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Abstract

We discuss a procedure for fitting a set of dimension-6 effective field theory param-
eters using simplified template cross section measurements. The steps are to determine
equations relating the parameters to the cross sections, choose the fit parameters and
external constraints, and perform the fit. In this example the equations are calculated
using the HEL model in the Madgraph generator, which is a partial implementation of
the SILH basis at leading order in perturbation theory.

1 Introduction

Following the Run 1 discovery of the Higgs boson [I}, 2] and the verification of its inter-
actions with SM particles, several frameworks have been defined [3] to probe the pro-
duction and decay of the Higgs boson in more detail. T'wo examples are the simplified
template cross sections (STXS), which measure production rates in various kinematic
regions, and effective field theories (EFT), which extend the SM Lagrangian to higher
order in a momentum expansion in order to parameterize the effects of possible new
processes. In this note we describe procedures for performing a fit to a set of EFT
parameters using STXS measurements as input.

The fit described in this note, and labelled as a stage-1 fit, should be understood as
a proof-of-concept description which can then be improved in subsequent stages. There
are several steps to the fit: first, we define the parameter set for the fit, including any
assumptions or constraints from external measurements (Section; next, we determine
the relations between the STXS measurements and the EFT parameters (Section ;
and finally, we discuss the likelihood fit to the STXS measurements (Section .

2 Parameters and constraints

We use the Higgs Effective Lagrangian (HEL) implementation of 39 flavour-independent
dimension-6 operators in Feynrules and Madgraph described in Ref. [4]. The operators



and coefficients are shown in Tables|l| and 2 along with current constraints from Run-
1 Higgs and diboson measurements, electroweak precision measurements, and multijet
measurements. The parameters in text font (e.g. cG) correspond to the variable defini-
tions in the Feynrules model implementation. The SM parameters in the HEL model
are my = 80.385 GeV, Gp = 1.16637 x 107> GeV~2, v = (2G2)~/* = 246 GeV,
g =2mw /v =0.653, apy = €2/(4m) = 1/127.9, sinfy = e/g = 0.48, g’ = e/ cos Oy =
0.357, and s = g2/(47) = 0.1184. The electroweak scheme takes my, agy, and Gp
as inputs and calculates m ZE Note that only 37 of the operators in HEL are linearly
independent due to the following relationship between the model parameters [4]: Op =
2tan? Oy (3, YyOny — Or), and Oy = =20y + s HIHD*H' D, H + Ol + Oy .

The operators sensitive to Higgs boson production and decay include those involving
the effective Hgg and H~yvy vertices Oy and O,, respectively, along with their CP-
violating counterparts @g and @.Y. These operators are constrained by gluon fusion
production and by Higgs-boson decay to diphotons [6]. Constraints on the CP-odd
operators have only been derived using CP-even measurements that have sensitivity at
O(1/A%). The constraints assume that these are the only non-zero operators [7]; they
are given in Table [T}

The Yukawa-type flavour-independent operators involving H f f interactions are O,
04, and Oy, affecting ttH, H — bb, and H — 77 processes, respectively. These
are taken to be real in the HEL model, so CP-odd contributions are not considered
here. Operators involving only the Higgs field, Oy and Og, affect the Higgs-field
normalization and the Higgs self-coupling, respectively. These are not well constrained:
the Higgs-field normalization produces a global scaling of SM Higgs couplings, so it is
correlated with many other operators; and experimental sensitivity to the Higgs pair-
production cross section is an order of magnitude higher than the SM prediction.

Operators affecting Higgs boson interactions with weak bosons include Ogw, Opp,
Ow, and Op. Measurements of VBF and VH production, and of H — V'V decay,
constrain the first two operators and the combination Oy — Opg. The combination
Ow + Op is related to the Peskin-Takeuchi S parameter [§] that is tightly constrained
by electroweak precision measurements. The operator Osyy is constrained by diboson
production and by VBF production of a single weak boson. Constraints on the corre-
sponding CP-violating operators @HW, @H B, and @3W have been obtained assuming
other operators are zero; Table (1| shows the constraints from Ref. [7].

Other operators enter Higgs boson production and decay but are tightly constrained
by precision electroweak and QCD data. The operator Or is related to the Peskin-

'In other implementations of the EFT Lagrangian, the measurement of the Z-boson mass mz is
instead used as an input, as well as « from the low-energy limit of Compton scattering and Gr from
the muon decay. Moreover, there is a further set of choices to be made when dealing with the kinetic
mixing between the photon and Z boson induced by the EFT operators. These sets of prescriptions
are described in e.g. the NLO version of the HEL Lagrangian [5].



Table 1: The dimension-6 HEL operators affecting Higgs boson production, and the
95% confidence level constraints on the coefficients expressed in terms of the HEL
parameters (shown in monospace font). We denote with the symbol x the operators
which are not currently bounded.

HEL operator ‘ Coefficient ‘ HEL constraint
2
O, = |HP* G, G %= nf—gwcc; —3.2<cG/107% < 1.1
~ ~ - 2
Oy = [H|*G1, GA+ %= nfévth [tcG| < 1.2 x 1074
O, = |H|2B,,, B" & = 9, cp —11 < cA/1074 < 2.2
O., = |H[>B,,, B™ %= %tcA ltcA| < 12 x 104
Ou = yu|H*QrHup + h.c. L = 2 —0.084 < cu < 0.155
Ogq = yq|H|?QrHdg + h.c. & =-9 —0.198 < cd < 0.088
O = yg|H|2ELHfR + h.c. % = —Z% X
On = (0" H|?)? g = B —0.14 < cH < 0.194
O = (H'H)® = —Ac6 X
Onuw =i (D'H)  o%(DVH)WS, | < = 24 cHW —0.035 < cHW < 0.015
w
Onw =i (DHH)  o%(DVH)WS, | S = S t.cHW [t cHW| < 0.060
w
Onp =i(D"H)' (D"H)B,, ¢Hp = 9, CHB —0.045 < cHB < 0.075
w
Oup =i(D"H)' (D"H)B,, L = 2-tcHB [tcHB| < 0.24
Ow =i (Hla"DHH) D'Wg, | % = J%cW | —0.035 < oW — cB < 0.005
= /
Op =i (HT DHrH) 9" B,, & = 5%-cB | —0.0033 < cWil + cB < 0.0018

Takeuchi T' parameter [§]. Forward-backward asymmetry measurements [9] constrain
operators with V f f interactions: O%, 04, %, O}, and O(L3)q. Finally, the operator
affecting the triple-gluon vertex, Osq, is constrained by multijet measurements [10].
The Oy operator has not been constrained using this basis but is expected to be more
strongly constrained [I1]; to be conservative we quote the same 95% C.L. limits for
Os3a and Oy in the table.

