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Relevance of hh production in an EFT framework AT

Karlsruhe Institute of Technology
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Effective field theory basics A A“("

Top-down perspective 500 — sM

) —— New Physics
a Effective low-energy description integrating out heavy particles = ::: \ ----- EFT
="

with mass M ~ A

]
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a Example: Fermi theory of weak interaction and heavy top limit v
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Bottom-up EFT: systematic parameterisation for unknown new physics above energy scale A

a Standard Model Effective Field Theory (SMEFT) a Higgs Effective Field Theory (HEFT)
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Two bottom-up EFT systematics: SMEFT vs. HEFT

SMEFT: de:
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Two bottom-up EFT systematics: SMEFT vs. HEFT

d¢ : canonical dimension
L,L: loop factor (1672)~"

SMEFT:
m Decoupling scenario for A — oo: doublet Higgs
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SMEFT truncation
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SMEFT truncation of amplitude (% =c — c,-’sm); SMEFT truncation of cross section:
OsM + OSMx dim6 (a)
ME(I?IIEFT = | +
m/——<— S
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SMEFT truncation A“(IT

SMEFT truncation of amplitude ( L= — c,-’sm); SMEFT truncation of cross section:
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= Implemented at NLO QCD in the POWHEG BOX Reals: Modified version of 1-loop ME provider GoSam
translatin HH — ggHH_SMEFT: . . . .
gee 88 Virtuals: Adjust grids encoding 2-loop corrections
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Invariant mass distributions at NLO QCD 1]
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a Truncation (a): negative cross section

= Valid HEFT point invalid in SMEFT after naive translation
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m HEFT benchmark 1: Chhh Cith Cithh Cggh Cgghh CH; Kin CH CtH CHG A
enhanced low-mp, region 5.105 | 1.1 0 0 0 495 | —6.81 | 3.28 0 1 TeV
benchmark point 1 at NLO (13 TeV) 020 benchmark point 1 at NLO (13 TeV)
= 1001 + SM with scale uncert — B 4 SM with scale uncert.
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a Distributions converge for increasing A

= Consistent with measure for truncation validity
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Invariant mass distributions at NLO QCD 1]
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m HEFT benchmark 6: Chhh Cith Cithh Cggh Cgghh CH; Kin CH CtH CHG A
1
close-by double peaks —0.684 | 0.9 | —¢ 0.5 | 0.25 0.561 | 3.80 | 2.20 | 0.0387 1 TeV
benchmark point 6 at NLO (13 TeV) 020 benchmark point 6 at NLO (13 TeV)
4 SM with scale uncert. — 4 SM with scale uncert.
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a No negative cross sections

a Typical shape not recovered for SMEFT (except for (d))
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Benchmark study with ggHH_SMEFT
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a Difference HEFT<>(d) mainly from as(p)

a Shapes converge faster for increasing A
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Amplitude with C,; and 4-top insertion 4 A“("

Co (17 a7 g
e B N A
c _ _ L mmp——
Ly = %(OL’YHQL) tryutr Ma = <+t g 1

c® O | N
+ &(OL'YH TQu) tay, Tota + :Z:I>O< + + j:m ,,,,,

C(1) C(s) C W S
+%(...)+%(...)+A—‘2’(...) + <+ [+ Z 77777

® Mg, Ma ~ O ((gL) L A™?) subleading w.r.t. Mgne ~ O ((g5L) A7?)
a 4-top contributions factorise in 1-loop structures = Added analytically to ggHH_SMEFT

a Cross check with GoSam or multi-loop framework alibrary (QGraf, FORM, Kira, pySecDec)
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Amplitude with C,; and 4-top insertion [3.4 A“("

Cig 7 v h+v g P - e - Ty a—
Lo~ g 10T = Gl Me= Dv (O T ]+ Do

Chiral currents!
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® Mg, Ma ~ O ((gL) L A™?) subleading w.r.t. Mgne ~ O ((g5L) A7?)

a 4-top contributions factorise in 1-loop structures = Added analytically to ggHH_SMEFT
a Cross check with GoSam or multi-loop framework alibrary (QGraf, FORM, Kira, pySecDec)

m Study structure of different 45 scheme choices in dimensional regularisation
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4-top contributions and the <5 scheme 34 A“("

s in 4-dim: (1) {75, 7"} =0 (2) Tr[yrryreqreoqhiys] = —diehtetots (8) Tr[Mil2s] = Tr[M2¥sl1]
~s in D-dim: NDR: {7s,7"} =0 BMHV: 5 = 75 = i°y'724°
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4-top contributions and the <5 scheme 34 A“("

