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Abstract. After the Higgs boson discovery, LHC turned into the precision machine to explore
its properties. In case new resonances will not be found, the only access to New Physics would
be via measuring small deviations from the SM predictions. A consistent approach which
can be useful in both above cases is a bottom-up Effective Field Theory, with dimension six
operators build of Standard Model fields. We present how this approach would work in case
of the transverse momentum spectrum of the Higgs particle. In our calculation we augmented
the Standard Model with three additional operators: modifications of the top and bottom
Yukawa couplings, and a point-like Higgs coupling to gluons. We present resummed transverse-
momentum spectra including the effect of these operators at NLL+NLO accuracy and study
their impact on the shape of the distribution. We find that such modifications, while affecting
the total rate within the current uncertainties, can lead to significant distortions of the spectrum.
We also discuss the effect of the chromomagnetic operator on the Higgs production cross section
at LO.

For more details see our paper [1].

1. Introduction

The scalar resonance discovered by ATLAS and CMS at the LHC in 2012 [2, 3] closely resembles
the Higgs boson postulated in the Standard Model (SM). The SM, however, is not able to
explain the existence of dark matter, the matter-antimatter asymmetry and the relatively low
scale of electroweak symmetry breaking (hierarchy problem). Many theories beyond the SM
(BSM) addressing the above issues have been developed, which manifest different patterns
in the scalar sector and in the Higgs boson properties. As no strict argument exists for the
discovery of new physics at the TeV scale, it is possible that new physics effects are accessible
only by measuring small deviations from SM predictions. A consistent way to parametrise these
deviations is offered by the Effective Field Theory (EFT), in which the unknown high-scale fields
are integrated out leaving an infinite ladder of higher-dimensional operators (dim> 4), with a
well-defined hierarchy. The EFT can thus be used to build a bottom-up approach in which the
usual dimension-four operators in the SM are augmented by leading (dimension-six) operators.
Experimental data can be employed to fix the values of the so-called Wilson coefficients of these
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operators. A matching to the EFT allows then for the translation of the Wilson coefficients into
bounds on the physical parameters of new physics models. The full set of dimension-six [4, 5]
deformations of the SM was classified by 59 operators. The precision observables measured
at LEP and the Tevatron put bounds on many of the Wilson coefficients, some even at the
per-mille level [6, 7, 8]. However, several operators involving the Higgs field are still essentially
unbounded. In the following, we therefore develop a strategy to determine such bounds by using
the transverse-momentum (pr) spectrum of the Higgs boson.

2. Transverse-momentum spectrum

Kinematical distributions provide an important handle on the determination of Higgs properties.
Among the most important observables in this respect is the Higgs transverse-momentum
distribution, that will be measured with high precision in Run II and High Luminosity stage of
the LHC. First results from the LHC Run I were presented by the ATLAS collaboration in the
2+ and four-lepton final states [9, 10] and by the CMS collaboration in the 2+ final state [11],
leaving still a significant amount of arbitrariness for the precise form of the distribution. The
pr spectrum provides more information than the total cross section, which is just one number;
the shape, the position of the maximum and the normalisation allow us to disentangle effects
that remain hidden in the total rates. For example, it is the simplest measurement to shed light
on the nature of the Higgs coupling to gluons. The fact that the Higgs is a scalar, gives an
additional simplification in the modeling of the Higgs pr-spectrum, due to the factorization of
production and decay in the narrow-width approximation.

The most important Higgs production channel at the LHC is gluon fusion, which, despite
being a loop-induced process, is highly enhanced by the dominance of the gluon densities [12].
Therefore, we will concentrate on the spectra obtained in this production channel. In the past
years a significant amount of work has been done to improve the precision of the calculations of
the Higgs pr spectrum. The first results at the lowest order (O(a?)) were known since long time
[13, 14]. It took nearly ten years until the O(a}) corrections were computed [15, 16, 17, 18].
These were carried out in the heavy-top limit (HTL, i.e. m? > Mi,, p2T H).1 Recently, results on
Higgs—+jet production at O(a2) were also obtained in HTL [21, 22, 23].