Eleven operators in the HEL implementation are not shown in Tables [I] and [2] as
they have not been included in previous fits. Nine of these affect couplings between
fermions and gauge bosons, and two are linearly dependent on the other operators.



Table 2: The dimension-6 HEL operators affecting electroweak and QCD processes, and
the constraints on the coefficients expressed in terms of the HEL parameters (shown in
monospace font). The constraints on 3 and co are taken to be the same as ¢3¢, since
they are expected to be similar. We denote with the symbol x the operators which are
not currently bounded.

HEL operator Coeficient ‘ Constraint (TeV~2)
Oswy = €W}, W/ WoHk QY = Hcau | —0.083 < c3W < 0.045
Oaw = eije W), Wy Wonk Gy — %tc&d tc3u| < 0.18

Or = (HT%)“H)Z op = <L ~0.0043 < T < 0.0033
Oaw = D'WE, D, WL G = e x

Osp = 8“Bg3pBﬂ” 28 = ﬁcQB X

0% = (ZHT DMH) (upy'uR) % = o |cHu| < 0.011

04 = (iH"D 1) (dry dg) % = cig —0.042 < cHd < 0.0044
05, = EZHT%)HH (Er7Per) %ol | _.0018 < cHe < 0.00025
07 = (z‘HTﬁ“H> (Qrr"Qy) o, = < —0.0019 < cHQ < 0.0069
o — (i oo D, 1) (Quo1Qu) o |cpHQ| < 0.0044
O3 = funeGl, GLPGPHE g %csc; |c3G| < 0.00016
O3 = fareG2, GLE G g — %tcSG tc3G| < 0.00016
Oz = DG, D,GE” 2 = b-c2 |c26]| < 0.00016

3 Equations relating STXS to EFT parameters

We use a general set of equations relating the stage-1 STXS measurements to the SM
EFT parameters, and use a Monte Carlo calculation to determine the coefficients. The
equations are derived using the HEL model, which is an implementation of flavour-
independent operators in the SILH basis. The STXS measurements are o; X B4y, where
i is a kinematic region of a specified production process (gluon fusion, vector-boson
fusion, VH, ttH, tH, and bbH ), and By/Bye, where f is a Higgs-boson decay channel.
Each STXS region is modelled using the Madgraph generator, with Pythia shower-
ing, and production regions are selected using the Rivet routine provided by the LHC



Higgs Working Group [12]. The Madgraph events are generated at leading order in
perturbation theory, and the impact of each parameter is expressed as a ratio with
respect to the SM prediction. This ratio will in general receive corrections from higher-
order perturbative diagrams, and this can be studied in the HEL model for specific
processes [5], [19].

Defining each production process as in the STXS framework, the EFT parameters
are varied to determine the change in each cross section and partial width. A given
cross section can be expressed in the form,

OEFT = OSM + Oint + OBSM- (1)

We express the non-SM contributions as fractional corrections to the SM,

Oint
“ = § Aicia
7

OSM

OBSM
— E Biicics )
OSM — 15665 @)

where ¢; are the HEL parameters and A; and B;; are coefficients derived using Mad-
graph. The ¢; parameters can be translated to the Wilson coefficients using Tables
and [2l The leading term in the EFT expansion is the interference term; here we keep
also the SM-independent term since it can be the leading term when the interference
is small (e.g. due to symmetries). In such cases the suppression-scale dependence is
the same as that of the interference terms with a dimension-8 vertex or two dimension-
6 vertices; in an EFT fit one would want to estimate the effects of dimension-8 terms
when the SM-independent term is dominant. To perform a fit without SM-independent
terms one can simply set B;; = 0.

The partial widths are parametrized in the same way as the cross sections (o — I),
with the ratios of partial widths expressed as

[y M 4¢
s A s T LEDIL RO WL LEED W PIRLED DU AL
ftf Z f i ij

Ff F?M 40 40
Ty ~ TSM 1+ZAfcz+ZchzCa ;Ai Cz’+;Bz‘jci%’

(]

L

Here we neglect cross-terms of the form A* A/ since they are subleading compared
to the individual A terms. The H — 4/ process is defined as H — ZZ* — 4/, i.e.
we neglect diagrams with intermediate photons that are typically suppressed by the
experimental acceptance.



To determine the A and B coefficients, the Madgraph options NP"2 == 1 and
NP2 == 2 are used. The former option directly provides the interference term for
each EFT parameter; the latter provides the BSM terms for individual parameters and
combinations of parameters, from which the cross-terms B;; (i # j) can be derived.

Since the equations are calculated at leading order, we only list terms whose A
or B coefficient is > 0.1% times that of the leading corresponding A or B coefficient.
These terms could be relevant in a next-to-leading order calculation where corrections
with 1/(167)? factors are included, or if the leading term is smaller than this factor for
other reasons. We round the coefficients to the second significant digit to reflect their
approximate accuracy considering both the Madgraph and perturbative precisions. The
complete set of terms are available on the LHC Higgs WG2 twiki [13].

The equations for the production cross sections are shown in Tables [3| to and
those for the partial widths in Table For the loop-level effective Hyv and Hgg
couplings we multiply the coefficients by (167)? so that they are of the same order as
the other coefficients, i.e. we define the interference factor as A,(1672cG) = Aycy, and
similarly for ¢/, and the corresponding CP-odd coefficients c% and c5.