75 in 4-dim: (1) {35,73"} =0 (2) Tr[yr1areyteytens] = —4ieHttekans (3) Tr[MT23s] = Tr[M27s0]
~s in D-dim: NDR: {7s,7"} =0 BMHV: 5 = 75 = i°y'724°
e 4 cc® ", (NDR)
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t t
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C,; and 4-top contributions Summary
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4-top contributions and the <5 scheme 34
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Fsind-dim: (1) {35,5} =0  (2) Tr[j"15 2310345 = —digtverars  (3) Tr[MpTs] = Tr [[o7s0 4]
; [ . . _ = c 01,23
~s in D-dim: NDR: {vs,7*} =0 BMHV: 5 = 75 = iy 'y
SM at NLO with €, variation (13.6 TeV) SM at NLO with C{, variation (13.6 TeV, BMHV)
0.3 0.3
<+ SM with scale uncertainty — 4+ SM with scale uncertainty
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a Amplitude structure for single 4-top Wilson coefficients s scheme dependent
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4-top contributions and the <5 scheme 34
NDR: {7s,7"} =0 BMHV: 5 = 35 = in%y'7%y°

osvert / osm at LO with linear dim-6

Karlstuhe Institute of Technology ™1
v =

X osvert / osm at LO with linear dim-6 using BMHV
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4-top contributions and the <5 scheme 34

NDR: {5,7"} =0

osvert / osm at LO with linear dim-6
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BMHV: 5 = 35 = i7%y'+2+®

osvert / osm at LO with linear dim-6 using BMHV
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Introduction SMEFT and HEFT Benchmark study with ggHH_SMEFT C, and 4-top contributions
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4-top contributions and the <5 scheme 34

NDR: {5,7"} =0

osvert / osm at LO with linear dim-6

Karlruhe Institute of Technology ™1
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Introduction SMEFT and HEFT Benchmark study with ggHH_SMEFT C, and 4-top contributions
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Summary ﬂ("
C1,.C1,Ch6,Ch; kin@NLO QCD

m State-of-the-art SMEFT predictions with ggHH_SMEFT: Ce &) .c® cl) c® c,

(Public and implemented in the POWHEG BOX) truncation options
~s schemes NDR & BMHV

m Naive translation from HEFT — SMEFT can lead out of validity of A—2 expansion
a 75 scheme independence at higher orders requires inclusive selection of contributions

m gg — h(h) can potentially help to improve global fits of cg} and Cg,)

Future directions

m Scale dependence of Wilson coefficients

a EW corrections required for complete subleading operator contribution
a Exhaustive study of v5 schemes in EFTs

Introduction SMEFT and HEFT Benchmark study with ggHH_SMEFT C, and 4-top contributions Summary
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Public implementations of EFT tools for gg — hh ﬂ("

] HTL = Heavy top limit (m; — oo) y

Higgs Effective Field Theory (HEFT):
m LO and NLO QCD HTL HPAIR [Gréber,Miihlleitner,Spira,Streicher "15]

[Buchalla,Capozi,Celis,Heinrich,Scyboz '18]
a Full my NLO QCD POWHEG—BDX—V2/ggHH [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] i ::ED ( hhh %’ ( o %
Standard Model Effective Field Theory (SMEFT):

m LO and NLO QCD HTL HPAIR [Gréber,Miihlleitner,Spira,Streicher "15]

- LO (1-loop) including C,s
SMEFT@NLO + MG5_aMC@NLO

[Degrande,Durieux,Maltoni,Mimasu,Vryonidou,Zhang '20]

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

m with truncation options <~
- 4
+ Cyg and 4-top 4]
Comparison with other tools Benchmark study Backup Uncertainties Cyz, Cy4p and s More details about HEFT
° 0000 000 o860 0o
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Naive benchmark translation

