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Interplay between new physics in one-loop Higgs couplings and the top-quark Yukawa coupling
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After the discovery of a 126 GeV state at the LHC, it is imperative to establish whether this particle
really is the Higgs boson of the standard model. The early measurements have not yet pinpointed any of
the Higgs couplings to fermions, the Yukawa couplings of the standard model. In this paper we study the
values of the top-quark—Higgs coupling, g;,;, that are still allowed by the one-loop couplings of the Higgs
to two gluons or two photons. We first assume that both the gluon fusion production of the Higgs and its
decay into two photons proceed through loops with standard model particles only, albeit with an arbitrary
top-Higgs coupling. We find that the current Higgs data still allow for 20% deviations in g,; from its
standard model value. We then investigate the effect of new particles contributing to the effective one-loop
couplings. Specifically, we consider a color-octet electroweak doublet extension of the scalar sector and
find that, in this case, g,;; is allowed to deviate from its standard model value by 40% with the current
data.
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I. INTRODUCTION

The two collaborations ATLAS and CMS at the Large
Hadron Collider (LHC) have found a new resonant state of
mass near 126 GeV [1,2], purported to be the standard
model (SM) Higgs boson. The immediate task after the
discovery of this state it to establish whether it really is the
Higgs boson of the standard model or whether there is
physics beyond it (BSM). In particular, the early measure-
ments have not yet ascertained any of the Higgs couplings
to fermions, the Yukawa couplings of the standard model.

This leaves open the more general possibility of a sym-
metry breaking sector separate from a fermion mass gen-
eration sector as in the early technicolor models [3]. In
general, even the scale of electroweak symmetry breaking
and that of fermion mass generation need not coincide [4,5]
and this motivates us to investigate deviations in the top-

therefore the top-quark-Higgs coupling. The experimental
uncertainty in these measurements allows for a range of
possible top-quark Yukawa couplings which we will dis-
cuss first.

We then study the interplay between the allowed range
for the top-quark-Higgs coupling and BSM particles that
can change the one-loop Higgs processes. In particular we
will consider a simple extension of the scalar sector of the
SM with new scalars S transforming as (8, 2, 1/2) under
the SM gauge group SU(3)c X SU(2), X U(1)y. This
color-octet, electroweak doublet, scalar extension of the
SM is that of Ref. [6], motivated by the requirement of
minimal flavor violation [7,8], and we have recently con-
strained the relevant parameters with unitarity and vacuum
stability arguments [9].

quark-Higgs coupling from its SM value. Of course, this
possibility is not as exotic as it may first appear as even a
simple two Higgs doublet model relaxes the proportional-
ity between the fermion mass and its coupling to the
(lightest) Higgs boson.

We will not concern ourselves with a detailed model of
this kind. Instead we will be interested in the purely
phenomenological question of constraining the values of
the top-quark coupling to the observed Higgs boson using
the current data. The main ingredients for this study are the
one-loop couplings of the Higgs boson, namely its produc-
tion via gluon fusion and its decay into two photons and
into Zvy, as these modes involve a top-quark loop and
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II. MODIFIED TOP QUARK-HIGGS COUPLING

In the SM the top-quark coupling to the Higgs boson is
uniquely determined by its mass as the Yukawa interaction
reads

L. =yqtd +He, (2.1)
where ¢ is the third generation SM quark doublet, ¢ is the
scalar doublet, ¢; = €;j¢;, and the top-quark acquires a
mass when electroweak symmetry is broken and the Higgs
field develops a vacuum expectation value (VEV) (¢) =
v/ V2, v = 246 GeV. Equation (2.1) then leads to the
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The htt coupling, g, is thus fixed by the top-quark mass
as i = yt/\/z = m/v.

