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% ) ]ii HEFT
SMEFT HEFT

® Canonical counting, expansion in 1/A ® No power-counting like in SMEFT, more similar
(n) . .
C; to chiral perturbation theory
gSMEFT — gSM + Z : @(ﬂ) o0 L
A L, = + Z Z : cPow
i d, = 2 @d=2) l6.2) G Y
L=1 i

® SM symmetries, traditional EWSB

mechanism (Higgs field: SU(2). doublet) ® Higgs field: EW singlet
® More restrictive (correlated Wilson ® Much more general (independent couplings)

coefficients)
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SMEFT vs. HEFT

SMEFT
C C C C ) C
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Naive translation
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! Not generally applicable in practical calculations
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SMEFT truncations

o Amplitude: M = Mg\ + M gime + A gime?

V v
Single dim-6  Double dim-6 Same order as the dim-8 operators (neglected) and the @(A_4) terms
operator operator "= following field redefinition
Insertions Insertions
e Amplitude squared: Truncation options

(a) LO of an expansion of the cross-section in A2

I ised SMEFT
OSMxSM T OSMxdimé6 iinearise )

G(SM+dim6>x(SM + dim6) LO of an expansion of the amplitude in A_z,

which is then squared
O (SM-+dim6)x (SM + dim6) T OSMxdim6>
o (c) All terms of @(A‘4) from single and double
(SM+dim6+dim62>x(SM + dim6 + dim62> dim-6 insertions

(d) Naive translation from HEFT to SMEFT

® Typically only options (a) and (b) are used for predictions based on SMEFT
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POWHEG code ggHH (https://powhegbox.mib.infn.it/)

e Update HEFT benchmarks
* Originally defined in arXiv:1208.08923 based on

Cluster 1

Cluster 2

Available MC tools (including full 1, dependence at NLO)

Cluster 3
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clustering of m,, shapes using unsupervised ML

* Apply tighter constraints 0.83 < ¢, < 1.17
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mpn [GeV]

Cluster 4

400 600 800
mMun [GeV]

Cluster 6

(do/dmyp)/o [1/GeV]
(do/dmyy)/o [1/GeV]

mpn[GeV]

Cluster 7

(do/dmyp)lo [1/GeV]

benchmark
(* = modified) Chhh Ct Ctt Cgghh
SM 1 1 | 0] O
1* 511 [1.10| 0 | O
2* 6.84 | 1.03| & | —3
3 221 [1.05| -3 | 3
4* 2.79 [0.90 | —5 | —3
5 395 | 117 | -3 | &
6* —0.68 | 0.90 | —% | 3
7 —-0.10 [ 094 | 1 | &
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Available MC tools (including full 1, dependence at NLO)

POWHEG code ggHH_SMEFT - Warsaw basis (https://powhegbox.mib.infn.it/)

e Built on NLO HEFT ggHH (very similar usage)

! Choose EFT parametrization
usesmeft 1 | 0: use HEFT parametrization and ignore CHbox, CH, CuH, CHG (no truncat

| 1: use SMEFT (Warsaw) parametrization and ignore chhh, ct, ctt, cggh,

usesmeft O (1) for HEFT (SMEFT) Operators ! 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 ! Top-Higgs Yukawa coupling
ctt 0.0 ! Two-top-two-Higgs (tthh) coupling
cggh 0.0 ! Effective gluon-gluon-Higgs coupling
cgghh 0.0 ! Effective two-gluon-two-Higgses coupling
! Values of ' couplings using SMEFT (Warsaw) parametrization (Wilson coefficients en
Lambda . | EFT counting mass Scale (in TeV)
" 11 CHbox . ! Kinetic term of SU(2)_L singlet (with d'Alembert operator)
Vary values of Wilson coefticients | &b . ! Kinetic term of SU(

CH . | Additional term to Higgs potential
CuH . ! Modified Yukawa term
CHG . ! Higgs-Glue-Glue operator

! Truncation options:

| 3: cross section based _SM+A_dim6+A_dbldim6| "2

| 2: cross section based _SM+A_dim6|"2+2*Re(A_SM x conj(A_dbldimé6))
!