Consider HEFT benchmark points T
with characteristic mpp-distributions: Grs
m Benchmark 1: enhanced low mp;, region
m Benchmark 6: close-by double peaks
m benchmark 3: enhanced low mp, region
and second local maximum above mp, >~ 2m;
benchmark Chin cr Ct | Cooh | Cogrn || Chkin Cy Cini 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
6 —0.684 | 0.9 —% 0.5 0.25 0.561 3.80 2.20 | 0.0387 | 1 TeV
3 2.21 1.05 f% 0.5 | 0.25" 13.5 2.64 12.6 | 0.0387 | 1 TeV
= SMEFT expansion based on Ez% < 1 justified? C Obtained using as(mz) = 0.118
Comparison with other tools Benchmark study Backup Uncertainties Crg- Cypand vs More details about HEFT
o] @000 000 0000
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Naive benchmark translation .., - . - . = ﬂ("

Gev

Total cross section generated at /s = 13 TeV [1]
Co
wit
benchmark | onwolfb] onvolfb] | onvolfb]
' option option (a) HEFT
7%
: [ sw Jereargm [ - [ - |
i | A=1TeV |
71.95" 070 [ 5764 91.62
3 68.69"5%¢ 30.15 70.20
18.8%
6 70.18:5‘5% 50.82 87.9 N
AN=2TeV v
12.6%
1 14.53125% 6.44 - V
114.4%
3 30.807113860/0 28.41 - \"
+16.8%
- 6 34.807 1, 9o, 33.6 - 118
Comparison with other tools Benchmark study Backup Uncertainties Cfg‘ Cypand vs More details about HEFT
o] @000 000 0000 [e]e)
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Invariant mass distributions at NLO QCD 1]

Karlsruhe Institute of Technology

m HEFT benchmark 1: Chhh Cith Cithh Cggh Cgghh CH; Kin CH CtH CHG A
enhanced low-mp, region 5.105 | 1.1 0 0 0 495 | —6.81 | 3.28 0 1 TeV
benchmark point 1 at NLO (13 TeV) 020 benchmark point 1 at NLO (13 TeV)
= 100 + SM with scale uncert — B 4 SM with scale uncert.
Il = + SMEFT truncation (a) =01 4+  SMEFT truncation (a)
8 0.75 ] = SMEFT truncation (b) with scale uncert. =z | SMEFT  truncation (b) with scale uncert
£ s = +  SMEFT truncation (c) £ 010 T__ 4+ SMEFT truncation (c)
- =_ +  SMEFT truncation (d) = — + SMEFT truncation (d)
£ 02 = HEFT g 005 —_ —
S —_— £ - - =
Z 000 — = o0 =——— T
8 o] — — L] L
9 —— 0031 ——

= =

“ o ERE =

o o e

2 2 e

g 0 % 0 _:_

300 100 500 600 700 800 900 300 100 500 600 700 800 900
mun [GeV] mun [GeV]
AN=1TeV AN=2TeV

a Truncation (a): negative cross section
= Valid HEFT point invalid in SMEFT after naive translation

Comparison with other tools
o

Benchmark study Backup
0000

Jannis Lang — EFT descriptions of Higgs boson pair production

a Distributions converge for increasing A

= Consistent with measure for truncation validity

Uncertainties

[e]e]e}

C., C,p and «
o860 °
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More details about HEFT
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Invariant mass distributions at NLO QCD 1]

Karlsruhe Institute of Technology

m HEFT benchmark 6: Chhh Cith Cithh Cggh Cgghh CH; Kin CH CtH CHG A
1
close-by double peaks —0.684 | 0.9 | —5 | 0.5 | 0.25 || 0.561 | 3.80 | 2.20 | 0.0387 || 1 TeV
o4 benchmark point 6 at NLO (13 TeV) 020 benchmark point 6 at NLO (13 TeV)
— 4 SM with scale uncert. — 4 SM with scale uncert.
] == 4+ SMEFT truncation (a) O = + SMEFT truncation (a)
208 —_— SMEFT  truncation (b) with scale uncert o 015 == SMEFT  truncation (b) with scale uncert
=) — - 4+  SMEFT truncation (c) £ =i . + SMEFT truncation (c)
To2] T /=" SMEFT truncation () 0.10 —__ + SMEFT tuncation (d)
Ei - = HEFT §E =
Z o1 = 00 = =
O L) = —_
- 0.04= ——————— "o —————
= = S
s L -+ )
a A - T A ? 2rtem _._-|—|-+_._+=|=
2, T2 == — e LT e
52 [ ——— — =y 81
300 100 500 600 700 900 300 100 500 600 700 800 900
mp [GeV] ™M [GeV]
AN=1TeV AN=2TeV

a No negative cross sections

a Typical shape not recovered for SMEFT (except for (d))

