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By using the LHC and Tevatron measurements of the cross sections to various decay channels relative
to the standard model Higgs boson, the total width of the putative 125 GeV Higgs boson is determined as
6.177:7 MeV. We describe a way to estimate the branching fraction for the Higgs-boson decay to dark
matter. We also discuss a no-go theorem for the yy signal of the Higgs boson at the LHC.
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The total width of the 125 GeV Higgs-boson signal is of
intrinsic interest, but it is generally very difficult to deter-
mine the total width Iy, of a narrow resonance like the
Higgs boson. Moreover, the determination of this quantity
is also an important test of the Higgs mechanism of the
Standard Model (SM). A sizable deviation from the SM
prediction would directly indicate new physics. The Higgs-
boson width can be measured at a -y collider [1] or a
ut u™ collider [2] through its line shape, and such facili-
ties are under consideration.

We will present a simple method to determine the total
width I'% of the 125 GeV Higgs signal h° by using LHC
and Tevatron measurements with the SM Higgs boson /2,
as a benchmark. We will apply this method to the data of
the putative Higgs-boson signal with mass 125 GeV. Pre-
LHC studies [3—-6] were made of a similar ilk.

Outline of the method.—The h° total width is given by
the sum of partial widths that can be normalized to the hQy,
partial widths:

[ =3 Th_pz= Z')’AAthM—v\A’ Yaa ZM' (1)
AA A& ‘ ligy—AA

For the 125 GeV Higgs boson, we consider the channels

AA = bb, 7, gg, WW*, ZZ*, cC, vy, and Zy. 44 is the

ratio of the h° partial width of the AA channel to that of

hy;- The cross section of a given channel relative to the

hQ\, expectation is given by

XA = o(XX — 1° — AA)  yxxVaa @)

- o(XX — hGy — AA) /Ty

where X is the initial parton in the proton participating in the
fusion process. Then, we can obtain F;l%t via measurements

PACS numbers: 14.80.Bn, 13.85.Qk, 14.80.Ec

fraction BF(h° — AA), that is, o(XX — h® — AA) «
Fo_xg X BF(hO — AA).
In Eq. (1), I‘;l?} / I“h‘?} is represented by
SM
P/ = R = 058y, +0.067,, +0.24yyy
+0.09y,, + 0.03y,., 3)

where we use the BF of hQ,, in Table I, extracted from
Ref. [7], and assume yyw+ = Yzz(= Yyy), as is the case
for spontaneous symmetry breaking via the SU(2); Higgs
doublet [8]. y.. can be approximated by unity in Eq. (3)
since 7y, is a subleading contribution.

Lllustrations of width determination.—The five y pa-
rameters (gg, bb, 777, VV, and y7y) can be determined
by LHC and Tevatron measurements of the corresponding
ratios in Eq. (2). Then, the value of '3l is determined by

T
=T (0.587,, +0.06y,, +0.24yyy +0.09y,, +0.03)
“4)

with F;‘?S}M = 4.07 MeV [7]. The small yy and Zvy contri-

butions can be neglected here.

The experimental values of the ratios of Eq. (2) at m0 =
125 GeV reported by CMS [9,10] and by ATLAS [11] are
given in Table II, along with the ratio for the bb channel

TABLE I. Branching fractions of the SM Higgs boson with
mass 125 GeV as predicted in Ref. [7]. The total Higgs width is
F;l%‘ = 4.07 MeV with an uncertainty of =4%.

SM

of the ratios of Eq. (2) following Eq. (1). Equation (2) is  Channel b»b 7 7% WW* ZZ* gg c¢ vyy Zy
. . . et . () — -+

derived from the proportionality of o(XX — h" — AA)to [0 TS0 65 215 264 857 201 0228 0154

the corresponding decay width I'jo_ x5 and the branching
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TABLE 1. XA = o(XX — h® — AA)/o(XX — hY; — AA): The observed Higgs-signal cross sections at the LHC from various
processes relative to the standard model Higgs boson at m;0 = 125 GeV are given by CMS [9] and by ATLAS [11]. VV — yy is
determined by CMS from dijet diphoton events [10]. The bb signal of the second row is inferred from the recent Tevatron data [12]. R

is the h° total width relative to that of 42y, with the same mass. See Eq. (3).

o/osum CMS [9,10] ATLAS [11] Tevatron [12]
qq — Vbb Vb = yyvyes/R 1.272] —-0.87138 2.0+ 0.7
gg— T T 8T = VgoVrr/R 0.6371:9 0.0=*1.7

gg— vy gy = 'ygg’yw,/R 1.62 = 0.68 1.6t82§

gg — WwW* gW = v, vvv/R 0.40 = 0.55 0.20 = 0.62 0.0759
88— 27" 8Z =Yg yvv/R 0.58%0% 14553

VV—yy VY = Yuv ¥y, /R 3.8%3% [10]

qq — VAA gA = yyyYaa/R

inferred from the latest Tevatron data [12]. A x? fit gives
the estimated values of the y,4 parameters in Table III.