In the low-pr region (pr < Mp), the perturbative expansion is affected by large logarithmic
terms of the form a2 In"(m?% /p%), with 1 < m < 2n. This results in a singular behaviour of
the distribution as pr — 0. To cure this problem one needs to resum these terms to all orders
in ag [24]. The resummation is carried out in impact parameter (b) space, and, in particular,
we use the formalism of Ref. [25]. The resummed and fixed order results have to be properly
matched at intermediate pr to avoid double counting:

do do do(res) do(res)
[2] = [2} = Tl a2 (1)
de f.o.+a.o. de f.o. de fo. de a.0.

where f.o. corresponds to fixed order, and a.o. to all orders calculations. In the formalism of
Ref. [25], a unitarity constraint is enforced, such that the integral of the pp-spectrum coincides
with the corresponding total inclusive cross section computed at fixed order. More precisely, by
performing the resummation at next-to-leading logarithmic accuracy (NLL) and including the
fixed order result up to O(a‘f’q) we obtain NLO+NLL accuracy, and the integral of the spectrum
is fixed to the NLO total cross section. Top-and bottom-mass effects can be included in the
resummed spectrum along the lines of Refs. [26, 27].

The inclusion of dimension-six and dimension-eight operators in the pp-spectrum has been
considered in Refs. [28, 29, 30, 31] and [32, 33], respectively. Strategies for extracting information

! Finite top-mass effects on the Higgs pr distribution at O(a%) were estimated in Refs. [19, 20].
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on the Higgs-gluon couplings from the measurements were studied in Ref. [30]. Most of the above
studies, however, are limited to the high-py region of the spectrum, and do not include small-
pr resummation. Also our study is the first to include the analytic resummation rather that
the parton shower. In this contribution we present the resummed pp-spectrum at NLO+NLL
accuracy, with the inclusion of a set of dimension-six parameters relevant for Higgs boson
production.

3. Effective operators and their impact on the Higgs production cross section
We consider the effective Lagrangian

Ci
L=Lsn+ Z Eoi (2)

where the SM is supplemented by the inclusion of a set of dimension-six operators describing
new physics effects at a scale A well above the electroweak scale. In our study we consider the
following four operators

= [H]’Gy, G Oy = [HPQLH ug + h.c., (3)
= |H‘ QLHdR—i-h.C., O4=QLHU/WT(IURGZV+}L.C. (4)

These operators, in the case of single Higgs production, may be expanded as:

A2 2O % cghGS, G™H (5)
A2 2 0y — —cthtt (6)
A2 205 = —cbhbb (7)
A2 L0y ey B0 2 T 0+ h)GO ([0 T g + hec) . (8)

The operator O; corresponds to a contact interaction between the Higgs boson and gluons
with the same structure as in the heavy-top limit (HTL) of the SM. The operators Oy and
O3 describe modifications of the top and bottom Yukawa couplings. The operator Oy is the
chromomagnetic dipole-moment operator, which modifies the interactions between the gluons
and the top quark? (here o#” = % [y#,+"]). In our convention, based on the SILH basis [34, 35],
we express the Wilson coefficients as factors in the canonically normalized Lagrangian.

The coefficients ¢, ¢;, and ¢4 can be probed in Higgs boson processes. In particular, ¢; (and
cp) may be measured in the ttH (and bbH) production modes.The coefficient ¢, can also be
accessed through the decay H — bb. The coefficient Ctg, instead, is constrained by top pair
production [36].

We now consider the contribution of the effective operators O, Oy and O4 on the production
cross section, while omitting, for simplicity, the bottom contribution in 3. The relevant
Feynman diagrams are displayed in Fig.1. The corresponding amplitude can be cast into the
form

M (g(p1) +9(p2) = H) = iz cvuea [p{p} — (mp2)g™] F(7). (9)

where 7 = 4m?/m3? and €; and ez are the polarization vectors of the incoming gluons. The
contribution of the chromomagnetic operator to the function F(7) has been addressed in the
literature with contradicting results [37, 38] (see also Ref. [39]). In Ref. [37] it is found that the
UV divergences in the bubble and triangle contributions cancel out. In the revised version of
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R

Figure 1. Feynman diagrams contributing to gg — H production at LO. The possible insertions
of dimension-six operators are marked by a cross in a circle.