In the leading-order HEL implementation, gluon-fusion production does not resolve
the top-quark loop and is not sensitive to cu. Including the sensitivity to this op-
erator and its dependence on Higgs-boson pr is considered a high priority for future
implementations.

4 Fit procedure

To provide an example of applying the equations to an STXS measurement, we demon-
strate a fit to the recent ATLAS STXS measurements [I4] that merge the stage 1
regions into 11 bins. With this set of combined H — ~v and H — 4¢ measurements,
we are able to simultaneously fit the following five HEL parameters: cG, cA, cu, cHW,
and cWW — cB. We choose this parameter set since these are the leading coefficients
for the measured processes that are not tightly constrained by other data. A recent
ATLAS note [I5] presented results with the same data set but including the cHB param-
eter, since the fit used more fine-grained data categories that separate WH and ZH
production. The results we obtain for the other parameters are similar to those from
ATLAS, suggesting that the SM templates used for the ATLAS STXS measurements
do not significantly affect the EF'T parameter dependence.

In performing the fit we use the central values and uncertainties of the STXS mea-
surements, as well as the correlation matrix. One STXS region was poorly constrained
and its correlation was not given; we assume zero correlation between this measure-
ment and the others. The result of the fit is shown in Fig. [I] and the likelihoods are
given in Fig.[2] The fit quality is good and the ATLAS results substantially tighten the



Fit to ATLAS STXS measurements (ATLAS-CONF-2017-047)
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Figure 1: The best-fit values and 68% C.L. intervals for each of the five fit parameters.

constraint on cG in particular (though the results are not directly comparable to those
in Table [1] since they use a different parameter set). We have obtained these results
by setting all other operators to zero, while a complete EFT fit would include more
datasets and fit all operators simultaneously.

5 Summary

We have described a general procedure for using the STXS framework to constrain
EFT parameters, providing a first step towards the use of STXS in the context of the
EFT approach. There are a number of possible theoretical improvements with the
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Figure 2: The observed (solid) and SM expected (dashed) profiled negative log-
likelihood scans for the five-parameter fit. The parameters are (a) cG, (b) cA, (c)
cu, (d) cHW, and (e) cWW — cB.



currently available tools and calculations: 1.) similar equations can be derived using
the recent SMEFT Feynrules implementation [16] that uses the Warsaw basis [17];

2.)

the results could be expressed in terms of other bases, including the Warsaw

basis, using the tool Rosetta [18]; 3.) the theoretical predictions and simulation of
kinematic distributions of some Higgs operators could be performed at NLO in QCD
using public implementations of the HEL Lagrangian in aMCQ@QNLO [5] and POWHEG-
BOX [19]; 4.) NLO electroweak corrections in decays could be included by interfacing
with eHDECAY [20], with the use of Rosetta; and 5.) a combination with electroweak
diboson production could be incorporated within the same framework.
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Table 3: The leading SM-EFT interference terms for each g9 — H, q¢ — Hqq, and
ttH cross section region for stage 1 of reference [3] relative to the SM (o;/a?M), at
leading order in the SM EFT in the SILH basis. The equations are derived with the
Madgraph generator and include showering with Pythia for determining the kinematic
regions. For simplicity we only list Wilson coefficients whose pre-factor is > 0.1% times
that of the leading pre-factor. Equations without this requirement will be available on

the WG2 twiki.

Cross-section region Zl A;c;
g9 — H (0-jet)
g9 — H (1-jet, p2 <60 GeV) 56¢;,

g9 — H (1-jet, 60 < plf <120 GeV)

1

1
99 — H (1-jet, 120 < pf < 200 GeV)
g9 — H (1-jet, p& > 200 GeV)
g9 — H (> 2-jet, p < 60 GeV)
g9 — H (> 2-jet, 60 < pif < 120 GeV)
g9 — H (> 2-jet, 120 < pH < 200 GeV)
g9 — H (> 2-jet, plf > 200 GeV)
g9 — H (> 2-jet VBF-like, p% < 25 GeV)

g9 — H (> 2-jet VBF-like, pJ? > 25 GeV)

56¢;, + 18¢3G + 11¢2G
56¢, + 52c3G + 34c26G
56¢;,

56¢;, + 8¢3G + 7c26G
56¢;, + 23c3G + 18¢2G
56¢, + 90c3G + 68c26G
56¢;,

56¢;, +9c3G + 8c26G

qq — Hqq (VBF-like, p%f’ < 25 GeV)
qq — Hqq (VBF-like, p}? > 25 GeV)
qq — Hqq (pgp > 200 GeV)

qq — Hqq (60 < mj; < 120 GeV)

qq — Hqq (rest)

—1.0cH — 1.0cT 4 1.3cWW — 0.023cB — 4.3cHW
—0.29cHB + 0.092cHQ — 5.3cpHQ — 0.33cHu + 0.12cHd
—1.0cH — 1.1cT + 1.2cWW — 0.027cB — 5.8cHW
—0.41cHB + 0.13cHQ — 6.9cpHQ — 0.45cHu 4 0.15cHd
—1.0cH — 0.95¢T + 1.5cWW — 0.025¢B — 3.6¢cHW
—0.24cHB + 0.084cHQ — 4.5cpHQ — 0.25cHu + 0.1cHd
—0.99cH — 1.2¢T + 7.8cWW — 0.19¢cB — 31cHW

—2.4cHB + 0.9cHQ — 38cpHQ — 2.8cHu + 0.9cHd
—1.0cH — 1.0cT 4 1.4cWW — 0.028cB — 6.2cHW
—0.42cHB + 0.14cHQ — 6.9cpHQ — 0.42cHu + 0.16cHd

99/qq — ttH

—0.98cH + 2.9cu + 0.936; + 310cuG
+27c3G — 13c2G

12



Table 4: The leading SM-EFT interference terms for each q¢ — Hlv and qq — HII
cross section region for stage 1 of reference [3] relative to the SM (o;/0?™M), at leading
order in the SM EFT in the SILH basis. The equations are derived with the Madgraph
generator and include showering with Pythia for determining the kinematic regions.

