider HEFT benchmark points

a Benchmark 1*: enhanced low my, region

m Benchmark 6*: close-by double peaks or shoulder left

[Capozi, Heinrich '19]
. . Lo [https://cds.cern.ch/record/2843280]
with following characteristic my,;, shapes

(*bin;rgg;itd) Crin Ct | Cn | Cogn | Coghn || Chkin Ch Cun Che A
SM 1 1 0 0 0 0 0 0 0 1 TeV
1 5105 | 11| 0 0 0 495 | —6.81 | 3.28 0 1 TeV
6* —0.684 | 0.9 I 05025 0561 | 3.80 | 2.20 | 0.0387 | 1 TeV

= SMEFT expansion based on E2% < 1 justified?

Motivation SMEFT and HEFT Status of EFT calculations in gg — hh
000 0000000 oo
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Naive benchmark translation

Con
with

Total cross section generated at /s = 13 TeV

benchmark onLolfb] K-factor ratio to SM | onwLo[fb] | onLo[fb]
option option option option (a) HEFT
SM_ [ 27947370 ] 167 1 - -]
A=1TeV |
1* 74.29779%% 1 213 2.66 -61.17 94.32
6" 72.51205% 1.90 2.60 52.89 91.40
A=2TeV |
1 14.037 2% 1.56 0.502 5.58 -
6" 35.397175% 1.76 1.27 34.18 -

<T<T<<

= SMEFT expansion based on E2% < 1 justified?

Motivation
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Invariant mass distributions at NLO QCD (/s = 13 TeV)

Chhh

CH

Ct

Cit

Cggh

nghh

CH,kin

CUH

Cha

Karlsruhe Institute of Technology

» Benchmark 1*:

5.105

0

4.95

—6.81

1.1

0

3.28

0

Generated with ggHH_SMEFT ’

in POWHEG-BOX-V2

benchmark point 1° at NLO

benchmark point 1° at NLO

= benchmark point 1° at NLO
. +
10 H
osf—_
06 o M
0wl = -
02 = ==
5 b = =_
02 — — =
= — |
0 —
0 — e
! —_— ! A
300 it 500 o0 0 S0 00 0 i ™ w0 ¢ 30 0 50 a0 0 st 0
o [GeV] foeV] 1o [GeV]
AN=1TeV AN=2TeV N=4TeV

a Truncation (a): negative cross sections

= Valid HEFT point invalid in SMEFT after direct translation

Motivation
000

SMEFT and HEFT
0000000

Status of EFT calculations in gg — hh
oo

Jannis Lang — hh production at NLO QCD in SMEFT and truncation effects

Benchmark study

oeo

Power counting and O
000

March 27, 2023

a Shape approaches SM for increasing A

Summary
o

15/20



Invariant mass distributions at NLO QCD (/s = 13 TeV)

Karlsruhe Institute of Technology

m Benchmark 6*: Chhh Ct Cit | Cggh | Cgghn || CH,kin Cn Cun Cha
: 1
Gonerated with ggHH_SMEFT —0.684 | 09 | —5 | 0.5 | 0.25 0.561 3.80 | 2.20 | 0.0387
in POWHEG-BOX-V2
o benchmrk ot 6 2 ML o benchmrk pn 3¢ NLO bendmrk pont 1 NLO

M
SMEFT truncation (3)
 (b)

R
o+

—_—
-'_***#T
300 400 500 » [5:‘\)]‘ 700 800 200 ' 300 100 500 . [cx]’ 00 500 200 | 300 00 500 . [GS\‘/‘]‘ 00 800 900
AN=1TeV AN=2TeV AN=4TeV
a No negative cross section m Shape indistinguishable from SM for A = 4 TeV within scale uncertainties
a No shoulder left (except for (d)) u Difference between HEFT and (d) only due to as scale dependence
Motivation SMEFT and HEFT Status of EFT calculations in gg — hh Benchmark study Power counting and O Summary
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Loop counting in SMEFT (“weak” UV assumption) IT

Considering couplings of general renormalisable UV physics [Arzt, Einhorn, Wudka '94] or using chiral

dimensions [Buchalla, Heinrich, Muller-Salditt, Pandler '22] leads to:
1 ( 1 )(dx*4)/2)
A2

