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Impact of dimension-eight SMEFT contributions: A case study
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The use of the Standard Model effective field theory Lagrangian to quantify possible Beyond the
Standard Model (BSM) effects is standard in LHC and future collider studies. One of the usual assumptions
is to truncate the expansion with the dimension-six operators. The numerical impact of the next terms in
the series, the dimension-eight operators, is unknown in general. We consider a specific BSM model
containing a charge-2/3 heavy vectorlike quark and compute the operators generated at dimension eight.
The numerical effects of these operators are studied for the 77/ process, where they contribute at tree level
and we find effects at the O(0.5-2%) level for allowed values of the parameters.
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I. INTRODUCTION

One of the goals of the high luminosity LHC (HL-LHC)
running is a precision physics program that enables a
detailed comparison of theoretical and experimental pre-
dictions. Lacking the experimental discovery of any new
particles, the tool of choice is the Standard Model effective
field theory (SMEFT) which assumes that the gauge
symmetries and particles of the Standard Model provide
an approximate description of weak scale physics [1].
Deviations from the Standard Model (SM) predictions are
parametrized in terms of an infinite tower of higher
dimension operators,

(n)
LNLSM+ZZ[€;_4O§”), (1)

where A is a high energy scale where some unknown
ultraviolet (UV) complete model is presumed to exist. All

of the new physics information resides in the coefficient
(n)

functions, C;
tal data.
The SMEFT amplitude for a tree-level scattering process

can be written schematically as,

, which can be extracted from experimen-
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where Agy, Al@, and AES) are the SM, dimension-
six, and dimension-eight contributions, respectively.'
Squaring the amplitude, a physical cross section takes

the form of an integral over the appropriate phase space,

dps,
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It is immediately apparent that the squares of the
dimension-six contributions are formally of the same
power counting in 1/A* as the interference of the
dimension-eight terms with the SM result unless assump-
tions are made about the relative sizes of the contribu-
tions. If the process being studied is extremely well
constrained (as is the case for the electroweak precision
observables), it may be sufficient to include only the
1/A? contributions, as the 1/A* terms are negligible in
this case [2—4]. Alternatively, the SMEFT could result
from a strongly interacting theory at the UV scale where
the AgyA®)/A* terms are suppressed relative to the
|A©)2/A* contributions [5,6]. There are, however, sce-
narios where the inclusion of the dimension-eight terms
may be critical in order to obtain reliable results due to
cancellations of the |A©[2/A* terms in specific kin-
ematic regimes [7]. There are also scenarios where new

"We neglect baryon and lepton number violating operators.
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physics effects first arise at dimension eight, such as the
ZZy coupling [8,9]. Furthermore, in weakly coupled
theories, there is generically no reason to expect the
dimension-eight contributions to be suppressed.

In practice, the SMEFT series is usually terminated at
dimension six and the amplitude is computed to O(1/A?),
generating O(1/A*) contributions in cross sections. This
leaves an uncertainty about the numerical relevance of the
higher dimension operators. A complete basis for the
dimension-eight operators now exists [10-14], making
possible phenomenological studies of the effects of these
operators. The literature, however, contains very few
concrete examples of the effects of dimension-eight con-
tributions. Studies of a subset of dimension-eight contri-
butions to the Higgs boson plus jet production show a
modest distortion of kinematic shapes at high p; [15-19].
Reference [10] considers the dimension-eight contributions
to Wh production and notes that quite large cancellations
between the contributions of different dimension-eight
operators are possible. In a similar vein, the authors of
Ref. [20] compute Z pole observables to O(1/A*) and find
numerically significant effects. These examples consider
the SMEFT coefficients as arbitrary unknown parameters.
In a given UV model, however, the coefficients are
predicted, and the conclusions that can be drawn from
studies of SMEFT parameters depend sensitively on the
relationships between the different coefficients at the UV
scale [4,21,22].

In this paper, we discuss an example of UV physics
where the coefficients of the dimension-six and dimension-
eight operators can be computed in terms of a small number
of input parameters, allowing us to assess the relevance of
terms of O(1/A*) arising from the dimension-eight oper-
ators. The example we consider contains a charge-2/3
vectorlike top quark (TVLQ) that is assumed to exist at the
UV scale. Such particles occur in little Higgs models
[23-25] and in many composite Higgs models [26-29],
and represent a highly motivated scenario. Within the
context of this model, the coefficients of the dimension-
six and dimension-eight operators can be calculated using
the covariant derivative expansion [30,31] and matched to
the SMEFT. This allows for a detailed numerical analysis
of the various approximations frequently used when com-
puting observables in the SMEFT. We consider t7h asso-
ciated production in the SMEFT limit of the TVLQ and are
able to concretely determine the numerical relevance of the
dimension-eight contributions to this process at tree level.
The SM rate for ¢zh production at the LHC is well known at
next-to-leading order (NLO) QCD [32-35].