Beyond the SM, however, this no longer holds. In a
model independent manner we can describe physics
BSM with an effective Lagrangian that respects the sym-
metries of the SM. If we accept the 126 GeV state observed
at LHC as a fundamental scalar, the appropriate effective
Lagrangian for BSM physics with terms up to dimension
six is that of Buchmuller and Wyler [10,11]. One sees that
already at dimension six there are terms in the Lagrangian
modifying Eq. (2.1). For example, the term

Lo=2"(pt$)grd + He 2.3)

AZ
suffices to spoil the proportionality between the top-quark
mass and its coupling to the Higgs boson. In the presence
of this term the htf coupling and the top-quark mass are
modified to

2

htt \/z ued 2\/5/\2
2 2.4)

v
m, =ytﬁ+ 8u¢vm-

This equation illustrates how BSM the Higgs-top coupling
gni (Yukawa) depends on new physics (in this case the
coupling g,4) differently than the top-quark mass.
Examples of specific models generating this operator
would be: a tree-level exchange of a new heavy scalar
singlet; or a one-loop exchange of two color-octet scalars
discussed below when they are in a color singlet electro-
weak singlet configuration. We keep our discussion model
independent and simply allow for an arbitrary itf coupling
parametrized by r, defined by

Lo =r5h, 2.5)
v

We thus have g, = (gni)sm 7+

III. COLOR-OCTET SCALARS

To alter the loop induced couplings of the Higgs boson,
we will consider a model in which the scalar sector is
augmented with a color-octet, electroweak doublet in keep-
ing with minimal flavor violation [6]. The phenomenology
of this model has been studied extensively [9,12-25] so we
keep its discussion to a minimum. The inclusion of the new
multiplet S introduces several new, renormalizable, inter-
action terms to the Lagrangian. Because S has nontrivial
SUB)¢ X SU(2); X U(1)y quantum numbers, it will have
corresponding gauge interactions. In addition there will be
new terms in the Yukawa couplings and in the Higgs
potential that are consistent with minimal flavor violation.
Only three of the nine new parameters will affect our
discussion in this paper and they appear in the scalar
potential of Ref. [6] as
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. 2 . . .
V= /\(HJ”H,» — ?) + 2M3 TeSYS; + A\ H'H, TrS1/S;

+ MHYH; TeSYS, + (AHYHY TrS;S; + He)
T (3.1)

The first term is the same as the SM scalar potential and we
use the conventional definition of A and of v ~ 246 GeV.
The traces are over the color indices and the SU(2) indices
i, j are displayed explicitly.

For our numerical discussion we will eliminate A; by
using the custodial symmetry relation 2A; = A,. We will
also restrict the ranges of A; and A, according to their
recently derived unitarity and vacuum stability constraints.
In particular, we will use the following two conditions:

(i) the tree-level unitarity constraint as described in

Ref. [9], which can be summarized by

12A; + A,| < 18. (3.2)

(i1) the renormalization group improved (RGI) unitarity
constraint of the coupled equations for A, A;, and
Ay, satisfied up to a large scale of 10'© GeV. This
produces an allowed region shown in Fig. 3 of
Ref. [9], which we import for this paper (the blue
region in Fig. 2). Roughly, it can be thought of
asthe area limited by —1.5 = A; = 1.2and — 1.7 =
Ay = 1.2,
The masses of the scalars contributing to the one-loop
Higgs couplings to gluons and photons are given in terms
of the parameters of Eq. (3.1) by [6]

2

v
mgi = mg + )l] Z,
2 2 v’ (3.3)
mGy = mg+ (A + A +245) -, '
R

2
m2 = m% + ()\1 + /\2 - 2A3)UZ

Their contribution to the effective couplings is reviewed in
the Appendix. Our use of the custodial symmetry relations
guarantees that the electroweak precision observable van-
ishes, T = 0, yielding no new constraints. The parameter S

is known to receive the contribution § = 2—; :1—22 [6]. With
S

reference values, m; = 125 GeV and m, = 173 GeV,
S|y—o = 0.05 = 0.09 [26], so that A, ~ 10 is still allowed
at 1o for my; = 500 GeV. This is comparable to Eq. (3.2)
and much weaker than the RGI constraint.

IV. NUMERICAL RESULTS

Fits to the LHC Higgs data already exist in the literature
[27-59] and we use Ref. [54] for our discussion. The
relevant results from that reference are the fits to the one-
loop effective couplings r,, and r, defined by
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FIG. 1 (color online).