!

multiple-insertion 0-3 corresponding to
truncation options (a)-(d)

1: cross section based _SM+A_dim6|"2
@: cross section based _SM|"2+2*Re(A_SM*conj(A_dim6))
multiple-insertion 1

C. Dimitriadi (Uppsala) EFTs in HH production 15 June, 2023 3
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SMEFT truncation effects

benchmark
Benchmark shape 1* (* = modified)

Chhh ¢t | ¢t | Cogh | Coghn || CHkin | Cr | Cum | Cuc | Naive benchmark translation
HEFT & SMEFT

Enhanced low-m,, region SM 1 1 0 0 0 0 0 0
1* 5.11 | 1.10 0 0 0 4.95 —6.81 | 3.28

benchmark point 1* at NLO benchmark point 1* at NLO benchmark point 1* at NLO
1.2 7 . 0.16
] + SM  with scale uncertainty 0.150 1 4+ SM with scale uncertainty ] + SM with scale uncertainty
1.0 7 4+ SMEFT osmxsm + 0sMxdimé 0.125 ] — 4+ SMEFT osaxswm + 0smxdime 0.14 - 4+ SMEFT osmxsy + Osarxdims
0.8 _ SMEFT  o(sa+dims)x(sm+dime) With scale uncertainty ' ] S SMEFT  0(sM-+dims)x(SM+dime) With scale uncertainty 0.12 _ | - SMEFT  0(sar+dimé)x (sMm+dims) With scale uncertainty
’ : — + SMEFT U(SJ\I+dlvrlﬁ)X[5.’\-{+dinlﬁ) + TSM x dim62 0_100 -: | + SMEFT U(S‘\lodunﬁ)x(SA\!od'nnG] -+ TG M xdim62 ' : —— —_— + SMEFT J(S‘\lé-d\"mﬁ)x(S;\l-{-dt'an) - O'S)\fxd'im(}?
—_ 06 -' + SMEFT U(SJ\I+davrxﬁ+dntr:62) x(SJ\l+dav116+dlv1162] ] | + SMEFT U(Sa\l—d-zmﬁodnnﬁz)x(SJW+dnnG+din|67] —_ 010 -' + SMEFT a‘(SA‘l+d"'7\6+dil)lﬁz)X(SJ“1+dl"ﬂG+d\.‘l7162)
af3 ‘ HEFT o 00757 — e - = ——
L 0.4 L S — — 2 0.08 iy =
o|F ] — CF = = —_— T =T £ 0.06 T —
3E 0.2 £ 00254 o — e — ” —
L — T — — - g T — 0.04 I e
—_— ] 1 — T —
-0.2 ] — . ~0.025 +— . 0.02 ] == ____
— — o -__
i — R D S— -__
27 2 2
7 ] e} = j | —— T S S — ;15 1 =t f_'_*-.-
KE T —— — + — -
3 — —— e —— It ——— J: ——
35 0 — — S5 01 —— 95 07
e e d — :_
T T T
300 400 500 600 700 800 900 300 400 500 600 700 800 900 300 400 500 600 700 800 900
mpp [GeV] mun [GeV] mpp [GeV]

A=1TeV A=2TeV A =4TeV
® Avalid pointin HEFT can become unphysical in SMEFT with the naive translation — negative differential cross-section for truncation (a)

® |ncreasing A reduces the differences between the truncations — convergence towards the SM
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HEFT reweighting

® (Generating MC samples is computationally expensive = event reweighting insteac

® (Cross-section can be parametrised at NLO as follows:  oFC(cunn, ct, i, coghs cognn) = Poly(c, A) = cT - A

— Alcf + AQC%t + (A3C% + A4cggh)cf2?,hh

e [ set of A and (differential in m,,) dA coefficients (fory/s = 13 TeV) + Asc2onn + (Ascis + Arcicnnn)ci
- - - - +(A + A +A
derived using a weighted least square fit (Ascucnnn & Aocagncnnn)cu + AiocuCognn
+ (A11¢ggnchhn + A12Cgghn)Ci
Lo : : + (A13ChhhCggh + A14Cgghh)CtChRR
® |ower statistical uncertainty (more simulated HH MC events) " o

3

+ A15C49hCqghhChhh + A16C; Cggh
2

+ Arrcecicggn + A18CtChan Chhh

2 2
+ A19¢tCgghCoghh + A20Ct Cygn

" " + Aogic c’ + A 3 Chhh
® \Weights obtained as 21C11Cqgh T 1229k
+ A23CggnCqghh

® Cover a larger kinematic range (up to m,;, = 1400 GeV)

Poly(c, dA|my,,)
Poly(csy, dA | my,,)

WHEFT —
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Validation plots (1)

® Reweighting SM sample to benchmarks 1*, 3 and 6*

Generated /Reweighted

<
o0

x1072

1 [1 generated BM 1*
1O_rl- SM reweighted to BM 1*

=9
N O
\
\

2 g +++*++T+ |++ '*

Y

—_
e

400 600 800 1000 1200
WMh[GeV]