In Sec. II, we review the construction of the TVLQ
model and we pay particular attention to the decoupling
properties of the TVLQ model. The tree-level matching
to the SMEFT at dimension eight is given in Sec. III.
Phenomenological results for fzh at dimension eight in the
SMEFT limit of the TVLQ are presented in Sec. IV, where

we emphasize the importance of including the top decay
products for SMEFT studies. We conclude with a dis-
cussion of the impact of our results in Sec. V. The
appendixes include a short summary of the relevant
dimension-eight interactions and a brief discussion of
one-loop matching in the TVLQ model.

II. THE TVLQ MODEL

We consider an extension of the Standard Model with
one additional vectorlike, charge-2/3 quark, denoted 72,
T ,ze, that can mix with the Standard-Model-like top quark,
71,7k, and we call this the TVLQ model. This model has
been extensively studied in the literature [36—48] and we
briefly summarize the salient points. The SM-like third-
generation chiral fermions are

Tl
wL:(L), Th  be )
by

with the usual Higgs Yukawa couplings,
E%l\fk = —Abl/_/LHbR - AIIZ/LI‘:IT}Q + H.C., (5)

where A, = ¢; 7H;. Note that we will distinguish between
the SM-like Yukawa couplings 4;, 4, in Eq. (5), their SM
values Yy, = v2my/v, Y, = /2m,/v, with m, and m,
being the physical quark masses, and the Yukawa couplings
derived in the SMEFT construction of Sec. III. As
usual, v = (vV2Gp)~'/2.

The most general fermion mass terms for the charge-2/3
quarks are

L = »C%l::[k - lTl/_/LHCT% —_ mlzljr%TIle - mTT%T% + H.C.

(6)

Since 7%, 7k have identical quantum numbers, the m,,
term can be set to zero by a redefinition of the fields. The
charge-2/3 sector is thus described by three parameters: 4,,
Ar, and my.

The physical fields, # and T, with masses m, and M, are
found by diagonalizing the mass matrix with two unitary

matrices,
t cosOpr —sinf x\ (T} )
T),x N sinfp g cosOp g T2 L,R’
and we use the shorthand ¢, p =cos@, g and s, =
sin 0y g.

Useful relationships between the Lagrangian and physi-
cal parameters are
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Theoretical limits on TVLQ model
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mass, my, and the physical mass, My, for fixed sinf; = s;.

A0 SR
—= = CCrm; + SLSRMT = _MT
\/Z S
lT’U SRCL,

—sgcpm; + spcpMr = (M7 — m3)

\/§: m,; !

N
" (spm} + ¢; M)

my = SpSgm; + ¢ cgMyp =
spmy

m
tanfp = M—ltan 0.
T

(8)

The following relationships follow from Eq. (8):

Arv crsp(1—x)
V2my 1—s2(1—x)
W m
V2 1—s7(1—x)
AT/I)_ SLCL(I —X)
V2 =2 (1=x)
mr =My /1= (1) ©

with x = m?/M?3.. From Eq. (9), it is clear that for fixed s,
Ar will become nonperturbative at large M ;. In Fig. 1 (lhs),
we show the upper limit on s; from the requirement that
Ar < 4r, along with the unitarity limit from 77 — TT of
52 <550 GeV/My [49]. The My — oo limit therefore
requires s; — O for a weakly interacting theory. We also
observe that the expansions in 1/M% and 1/m2 have
different counting in inverse mass dimensions for fixed sy,

(1 12)
M%)’
T

1 1 s?

=—+-L 10
my M} M} (10)
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Left: upper limit on s; as a function of My from perturbativity and unitarity. Right: relationship between the Lagrangian

as is demonstrated in Fig. 1 (rhs). The ratio ms /My quickly
goes to its asymptotic limit as My — oo, and for s; ~ 0.2,
the ratio approaches ~0.98.

The relations of Eq. (9) can be inverted [36] as

(A2 + 22)0?