Best fit to BR(h2 — y7y) vs BR(h — gg) from Ref. [54]: the red dot is the best fit, the solid and dashed curves

show the 10 and 20 allowed regions, respectively. In the left panel we have superimposed the range of predictions in the color-octet
model for two values of Mg and values of A; , spanning the parameter space allowed by tree-level unitarity. In the right panel we span
the parameter space allowed by the RGI unitarity conditions up to 10! GeV.

hF P

L nggnyy = rCSM

+rchM12 hGS,, G, (4.1)

where the SM contributions ¢}, and c§,, are reviewed in
the Appendix.

A. Color-octet scalars

In Fig. 1 we show the results of the fit from Ref. [54], the
red dot corresponding to the best fit to the data and the solid
and dashed contours being the 10 and 20 regions, respec-
tively. The SM is the point (1,1) in this plot as both axes are
normalized to the SM rates. We have superimposed to this
figure the results of adding a scalar color octet. The figure
on the left shows the regions obtained with parameters A,
and A, that satisfy the tree-level unitarity constraint. We
illustrate two cases, the yellow (larger) region for Mg =
1 TeV and the red (smaller) region for Mg = 1.75 TeV. As
expected, the region of possible rates shrinks as My in-
creases and approaches the SM point. The figure on the
right is obtained with parameters A; and A, that satisfy the
RGI unitarity conditions up to a scale of 10'® GeV. Again,
we have illustrated two regions: a larger yellow one cor-
responding to Mg = 0.5 TeV; and a smaller red one for
Mg = 1.75 TeV. We see that for values of A; and A,
satisfying the RGI conditions up to a high scale, the
corrections to the 7 — gg and h — vy rates are always
within (or very close to) the 1o fit to LHC data.

We can turn the argument around and use the measured
BR(h — yvy) and BR(h — gg) to place additional con-
straints on the parameters A; — A, of the color-octet scalar

potential. We show this result in Fig. 2. This figure repro-
duces the allowed parameter space from tree-level unitarity
(yellow) and RGI unitarity up to 10!° GeV (blue) from
Ref. [9]. On it we superimpose in dark (light) red the
regions allowed at 1o (20) by the BR(Z — y7y) and
BR(h — gg) fit assuming the top-quark coupling is as in

FIG. 2 (color online).

Allowed A; — A, parameter space from
Ref. [9] (yellow and blue regions as discussed in the text),
superimposed with the regions allowed by the BR(h — yvy)
and BR(h — gg) at 1o (dark red) and 20 (light red).
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FIG. 3 (color online). BR(Z — y7y) vs BR(h — gg) as a func-
tion of r, (dots along the curves) for three cases. The parameters
chosen for the black curve correspond to no additional scalars.

the SM. The two separate regions correspond to construc-
tive (upper, larger regions) and destructive interference
(lower narrow regions) with the SM, respectively.

B. Allowed range for htf coupling

We next consider the possibility of an arbitrary top-
quark coupling to the Higgs boss, r;, and illustrate three
cases in Fig. 3. The black curve shows the rates obtained by
allowing r, to differ from 1 but without additional scalars
(hence A, = 0). We see that at the 1o level, the data
permits a 20% excursion from the SM value, as the range
0.8 =r, = 1.2 is allowed. We also see that there are
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negative values of r, close to the 20~ contour at higher
BR(h — yy)/SM ~ 2.2. In fact, taking the ATLAS data
alone there is a second allowed range r, € [ —0.88, —0.75]
[60]. Notice that for », = 1, which is the SM, the values for
BR(h — yvy) and BR(h — gg) are not the closest point to
the best fit values to data. In the SM (no color octet), the
amplitude for & — vy has contributions from a W loop
and a top loop with different signs and with the latter being
proportional to r,. Allowing r, to be smaller than 1, the
cancellation between W and top-quark loops is reduced
resulting in a larger branching ratio for # — 7y and there-
fore in a better fit to the data. If one only considers this
decay mode, r, ~ 0.6 corresponds to the central value of
the fit. However, varying r, will also modify # — gg whose
amplitude is proportional to it. Taking both rates into
account, the best fit is closer to r, ~ 0.95.