Because of the strong correlations between 7y, ., and
Yyy- l00se upper limits are obtained for these quantities
from the present data. We obtain the value I')} =
6.177:7 MeV. However, the determination will be much
improved (see, e.g., Refs. [3,5]) as the data increase. The
2012 LHC run is expected to accumulate an integrated
luminosity of 15 fb~! per experiment at 8 TeV and those
data can be combined with the data from the 5 fb™! at
7 TeV. If all the LHC uncertainties become half the present
ones and the central values remain the same, the value of
I becomes Iy = 3.4723 MeV.

vy enhancement.—The y7y cross section seems to be
enhanced compared with h(S)M, although this could be an
upward statistical fluctuation. In the SM, it is given theo-
retically by the triangle loop diagrams of the W boson and
top quark. If a new heavy fermion and/or a heavy scalar
couple to the SM Higgs boson, and their masses are
generated by the Higgs mechanism, the y,, and vy,, are
given (see, e.g., Ref. [13]) by

N, __N.
) =<%1.19—gl.03—TQ; ﬁgg)z
s 71.19 - £1.03 ’

1103 ¢r Cs ©)
y :<_61' _T_fSﬁ)z
88 ’
—11.03

TABLE III.

where the 1st (2nd) term in the numerator or denominator
in vy, represents the W boson (top quark) loop and 1.19
(1.03) is the correction from the finite W(¢) mass. The first
terms in the denominator and the numerator in y,,, are from
the top quark loop. Here, we have assumed the /4° couplings
to W and ¢ are the same as those of h3,;. The masses of
the new particles are assumed to be sufficiently heavy that
the mass corrections can be neglected. The numerators and
denominators are normalized in Eq. (5) to a fermion con-
tribution. Qg is the electric charge of a new fermion
(scalar). N.. is the color degree of freedom of a new particle
in the loop. Cy s is the quadratic color Casimir factor of the
new fermion (scalar). It is 1/2(3) in the fundamental (ad-
joint) representation; f¢ = 1(1/2) for a complex (real)
scalar. It is an important conclusion that a new fermion or
scalar contribution, if it does not have a large N, works to
decrease v,, [14]. For example, in the fourth-generation
model, (7, ¥¢,) = (0.21, 8.7). The large v,, of the fourth

generation leads to R(= FZ?}/FZ%‘ ) = 1.66, and corre-
SM

spondingly the WW*, ZZ*, bb, and 7~ 7" channels from
gluon fusion are enhanced by y,,/R = 5.2; yy via gluon
fusion is y,,7Y,,/R = 1.1, almost the same as the SM,
while yvy by vector-boson fusion is strongly suppressed,
¥yy/R = 0.12.1f the 7y enhancement in the diphoton dijet
events [10] is mainly from VV fusion and the measured
value is confirmed, the fourth-generation model will be
excluded mass-independently. See also Ref. [15].

v a4 Obtained by the fit to the data in Table II. One-sigma statistical uncertainties are given. Partial widths of the 125 GeV

Higgs I'jo_45 and the BF are also given. The total width is estimated to be I'i} = 6. 137 MeV. The errors of I3 and BF (h° — bb)
correspond to the one standard deviation of 7y,,. The BF errors for the other channels are estimated by treating I'y4 and T;l%‘ as
independent quantities. In the SM, all the 44 are unity and the total width is I''}' = 4.07 MeV [7].

Y
AA bb 7t wWw* 7z gg vy
Yan 1.8431 1.1+38 1.347531 1.347937 0.57%548 43431
BF(h° — AA) (%) 68.71142 4.5%169 19.17151 2.3423 3.2439 0.65758
Tz (MeV) 4.2473 0.3749 1.2753 0.14+00¢ 0.20504¢ 0.0475:9
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Similarly, if the enhancement of VV — h® — yy is con-
firmed, the interpretation of the 125 GeV Higgs-boson
signal as the dilaton or radion [16—18] will be discarded,
since the vector-boson fusion to the diphoton cross section
is strongly suppressed in these models compared with the
SM Higgs boson.