2 p—
! 4
m?% (A2 + 22)02\2  2020?
+7 = bt 2m> B m2
M2 — m_ZT 2207
TV om2\ 4
/1T1] 1
= 11
g \/EmT (1 _m_f)2 _,_ﬁ ( )
m?r ZmZT

In our phenomenological studies we will switch between
Lagrangian parameters and the physical parameters to
illustrate various points. We remind the reader that the
physical masses are m, and My with m, < M, and that
my is the Lagrangian parameter.

The oblique parameters place stringent limits on the
parameters of the TVLQ. In Fig. 2, we update the results of
Ref. [37], include the global fit results of Ref. [21], and
compare these with the direct search limits from 77 pair
production [50,51] (which are independent of s; ). We also
show a comparison of current searches with projections for
the HL-LHC and FCC-hh and note that the HL-LHC will
be sensitive to My ~ 1.7 TeV, while the hadronic version
of the future circular collider (FCC-hh) can probe up to
~6 TeV [52,53].

*We note that g =2s;.
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TVLQ Model
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FIG. 2. LHC 95% exclusion limits on TVLQ masses from single
T production with T — ht, Zt as a function of s; [54] (red dotted
line), limits from 77 production with T — th, Zt, Wb [50,51] (blue
dashed), projected limits from single 7 production at HL-LHC with
T — th,h - WW~ [52] (black solid), projected limits at HL-LHC
from single 7 production with 7 — Wb [53] (magenta dot-dashed),
and projected limits at FCC-hh (v/S = 100 TeV) from single T
production with 7' — Wb [53] (purple long dot-dashed). The
region above the curves is excluded.

III. MATCHING TO SMEFT AT
DIMENSION-EIGHT

In this section, we consider the M — oo limit of the
TVLQ model and perform the tree-level matching to the
SMEFT, extending the dimension-six results [46,47,55] to
dimension eight. Since the full UV model depends on only
three unknown parameters, it is particularly simple. We use

/12

W Py + Le — g Py + 5 (W H)(PH )y,

2m T
2

4m
- (l/"/LV"T“l//L)(HT L
i2%
4m

=iy Py, +

=i Py +

4
SLq, = lﬂ
/14

[-34,00
8m4T

HS

2

- A
Ly —» = Hig|1 - (H'H
Yy = ~AMYL R|: 2 ( )

T

—[ A, H

[(‘/’L?’”WL)(HTDMH =

(D,H")tH

[3D( LJH)H HH Yy, +y HH (PH)H'

the covariant derivative expansion [30,31] to integrate
the heavy T out of the theory and generate the effective
operators at dimension six and dimension eight. The
resulting Lagrangian involving the SM-like top quark 7 is

L, = Ly + Ly + Lo + Ls, (12)

Ekm ”//LDWL + ZIRDIR

= S0 (Pw1) = @LP)yr] + TP
£y = —ﬂ.ll/_/Li“Il‘R + H.c.
i 2% ;
56*2 y HD(Hy ) + Hee.
mz
i /12 35t
Esz—i—ll/ LHP(H'y,) +He, (13)

and where p =y*D,. The covariant derivative D, is
defined as 0, — i§ YB, — igyt, W — ig,T G}, with hyper-
charge Y, SU(2) generators 7,, and SU(3) generators T,.
The dimension-six term, Lg, generates a nonstandard
normalization for the top quark kinetic energy term after
electroweak symmetry breaking and the expansion of the
Higgs field around its vev, so we make the gauge invariant
field redefinition [56,57]

where i, j are SU(2) indices. This brings the top quark
kinetic energy into the canonical form.
After making the field redefinition of Eq. (14),

—y (PH)H ] + 6Ls,

(D,H")H)

)] + 5[’8a

(05 — 040 + 5.4,

'88 + HC]

+3(H H)p, (iDH)H y + i HH (iPH)H 'y, + H.c]
} + H.c.

4,42
- T05H>+H ] (15)
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TABLE 1. Operators appearing in Eq. (15) where y; is the
(1.b) doublet, H'D,H = H'D,H — (D,H")H, and H'D\,H =
H'D,0H — (D,H'6“)H.