(r generic weak coupling, dy (0,91, k) =1, C(6,dy) ~ = (o
o 41 (.t )3 CH 1 One ~ [/i4] (¢T¢) G? Ganv N Cha - 1
H~ [K7] (¢ ¢) jﬁ ~ a2 v A2 A2 (1672)
_ - C 1 - C 1
2 4 tt 41 (= wy tG
On ~ [K"]tavutr trY"'tr =~ e O ~ [ (quo"" Totr) ¢ G, RV N (1672)

= Chromomagnetic operator enters with overall loop factor suppression 16‘7 compared to born:

" Cic
1+ % R
Cogn " 1 1
A2 - Cy -
- ce. ~ Az e ~ 2 2\2
77777 N2(1672) N2(1672)
PR e I
Az Si .
’ Work in progress! ’
Motivation SMEFT and HEFT Status of EFT calculations in gg — hh Benchmark study Power counting and O;g Summary
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Effects of chromomagnetic operator (PRELIMINARY)

a Benchmark 1* with Oyg:

CH,kin

CH

CuH

C

4.95

—6.81

3.28

{0, £0.0387}

benchmark point 1 at NLO with chromo variation

+
+
+
+

do/dmy, [fb/GeV]

SM
SM chromo +

SM chromo -

SMEFT truncation (a) chromo +
SMEFT truncation ()

SMEFT truncation (a) chromo -

SMEFT truncation (b) chromo +
SMEFT truncation (b)

SMEFT truncation (b) chromo -

ratio to SM

e S

S
—_—

+++—o—~o—+

300 100 500 600

ma [GeV]

700 800

900

Karlsruhe Institute of Technoloay

(variation using same
value as Cng of
benchmark 6™)

benchmark point 1* at NLO with chromo variation

+
+
+
+

SM

SM chromo +

SM chromo -

SMEFT truncation (a) chromo +
SMEFT truncation (a)

SMEFT truncation (a) chromo -

SMEFT truncation (b) chromo +
SMEFT truncation (b)

——— +  SMEFT truncation (b) chromo -
] ) |
e "‘+*__F'_L':t_l_'|
== — S N == e e
e o +

0 100
i [GeV]

m Effect of Cis variation with explicit loop suppression within scale uncertainty
= Subdominant contribution (in this UV scenario)!
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Effects of chromomagnetic operator (PRELIMINARY)

m Benchmark 6 with Oyg:

0.4

ratio to SM

Karlsruhe Institute of Technology

CH kin Cn

CuH

Cha Cic

0.561 | 3.80

2.20

0

.0387

{0, £0.0387}

benchmark point 6* at NLO with chromo variation

sM

SM chromo +

SM chromo -

SMEFT truncation (a) chromo +
SMEFT truncation (a)

SMEFT truncation (a) chromo -

SMEFT truncation (b) chromo +
SMEFT truncation (b)

SMEFT truncation (b) chromo -

ottt

—_— —_—
—_—
=
= *—
. e,
— g
300 400 500 600 700 800 900
mun [GeV]

"0

0.44

benchmark point 6* at NLO with chromo variation

SM

SM chromo +

SM chromo -

SMEFT truncation (a) chromo +
SMEFT truncation ()

SMEFT truncation (a) chromo -
SMEFT truncation (b) chromo +
SMEFT truncation (b)

SMEFT truncation (b) chromo -

o+

Lk

s
—d EaEs===

200 300 400

e [GeV]

100 500

m Effect of Cys variation with explicit loop suppression within scale uncertainty
= Subdominant contribution (in this UV scenario)!
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Summary

a SMEFT and HEFT both valid EFT approaches based on different assumptions
m Status of EFT calculations in gg — hh

a BM study: Naive translation from HEFT — SMEFT can lead out of validity of % expansion
= We advocate to study both EFT representations separately

More information about this project: [Heinrich,JL,Scyboz '22]
a More information about EFT in Higgs pair production: [https://cds.cern.ch/record/2843280]

= In progress: Inclusion of chromo-magnetic and 4-fermion operator contributions, RGE
evolution of Wilson coefficients

= Further outlook: y; and EW corrections when SM results are available, . ..