Cross-section region

> Aici

qq — Hlv (p¥ < 150 GeV)
qq — Hlv (150 < p¥. < 250 GeV, 0 jets)
qq — Hlv (150 < p¥. < 250 GeV, > 1 jet
qq — Hlv (p¥ > 250 GeV)

)

—1.0cH + 34cWW + 11cHW + 24cpHQ + 2.0cpHL
—1.0cH + 76cWW + 51cHW + 67cpHQ + 2.0cpHL
—1.0cH 4 71cWW + 46cHW + 61cpHQ + 2.0cpHL
—1.0cH + 200cWW 4 170cHW + 190cpHQ + 2.0cpHL

qq — HIl (p¥. < 150 GeV)

—1.0cH — 4.0cT + 30cWW + 8.4¢cB + 8.5cHW
+2.5¢cHB + 0.032¢y — 1.9cHQ + 23cpHQ + 5.2cHu
—2.0cHd — 0.96cHL + 2.0cpHL — 0.23cHe

qq — HIl (150 < p¥. < 250 GeV, 0 jets)

—1.0cH — 4.0cT + 62cWW 4 18cB + 38cHW
+11cHB — 5.0cHQ + 61cpHQ + 14cHu — 5.2cHd
—0.98cHL + 2.1cpHL — 0.23cHe

qq — HIl (150 < p¥. < 250 GeV, > 1 jet)

—1.0cH — 4.0cT + 58cWW + 17cB + 33cHW
+9.9cHB — 4.6cHQ + 56¢cpHQ + 14cHu — 4.6cHd
—0.99cHL + 2.1cpHL — 0.24cHe

qq — HIL (p¥ > 250 GeV)

—1.0cH — 4.0cT + 150cWW + 46¢B 4+ 130cHW
+38cHB — 14cHQ + 170cpHQ + 42cHu — 14cHd
—0.98cHL + 2.1cpHL — 0.24cHe
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Table 5: The leading beyond-SM EFT terms for each gg — H STXS region for stage
1 of reference [3] relative to the SM (o;/07™), at leading order and in the SILH basis.

gg — H region

2.ij Bijcicj

0-jet 780(cy + ¢7) + ¢,(300cH + 1200cd + 700cuG — 200cdG + 200c36)
1-jet, 780(c)? + ¢2) + ¢,(—=1000cH — 1000cd — 2000cdG — 2000c2G)
pi < 60 GeV +¢%(—2000tc36)

1-jet, 780(cyf 4 ) + T0(tc3G* + c3G) + 80c2G? + ¢, (1000cH + 1000cd

60 < pff <120 GeV | +1000cuG + 3000cdG + 1000¢3G — 1000c2G) + ¢;(2000tc3G)
1-jet, 780(c; + ¢7) + 940(c3G + £c3G?) 4 560c2G> + 5.6cuG” + ¢ (2000cH

120 < pf < 200 GeV | +4000cd + 4000cuG — 1000cdG + 1000c3G + 2000c2G) + ¢5(1000tc36)
1-jet, 780(c) + ¢7) + 32cuG® + 13100(c3G* + t¢3G%) + 12200c26”

pi > 200 GeV

—I-C/g(SOOOCH — 14000cd — 4000cuG — 7000cdG — 6000c3G + 11000c2G)
+c2G(800cH 4 1200cu + 1300cuG + 1800cdG + 900cd + 2900¢3G)
+¢3G(400cu + 100cd + 400cuG) + 10000c;tc3G

> 2-jet, 780(cyf 4 ¢f) + 170(c3G* + tc3G?) + 140c2G* + ¢ (—1000cH — 1000cd
pif < 60 GeV —1000cuG — 1000cdG — 1000¢3G 4 2000c2G) + 2000¢5tc3G + c3G(50c2G)
> 2-jet, 780(c)f 4 ¢7) + 360(c3G* + tc3G?) + 410c2G* + ¢, (—2000cd — 1000cuG
60 < plf <120 GeV | —1000cdG — 2000c3G + 2000c2G) + c2G(—20cH — 20cu + 70c3G)
> 2-jet, 780(cy + ) + 1800(c3G? + £c3G?) + 1900c2G”

120 < pif <200 GeV

+c’g(—1000cH —2000cd — 1000cuG + 2000cdG — 2000c3G — 3000c2G)
+¢2G(—20cH — 20cu — 100cd + 40cuG — 110cdG + 340c3G)
+¢3G(10cH + 10cu + 30cd — 10cuG) + ¢7(3000tc3G)

> 2-jet,
pi > 200 GeV

780(c) + ¢) + 63000c2G? + 35000(c3G? + £c3G)
+¢;,(—1000cH — 3000cd — 4000cuG 4 5000cdG — 9000<3G + 6000c2G)
+¢2G(—100cuG + 100cdG + 4500¢3G) + ¢5(3000tc3G)

> 2-jet, VBF-like,
P2 < 25 GeV

780(cyf 4 ) + 240(c3G* + tc3G?) + 360c2G* 4 ¢}, (2000cH — 4000cd
+2000cuG + 2000cdG + 5000¢c3G + ¢2G(—20cH — 30cu + 10cuG + 30c3G)
+¢3G(—10cH + 20cu + 30cuG) + ¢;(4000tc36)

> 2-jet VBF-like,
P > 25 GeV

780(c) + ¢Z) + 540(c3G? 4 £c3G?) + 950c2G?

+Clg(1000CH —1000cd + 2000cuG — 1000cdG + 5000c3G + 3000c2G)
+c2G(—70cH — 50cd — 80cu — 140cuG — 50cdG — 10c3G)
+¢3G(30cH + 20cu + 20cd + 30cuG + 20cdG) — ¢;(3000tc3G)
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Table 6: The leading beyond-SM EFT terms for two VBF kinematic regions for stage
1 of reference [3] relative to the SM (o;/a?M), at leading order in the SM EFT in
the SILH basis. The equations are derived with the Madgraph generator and include
showering with Pythia for determining the kinematic regions.