Comparison with other tools
o 0000
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Benchmark study Backup

a Difference HEFT<>(d) mainly from as(p)

Uncertainties
000

C;~, C4; and
o860 e

a Shapes converge faster for increasing A

More details about HEFT
0o
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Invariant mass distributions at NLO QCD 1]

a HEFT benchmark 3:

Karsuhe Istitute of Technology

enhanced IOW m region Chhh Ctth Ctthh cggh nghh CH; kin CH CtH CHG /\

=ITihh 1
. —0.684 | 0.9 | —5 | 0.5 | 0.25 || 0.561 | 3.80 | 2.20 | 0.0387 || 1 TeV
and 2nd local maximum
06 benchmark point 3 at NLO (13 TeV) 020 benchmark point 3 at NLO (13 TeV)

— 4+ SM  with scale uncert. — 4+ SM with scale uncert.

] 4+ SMEFT truncation (a) i} o015 + SMEFT truncation (a)

204 SMEFT  truncation (b) with scale uncert © 0B _ SMEFT  truncation (b) with scale uncert.
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Estimating theory uncertainties ﬂ("

arlrue nstituteof Technology
+ [Li,Si,Wang,Zhang,Zhao '24]

Ao ~ J: _ + Anum. grid (iAEFT Irunc.) + APDF+()¢5 + AEW {iADecay}
. : 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
a : In principle needs determination for each point in EFT parameter space! (not yet

available) [sagiio et al 18] [Baglio et al '20] [Baglio et al '20]

® Anum. gria: Numerical uncertainty of Vs, due to grid population, not covered by Monte Carlo
statistical uncertainty of POWHEG!

® Aerriunc.: No quantitative prescription, qualitative observation of truncation options

a APDF+O¢5 ~ 3% (ﬁ =13 TeV): B.I. NNLO HTL and employing PDFALHCNNLO ftwiki s cross group]
stable for ¢y variation, but might rise if tail enhanced

@ Agw: NLO EW for SM available, 10% effects w.r.t. LO QCD for threshold and tails  siHuang.Ma,vu23]
unknown for EFT scenario, combines with subleading operator contributions!
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m; renormalisation scheme uncertainty

[Baglio,Campanario,Glaus,Muhlleitner,Spira,Streicher '18]
[Baglio,Campanario,Glaus,Muhlleitner,Ronca,Spira,Streicher '20]
[Baglio,Campanario,Glaus,Muhlleitner,Ronca,Spira '20]

a Prediction de@ds on m; scheme
(on-shell vs. MS with varying scale)

a Uncertainty sensitive to choice of
Chhh = K

m Sensitivity to variations of ¢;, ¢y
expected

Comparison with other tools Benchmark study Backu
o

0000
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Karlsruhe Institute of Technology

?

m;

m(my) = {4 gem | o (as(m,))2 + K (a

my)

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

MS scheme with 7, (777,) < . y +10%
P MBS scheme with 71, (my/4) Ky =—10 Tt = 1438(1)7 6% tb,
10’ I — M5 ne with 71z, (my ) v
Jmi 08 scheme, me = 1725 Gev fx=—b: o = 512.8(3)11% fh,
[y T
w? ﬁ = \:lf\ﬁ kyx=—1: o 113.66(7 )*g%
- - +6%
w0 E fy =0 Tror = 61.22(6)" 127 b
do/dmyy [fb/GeV] . - +4%
e :/H-H:HH!HH/Z Ky=1 Tt = LIS(T) 18% th,
Full NLO results for different top-qu . l?
= gix = 132(1)F 2,;%
16 - 4%
2 fa=24: O BhA)e &
O 12
flan > awe e o x o iy ’ 9%
Q1 - - . —
s e } B Bai=TEE
= 6 g S .
S0 kan=D5: om = 83.2(3)F ;Z}?
0.2 . .
400 600 800 1000 1200 1400 o — B +12%
o Ky =10 Ciot 579(1) T b
p Uncertainties Cyz» Cy4p and s More details about HEFT
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Numerical grids uncertainty

SM
107" 4 - —— + NLO
- — + Vi
o 10— T T
23 - - -
H + ! ™
35 e
< 10794 EE
pp — hh, /5 = 13TeV ™
NLO, pg = pr = mpn/2
10 ‘—.I,
1044
54
0 = + e e —
300 400 500 600 700 800

mu, [GeV]