Dimension-six

256) (H-i-iB;tH) (l/_/Lyﬂl//L)
03" (H' Dy H) (77
0516{) (H'H)y Hig
Dimension-eight
o® (HTH)>pr, Htg

quH’®

where in the second line of Eq. (15), SU(2) identities are
used to put the dimension-six contributions in a standard
form. Note that Eq. (15) contains dimension-eight inter-
actions in addition to those of the dimension-eight operator
of Lg. Repeated use of the SM equations of motion on the
dimension-eight term, 6Lg,, yields the second line of the
expression for 6Lg, in Eq. (15). We have not simplified
the dimension-eight contributions with derivatives on the
Higgs doublet, since it is straightforward to use FeynRules
[58,59] to determine the needed interactions for a given
application. The operators are defined in Table I using the
bases of Refs. [11,60].

We simplify the dimension-eight operator of Eq. (13)
to extract the term contributing to the top quark Yukawa
interaction,

2323

mT

T (H'H)*(y Hig +Hec.)

+ terms with derivatives on A or H'

B2
(Zm (H'H)?O! H5+Hc>+5£8b, (16)
T

where the complete expression for dLg, can be found in
the Supplemental Material [61]. The contribution to 6Ly,
that is proportional to the strong coupling g, is given in
Appendix A, and the momentum dependence of the
dimension-eight operators is clearly seen.

The complete SMEFT Lagrangian generated from the
TVLQ model to dimension eight involving the top quark
written in terms of the Lagrangian parameters is

L=L,+ Ly + Ly
Ly =y (iD)yy +r(iD)tg —

ywe: F 16 3.(6
£y = (R0l + e ) + 1o (04 - 031)

(ltl/_/LI:[tR =+ HC)

cgzg L (422 - 3/12T)0 H5+5£8,,+Hc (17)

T

We note that changing the input parameters from (4,, A,
my) to (m;, My, s;) using Eq. (8) rearranges the counting

in terms of inverse powers of the heavy mass [62].
Reference [62] argues that replacing the Lagrangian mass,
my, with the physical mass, My, improves the agreement
between the SMEFT predications and those of the corre-
sponding UV complete model in many cases. A similar
effect is found in the effective field theory (EFT) limit of the
Higgs doublet model (2HDM) [63,64].

The terms contributing to the SMEFT relationship
between the top mass and the Higgs boson top Yukawa
coupling are

C(@) C(g)
Lo~ —dppHig + =208 + 47 0 L He,  (18)
my my 4
with
(6) /1,/1% (8) /1,/1% 2 2
Ciu :T, CWH5 = 2 (447 —3/1T). (19)

It is interesting to study the behaviors of Cﬁg) and CE]?H:—,

using the relationships of Eq. (9) and expanding in powers
of 1/my, keeping the top quark mass fixed to its physical
value.” Note that keeping the top quark mass fixed
rearranges the counting, as does alternatively using s,
and My as inputs. To O(1/m%),

P V2m, 14 Bt 2o’m? Aot
o dm: - Amd 32mi
\/Emt |- g2 m_% 4 m;‘
cLv Em2 "Famd
~ C
C6 = —[5
mr
2m,s? . (s3 +4)m;  (sp —8sp —8)m}
2c30° 2m 8m
- _ CquH5
8 = m;‘—

SL SL
27)’127

my;
+

i (3] — 485} — 1925 — 64)}. (20)
mr

The naive scalings, C¢~1/m3 and Cg~1/m%, are
modified by terms of O(s?x) when using the physical

parameters.
Expanding Eq. (18) to linear order in the Higgs field, we

define the top Yukawa, Y £8>, as usual, as

*Note that we are free to take a combination of three
Lagrangian and/or physical parameters as inputs.
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FIG. 3. Top quark Yukawa coupling normalized to the SM top
quark Yukawa when dimension-eight contributions are 1ncluded
(Y ; /) and when only dimension-six terms are included (Y, ).

(8)

Y, _
EN_ﬁtLtRh—'_H'C" (21)

where the superscript 8 denotes the inclusion of the
dimension-eight contributions. We initially fix m, (the
physical top quark mass), A7, and mr,

8 302 - St .
v =4 - Co——Cs
m,/2 av? mivtai Aot
= - - yae e € (22)
v 2mz my dmz
retaining only the dimension-six terms in the Lagrangian,
30%
v =2,-=-C

A eoll)

In Egs. (22) and (23), the SM is recovered in the
2% /m3 — 0 limit, which corresponds to the s; — 0 limit.
The choice to use m, as an input introduces terms of
O(43/m%) in Y due to the interdependence of the

parameters.
In the small s; limit,

2 4
YSS) _)mt\/z{l_s%+3st/Lt}
v m

T

3s2m?

s
mr

2.2
Ssym;

‘ ST

Y(6> emt\/i{] -5+
v

2
2mz

We see that the SM limit is only recovered in the s; — 0
limit, consistent with the decoupling discussion in the

previous section. Figure 3 shows the effect of including the
dimension-eight terms on the top quark Yukawa coupling
and we see that it is typically less than a few percent
for 500 GeV < my < 1 TeV.