1400

x1073
| [1 generated BM 3
4-’.[' SM reweighted to BM 3
= 31 &
\—4I_<IQ§
S5 5
—| B -

Rl

—_

<
o0

Distributions account for varying bin width

Generated /Reweighted
=
.
<
-@- ,.:
—o- i
e — 5
® '1
——
__._ '

800 1000 1200

® Uncertainty source: statistical + reweighting procedure

® Good closure for my, distributions
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Validation plots (p (1))

® Reweighting SM sample to benchmarks 1*, 3 and 6*

0.30 -
[ generated BM 1*
0.25 — SM reweighted to BM 1*
0204 [ =
= 0.15
0.10
0.05 4~
- 0.00 |_l_ — T
B — —
&b o ¢ +
s |4 ot ¢ * ¢ X T
& 10 L "—1I‘.
:)2 0.5 1 1 1 1 1
S 0 100 200 300 400 500
pr(h) [GeV]

600

[—1 generated BM 3

SM reweighted to BM 3

0 100 200

300 400 500
pr(h) [GeV]

[ generated BM 6*

SM reweighted to BM 6*

0 100

® (eneral shape is reproduced, but discrepancies up to ~40% (BM 1%*)

200

300 400 500
pr(h) [GeV]

® Reweighting performed based on m,;,, hence not accounting for additional jet radiation
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Summary

Overview of the LHCHWG-2022-004 note

® Discuss gg — HH production in HEFT and SMEFT at NLO

® How to use existing POWHEG implementations
® Updated list of benchmarks
® |nvestigate potential translation between HEFT and SMEFT

® Present HEFT reweighting method and validation

C. Dimitriadi (Uppsala) EFTs in HH production
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Available MC tools

HEFT

e | Oand NLO QCD HTL HPAIR [link]

e Full m, NLO QCD POWHEG-BOX-V2/ggHH [links 1, 2, 3, 4]

e NNLO’" QCD HEFT (combination of full m, NLO QCD and NNLO QCD in HTL) [link]
SMEFT

e | O and NLO QCD HTL HPAIR [link]

e SMEFT@NLO in MG5_aMC@NLO [link]

® SMEFTsim and SmeftFR built on Feynrules [links 1, 2]

o Full m, NLO QCD POWHEG-BOX-V2/ggHH_SMEFT with truncation options [link]

C. Dimitriadi (Uppsala) EFTs in HH production
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SMEFT truncation effects

benchmark
Benchmark shape 6* (* = modified)

Shoulder left of the peak SM 1 1 0 0 0 0 0 0 0
6™ —0.68 | 0.90 | —% | 0.50 | 0.25 0.56 3.80 2.20 | 0.04

Chhh ¢t | ¢t | Cogh | Coghn || CHkin | Cr | Cum | Cuc | Naive benchmark translation
HEFT & SMEFT

benchmark point 6 at NLO Lo .
0.40 - P 0.200 benchmark point 6* at NLO benchmark point 6* at NLO
] M  with scal i . ] e
0.35 - _T_ gMEF\q-It e gnceNalhw _ ] 4+ SM with scale uncertainty 0175 4+ SM with scale uncertainty
90 7] OSMxSM + OSMxdimé 0.175 - SMEFT ) ) )
] - SMEFT  o(sM+dim6)x(SM+dims) With scale uncertainty 19 ——— + PR T OFM it 0.150 - +  SMEFT  osaxsar + Osaxdime
0.30 _: R + SMEFT 0'(5‘\! . dim6) (:S.'U+d' 6) T TS M xdim6 0.150 : —: SMEFT O (SM+dim6) x (SM+dim6) with scale uncertainty - ] — SMEFT O (SM+dim6) x (SM+dimb) with scale uncertainty
] —_— — M +dim6) x (S im ' M % dim62 . 7 —_—— 1
] —_— SMEFT » i i 1 + SMEFT U(Sg\l+di7716)X(S.Nl+di-7116] + T oM % dim62 0125 i jo— + SMEFT U(S.v\-!-l-dt'mﬁ)X(S.M+di-mﬁ) + O 5 M % dim62
— 0.25 - —— + U(S¢\!+dimﬁ+dimﬁ~)>((S.l\l+dimﬁ+di1716~] _ ———— + SMEFT o/« ' o ] ) ) R E — + SMEFT o/ ' o ‘ _ _ .
_‘I‘) J —_— HEFT — 0.125 — (SM+4dimb4+dim6=) x (SM+dimb+dim6=) — [r— (SM+dimb+4+dim62) x (SM+dimb+dim62)
e &} J __ ) —f — o) - 0 100 — ——
— (.20 A1 —_— = =3 g - |
" ] — — 0.100 — —
b| £ Pr— e— —_—
3£ g 15 ] —_— o| 5 e o = 0.075 —  —
o0 ] —— — =|£ 0.075 - ——— 3 = -
0104 T — — —— _ -
] — —_— 0.050 e _ 0.050 f— R—
—_— —_— —_—— — — ] ==
00579 =—__ —_—  e— == - — —— 0.025 - =
— —:_=_—t=-== 0.025 | —_— | == __\—\___
0.00 = 000 = —_—— | 0.000
—— -4——i—+ 2.5 2.0
4 —_— —— e L ;
2 = = i + 4+ ; L _
S|E m— —— o< 2.0 34— == = | = 1.5 -
T B _— —— et i ] == -+ = - 35 77 +
& ———— = —— Co1 e 1t ++__ - ==
CHPY - — > 157 = e E ] —— -|_-?= .
SlE ] —— e =t 2510 m——_—_——— e} —— } $ }
- 10 e ________________________________________________________. . . 2 3 2 2 1 2 1 1 T 1
1.0 1 T T ee— TR e s T T T 1 ] 4
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 1 :
300 400 500 600 700 800 900 08 oo o5 4+
mpn [GeV] 300 400 500 600 700 800 900 300 400 500 600 700 800 900