100

10714

10724

AT

Karlsruhe Institute of Technology

BM 1
™4 + NLO
+ Vi
— — o
pp = hh, /5 = 13TeV e
NLO, pg = pp = mpp/2 e,
300 400 500 600 700 800 900
mpy, [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

Comparison with other tools
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C,c and irrelevant 4-top contributions 4

Karlsruhe Institute of Technology

SM at NLO with Cy¢ variation (13.6 TeV)

020 SM at NLO with C5), + Cye variation (13.6 TeV)
.2 5
— 4 SM with scale uncertainty 020 ) -
i with Cycs € [~0.15,0.49] = =+ SM with scale uncertainty
< 0.15 - : 3 ot = with CGY + Cue € [~190.190]
= .15 |
= — g —
&, — | -y =
0.10 = =
< — 0.10
< — = < —_
= —_—
E 0.05 = = g =
~ =_ = 0.05 - =_
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= 0004 R L] = —_—
p— B
9 0.00
1.5
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[ P =
. o m ||
- o
210 ——t————+
% 0 o =
= e
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4-top contributions and the <5 scheme 34

NDR: {4s,7"} =0

SM at NLO with 5,

variation (13.6 TeV)

BMHV: v =75 = i70717273

SM at NLO with €33, variation (13.6 TeV, BMHV)

Karlsruhe Institute of Technology

t
0.3 0.3 9
— 4+ SM with scale uncertainty — 4+ SM with scale uncertainty
3 02 with €4} € [~190,190] g 02 with €4} ey € [~190,190)
~ ~
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4-top contributions and the <5 scheme 34

NDR: {4s,7"} =0

SM at NLO with C;

variation (13.6 TeV)

BMHV: v =75 = i70717273

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

Karlsruhe Institute of Technology

t
0.3 0.3 9
— 4+ SM with scale uncertainty — 4+ SM with scale uncertainty
3 02 with €8 € [~190,160] g 02 with €8} ey € [~190,160)
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~s scheme translation

(1 )

C (1)
LD (QL’}/ QL) fFf’V,utFi

C ~ vaa, 7\ na
Loyzsop O ((;STI D u¢) Tayutn L= Aisz ((QLU” T l‘nqﬁ)GW, + H.C.)
C - .
(8) C — — _ YtH i
+ 58 (@ T Q) T Tt OB @ma)  fn= g (010 + He)

8 1
yEMHY _ NOR (4 AV? Cgt) + CFCé,) _ A2 C,(_,(; —Cu n
! ! 16m2 A2 32m2 A2

CBIHV _ ONDR yi(yi = \) (0(1)

2
4oc®) _ 10 A3 (o
812 Qt Far 4872 HQ Ht
BMHV __ »NDR gs)t (1) CA gs)t (1)

™" =Cia" ~ Y52 (CQ’+ o~ 5 ) Ca) + 4gpz (CHo—Cui) +
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More details about HEFT

HEFT:

a Non-linear theory (EWxL)

a Motivation as analogue to chiral pert. theory

® BSM: can be strongly coupling New Physics

a Light Higgs is EW gauge singlet D,h=0,h
a Goldstone matrix transforms non-trivially

U(x) =»a(x)U(x)gh(x),  with U = exp (io®?/v) and g, € SU(2)., gy € U(1)y C SU(2)r
D, U =8,U + igW, T/U — ig'B,UT}

m Chiral dimension of operators d (9,9,g,y) =1
a Expansion in ,’\—22 16”2 (= loop counting)

d72+2L
oo~ £+ 3 (152 o0t
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More details about HEFT A“("

HEFT: = Explicit form of LO Lagrangian:

2
1
LR = L4+ %(D UTD ) (1 + Fu(h) + 50uh0"h — V(h)

[CIL ( + Fggo (h)) u (UR> ot h.c.] = i a <C)

0

= Relevant parts for gg — hh:

h K - m? « h H
h 4,3 S a a LV
Lugrr D—my | Ci— + Cr— | tt— Crn "+ — | € h*-&-C m— | G G
v ve 2v gr \ % 99n 2
cclg., ceior
et
Mh%p'r = ::} ( crnn = j:]> cunn - ‘:? ( ennn - ‘:?
000 ———t
Cith
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