IV. PHENOMENOLOGY

We are now in a position to investigate the numerical
effects of including the dimension-eight terms in the
SMEFT analysis of the TVLQ and in the comparison
between SMEFT and the UV complete model. As an
example of the possible impact of the dimension-eight
contributions, we consider 7th production at the 13 TeV
LHC.* In addition to the SM cross section, dogy, we
consider various SMEFT expansions:

A 45) |

2
Qo ~ / <dPs>{|ASM2 b oRe (Z o
Ais,M)

A’gM)

dPS | Agm|? + Re <Z c!

0
L Re( 56>A;6>*)}
(

dPS )9 [Msml® + = Re(ZC
+a LRe( S cct® 56),4}6)*)

ij
2
+ ke (Zcﬁg)Af.g) §M> } (25)

1

In particular, do and doyg are of the same order in 1/A* and
the difference between the two is a measure of the
importance of the dimension-eight terms. In our numerical
studies, we will always take A = m.

The rescaling of the top Yukawa coupling at dimension
eight will give only a small difference from the dimension-
six result as demonstrated in Fig. 3. However, the dimen-
sion-eight terms introduce a momentum dependence into
the tth and fthg vertices, as well as the tbW and thWh
vertices. The Feynman rules relevant for the 74 process are
given in Appendix A. Note that, since there is never more
than one covariant derivative operating on the top quark at
dimension eight, the TVLQ model only generates new
operators with a single gluon field. We use FeynRules [59,66]
to generate the Feynman rules including the dimension-
eight terms and use the resulting universal FeynRules output
(UFO) [58] file with MADGRAPHS5 and the default dynamical
scale choice to generate events. For all our simulations, we

“The TVLQ model contributes to gluon fusion at one-loop, but
a consistent inclusion of the dimension-eight contributions would
require the double insertion of the dimension-six contributions.
The contribution to gg — & from the TVLQ is suppressed by s7
and is numerically small [65].

115013-6



IMPACT OF DIMENSION-EIGHT SMEFT CONTRIBUTIONS: A ...

PHYS. REV. D 104, 115013 (2021)

S >t

FIG. 4. Sample Feynman diagrams contributing to gg — 7h, including dimension-eight operators. The blobs represent the effects
of the dimension-eight operators for the center and right-most diagrams, while the left-most diagram (red blob) receives contributions
from both dimension-six and dimension-eight operators. Similar diagrams with ¢g initial states are not shown, but included in our

computations.

set m, = 172 GeV, m;, = 125 GeV, mz = 91.1876 GeV,
Gr =1.16637 x 107, and a = 1/127.9, so that my, is
computed to be 79.82436 GeV at tree level in the
MADGRAPHS code. We use the NNPDF23 LO PDF set
with a; = 0.119. The complete set of interactions can be
found using the FeynRules module contained in the
Supplemental Material [61].

We begin by considering the 77 process without decays.
Some sample diagrams are shown in Fig. 4. There are two
effects from the higher dimension operators. The first is
the rescaling of the f7h Yukawa interaction. This does not
lead to any momentum-dependent effects in the gg — ffh
process, but due to the small contributions from the gg —
fth subprocess, where the /4 couples to an intermediate Z
boson (which are not rescaled by the top Yukawa), there
are very small kinematic effects in the total cross section at
the <1% level. The second effect, which first arises at
dimension eight, is interactions that are enhanced by an
energy factor, ~s (with s being the partonic center of mass
energy), relative to the SM contributions, both in the 7zh
and fthg effective vertices. However, these s-enhanced
contributions are proportional to a difference in the pro-
jection operators, (Pr— P;) [cf. Eq. (A2)], and the
enhancement is therefore averaged out in the helicity blind
production of on shell tops from QCD production. The
resulting distributions for ##h production without decays are
therefore essentially flat in various kinematic observables,
and roughly consistent with an overall rescaling of the cross
section by the modified top Yukawas in Egs. (22) and (23).