Motivation SMEFT and HEFT Status of EFT calculations in gg — hh Benchmark study Power counting and O Summary
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Estimating theory uncertainties A“("

+
Ao ~ + + Apum. grid (:tAEFT trunc.) + APDF+aS + AEW

. : [Davies,Mishima,Schonwald,Steinhauser,Zhang '22]
a Agw: Full NLO EW unknown, only partial results of top Yukawa Mahliciiner Sablonk Spira 221

a APDF+QS ~ 3% (\/g =13 TeV): B.I. NNLO HTL and employing PDFALHCNNLO f[twiki hh cross group]
stable for cppp variation, but might rise if tail enhanced

® Agrriunc.: No quantitative prescription, qualitative observation of truncation options
. : Determined by 7-point variation of g, pe = {0.5, 1, 2} - g
0O(15%) for NLO QCD SM, 15-20% for NLO QCD SMEFT truncation (b) benchmark 1*& 6*

- : In principle needs determination for each point in EFT parameter space! (not yet
available)

® Anum gria: Numerical uncertainty of grids for virtual contribution, not covered by Monte Carlo
statistical uncertainty of POWHEG!

Uncertainties EFT systematics: canonical vs. loop Virtual grids for SMEFT Code usage HEFT benchmarks Reweighting SMEFT reweighting
o o oo o 0000 o
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m; renormalisation scheme uncertainty

[Baglio,Campanario,Glaus,Muhlleitner,Spira,Streicher '18]

[Baglio,Campanario,Glaus,Muhlleitner,Ronca,Spira,Streicher '20] mf

Karlsruhe Institute of Technology

mi(my) =

[Baglio,Campanario,Glaus,Muhlleitner,Ronca,Spira '20]

99— HH at NLO QCD | /s = 14 TeV | PDFALHC15

XIS scheme with P /4) ky=—10: o =
10’ MS scheme with 7, (my; ) i 5 &
[T S scheme, m; = 172.5 GeV By = =0 =
m Prediction depends on m; scheme - 1720 Gy A %
(on-shell vs. MS with varying scale) ﬁ E a=—l: 0w
. . i 10" =N Ky =0 Ttot =
a Uncertainty sensitive to choice of dofdm i [1/GeV] ‘:\:\:‘: S PP
| e =pp=myy/
hhh A Ky =2 Ttot =
m Sensitivity to variations of ¢;, ¢y z by ‘ ka=24: O
1.2
Q L0 = p - - - - - - - - . —_ —
expected £ ﬁt‘;__‘,fiﬁt, po M= o
& o1 Kx=05! Ot =
400 w00 m‘m 1000 1200 1400 Ky = 10 Gig =

My [GeV]

Uncertainties EFT systematics: canonical vs. loop Virtual grids for SMEFT Code usage HEFT benchmarks Reweighting
o o oo o 0000
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4 dasm) 4o (as(m,))2 LK (aswmf))s

1438(1) o7 th,

512.8(3)710% fh,
113.66(7) 757 fb,
61.22(6)*§55; fb
DA,
13.2(1)* zf?%/-c

1A s

th,

22’7
17.6(1)* ;"Za,
83.2(3)7137 fh
579(1)T12% ih
%MEFT reweighting
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Numerical grids uncertainty

SM BM 1*
. — T o 10° + NLO
10 -
-—— + Vin — il
- = — T 107 Sl
— 1072 b= T == —L
2R - -+ T 2R —
= - -~ B 1072 P
s - -~ N i -
|- . off — e
10734 -u.___ 10-3 o e
7 o
-
1074 H
_ \
£ s0i}
- \
400 500 600 700 800 900 300 400 500 600 700
Mgy [GeV]

mpn [GeV]

a Low (and high) myy, region very sparsely populated in virtual grids, due to small contribution in SM

= O (12 %) uncertainty for SM in first bin not represented by Monte Carlo statistical uncertainty in
POWHEG

= Uncertainty much worse for scenarios with enhanced low my;, region

Uncertainties EFT systematics: canonical vs. loop Virtual grids for SMEFT Code usage HEFT benchmarks Reweighting SMEFT reweighting
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EFT systematics: canonical vs. loop counting