The loop contributions of a new scalar or a new fermion
are proportional to dimensionless factors A g,

Y
A =21
f ms 5 2m§

_ Ywossv 6)

>

where Y¢(Y,o55) is the Yukawa coupling of the new
fermion (scalar) and the v is the Higgs vacuum expectation
value v = 246 GeV. A ¢ = 1 corresponds to the case that
the fermion (scalar) mass is generated by the Higgs mecha-
nism. For a heavy particle with no Higgs mechanism for its
mass generation, Ay < I and y,, = v,, =1, so the yy
cross section becomes the same as the SM Higgs boson. To
obtain a large enhancement, a mg smaller than v is
necessary or alternatively the color factor of the new
particle is large.

The cross section ratios of various processes relative to
the SM Higgs boson are plotted versus A s in the cases of a
color-octet fermion (denoted as F'8, also called leptogluon
[19]) and a color-octet scalar (S8) in Fig. 1.

The §8 [20] is an interesting possibility. It was discussed
in the context of Higgs underproduction [21,22] at LHC for
the circumstance that this new scalar has light mass and the
Higgs boson has a sizable branching fraction to this scalar
channel. If the mass of this color-octet scalar is generated
by the Higgs mechanism, following Eq. (5), by using
N, = 8 (Cg = 3), the y values of a Q; = 1 charged scalar
are (¥, ¥ge) = (0.35,6.0). For a new scalar without a
Higgs origin for its mass generation, the sign of the cou-
pling A is arbitrary. In the S8 case of Fig. 1, both enhance-
ment factors, gy and Vv, are less than ~2. Similar results
are also obtained for a color-triplet scalar (S3: leptoquark)
and a color-triplet fermion (F3). However, the present data
seem to suggest WW* suppression and vy enhancement in
gg fusion and V'V fusion. This tendency is not reproduced
by S8 but may be realized with F'8, as can be seen in Fig. 2,
where the preferred regions of the parameters AN, Q% and
A;Cy by the present data are shown. In the case of F3
(leptogluon), the trends of the present data can be repro-
duced with A, = —0.31, as shown by the yellow vertical
band of F8 in Fig. 1, for which (gy, gV, Vy) =
(1.52,0.67, 2.35). If the Yukawa coupling of the leptogluon
is the same as the top quark, but the sign of A is reversed, its
mass is estimated to be mpg = m,/0.31 = 500 GeV. The
corresponding Zv partial decay width is almost the same as
the SM Higgs boson: yz, = 1.04. Then, a Zy cross section
ratio via gluon fusion of 0.69 * 0.09 is predicted, which is
almost the same as gV.
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FIG. 1 (color online). A dependence of the cross sections of
various processes relative to the SM Higgs boson, for the case of
a color-octet fermion (leptogluon: F8) with charge Q, = 1 and a
color-octet scalar (S8) with O, =1: XA = o(XX— i’ —
AA)/o(XX — hdy; — AA). We consider three quantities, XA =
g7, gV, and Vv, corresponding to gg — 7y (solid blue line),
gg — VV (WW* or ZZ") (short-dashed red line), and VV — yy
(long-dashed green line). Af s is the Higgs coupling normalized
by the Yukawa couplings giving the masses by the Higgs
mechanism. See Eq. (7) for the definition. The yellow vertical
band in the top panel is preferred by the present data, suggesting
vy enhancement.

More generally, Fig. 2 is a vector space that can be used
in identifying new particle contributions from experimen-
tal measurements of the XA.

Solutions satisfying gy > 1, Vy > 2, and gV <1 for
lower-dimensional representations of SU(3),. are summa-
rized in Table IV.

It is very difficult to obtain Vy >2 and gy > 1. This
constitutes a no-go theorem. Only the F8 (and F6) are
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FIG. 2 (color online). Regions of yy enhancement in the
/\_fNCQ}, AsCy plane in the Q; = 1 case. The gy > 1 region
is divided into four colored regions: Vy <1, 1 <Vy <2, and
2 < Vv are yellow (light gray), brown (medium gray), and green
(dark gray), respectively. The red meshed region, which is
preferred by the present experimental data, corresponds to
Vy>1 and gV <1, where the latter is between the two hori-
zontal lines, A,C; =0, —1.03. A color-octet fermion (lepto-
gluon), a color-triplet fermion, and a color-singlet fermion are
shown by solid lines with the end points corresponding to
Ay = —1 (squares) and A; = 1 (circles). In the Oy # 1 case,
the x coordinates scale with Q%-. Ay = 1 corresponds to the case
of its mass generated by the Higgs mechanism. A color-octet
fermion with O, = 1 is consistent with the red meshed region at
Ay = —0.31. For a new scalar, the lengths of the theory lines
should be scaled by 1/4; thus, a scalar octet has no overlap with
the preferred red meshed region.

possible if we limit the charge of the new particle
Q¢ = 1. For still higher-dimensional color representations,
the theory lines do not overlap with the preferred
region for the Q =1 case, as can be deduced from
Fig. 2.