Cross-section region | . Bijcic;

+0.25¢H? + 1cT? + 6.8cWW? + 0.17cB? + 11cHW? + 0.21cHB? + 2.3cHQ?
+11cpHQ? + 1.4cHu? + 0.97cHd? + 6.1cHud? + 3.9tcHW? + 0.07tcHB?
VBF-like, +cH(0.52¢T — 1.5cWW — 0.039¢B + 2.3cHW + 0.15cHB — 0.029cHQ

p%f’ < 25 GeV +2.6¢cpHQ 4 0.17cHu — 0.047cHd 4 0.2cHud) + cT(—2cWW — 0.18¢cB
+1.9cHW + 0.59cHB — 0.18cHQ + 2.8cpHQ + 0.6cHu — 0.2cH4)
+cWW(0.52¢B + 0.79cHW — 0.13cHB + 0.25cHQ + 0.44cpHQ + 0.094cHu
—0.2cHd + 0.25cHud — 0.17cuB — 0.099cuW — 0.052cdB + 0.11cdW)
+cB(0.19cHW + 0.074cHB — 0.13cHQ + 0.95cpHQ — 0.34cHu + 0.1cHd)
+cHW(1.4cHB — 0.26cHQ + 19cpHQ + 0.84cHu — 0.3cHd 4 0.11cHud
+0.11cuB + 0.28cuW — 0.21cdB + 0.2cdW) + cHB(—0.085cHQ + 1.6cpHQ
+0.27cHu — 0.096cHd)

+cHQ(—0.53cpHQ — 0.025¢cHu + 0.078cHud + 0.085cuB + 0.028cuW + 0.026cdw)
+cpHQ(0.5¢cHu + 0.067cHd — 0.27cHud — 0.14cuB — 0.24cdB — 0.029cdwW)
+cHu(—0.077cHd + 0.062cHud — 0.037cuW) + cHd(0.041cHud)
+cHud(0.1cuB + 0.089cuW + 0.063cdB + 0.048cdW) + tcHW(0.52tcHB)

qq — Hqq ,

+0.25¢H? + 1.1cT? + 7.7cWW? + 0.22cB? 4 20cHW? + 0.38cHB? 4 4cHQ?
qq — Hqq , +20cpHQ? + 2.5cHu? + 1.6cHd? + 9.9cHud? 4 6.7tcHW? + 0.13tcHB?
VBF-like, +cH(0.53cT — 0.68cWW + 2.8cHW + 0.2cHB — 0.053cHQ + 3.4cpHQ

P > 25 GeV +0.22cHu — 0.087cHd + 0.1cHud) + cT(—1.4cWW + 0.037cB + 2.8cHW
+0.81cHB — 0.42cHQ + 3.5¢cpHQ + 0.86¢cHu — 0.32cHd — 0.14cHud)
+cWW(0.61cB + 7.7cHW + 0.07cHB + 0.32cHQ + 8.1cpHQ + 0.75cHu
—0.23cHd — 0.049cHud — 0.14cuB + 0.052cdB + 0.06cdwW)

+¢B(0.67cHW 4 0.23cHB — 0.39cHQ + 1.5cpHQ — 0.28cHu + 0.13cHd
+0.066cHud) + cHW(2.5¢cHB — 0.75cHQ + 33cpHQ + 1.9cHu — 0.72cHd
—0.52cHud + 0.053cuB — 0.18cuW + 0.14cdB — 0.048cdW)
+cHB(—0.34cHQ + 2.4cpHQ + 0.58cHu — 0.16¢HAd)

+cHQ(—2cpHQ — 0.066¢cHu + 0.087cHd — 0.12cHud + 0.035cuW + 0.059cdw)
+cpHQ(1.1cHu — 0.34cHd — 0.25cHud + 0.25cuB — 0.096cuW + 0.13cdB
—0.25cdw) + cHu(Ol.gﬂcHud + 0.042cuW — 0.034cdW) + cHud(—0.13cuB
+0.075cuW + 0.16cdB — 0.051cdW) + tcHW(0.84tcHB)




Table 7: The leading beyond-SM EFT terms for two VBF kinematic regions for stage
1 of reference [3] relative to the SM (o;/a?M), at leading order in the SM EFT in
the SILH basis. The equations are derived with the Madgraph generator and include
showering with Pythia for determining the kinematic regions.

Cross-section region

2.ij Bijcici

qq — Hqq ,
pi > 200 GeV

+0.25¢H? + 0.95¢T? + 11cWW? + 0.22cB? 4 12cHW? + 0.22cHB? 4 2.9cHQ?
+13cpHQ? + 1.6¢Hu® 4+ 1.2cHd? + 7.3cHud? + 5.5tcHW? + 0.1t cHB?
+cH(0.48¢cT — 1.9cWW — 0.057¢B + 1.8cHW + 0.12cHB + 2.2cpHQ

+0.14cHu — 0.052cHd) + cT(—2.2cWW — 0.22¢B + 1.6¢HW

+0.47cHB — 0.031cHQ + 2.2cpHQ + 0.51cHu — 0.2cHd — 0.033cHud)
+cWW(0.91cB + 3.4cHW + 0.036¢HB + 6.3cpHQ + 0.43cHu — 0.056cHd
+0.13cHud + 0.085cuB — 0.08cuW + 0.02cdB + 0.088cdW) + cB(0.42cHW
+0.12cHB — 0.18cHQ + 0.89cpHQ — 0.13cHu + 0.041cHd + 0.022cHud)
+cHW(1.5cHB — 0.058cHQ + 18cpHQ + 1cHu — 0.39cHd + 0.063cuB — 0.081cuW
+0.094cdW) + cHB(—0.078cHQ + 1.2¢cpHQ + 0.3cHu — 0.1cHd — 0.036¢Hud)
+cHQ(—0.72cpHQ — 0.054cHu + 0.029cHud)

+cpHQ(0.32cHu — 0.29cHd — 0.021cHud — 0.06cuB + 0.11cdB)
+cHu(—0.031cHd + 0.019cuB) + cHd(—0.024cHud)

+cHud(0.059cuB + 0.022cuW — 0.042¢dB + 0.064cdW) + tcHW(0.73tcHB)

qq — Hqq ,
60 < mj; < 120 GeV

+5.4 x 10%cWW? 4 11cB? + 6.3 x 10>cHW? + 12cHB? + 2.1 x 10*cHQ?
+7.5 x 10%cpHQ? + 1.3 x 10%cHu® + 75cHd? + 4.6 x 10%cHud?