V2
f - E
f2 1 EH—H 2 d
A2 1672
& 10
. . . . . 2
= Canonical counting in rows, valid if ¢ < % e
< 6
a Loop counting in columns, valid if £ ~ 1 . \
0 1 2 3 loops
[Buchalla,Cata,Krause 14’]
Uncertainties EFT systematics: canonical vs. loop Virtual grids for SMEFT Code usage HEFT benchmarks Reweighting SMEFT reweighting
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Virtual grids for ggHH_SMEFT

Split matrix in kinematic part times coupling coefficient for HEFT and SMEFT

Karlsruhe Institute of Technology

2
Mo :=mq - ¢ + My CtCppn + Mg * Cit + My + CgChpn + M5+ Cog
_ 1 2 C/ c/ c/ c/ C/ C/ 1 C/2 CI /
7m1+m2+/\—2 my - Cp + mp - (C; + Cpyyp) + m3 - Cy +mg - Cy + ms - Cyg +F my -G~ 4+ my - ,chhh)
2 2
Mo =My - ¢ + Mz - ciCppn + Mg - cit + My - CgChan + Ms - Cgg + M - (oA + Mz - cgct

1
=M+ M+ (2My - € + My - (C] + Cpyy) + My - Cfy + My - Cfj + Ms - Cpg + My - C;)
1 /2 /! A /12 /! A
+ (M1 G2 4 My - CClyy + Ms - CL2 + My - cgc,)
The virtual grids, given as kinematic coefficients a; of the squared matrix element
2 4 2 22 2 2 2 2 3
[Mnrol” =a1 - ¢ + a2 - 6y + a3 - G Chppy + @4 * CogpChpyn + @5 Cygpy + @6 * CitC; + a7 * C; Chnn + @ CitCtChn + 9 * CitCgghChhh

2 2 2 3
+aio - CitCgghh + @11 + C; CgghChhh + @12 + Cf Cgghh + @13 + CtChppCogh + @14 * CtChhhCgghh + @15 * CgghChhhCgghh + @16 * Ct Cggh

2 22 2 3 2
+a17 * CtCitCggh + @18 * CtCygnChhh + @19 + CtCgghCaghh + 820 * Ct Cggp + 821 * CitCygp + 822 * CogpChhh + 823 * CygnCaghh »

can be understood as combinations of m; X M; obtained from M ;o X My, 0. After rearrangement, the squared matrix elements entering the truncated cross sections in
SMEFT (slide 7) are expressed in terms of the same a;, except for truncation (b), where

C/ (Cl _ C/) c/ 2
ggh\~hhh t ggh
Aop) = my X MA'T + m4 X M7T

needs to be added.

Uncertainties EFT systematics: canonical vs. loop Virtual grids for SMEFT Code usage HEFT benchmarks Reweighting SMEFT reweighting
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||
POWH EG COde ggHH [Heinrich,Jones,Kerner,Scyboz '20]

Usage of code:

Karlsruhe Institute of Technology

a Built on previous NLO SM calculation with full

1 ggHH production parameters:
m; dependence mtdep 3 ! 0: Higgs effective field theory (HEFT)
) o ) 1 1: Born improved HEFT
[Borowka,Greiner,Heinrich,Jones,Kerner,et al. '16] ! 2: approximated full theory (FTapprox)
[Heinrich,Jones,Kerner,Luisoni,Vryonidou '17] ! 3: full theory

Higgs boson mass

top quark mass (THIS VALUE IS HARD CODED IN THE VIRTUAL

MATRIX ELEMENT AND FOR CONSISTENCY HAS NOT TO BE CHANGED WHEN
RUNNING FULL THEORY PREDICTIONS - i.e. mtdep=3)

PDG code for Higgs boson decay products (it affects only the SMC)
! allowed values are:

i 0 all decay channels open

! 1-6 d dbar, u ubar,..., t tbar (as in HERWIG)
! 7-9 e+ e-, mu+ mu-, tau+ tau-

! 10 W+A-
!

!

!

[Heinrich,Jones,Kerner,Luisoni,Scyboz '19] hmass 125
topmass 173

0-2: HTL approximations hdecaymode -1

a mtde
P 3: full m; dependence

1 7z
12 gamma gamma
-1 all decay channels closed

a my, =125 GeV and m; = 173 GeV fixed for
grids encoding virtual (2-loop) corrections!