Ref. [38] it is instead stated that the UV divergence is present, and it has to be reabsorbed into
the coefficient c;.
Our results are consistent with the latter statement. We find

F(r)=T(1+e¢) <4;‘§2> <CtF1(T) +eqFalr) + Re(ctg)’szgo(T)) , (10)
where
Fi(r) = or[1+ (= )f()] (1)
Fy(r) =12, (12)
Fi(r) = 2 +3[1 = 7f(r) ~ 29(7)] (13)
with the functions
arcsin? 1 r>1

\/7_

f(r) = 1[ 1+vizr .r (14)
—— |ln———— —in T<1
4 1-v1—-71
1
\/T—larcsmT T>1
T
g(1) = N s (15)
1— e <1
vV T [n [ m] T
The 1/e divergence can be reabsorbed in the MS renormalization of the coefficient c,:
cg0 = cq(1r) + dcq (16)
with
5y = ™ Re(ey)T(1+ ) (4m)* (L —1n 22 (17)
¢g =5 gltelcy €)(4m ; nu%% )
where ;1 denotes the renormalization scale of ¢,. The final result reads
my
F(1) = ctFi(1) + cg(pur) Fo(T) + Re(Ctg)vTFg(T) , (18)
where )
Fy(r) =3 (1 — 7f(r) — 29(r) + 2In 7’;@) . (19)
t

2 1In this analysis we do not consider the contribution of the chromomagnetic dipole operator of the bottom quark.
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In the HTL m? > m? we have

2
Fi(r) > 1, Fy(r) — 12, Fy(r) = 6 <1n“f§ - ) . (20)
mi
In the SM we have ¢; = 1 and ¢4 = ¢4y = 0, so that F((1) — Fi(7). In Ref. [36] data on top
production are used to extract constraints on c¢;y. The resulting region of allowed values of ¢4
has been found to be

—0.04 < ¢y $0.04. (21)

The impact on the total cross section is less than 20%. We conclude that, although smaller
than the impact of ¢4, the effect of ¢y can still be important. We note, however, that the
chromomagnetic operator provides a contribution which is formally O(A\?) with respect to the
others. In a strict expansion in ag it can be neglected. This is what we will do in the next
Section.

Focusing on the impact of ¢; and ¢4, we note that the total cross section alone does not allow
us to disentangle the coefficients ¢, and ¢;:

o= 12¢c; + ci[*o5m (HTL). (22)

As already noted in the literature [29], the transverse momentum spectrum allows us to break
this degeneracy.

4. Results

In this section we present the pr spectra of Higgs particle, including the modification coming
from the effective operators. As the reference the NLO+NLL SM predictions are also showed
on the Figures, with the grey band on the lower panel showing the perturbative uncertainty.
The uncertainties of the renormalization and factorization scales are estimated by performing
the customary seven-point ugr, pr variation, i.e. we consider independent variations within the

range fio/2 < pp, pr < 2p0 with 1/2 < pr/pr < 2, where pg = 1/p% + m% /2. We then vary

also three resummation scales by a factor of two. ? It results in the uncertainty of about +20%
at the peak, to about +50% —30% at pr = 400 GeV. The values chosen for the effective coupling
were guided by the (generalisation) of (22), to obtain the total cross section within 20% of SM
value, what is the current experimental bound *.

We start our analysis by considering the individual contribution of exactly one operator.
Looking at the low-pr interval (0 GeV< pr< 400 GeV) in Fig. 2 (a) we can directly deduce that
modifications of the bottom Yukawa coupling through ¢, dominantly affect the low-pr shape of
the distribution. In fact, at very low pr we find effects that can even exceed the uncertainty
of the SM prediction. As expected, ¢, < 1 (¢ > 1) softens (hardens) the spectrum in that
region.” The point-like Higgs-gluon coupling cg, on the other hand, modifies the pr-shape most
notably at large transverse momenta (400 GeV< pr< 800 GeV), see Fig. 2 (b), where a positive
(negative) ¢, value hardens (softens) the spectrum. As expected, modifications of solely the top
Yukawa through c¢; have almost exclusively the effect of a rescaling of the total cross section.
The deviations from the SM prediction through the dimension-six operators are within the scale
uncertainty, although the differences in shape give some additional sensitivity to distinguish such
effects. It is clear that in order to disentangle effects of this order it is necessary to start from
a more accurate SM prediction.