+1.1 x 10?tcHW? + 2.4tcHB? + cH(12cWW + 14cHW + 19cpHQ)
+cT(11cWW + 4.8cB + 16cHW + 4.8cHB — 2.3cHQ + 23cpHQ + 6¢cHu — 1.8cHA)
+cWW(69¢B + 1 x 103 cHW + 64cHB — 47cHQ + 1.2 x 1O3cpHQ + 80cHu
—26¢Hd — 3.2cHud — 1.9¢aw)

+cB(68cHW + 20cHB — 17cHQ + 94cpHQ + 21cHu — 6.4cHd — 1.4cHud)
+cHW(83cHB — 52cHQ + 1.2 x 103cpHQ + 75cHu — 23cHd + 1.6¢cHud)
+cHB(—14cHQ + 87cpHQ + 22cHu — 7cHd)

+cHQ(—1.1 x 10%cpHQ — 1.3cHu) + cpHQ(14cHu — 4.2cHd — 1.7cdB)
+cHu(—1.4cHd — 1.8cHud) + tcHW(15tcHB)
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Table 8: The leading beyond-SM EFT terms for a VBF kinematic region and ttH
production for stage 1 of reference [3] relative to the SM (o;/07M), at leading order
in the SM EFT in the SILH basis. The equations are derived with the Madgraph
generator and include showering with Pythia for determining the kinematic regions.

Cross-section region

2.ij Bijcici

qq — Hqq ,

rest

+0.25¢H? + 1cT? + 12cWW? + 0.3cB? + 30cHW? + 0.54cHB? + 6.1cHQ?
+25¢cpHQ? + 3.5cHu? + 2.6cHd? + 16cHud? + 11tcHW? + 0.21tcHB?
+cH(0.51cT — 0.79cWW + 3.1cHW + 0.22cHB — 0.1cHQ + 3cpHQ

+0.17cHu — 0.4cHud) + c¢T(—1.9cWW + 0.092cB + 2.4cHW + 0.82cHB
—0.18cHQ + 4cpHQ + 0.83cHu — 0.27cHd — 0.23cHud)

+cWW(1.4¢cB + 17cHW + 0.58cHB — 0.22cHQ + 19¢cpHQ + 0.73cHu
—0.37cHd — 0.35cHud — 0.07cuB — 0.41cuW — 0.29cdB — 0.29cdW)
+cB(1.3cHW + 0.39cHB — 0.49cHQ + 1.8cpHQ — 0.06cHu + 0.16¢cHd — 0.33cHud)
+cHW(3.6¢cHB + 0.12cHQ + 40cpHQ + 3.8cHu — 0.66¢cHd — 0.15cHud
+0.27cuB — 0.072cuW + 0.97cdB — 0.31cdW) + cHQ(—2.1cpHQ + 0.15cHu
+0.087cHd — 0.72cHud + 0.048cuB — 0.083cuW — 0.047cdw)
+cHB(—0.15cHQ + 2.8cpHQ + 0.67cHu — 0.29cHd) + tcHW(1.3tcHB)
+cpHQ(—0.2cHu + 0.17cHd — 0.33cHud + 0.36cuB — 0.46¢cdB + 0.15cdW)
+cHu(0.18cHd — 0.41cHud — 0.086¢dW) + cHd(0.065cHud + 0.065cuW
+0.067cdW) + cHud(—0.09cuB — 0.065cuW — 0.24cdB + 0.24cdW)

99/qq — ttH

120000cuG? + 140000(c3G? + tc3G?) + 33000c2G2 + 2.1cu?
+¢cuG(110000¢3G + 50000c2G + 400cu — 200cH) + c3G(—140000c2G)
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Table 9: The leading beyond-SM terms for each q¢§ — Hlv cross section region for
stage 1 of reference [3] relative to the SM (o;/07M), at leading order in the SM EFT in
the SILH basis. The equations are derived with the Madgraph generator and include
showering with Pythia for determining the kinematic regions.

Cross-section region | >, Bijcic;

qq — Hlv, 310cWW? + 61cHW? + 36tcHW + 170cpHQ? + 170cHud? + 1.1cpHL?
Y < 150 GeV +cH(—18cWW — 6.1cHW — 12cpHQ — 1.0cpHL)
+cWW(230cHW + 460cpHQ — 2.0cHud + 34cpHL)
+cHW(170cpHQ + 11cpHL) + cpHQ(24cpHL)

qq — Hlv, 1600cWW? + 870cHW? + 1200cpHQ? + 1300cHud + 160t cHW?
150 < p¥. < 250 GeV, | +cH(—33cWW — 26cHW — 26¢pHQ + 2200cHW)
0 jets +cWW(2800cpHQ + 3.0cHud + 88cpHL + 7.0cuW + 12c1W)

+cHW(1900cpHQ + 3.0cHud + 49¢cpHL) — cHud(—4.0cpHL)
+cpHQ(—5.0cHud + 68cpHL + 4.0cuW — 3.0cdW + 6.0c1W)

qq — Hlv, 1500cWW? + 800cHW? + 1100cpHQ? 4 1200cHud? 4 150t cHW?
150 < pY. < 250 GeV, | +cH(—29cWW — 23cHW — 35¢pHQ) + cHud(5.0cdw)
> 1 jet +-cWW(2000cHW + 2600cpHQ + 70cpHL — 3.0cdW)
+cHW(1800cpHQ + 41cpHL) + cpHQ(65cpHL — 4.0cuW — 7.0cdW)
qq — Hlv, 16000cWW? 4 14000cHW? 4 15000cpHQ? + 16000cHud? + 520t cHW?