! values of the Higgs couplings w.r.t SM
chhh 1.0 1 Trilinear Higgs self-coupling
ct 1 Top-Higgs Yukawa coupling

a Matching to parton shower (Pyth|a or HerW|g) ctt ! Two-top-two-Higgs (tthh) coupling

1.0

0.0
cggh 0.0 ! Effective gluon-gluon-Higgs coupling
avallable cgghh 0.0 ! Effective two-gluon-two-Higgses coupling

= Available at http://powhegbox.mib.infn.it

Uncertainties EFT systematics: canonical vs. loop Virtual grids for SMEFT Code usage HEFT benchmarks Reweighting SMEFT reweighting
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POWHEG code ggHH

[Heinrich,Jones,Kerner,Scyboz '20]

Karlsruhe Institute of Technology

Usage of code:

SMC)

m; de - S —— - —_—
Z SM — % [ [ I SM emmm
[Borowka S g4 BM 5 — &g - SM B-i. wmmm
[Heinrich,| £ BM 6 E e BM 4 s
[Heinrich, P B F PP —
8100 L NLO 35100 LHC 14 TeV e
% LHC 14 TeV ~ = PDRALICT __—= =
g- PDF4LHC15 5‘ f= /2 b
1079 L =gy /2 -6 hdamp = 250 1l
a mtdeI | Normalised to SM | ! | | 10 __ Normalised to SM | | | i
10.0 ' I i i I ! ! ; 100 i I | I ¥ 1 p
] IAI_‘_—'I
g tog= — E
a m — (% 2| I i N S S SN 710 e e e s
h 300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
ngdS my, [GeV] iy, [GeV]
a Match Fixed order Matched to PYTHIA-8
aVailabIe cgghn 0.0 T Effective two-gluon-two-Higgses coupling

= Available at http://powhegbox.mib.infn.it

Uncertainties
000

EFT systematics: canonical vs. loop
o

Virtual grids for SMEFT
o
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POWHEG code ggHH_SMEFT

® Built on NLO HEFT ggHH

0: HEFT operators
1: SMEFT operators

@ usesmeft

® multiple-insertion O0,...,3

I

truncation option  (a), ..

- (d)

® No RGE effects of Wilson coefficients

= Available at http://powhegbox.mib.infn.it

Uncertainties
000
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EFT systematics: canonical vs. loop Virtual grids for SMEFT
o o

[Heinrich,JL,Scyboz '22]

Karlsruhe Institute of Technology

Usage of code (only new part of input file shown):

! Choose EFT parametrization

usesmeft 1 | @: use HEFT parametrization and ignore CHbox, CH, CuH, CHG (no truncat
! 1: use SMEFT (Warsaw) parametrization and ignore chhh, ct, ctt, cggh,
! 2: use HEFT parametrization and ignore CHbox, CH, CuH, CHG (with trunc

! Values of the Higgs couplings w.r.t SM: HEFT parametrization

chhh 1.0 ! Trilinear Higgs self-coupling

ct 1.0 1 Top-Higgs Yukawa coupling

ctt 0.0 1 Two-top-two-Higgs (tthh) coupling

cggh 0.0 1 Effective gluon-gluon-Higgs coupling

cgghh 0.0 1 Effective two-gluon-two-Higgses coupling

| Values of the Higgs couplings using SMEFT (Warsaw) parametrization (wilson coefficients ent
Lambda 1.0 ! EFT counting mass Scale (in TeV)

CHbox 0.0 ! Kinetic term of SU(2)_L singlet (with d'Alembert operator)
CHD 0.0 ! second Kinetic term

CH 0.0 ! Additienal term to Higgs potential

CuH 0.0 ! Modified Yukawa term

CHG 0.0 | Higgs-Glue-Glue operator

Truncation options:

3: cross section based on |A_SM+A_dim6+A_dbldime |2

2: cross section based on |A_SM+A_dim6|*2+2+Re(A_SM x conj(A_dbldim6))
1: cross section based on [A_SM+A_dim6|~2