We next consider 77h production with the tops decayed to
the final state bW+ W~h. We generate events in this final

g

FIG.5. Sample diagrams contributing to gg — bbW+W~h. The
green blob represents the insertion of dimension-six operators,
while the red blob represents both dimension-six and dimension-
eight operators. Similar diagrams with ¢g initial states are not
shown, but are included in our computations.

state from all tree-level diagrams including intermediate top
quarks to exclude pure electroweak production of W and b
pairs. This includes contributions from a number of
diagrams which cannot be factorized into 77/ production
times decay. One example of such a diagram is shown in
the right-hand side of Fig. 5. There are also contributions
that are not proportional to the top Yukawa coupling,
where the Higgs boson instead couples to the W bosons or
bottom quarks.

We compute the cross section for pp — bbW+W~h with
intermediate top quarks using our FeynRules implementation,
and plot the result in bins of pr, in Fig. 6. We show results
both for the SM, and with the SMEFT matched with 1; =
3.0 and my =2 TeV, corresponding to a mixing angle
sinf; ~ 0.25. We note that such large values of the mixing

=
[
@]
g
=)
=
=
IS
=
~
5
el
_ . Ar = 3.0, =2 TeV
09 by T S WHOW B, Vs = 13 TeV =S mr ¢
pra > 500 GeV, 160 GeV< myy < 185 GeV *‘i"mr
— dog
0.92r — do

Ar =15 my=1TeV
—dog

1 o [ L

e
o
=3

Ratio to SM

=} o
® %
= %

0.84'4'—|—,—|—|—'—'74

200 100 600 800
prn [GeV]

FIG. 6. The distribution for W+W~bbh production with inter-
mediate top quarks in bins of the Higgs p7 ;. The top panel shows
the distribution for the SM (black) and for the TVLQ point with
Ar =3.0, my =2 TeV, matched to various orders in the
SMEFT, as in Eq. (25), with the magenta, red, and blue curves
representing doy,, dog, and dog, respectively. The results for dog
with Ay = 1.5 and my = 1 TeV are shown in green.
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angle are excluded by fits to the oblique parameters (see
Fig. 2)—we choose such a large point to make the
kinematic effects that arise at different orders in the
SMEFT expansion clear. To focus on the effects on rth
production, we impose a cut on the W boson and b quark
system, requiring it to be near the top quark mass shell:
160 GeV < my, < 185 GeV. We utilize the charge infor-
mation of the W and b particles in performing this cut,
assuming that they can be properly assigned to the correct
top quark in a true experimental analysis, e.g., if they are all
identified in a single large-radius top jet.

Including the full hAW*W~h final state changes the
expectations from #7h production without decays signifi-
cantly. The diagrams where the Higgs is coupled to a W
boson or b quark are not proportional to the top Yukawa,
and therefore are not rescaled by the corrections to the top
Yukawa as the bulk of the cross section is in the undecayed
case. This leads to a growth in the cross section for large
pr,, even at the dimension-six level, and a change in the
overall rate that is significantly different from a naive
rescaling. At dimension eight, there are nonfactorizable
contributions with thWb vertices, which have one fewer
propagator than the SM-like diagrams, and, as a result,
s-enhanced effects relative to the Standard Model. Finally,
since the tops decay via their SU(2), interactions, the
effective operators proportional to (Pz — P;) discussed
above will no longer be averaged out, and can therefore
lead to additional effects at high py, as well. All of these
effects in the amplitudes compete, and interfere, with one
another.

The resulting effects in Fig. 6 show that the kinematic
effects apparent at dimension six are nearly washed out at
dimension eight, and the distribution is almost flat. We
emphasize that, while the overall distribution is roughly flat
in pr,, due to a combination of different effects that arise at

pp - tth >WHbW=b h, Vs = 13 TeV Ar =3.0, myr =2 TeV

160 GeV< myy < 185 GeV —— dosy
0.8 1o
----- AT ing

........ dog

0.6

o
=

do/d|ag,;| [fb]

0.2

0.0
0

1 2 3 4 5 6
|Ad,3

different orders in the EFT expansion, the overall rate is
different than that expected by rescaling the SM cross
section by the modified top Yukawa. Note also that the size
of the contributions from the dimension-eight operators are
similar to the size of the dimension-six squared terms
relative to the interference contribution alone.