Py > 250 GeV +cH(—80cWW — 70cHW — 100cpHQ) + cHW(29000cpHQ + 190cpHL)
+cWW(30000cHW + 32000cpHQ + 70cHud + 210cpHL) + cpHQ(180cpHL)
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Table 10: The leading beyond-SM terms for two qG§ — HII cross section regions for
stage 1 of reference [3] relative to the SM (0;/07M), at leading order in the SM EFT

in the SILH basis.

Cross-section region

2.5 Bijcicj

qq — Hll,
pY. < 150 GeV

4.0cT? + 240cWW? + 20cB? + 34cHW? + 3.0cHB? + 170cHQ? + 170cpHQ?
+100cHu? + 75cHd? + 1.3cHL? 4 1.3cpHL? + 26tcHW? + 2.3tcHB?
+cH(2.0cT — 15cWW — 4.3cB — 4.4cHW — 1.3cHB + 1.0cHQ — 12cpHQ
—2.3cHu + 0.8cHd + 0.48cHL — 1.0cpHL) 4 cT(—59cWW — 17cB

—17cHW — 5.1cHB + 2.5cHQ — 46cpHQ — 11cHu + 3.7cHd + 1.9cHL
—4.1cpHL + 0.46¢He) + cWW(140cB + 150cHW + 44cHB + 0.5¢, — 17cHQ
+390cpHQ + 82cHu — 31cHd — 14cHL + 33cpHL — 3.3cHe + 0.6cdB
+0.9cdW + 0.8¢1B — 1.0c1W) + cB(42cHW + 12cHB — 2.8cHQ + 110cpHQ
+31cHu — 12cHd — 4.6¢cHL + 8.3cpHL — 1.2cHe) + cHW(20cHB — 5.3cHQ
+120cpHQ + 29cHu — 11cHd — 4.1cHL + 8.8cpHL — 0.8cHe) + cHB(—1.2cHQ
+37cpHQ + 8.8cHu — 3.5cHd — 1.2¢cHL + 2.6¢cpHL) + cHQ(—50cpHQ — 1.0cHd
+0.8cHL — 0.4cuB) + cpHQ(—1.0cHu — 0.6cHd — 12cHL + 24cpHL — 2.0cHe
+1.0cuB + 1.0cdW + 1.0c1B + 1.0c1W) + cHu(—2.3cHL + 4.9cpHL + 0.6cuB
+1.5cuW) + cHA(1.2cHL — 2.2cpHL) + cHL(—0.53cpHL) + tcHW(15tcHB)

qq — Hll,
150 < p¥. < 250 GeV,
0 jets

4.0cT? + 1000cWW? + 90cB? + 480cHW? + 43cHB? + 1200cHQ? + 12000cpHQ?
+680cHu? + 490cHd? + 120tcHW? 4 10tcHB? + cH(—24cWW — 9.0cB — 20cHW
—5.1cHB 4 11cHQ — 25¢cpHQ — 11cHu + 2.0cHd + c¢T(—120cWW — 36¢B
—T75cHW — 22¢HB + 13cHQ — 120cpHQ — 29cHu + 9.0cHd — 4.2cpHL)
+cWW(610cB + 1300cHW + 400cHB — 150cHQ + 2100cpHQ + 470cHu
—170cHd — 24cHL + 55¢pHL + 7.0cuB + 10cuW + 14cdW + 30c1W)
+cB(380cHW + 110cHB — 39cHQ + 600cpHQ + 160cHu — 59cHd — 9.4cHL
+19cpHL — 2.2cHe) 4 cHW(290cHB — 78cHQ + 1300cpHQ + 320cHu — 110cHd
—18cHL + 41cpHL — 3.0cHe — 2.0cdB) + cHB(—21cHQ + 400cpHQ + 96cHu
—34cHd — 5.1cHL 4 12cpHL) + cHQ(—380cpHQ + 30cHu + 2.0cHd + 14cHL
—6.0cHe + 25cuB + 24¢dB + 10cdW — 3.0c1B + 4.0c1W) + cpHQ(10cHu
—40cHL + 80cpHL — 7.0cHe + 3.0cdW + 30c1B — 3.0c1W) + cHu(14cpHL
+3.0cHe — 8.0cuB + 8.0cdB + 8.0cdW + 13c1B + 7.0c1W)

+cHA(9.0cHL + 3.0cpHL — 4.0cuB — 3.0c1B — 6.0c1W) + tcHW(69tcHB)
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Table 11: The leading beyond-SM terms for two qG§ — HIl cross section regions for
stage 1 of reference [3] relative to the SM (0;/07M), at leading order in the SM EFT

in the SILH basis.

Cross-section region

2.5 Bijcicj

qq — Hll,
150 < p¥. < 250 GeV,
>1jet

4.0cT? 4 960cWW? + 82cB? + 440cHW? 4 39cHB? + 1100cHQ? + 1100cpHQ?
+640cHu? + 430cHd? + 110tcHW? + 9.7t cHB? + cH(2.1cT — 23cWW — 8.1cB
—18cHW — 4.9cHB — 36¢cpHQ — 2.0cHu) + cT(—110cWW — 34cB — 71cHW
—20cHB + 4.0cHQ — 120cpHQ — 24cHu + 10cHd + 2.0cHL — 4.2cpHL)
+cWW(560cB + 1200cHW + 340cHB — 200cHQ + 1900cpHQ + 440cHu
—150cHd — 24cHL + 68cpHL + 3.0cHe + 5.0cuB + 3.0cuW — 3.0cdB
—10cdW — 10c1W) + cB(330cHW + 100cHB — 30cHQ + 550cpHQ + 140cHu
—52cHd — 9.6¢HL + 17cpHL — 2.3cHe) + cHW(260cHB — 120cHQ
+1200cpHQ + 290cHu — 100cHd — 20cHL + 29cpHL — 10cHe — 5.0cuB
+2.0cuW + 2.0cdB — 3.0cdW) + cHB(—30cHQ + 360cpHQ + 85cHu — 30cHd
—4.8cHL + 11cpHL) + cHQ(—420cpHQ — 20cHd + 17cHL + 23cHe + 3.0cuB
+17cuW + 6.0cdW + 30c1B + 10c1W) + cpHQ(—6.0cHd — 40cHL + 20cpHL
—20cHe + 10cuB — 10cuW — 3.0cdB + 10c1W) + cHu(—6.0cHL + 13cpHL
—3.0cHe + 10cuB + 4.0cdB + 10cdW + 4.0c1B) + cHd(—8.0cHL — 7.0cHe
—5.0cdB — 2.0c1B + 3.0c1W) + tcHW(65tcHB)