! @: cross section based on |A_SM|"2+2*Re(A_SM*conj(A_dim6))
nultiple-insertion 1

Code usage HEFT benchmarks Reweighting SMEFT reweighting
oe o 0000 o
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U pd ated H E FT be nc h ma rks [https://cds.cern.ch/record/2843280]

benchmark Chhh Ct Cit | Cggh | Cgghh
SM 1 1 0 0 0
e 5105 11 0 0 0 I IR R
* T 1 Sool R Zoon
2 6.842 1.033 5, 3 0 Fl Sl 3o Eﬁ\
3 2.21 1.05 | =2 | 05 0.5 e
" 7 1 1 it T L
4 2.79 0.9 _§ _1 3 _? e )
5 3.95 1.17 —§ 5 -3 i e -
6" —0.684 0.9 -5 105025 o fg !sx\ o
i i 8
7 —o010 [ o094 [ 1 [ I [ - s
a Shape clusters defined using unsupervised ML B (B
® Benchmarks chosen with clear shape features and £l o
satisfying experimental constraints Tt
m * denotes updated benchmark point, new constraints: [Capozi, Heinrich '19]
0.83 < ¢ < 1.17 (and |cy| < 0.05 for 1*)
Uncertainties EFT systematics: canonical vs. loop Virtual grids for SMEFT Code usage HEFT benchmarks Reweighting SMEFT reweighting
000 o] [e] [o]e] [ ] 0000 o]
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Reweig hti hg of NLO HEFT [https//cds.cern.chirecord/2843280] A“(IT

Karlsruhe Institute of Technology

® NLO MC programs are nice, but computationally expensive

= Reweighting using set of MC samples! ThnC = A1} + Aach + (Aact + AaChgn)Chim,

. . . . . . + A5 + (Ascrt + A7CtChnn)C?
m Expansion of inclusive and differential cross section: Cagnn  (Aoct + Arcicm)
+ (AgctChnn + AgCqghChnn)Cit + AtoCitCaghh
NLO __ —
O hh —PO/y(C, A) =cT-A + (A11 CaghChnn + A12Coghn)cs
dopn + (A13ChhnCagh + A14Cgghn)CtChhh

=Poly(c, dA|mpy) = cT - dA
e y( |Man)

3
+ A15CgghCaghhChhh + A16Ct Cagh
+ A17CtCitCggh + At18CtCaghChhh

22
+ A19CtCqghCqghh + A20Ct Cqgh

= A and dA with respective covariance matrix ¥ (4)a derived using
least square fit of 63 MC samples

m dA available for mp, € [250, 1050] GeV in 20 GeV bins and two
broader bins [1050, 1200] GeV and [1200, 1400] GeV

2 3
+ Az1CttCggp + A22CygnChin

2
+ Az CyghCaghh

To be uploaded in HEPdata

Mpp

w 3 sets for scale variation pig = pr = {3, 1,2} - 1o with pio = =0

Uncertainties EFT systematics: canonical vs. loop Virtual grids for SMEFT Code usage HEFT benchmarks Reweighting SMEFT reweighting
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Reweighting of NLO HEFT and statistical uncertainties ﬂ("

[https://cds.cern.ch/record/2843280]

w Weights obtained accordingto  Wygrr = %

a Corresponding uncertainty calculated using Omgrr = VIwXaad] with

g — cT _ Poly(c, dA|mp) - €§y,
v PO/_}/(CSM7 dA|mhh) PO/_}/(CSM7 dA|mhh)2 '

a Final statistical uncertainty in reweighted bin j

N: sum of weighted events

. 2 . 2
"/ | - i
§— N (%,HEFT > N < 53.“" )  with NLy,: sum of weighted SM events

%EFT: weight

Sy Weighted statistical uncertainty for SM events

j
WHEFT SM

Uncertainties EFT systematics: canonical vs. loop Virtual grids for SMEFT Code usage HEFT benchmarks Reweighting SMEFT reweighting
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Validation of rewei g htin gm ethod [Ittps://cds.cern.chirecord/2843280]