New physics contributing to the loop amplitudes, such as
the color-octet scalars, modifies the allowed r, range and
we illustrate this with the green and blue curves in Fig. 3.
Values of A , satisfying the RGI condition up to 10'° GeV
result in minimal modifications, so we show two cases in
which A, are only required to satisfy the tree-level uni-
tarity bound. A reversal of sign in r, is not allowed at the
20 level.

We collect in Fig. 4 three views of the allowed parameter
space in the color-octet model as a function of r, such that
the one-loop rates stay within the 1o region of the fit. The
larger regions (yellow) span the A; — A, parameter space
allowed by tree level unitarity and the smaller regions
(blue) span the A; — A, parameter space allowed by the
RGI unitarity condition up to 10'° GeV. We display the
allowed values of r, for ranges in Mg, 2A; + A, and A;.
The last two are chosen because & — gg depends mostly
on 2A; + A,, whereas 1 — 7y depends mostly on A;. The
plots illustrate how a deviation in r, from one can be
compensated by the presence of additional scalars in the
loop to end up with rates matching the observed ones.
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FIG. 4 (color online).

2A; + A, (left) and A; (center) and M (right).
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Three views of the allowed parameter space at 1o. The larger region (yellow) allowed by tree level unitarity
and the smaller region (blue) allowed by the RGI unitarity condition up to 10'® GeV. We display the allowed values of r, for ranges in
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V. OTHER MODES

In the previous discussion of constraints on the top quark
coupling to Higgs, we have implicitly assumed that chang-
ing the top Yukawa coupling does not modify the fitted
contours from Ref. [54]. This assumption is justified for the
following reasons. The first one is that the main channel for
Higgs production is gluon-gluon fusion in which the top
quark only appears in the loop. In the decay channel, only
Higgs to diphoton is involved with top. So the effects
of changing the top coupling can be parametrized as
Br(h — gg) and Br(h — y7y). The second reason is that
the direct measurement of the top Yukawa through pp —
tth is not yet very restrictive, the current limit being about
5 times the SM value [61]. At present r, € [—1,1] is
allowed by pp — tth alone. In addition, since the color-
octet scalar does not develop a VEV, the tree-level AWW
and hZZ couplings are not changed.

The introduction of a color octet, however, affects other
loop induced processes such as 1 — Zy. We now study the
predicted region allowed for this branching ratio. The de-
tailed contributions are again reviewed in the Appendix. In
general, the contribution from the new scalars to the decay
h — vyvy is positively correlated with the contribution to
h — Zvy, as shown in Fig. 5 and both depend only on A;.
We illustrate three different values of A; allowed by tree-
level unitarity and by Br(h — gg) and Br(h — yvy) at 1o.
In each case we also indicate the effect of varying r, in the
range r, € [—1, 1]. We see that & — Zy is less sensitive to
both the color-octet scalars and the variations of r, than

h— yy.
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FIG. 5 (color online). Correlation between Br(h — Zvy) and
Br(h — yvy) for Mg = 800 GeV and three values of A; as a
function of r, (indicated along the red dots).
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VI. SUMMARY

The LHC has found a Higgs boson of mass near 126 GeV.
The current available data have not yet pinpointed any of the
Higgs couplings to fermions, the Yukawa couplings of the
standard model. In this paper we have studied phenomeno-
logical constraints on the values of the top-quark Yukawa
coupling to the observed Higgs boson. Data currently avail-
able to constrain this coupling comes from the one-loop
Higgs boson amplitudes, namely its production via gluon
fusion and its decay into two photons. The best fit value is
away from the SM prediction although within the 1o re-
gion. At 10, 0.8 = r, = 1.2 is allowed by the data.

We propose studying any deviation in terms of an inter-
play between new physics in the one-loop Higgs couplings
and the top-quark Yukawa coupling. We have used a well
motivated model, the color-octet model, to illustrate the
effect of new particles contributing to the loop amplitudes.
The color octet effects on these decays are already severely
constrained from unitarity considerations, but they can still
play a role in these modes. In particular they relax the
allowed range (at 10) for the top quark—iggs coupling to
0.6 = r, = 1.4. We pointed out that both the color-octet
scalars and the variations in r, also play a role in h — Zv,
although to a lesser extent.