3 For the details of the calculation set up see our paper [1].

4 Note that variations of the pr distributions can be much larger due to the large experimental uncertainties.

5 We point out, however, that this is true only when small deviations of ¢, from its SM value ¢, = 1 are considered.
In this case the dominant effect of ¢, is on the top-bottom interference. When ¢, is significantly different from
unity the squared bottom-loop contribution can change the picture.
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Higgs transverse-momentum spectrum in the SM (black, solid) compared to

separate variations of the dimension-six operators for (a) 0 GeV< pr < 400 GeV and (b)
400 GeV< ppr < 800 GeV. The lower frame shows the ratio with respect to the SM prediction.
The shaded band in the ratio indicates the uncertainty due to scale variations. See text for more
details.
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(b)

Higgs transverse-momentum spectrum in the SM (black, solid) compared to

simultaneous variations of ¢; and ¢4 for (a) 0 GeV< pr < 400 GeV and (b) 400 GeV< ppr < 800
GeV. The lower frame shows the ratio with respect to the SM prediction. The shaded band in
the ratio indicates the uncertainty due to scale variations. See text for more details.
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Figure 4. Higgs transverse-momentum spectrum in the SM (black, solid) compared to
simultaneous variations of ¢; and ¢, for (a) 0 GeV< pr <400 GeV and (b) 400 GeV< pr < 800
GeV. The lower frame shows the ratio with respect to the SM prediction. The shaded band in
the ratio indicates the uncertainty due to scale variations. See text for more details.
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Figure 5. Higgs transverse-momentum spectrum in the SM (black, solid) compared to
simultaneous variations of ¢, ¢4 and ¢, for (a) 0 GeV< pr < 400 GeV and (b) 400 GeV<
pr < 800 GeV. The lower frame shows the ratio with respect to the SM prediction. The shaded
band in the ratio indicates the uncertainty due to scale variations. See text for more details.
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By contrast, the simultaneous variation of more than a single coefficient, as considered in
Figs. 3-5, gives rise to more significant effects. The ¢4, ¢; and ¢, parameters are chosen in the
ballpark suggested by the studies of Refs. [6, 7, 8], while still keeping the inclusive cross section
within about 20% of its SM value. Indeed, many combinations of ¢4, ¢; and ¢, can be found which
mildly affect the total cross section, while significantly changing the shape of the spectrum.

In Fig.3 we present the simultaneous variation of ¢; and ¢4. In this case, both the small
and high-pr behaviour of the spectrum is altered by the different combinations of ¢; and ¢,
coefficients. It is clear that in particular the large-pr region offers a good discrimination between
the different structures of ¢; and ¢4 in terms of shape. Again, negative (positive) ¢4 values will
soften (harden) the spectrum. The effects are well beyond the theoretical uncertainties already
at NLL+NLO. We note that the yellow, short-dashed curve corresponding to ¢; = 2, ¢, = —0.083
develops a minimum in the ratio to the SM around ~ 650 GeV. This is due to a compensation
between the negative interference between the O; and O operators, which is proportional to
cgct and the contribution of Oy itself, which is proportional to cg and tends to produce a harder
spectrum with respect to the SM prediction.

Fig. 4 shows spectra with modified top and bottom Yukawa couplings. In this case, the
compensation of the BSM contributions is less straightforward, and it is difficult to compensate
¢ > 1 without significantly affecting the inclusive cross section. For the magenta, long-dashed
curve (¢; = 1.2, ¢ = 4.67) we, thus, allow for a bigger change of the total cross section up to
30%. As pointed out before, the bottom-loop softens the spectrum and, since the variation of the
bottom Yukawa coupling is rather large, the squared bottom-term is larger than the top-bottom
interference term and the spectrum is softened also when negative ¢, values are considered.
The shape difference to the SM is very significant, but only in the small-pr region, where the
soft-gluon resummation is crucial to obtain a reliable prediction. Indeed, the contribution of
the bottom loop decreases with growing pr [40] and above 150 GeV the spectra have all very
similar shapes with ¢; driving their normalisation.

Finally, we discuss spectra obtained by switching on all three SMEFT operators, as shown
in Fig. 5. Our focus here is on scenarios with increased top-quark Yukawa coupling (up to
¢t = 1.5). These scenarios would be of particular interest in the case in which the excess on
the ttH rate over the SM prediction [41, 42] should be confirmed. In order to compensate
the increase in the cross section driven by ¢; > 1 a negative ¢, has been chosen. We observe
a general tendency of the BSM spectra to fall below the SM prediction in the intermediate
and high transverse-momentum regions, which is due to the negative ¢, contribution. The
total rate is compensated by the enhancement in the low pp region, due to a combination of
the negative ¢, coefficient with both negative and positive ¢, modifications. Overall, we find
sizeable distortions of the pr shapes due to the dimension-six operators far beyond the scale
uncertainties of the NLL+NLO SM prediction, that exceed the previously considered scenarios
with two simultaneous varied coefficients in both size and significance. Despite the similar overall
behaviour, the predictions for the various scenarios may differ significantly, which enables their
discrimination when compared to data.