qq — Hl,
pY. > 250 GeV

9600cWW? 4 850cB? + 8000cHW? + 720cHB? + 14000cHQ? + 14000cpHQ?
+8600cHu? + 5200cHd? + 380tcHW? + 35tcHB? + cH(—80cWW — 22cB
—50cHW — 90cpHQ — 30cHu) + cT(—310cWW — 90cB — 250cHW — 78cHB
—310cpHQ — 100cHu + 30cHd) 4 cWW(5700cB + 17000cHW + 5100cHB
—3200cHQ + 22000cpHQ + 5400cHu — 1700cHd — 70cHL + 160cpHL
—30cHe — 30cdW + 20c1B — 30c1W) + cB(5100cHW + 1500cHB — 880cHQ
+6400cpHQ 4 1700cHu — 500cHd + 48cpHL) + cHW(4800cHB — 2900cHQ
+19000cpHQ + 4900cHu — 1500cHd — 50cHL + 130cpHL) + cHB(—870cHQ
+5700cpHQ + 1500cHu — 430cHd + 37cpHL) + cHQ(—6700cpHQ — 70cHu
+50cHd — 30cHL — 50cpHL — 40cuB — 30cdB — 30cdW — 30c1W)
+cpHQ(50cHd + 220cHL — 30cHe — 50cuB — 50cdW — 110c1B — 70c1W)
+cHu(—30cHL 4 70cpHL — 20cuW — 30cdW) + cHd(30cHL + 40cHe
+tcHW(230tcHB)
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Table 12: The SM-EFT interference for the Higgs-boson partial widths relative to the
SM (I;/T?M), at leading order in the SM EFT in the SILH basis. The total width
H —all is evaluated by summing the individual listed processes.

Partial width > Aic

H —bb —1.0cH + 3.0cd

H - WW* — [vly | 10cWW + 3.7cHW + 2.2cpHL

H— Z7* — 4l 55cWW + 13cB + 15cHW + 4.6¢cHB + 0.018¢ + 2.0cHL + 2.0cpHL + 0.027cHe

H — ~v —5.8¢,

H— 711 —1.0cH + 3.0cl

H — gg 56¢;,

H —all 0.0029¢T + 0.17cu + 2.3cd 4+ 0.11c1 + 1.0cWW + 0.023¢B + 0.37cHW
+0.0079cHB + 1.60’9 + 0.0078cHQ + 0.17cpHQ + 0.0027cHu + 0.057cpHL
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Table 13: The beyond-SM terms for the Higgs-boson partial widths relative to the SM
(T;/T?M) at leading order in the SM EFT in the SILH basis. The total width H —all
is evaluated by summing the individual listed processes.

Partial width Eij Bijcic;

H — bb 0.25¢H? 4 2.3cd? + cH(—1.5¢cd)
H — cc 0.25cH? + 2.3cu? + cH(—1.5cu)
H— 77 0.25cH? + 2.3¢12 + cH(—1.5¢1)
H — v 8.4(c2 + 0%2)

H — gg 790(c; + )

0.25¢cH? + 26cWW? 4 3.8cHW? + 1.3cpHL? + 0.32tcHW?
H — WW* = lviv | +cH(—5.1cWW — 1.9cHW — 1.1cpHL) + cWW(19cHW) + 12cpHL)
+cHW(4.3cpHL)

0.25¢H? + 4.0cT? + 28cWW? + 3.5¢B? + 2.2cHW? + 0.20cHB? + 1.8cHL?
+1.8¢cpHL? + 0.43cHe? 4 0.14tcHW? 4 cH(2.0cT — 5.1cWW — 1.3cB
—1.4cHW — 0.43cHB — 1.0cHL — 1.0cpHL + 0.43cHe) + cT(—21cWW
—5.3¢B — 5.7cHW — 1.7cHB — 4.1cHL — 4.1cpHL + 1.7cHe) + cWW(10cB
H—Z7* -4 +15¢cHW + 4.4cHB + 12cHL + 12cpHL — 3.5¢cHe) + cB(3.8cHW + 1.1cHB
+0.052¢/, + 1.1cHL + 1.1cpHL — 2.1cHe) 4 cHW(1.3cHB + 3.0cHL
+3.0cpHL — 1.3cHe) + cHB(0.91cHL 4 0.91cpHL — 0.39cHe)
+cHL(3.5cpHL — 0.13cHe) + cpHL(—0.13cHe) + 0.081tcHW(tcHB)

0.24cH? 4 0.037cT2 + 0.13cu? + 1.7cd? + 0.084c1? + 2.6cWw? + 4.7cHwW?
+4.3cHB? + 23¢? + 0.09cpHQ? + 0.066cHud® 4 0.027cpHL? + 4.3t cHW?
+4.3tcHB? + 23¢ + cH(—0.086cu — 1.2cd — 0.056¢1 — 0.51cW

H —all —0.18cHW — 0.083cpHQ — 0.029¢cpHL) + cT(—0.19cWW — 0.046cB
—0.051cHW — 0.027cpHQ) + cWW(0.11¢B + 1.9cHW + 0.04cHB + 0.86¢cpHQ
+0.29cpHL) + cHW(0.03cB — 8.6¢HB + 0.1¢, + 0.31cpHQ + 0.11cpHL)
+cHB(—0.1cy) + tcHW(—8.6tcHB + 0.1¢%) + tcHB(—0.10c%)
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