® No negative cross-section in SMEFT, but different interference pattern wrt HEFT leading to smaller cross-sections and modified
shape (no shoulder)

® |ncreasing A reduces the differences between the truncations — convergence towards the SM
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Theoretical uncertainties

Total unc. = Scale + + m, renormalisation scheme + EW corrections + numerical grid

1
e Scale: Assessed by 7-point variation of pp = pup = {5,1,2} - 1y and is of O(15 % ) for SM and O(15 — 20 % ) for SMEFT
truncation (b) of benchmarks 1* and 6* at NLO QCD

o +3 % at NNLO (Born improved HTL using PDF4LHCNNLO), expected not to depend much on the benchmark

® /11, renormalisation scheme: Currently largest unc. on 0}?}1\4. Depends strongly on ¢;,,, and has to be evaluated for each

EFT parameter point separately — not available at the moment

® Missing EW corrections: Full NLO EW corrections unknown, expected to be larger than the ones related to Yukawa-
type (~0.2 % )

® Accuracy of numerical computation of NLO QCD virtual corrections: Grids derived originally for SM, can’t capture the
EFT phase space accurately where SM cross-section contribution is small, possibly leading to sizeable uncertainties up

to ~75 % in the first m,, bin (not covered by the MC generators)

C. Dimitriadi (Uppsala) EFTs in HH production 15 June, 2023 17



Numerical grids uncertainty

SM

BM1*
1071 e T + NLO 1004 —= - + NLO
] | — _ - Vtin +_.__—__ +  Viin
i — - T 10~ e
102 = = e ———
2lg s B . — —
|_L_D; —.——o—_._ R —_— E 10_2 E — _—_._-’— P
'8 ét —+ e o T Blilay
T -+ o|E ] R R
10—3 T ++—_ © 1 _'__._ +++-|—
— | 103 : —+
T
| -+
1074- 10744 +
1 ]
_ I
o\o 10' \\ — ‘\\
— 1\ X 504
= (®) 1 - \\
S AN e |
0 ____________________________________________ S = 1
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® 0(12 % ) tor SM in the first bin, much worse for scenarios with enhanced low-m,,, region
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HEFT weights and statistical uncertainties

e Differential coefticients have been derived for m,, € [250,1400] GeV with bins of 20 GeV for
my,, € [250,1050] GeV and with two broader bins in the range m;;, € [1050,1200] GeV and
my,;, € [1200,1400] GeV

Poly(c, dA|my,,)
Poly(Csy, dA | my,,)

® \WNeights calculated as wygpr =

e Corresponding uncertainty calculated using duyper = VIwZaaJl, with 3, ct _ Poly(c,dA|mns) - cly

~ Poly(csy, dAmpy)  Poly(csy, dA|mpp)?

® Total stat. unc. in binj when reweighting simulated SM HH events is as follows:

5 — Nj\ (5&HEFT)2+(5§M )2, with N being the sum of weighted events,

NéM the sum of weighted SM events,
J | ] |
Wi e the weight and 6, the weighted stat. unc. for SM events

C. Dimitriadi (Uppsala) EFTs in HH production 15 June, 2023 19