We conclude this Section with a comment on the validity of the EFT approach. The
computation we have performed is carried out under the assumption that we can consider the
effects of higher-dimensional operators as a “small” perturbation with respect to the SM result.
This implies in particular that the effect of dimension-eight operators can be neglected. This is
not obvious, given that we are studying also the large transverse-momentum region. To check
the above assumption we have repeated our calculations by dropping the O(1/A*) suppressed
terms originating from the square of the dimension-six contributions. We find that in most of
the cases the differences with respect to the results shown in Figs. 2-5 are very small, even at
high transverse momenta. Only in the scenarios considered in Fig. 3 (¢; = 0.1,¢4 = 0.075 and
ct = 2,cg = —0.083) the O(1/A%) effects are important, and thus, the corresponding quantitative
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results should be interpreted with care.

5. Conclusions

New Physics might be not accessible at the LHC through direct searches, e.g., with the discovery
of new resonances. In that case, it is crucial to fully exploit the data to study possible (small)
deviations from the SM predictions. SMEFT offers a formalism for the parametrisation of
high-scale BSM effects, which can be used for this purpose. In the SMEFT framework BSM
effects are parametrised through appropriate higher-dimensional operators, and bounds on the
corresponding Wilson coefficients can be set by comparing to the experimental data.

In this paper, we have presented a computation of the transverse-momentum spectrum of the
Higgs boson in which the SM prediction is supplemented by possible BSM effects. Such effects
are modeled by augmenting the SM Lagrangian with appropriate dimension-six operators. Our
calculation consistently includes all the terms up to O(ag’w) accuracy and is supplemented by soft-
gluon resummation at NLL accuracy, which is required to obtain reliable predictions at small
transverse momenta. At the same level of accuracy we implement three dimension-six operators,
related to the modifications of top and bottom Yukawa couplings and to the inclusion of a point-
like ggH coupling. Additionally, we studied the impact of the chromomagnetic operator on the
Higgs cross section at LO.

We have constructed a tool for reliable predictions of the Higgs pr distribution including
dimension-six operators and performed a comprehensive study of the possible effects due to the
different dimension-six operators. We varied the ¢;, ¢, and ¢, coefficients in the range suggested
by recent global analyses and required the total cross section to meet the SM prediction at NLO
within the current O(20%) experimental uncertainty.

We found that variations of different SMEFT operators manifest themselves in different
regions of the Higgs pr spectrum:

e a modification of the Higgs-bottom Yukawa coupling (O3) induces effects almost exclusively
at small transverse momenta

e a direct coupling of the Higgs boson to gluons (O;) changes the shape of the distribution
in the high-pp tail

e a change in the top-quark Yukawa coupling (O2) primarily affect the normalisation of the
spectrum.

We can notice, from the presented spectra, that the shape of the transverse momentum
distribution depends on the mass of the particle that mediates the Higgs-gluon coupling. The
lower the mass of that particle, the softer is the resulting spectrum, and thus the enhancement of
bottom loop leads to the softest spectra, while enhancement of point-like coupling (corresponding
to infinite mass particle in the loop) to the hardest one.

To finalise our conclusions we mention the limitations of our study. Although with
simultaneous contributions of the effective operators the spectra can easily exceed the
uncertainties of NLL+NLO SM prediction, this is not the case for the separate operator’s
contribution. This calls for the increase of the precision of the calculations. The NNLL-+NNLO
predictions for the SM are known, however only on in the HTL approximation. Nonetheless,
the relative BSM/SM effects we have obtained in this paper (i.e., the ratios plotted in the lower
panels of Figs. 2-5) can be used to include BSM effects on top of NNLL+NNLO accurate SM
predictions.

Another aspect which deserves some comments is the set of dimension-six operators we have
considered. In the present calculation we have limited ourselves to consider the contributions of
the operators related to modified top and bottom Yukawa couplings and of the additional direct
Hgg interaction. As discussed in Sec. 3, although formally suppressed by two powers of the top
Yukawa coupling, the chromomagnetic operator could still significantly contribute, within the
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current bounds on its Wilson coefficient, to the gluon fusion cross section. The extension of our
calculation to include these effects is left for future work.
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