Karlsruhe Institute of Technology

1 generated BM 1* [ generated BM 3 1 generated BM 6*
vt | SM reweighted to BM 1* o054/ SM reweighted to BM 3 007 1 SM reweighted to BM 6*
0.06 9
006 & 005 {1 1
e 0.10 b I
1 P B . 0.02 L
0.05 T 0.02 & - L
= I e 0.01 S .
3” 00 3” 00 3” 00 — —
£12 £12 £12
2 \ 2 2
Lobsmntgti s Db om _~,-ﬁ+++‘+xu,+ﬂ“j \ 4
2os l‘ L J 2os 2os +
3 100 500 500 1000 1200 wo 8§ 100 500 500 1000 1200 wo 8§ 00 500 500 1000 1200 1100
M [GeV] M [GeV] mun [GeV]
= Very good agreement for my,, distribution!
Uncertainties EFT systematics: canonical vs. loop Virtual grids for SMEFT Code usage HEFT benchmarks Reweighting SMEFT reweighting
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Validation of reweighting method and caveats

030 o1z 0.4
generated BM 1% generated BM 3 generated BM 6%

0.25 SM reweighted to BM 1* SM reweighted to BM 3 012 SM reweighted to BM 6%

0.10

0.20 0.08

5000 5000 3

E 12 E 12 £

] ]

H H H

%) %) ——t C it woeoeeyoéeo Lo [ L U

3 3 3

808 808 808

it 100 200 300 100 500 00 it 100 200 300 100 500 00 it 100 200 300 100 500 00
pr(h) [GeV] pr(h) [GeV] pr(h) [GeV]

m Shape features reconstructed, but clearly not optimized for p;(h) distributions!

a Reweighting of SM events according to my, does account which diagram type in HEFT
benchmarks has dominant bin contribution = insensitive to additional jet radiation

m For benchmarks with enhanced low my;, especially weaker prediction, since sparsely populated by
SM events

Uncertainties EFT systematics: canonical vs. loop Virtual grids for SMEFT Code usage HEFT benchmarks Reweighting SMEFT reweighting
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Reweighting of MC samples within SMEFT (SKETCH) IT

Parametrisation of cross section works in principle the same. Expansion in similar kinematic structures to HEFT leads to:
/

SMEFT (a) / , / /
TBsm Gt i Chin Cut Chin % / / , ggh
EM_ —p e (1al ) A (142D 2 ) (4 + A —+A T4 0 g7t (Al A+ AL ) 2
p 1 ( Az 3 Az 22 (As + Ag) - 7 - A2 e ( 11 T Arg 16) A2

M g@ CHun p@ CH L p@ Cud @) CHe
=By" + By 2 te 2 By tE
SMEFT (b) 7 /2 /2 / ’ ’ 2 /2
o Cy Cy C, c/ C C, C C, clz
EM_ —p o (1al AT A T g (b2 L )y [ L Y Ly AL
osm A2 A4 A4 AN A2 A2 A4 A4
2
Cu c Cl | Cim ¢ (S | Cim , Coan ((Chn _ Ci Cagh
+A6<ﬁ 1+2ﬁ + A7 - 1+3A—+A—2+2ﬁ EJFF +~--+AA1<F /\727/\72 +AA2-7
SM | (@) CH.kin (@) CH (a)  Cur (a)  CHa B(b) C in 50 cy g0 Cy 50 Cla
=BT e TR e TR e TRy Tae B BT TR
g®) . Chikin CH o)  CHiin Curi  p(b)  Crikin OHG | pe) CH Cud | pv) CH CHe | p(b)  Cun Chc
+ A2opA2 0 a2 2 A2 A2 2 a2 p2 B A2 A2 "o A2
m CAUTION: At least A,{ need to be reevaluated for Warsaw basis, since different factors of scale dependent 4 ngh 2
ag(pe) enter the calculation! AAI’ do not appear in HEFT (see backup on virtual grids) Cagh as(p) A2 A2« ( ) CHa
u RECOMMENDATION: Evaluate new and separate MC samples for truncation option (a) and (b), respectively, in Coghh 1( ; ngzhh P Zr ) Cra
[e3
order to project on new expansion coefficients BI( ) and BI( ) £ A
Uncertainties EFT systematics: canonical vs. loop Virtual grids for SMEFT Code usage HEFT benchmarks Reweighting SMEFT reweighting
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