We also include in Fig. 6 a curve in green, showing the
results for matching up to dimension eight with A7 = 1.5
and my =1 TeV. These values are chosen such that
the effects at dimension six in the SMEFT, which all
scale as A7./m>, are precisely the same as for 7 = 3.0,
my = 2 TeV. Atdimension eight, however, there are effects
that break this scaling [cf. Egs. (22) and (A2)—(A4)], and we
see that indeed, the dimension-eight curve in green is
different than the curve in blue.

In Fig. 7, we show the distributions for {7k production
including the full bbW* W~ final state in bins of |A¢;;| and
|An |, after placing a cut on the Higgs p7;, > 500 GeV. We
see there are no kinematic effects in these distributions at any
order in the SMEFT expansion, other than the rescaling
consistent with the results in Fig. 6.

Finally, we comment on the size of the dimension-eight
effects for parameters that are not experimentally excluded.
We take Ay = 1.5 and my = 2 TeV, corresponding to a
mixing angle sin@; = 0.13, which is near the edge of the
region allowed by the oblique parameter fits shown in
Fig. 2. For these parameters, the effects of the dimension-
eight terms included in dog are very small: SO(1%) of the
SM cross section. The effects of the O(1/A*) terms in dog
are of similar size. There are small kinematic effects, but the
total rate is quite similar to what one expects from a naive
rescaling of the cross section by (Y§6))2. We conclude that
the effects of the O(1/A*) terms are too small to affect
constraints on the TVLQ model at the LHC from tth
production.

14 pp - fth > WHWb h, Vs = 13 TeV Ar = 3.0, mr =2 TeV

prn > 500 GeV, 160 GeV< myp < 185 GeV

—

-
=3
i
i
i
o
q
o

e
%

do/d|An| [fb]

IN
i~

e
o

0.0
0

[An|

FIG. 7. The distribution for W*W~bbh production with intermediate top quarks in bins of |A¢;| (left) and |An;]| (right), for events
with pr;, > 500 GeV, matched at various orders in the SMEFT expansion for Ay = 3.0, m7 = 2 TeV. The black solid, magenta dashed,
red dotted, and blue dot-dashed curves show the results for dogy, doy,, dog, and dog, respectively.
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V. DISCUSSION

We have implemented the complete dimension-eight
set of operators contributing to the tree-level process,
pp — tth, in a model with a charge-2/3 vectorlike quark.
When the decays of the top quark are not included, the
results are almost entirely given by the rescaling of the
top quark Yukawa coupling. The decays of the top quark
introduce a momentum dependence due primarily to the
presence of nonfactorizable tbWh vertices. These effects
create a difference of less than O(2%) at high p, between
the square of the dimension-six contributions and the result
with the dimension-eight contributions included.

The example we have considered is particularly simple,
since the input parameters are not rescaled at tree level to
dimension eight. It would be of interest to consider the
effects of a more complicated model which generates tree-
level rescaling of the input parameters at dimension eight.
The results of Refs. [20,67] suggest that the dimension-
eight contributions may play a more significant role in such
scenarios.

2

The UFO and FeynRules model files used to generate
the TVLQ dimension-eight effects are included as
Supplemental Material [61].
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APPENDIX A: DIMENSION-EIGHT
INTERACTIONS

The following terms in the tree-level dimension-eight
Lagrangian, L5, contain non-SM gluon couplings:

2

A7 ~ - R I .
ES,g = lm_Z;(WLD”H)Yﬂ(DUHTDUWL) + lm_z (WLH)yu(DﬂDDHTDuWL)

T
2
AT

_ T
4
mr

o 2,12 S,
(L H)y, (DDA Dy, ) =~ (H'H)1g(D*H'D,yr,) + Hee.,
T

T

- (A1)

where indices are contracted implicitly such that terms in parentheses are SU(2) singlets. The ¢7h interactions that are
needed for the tree-level process are (with all momenta outgoing),

v

i Aom
t(pl)l(Pz)h(Ph)QA”(Pg) = igs 2Tm

(8)

where P, g =31 (1 F 75) and ;" is as given in Eq. (22).