Additional constraints on the top-quark Yukawa from
Higgs-top associated production have also been recently
investigated in [62—-64], although at present they are sig-
nificantly weaker.
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APPENDIX: HIGGS PRODUCTION AND DECAY

For completeness we review the main ingredients in the
(leading-order) one-loop calculation of Higgs boson pro-
duction in gluon fusion and its decay into two photons. For
a general discussion BSM, we need to recall the different
types of particles that can contribute to these two
processes.

It is standard to parametrize the one-loop results with
effective operators for hgg and hvyvy,

o e

£eff = Cgthil“/Ga,uV + C’th’F;LVFMV' (Al)
Different kinds of new particles such as a complex scalar S,
a Dirac fermion f, and a charged and colorless vector V,,

that couple to the Higgs as
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2M2 2M?
Shs*fs — cf—hff + oy =Y

L=~ hViVH,
(A2)

contribute to the effective Higgs coupling to gluons and to
photons as [65-68]

_ 3Cy(ry) 3C,(ry)

dcy > c,Ay(Ty) + cpAs(Ty), (A3)
2 N(r 2
e, =M% g r) + MU iy
2
=3 cvAv(Ty) (A4)

where 8c¢; = ¢; — ¢;sm» Ca(r) is the quadratic Casimir of
the color representation r, and N(r) is the number of colors
of the representation r. The functions A; are defined as

Ar) = 1) = 7]
Ae) = 2l = (o) + 71
1 (AS5)
Ay(r) = §[3(27 — 1)f(r) + 37+ 27%],
arcsin 2,/7 r=1
fin) = { [log §+g 177']2 r>1

with 7; = m?/4M3?. The feature of f(r) =7+ %2 when
7 =0, leads to A,(0) = %, Ag(0) = % and Ay (0) = 7.

In the physics BSM that we discuss in this paper, the
only additional particles are scalars with C,(r,) = 3. The
SM contribution through the top quark has N(r;) = 3 and
the octet has N(r,;) = 8. Deviations from the SM in the top-
quark coupling are parametrized by r, = ¢, in Eq. (A2)
above. Since the masses of the color-octet scalars are not
entirely due to the Higgs VEV, ¢, are the ratio of the
v2-dependent mass term in M2 to M2, for instance, cg= =
(A1v?)/(4m3.).

In general, hZy is also modified. Parametrized as

CzyoohZ, ,F*", we have [69-73]

PHYSICAL REVIEW D 88, 033005 (2013)

1 1 1
Czy = g[CVQZ cot 0A2y<T 5
v v

1 1
X Alzyz —,— ] = ¢;N(r))(2Qs - gzs5)

) +cpN(rp) 20y - 87¢)

(A6)

where A; = In the standard model, the top quark has

4M2
8zif = 125:;%’%;‘”, and an octet scalar gives g, g5 =
1—2sin26y

Tsin 0y, cos 6y - HeTe Oy is the Weinberg angle. The functions

are defined as follows:

Afy(x, y) =43 —tan?0),(x, y) + [(1 +2x7 1)

X tan20 — (5 + 2x~ Y], (x, y), (A7a)
1/2()6 Y) Il(-x’ y) - IZ(X’ Y), (A7b)
AL () = $i(x, y), (ATc)
where
I(x,y) = (”Q) fyyum £
+ (.X — y)2 [g(x) - g(y)]r (Aga)
Lxy) = = =——[f(x) — f)] (A8b)
2(x —y)
For x > 1 we have
f(x) = arcsin2/1/x, (A9a)
g(x) = Vx — larcsin m (A9Db)

For small changes, Br(Zy) and Br(yy) are linearly corre-
lated as
Br(Zy)/SM -1 _ <00520W — sinZHW)
Br(yy)/SM — 1

cos By sin Oy

Zy(1 1
Ay (7)) /Brsm(w)
Al7(rs) \Brsu(Zy)
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