The possibilities of light stop and light stau in the
minimal supersymmetric standard model are discussed in
Refs. [23-26]. The effect of the stop loop is suppressed
compared with the top-quark loop because the stop quark is
scalar, and the chargino contribution is suppressed by the
absence of color. The stau effect is suppressed by both. The
vy production ratio generally does not deviate much from
unity in supersymmetry.

Similarly, in the universal extra dimension model,
where the KK modes of W bosons, quarks, and leptons
contribute to the loop, at most a 50% enhancement of yy is
found for the allowed region of parameters [27].

TABLE IV. Solution satisfying the yy enhancement for SU(3)
representations with dimensions = 27. F'3 and S10 represent the
color-triplet fermion and the color-decouplet scalar, for example.
The typical values of A satisfying gy > 1, Vy >2,and gV <1
are given.

Of As Oy Ay
F1 5/32) —0.9(=0.7)
F3 5/32) —02(-03) S3 5/3(2) —10(=0.9)
F6 1(5/3) —0.38(—0.32)
F8 1(4/3) —0.31(=0.3)
F10 4/3(2) —0.13(=0.12) S10 4/3(2) —0.50(—0.45)
F27 5/3(2) —0.034(—0.032) S27 5/3(2) —0.14(—0.13)

Possible dark matter contribution.—When we consider
the possible decay to the dark matter channel, I')j is
replaced by the decay width to the visible channels I'}§
in the left-hand sides of Egs. (1), (3), and (4), while
Eq. (2) is unchanged. The I')j in Eq. (2) now includes
the partial decay width to the dark matter channel I';o_, 55
as [28]

T =TV + Ty = FIUS

hO ’
p= 3

AA=bb,7~ 77, VV,gg,c¢

)

Fho_,AA.

The detection of the Higgs invisible decays at hadron
colliders has been studied in Refs. [29,30]. The factor
F(= 1) is related to the BF to dark matter D by

BF(h° — DD) = FT_I (8)

Our method of fitting the quantities of the left-hand side of
Eq. (2) now determines ¥/, = yx4/F, not 4y, since in
Eq.2) I3/ Ly =F F]Vl'})s / Ly = FR, where R is given by
the second equality of Eq. (3).

In many models, such as the minimal supersymmetric
standard model in the decoupling limit, the WW* and ZZ*
couplings are nearly the same as those of the SM Higgs
boson: yyy =1 [31]. In this case, the value of yyy/F
obtained by our method gives directly the value of 1/F
which in turn gives BF(h° — DD) following Eq. (8). The
best-fit value of yyy/F in Table III is 1.3470:37 which
suggests F' =~ 1. A very large BF [32] to the invisible decay
channel is disfavored [33]. BF(h° — DD) < 0.46ina95%
confidence level from the present data.

Concluding remarks.—We have presented a method of
determining the total width of the putative 125 GeV Higgs
boson. The measurements of the y7y cross section of the
Higgs signal relative to that of the SM will discriminate
amongst many candidate models of new physics. It is
difficult to obtain a theoretical enhancement of the yy
signal of more than 2. This constitutes a no-go theorem.
For a charge Q = 1, this theorem is evaded with a new
light-mass fermion with a color octet (leptogluon) or a
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color sextet and a negative Higgs coupling. Such a colored
state can be directly tested [34] by LHC experiments.

Measurements of the vector-boson fusion process and
the vector-boson bremsstrahlung processes (cf. Table II)
can significantly improve the uncertainty on the total Higgs
width estimate.

Accurate measurement of the ratio of the yy to ZZ*
cross sections would determine yw/ Yyy, independently
of the value of y,,.

The branching fraction for the decay of the Higgs boson
to dark matter can be inferred in the decoupling limit of
the WW* and ZZ* couplings of any two Higgs doublet
models [35].

The methods presented in this Letter should be useful
when higher statistics data are acquired on the Higgs
signal. One must be cautious about overinterpreting the
data until the Higgs signal is fully established.
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