2
Apom,

t(p1)i(p2)h(py) = —i% +i

pRTA(Pg — Pyp),

o (p1=p2) - pp(Pr—Pp)
mr

(A2)

The following are the electroweak couplings of the top quark expanded to dimension eight that occur in the #th, t - Wb

process:

b(ps)i(p)WH (py) = i%m [1 _

—; gwv* A7
2\/5]’”74

2,2
VA7

4m72 321’)’17

pI;JPR[mf - pWl,

Ph " Pt

0223
+oo 5 (30?47 + 8(m? — p? + p}))

Pi . Pw

b(py)i(p )W (pw)h(py) = — ivgwl%yﬂpL [1

2\/5]7’!72

2py - pw Ph Pw
+ + +
mT2 mTZ 2 2

+
2m7— mr WLT2

30223 2m:  PphpW  m,ph

41’}172 m7—2

lng/l%PR
2\/571’!7’4

2m7

[p/;([ﬁh +2pW —3m,) - p;;,(ﬁh + pW —m,)].

5
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APPENDIX B: T PARAMETER IN EFFECTIVE
FIELD THEORY LANGUAGE

The oblique parameter A7 has been calculated some
time ago for the TVLQ model [65]. It is instructive to revisit
this calculation using an effective field theory framework
[68] and it is an example of the importance of including the
one-loop matching in SMEFT calculations. The contribu-
tions to A7 from fermions with masses m; and m, can be
expressed in terms of the function

2y1y y
0, (yi.y2) =yi + ¥y —#log<—l
Yi—0" Y2

—2(y, log(y,) +y + 2log(y,))

1 [dru\ €
-2 — =),
1 +2) <M%>

(B1)
where y; = m?/M% and yu is an arbitrary renormalization
scale. Neglecting the b quark mass and taking m, > M,

the ¢ — b contribution to the SM is found from the diagrams
of Fig. 8 with SM fermion-gauge boson couplings,

3
16753, c3, Ve (B2)

Tsm

with ¢y = My /M.

At the UV scale (which here we take to be the physical
mass of the TVLQ, M), we integrate out the contributions
of the diagrams of Fig. 9 using the couplings from Ref. [37]
to obtain the contribution from heavy fermions, 7 ,

t
b

FIG. 8.

1
T (k) = Tsmst (0. (yr.vs) = €10+ (v, 31) =50, (7. y7))
M?> 2c2 M?>
_ 2 ) oM 5 L 2 T
= TSMSL{sLm_tZ_CL +7+20L]Og<ﬂ—2>}
(B3)

For the UV matching, the appropriate scale is y = My,
giving the contribution

2
2cy

M2
TyMr) = TSMS%{S%_zT —ci+
m? €

}. (B4)

Equation (B4) exhibits the familiar decoupling requirement
that s2 M2/m? < 1.
We identify

22 Cigp(w)

T(u) = —
() A

(B5)

where Oyp = |[H'D,H|*. The coefficient function must be
renormalization group evolved to the low energy scale
which we take to be m,. In the TVLQ, only the top quark
Yukawa coupling contributes, and we have [69]

C m
Cup(m;) = Cyp(Mz) + ﬁlog (M_;>’ (B6)

with the TVLQ result

Cup = 24C}) 12,

tb
MZM@M

b

(B7)

Feynman diagrams contributing to the 7 parameter from SM fermions.

T T
@ MZM@MM
b T

FIG. 9. Feynman diagrams contributing to the 7 parameter from the heavy TVLQ fermion, T.
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where ¥, = v2c,m,/v is the top Yukawa at the UV
matching scale. Equation (B4) yields

M3 2c2 m?
TH(m,) = TSMS%{S% m—; - C% + TL - 26% log (M_t%> }
(B3)

Finally, at the low scale m,, we need to include
the diagrams of Fig. 9 and subtract off the SM ¢t —b
contribution,

2c2
T1(m) - Tow = Tos? (— - —L). (B9)

€

Adding together Eqgs. (B8) and (B9), we see that the
effective field theory approach with one-loop matching
reproduces the correct result,

AT = T(m,)H +7; (mt) —Tsm

M3 M>
:TSMS%{Szm—g—C%—l+2C%10g<m—§>}. (B]O)
t

t

To put Eq. (B10) into the language of the dimension-six
SMEFT, we note that

2 ZUZC};EG)vZ Lo v_4
L M2 m

1)4
mr

1,(6

My Ayt .
L _2 = M2 2 + 402 .2 )° ( )
my Tm; T mrm;

Since we compute only single insertions of operators,
Eq. (B10) becomes

2Cj9 M3
ATSMEFT = 2TSM Mzt {—2 + 2 IOg (W) }

T t

4 4
+(9(”—4%> (B12)
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