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In light of the discovery of a Higgs-like particle at the LHC, we revisit the status of the precision
electroweak data, focusing on two discrepant observables: 1) the long-standing 2.40 deviation
in the forward-backward asymmetry of the bottom quark AII’F g» and 2) the 2.30 deviation in R;,
the ratio of the Z — bb partial width to the inclusive hadronic width, which is now in tension
after a recent calculation including new two-loop electroweak corrections. Taking the data at face
value, the most compelling scenario is that new physics directly affects Af’pB and R;, bringing
the prediction into accord with the measured values. We propose a modified ‘Beautiful Mirrors’
scenario which contains new vector-like quarks that mix with the » quark, modifying the Zbb
vertex and thus correcting A% and Rj,. We show that this scenario can lead to modifications to the
production rates of the Higgs boson in certain channels, and in particular a sizable enhancement
in the diphoton channel. We also describe additional collider tests of this scenario.
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The ATLAS and CMS experiments have recently discovered a new boson with properties
closely resembling those of the Standard Model (SM) Higgs boson [1, 2]. The focus of the ex-
perimental collaborations now turns to determining the properties of this state. In this respect it is
intriguing that both experiments observe a slight enhancement in the # — 7y channel, though with
the current dataset this enhancement is not statistically significant [3, 4].

If this new state is indeed the Higgs boson, its mass m;, ~ 125 GeV will be in accord with the
expectation indirectly suggested by the precision electroweak data. Of the many precision mea-
surements used to test the electroweak sector, most are in good agreement with the SM predictions,
see for example [5],[6],[7],[8]. However, there are a couple of notable discrepancies. First, there is
the well-known deviation in the forward-backward asymmetry of the bottom quark A%, measured
at the Z-pole at LEP1. The measured value and SM prediction are [5], [8],

(A% p)exp = 0.099240.0016, (A%g)sm = 0.103270 000e, (1)

and thus exhibit a 2.40 discrepancy. Furthermore, a recent calculation of Ry, the ratio of the Z — bb
partial width to the inclusive hadronic width, which includes new two-loop electroweak corrections,
now puts the prediction in tension with the measured value [9] display a 2.30 discrepancy, The
measurement and prediction read [5], [8],

(Rp)exp = 0.2162940.00066, (Rp)sm = 0.21474 40.00003, 2)

It is a matter of debate whether these deviations call for NP. Among a large ensemble of mea-
surements, one may expect an occasional discrepancy of this size. However, a possible counterpoint
with regards to A;’;B, as emphasized in Refs. [10, 11], is that A’;; p favors a heavy Higgs. Excluding
the measurement from the global fit would favor a Higgs boson much lighter than the LEP bound,
perhaps suggesting NP that improves the electroweak fit with a 125 GeV Higgs. This approach was
also advocated in Ref. [12]. This discrepancy and its interplay with the indirect determination of
the Higgs mass has stimulated a number of theoretical works that attempt to resolve this mystery,
see e.g. [13, 14, 12, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25].

In this study [26], we revisit these arguments. We observe that there are now two measure-
ments related to bottom quarks which are discrepant, suggesting either a systematic effect associ-
ated with b-quarks or possibly NP in the b-quark sector. We will consider two possible resolutions
to the A%, and R, discrepancies: First, we will entertain the possibility that NP alters the Zbb ver-
tex, thus changing the predictions for A[} g and Ry,. This scenario leads to a dramatic improvement
in the global fit of the data compared to the SM. Second, we will hypothesize that the Al} g and R,
deviations are a result of an unknown systematic effect, and as such remove these observables from
the EW fit. In this case, we find that the remaining observables are well described by the SM, and
NP which contribute to oblique parameters S and 7 [27] can only marginally improve the fit. Thus,
if one takes the Af’p g and R;, measurements seriously, the most compelling interpretation is that NP
directly affects A%B and R;, so as to bring the measured and predicted values into agreement. As
an example we will focus on the “Beautiful Mirrors” scenario of Ref. [15]. In this class of models,
new vector-like quarks mix with the bottom quark of the SM, thus modifying the Zbgrbg coupling
and in turn A% ;. We then expect that the Higgs production rates as well as decay modes will deviate
from their SM values, since the hbb coupling is altered and new exotic vector-like quarks contribute
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to the loop induced processes & — gg and & — yy. We will revisit minimal models of this type, as
well as some extensions to exhibit the range of possibilities in Higgs phenomenology.

1. Correlating A%, R;, with Higgs Data

The models that we will consider to address the discrepancies in A%, and R, will also cause
modifications to the properties of the Higgs boson. There are three effects that occur: 1) the
coupling of the Higgs boson to bottom quarks, y;, is modified, 2) new colored particles contribute
to the process & — gg, and 3) new charged particles contribute to the process & — yy. These three
effects can be described in a model independent fashion by the quantities, ry, r, 13, defined as

L(h— vy) I'(h— gg) I'(h — bb)

ry = P = Jp = ———————=——. 1.1
" Th—=yy)sm’ ¢ T(h—gg)sm I'(h — bb)sm (1.1)

The experimental collaborations have presented measurements of the best-fit values of the signal
strength u of the new state in the channel i. This dataset can then be used to constrain or test for
the presence of new physics, as has been done first in Ref. [28], after the initial December 2012
announcement of an excess at 125 GeV.
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Figure 1: Best-fit regions of the Higgs signal strength data (1,2,30) in the r, — r, plane. Here we have
marginalized over ry, and contours of constant ry are represented by the red lines. There is a quasi-flat
direction in the x? function along r; ~ 27, for large value of rp .

We have done a simple fit to the combined signal strength data using the yy, ZZ, WW, and
bb channels from ATLAS [1], CMS [1], and the Yy, WW, and bb channels from the Tevatron
experiments [29]. We do not include the 77 channel in the results presented here, but have checked
that this does not qualitatively affect our conclusions.

The best fit point yields (ry, rq,75) = (2.1,1.4,2.1), with a x?/d.o.f = 6.3 /8 versus y*/d.o.f =
11.1/11 for the SM. However, there is a strong degeneracy in the parameters r, and 5, in that
similar fit qualities can be achieved for different combinations of these parameters, as is illustrated
in Fig. (1).
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2. Models for AlbF 5 and R, and Higgs physics

We now investigate NP models that address the A’}B and R; discrepancies in the precision
electroweak data. We will consider the “Beautiful Mirrors” scenario [15] as our starting point. The
basic mechanism for correcting A‘fp g and R, is mixing between the bottom quark of the SM and
new vector-like quarks. This causes a modification of the coupling of the Z boson to the physical
bottom quark, thus affecting A%, and R,

We parameterize the shifts in the Zbb coupling as

L= %Zul_ﬂ/“ [(gL» + OgLp)PrL+ (8ro + OgRD) PRID, 2.1

Two viable regions of parameter space exist:

I. 8gry~0.01640.005, &gz, ~ 0.00140.001, (2.2)
I. Sggry~ —0.174+0.005, Sgzp ~0.001+0.001. (2.3)

For the simplest case in which the bottom quark b mixes with a single vector-like quark B, the
shifts in the couplings are given by gy, = (t3 + 1/2)s? and Sgry = t35% [15], where 3 is the
SU(2)r, diagonal generator for the vector-like quark and s; g = sin 6y g are the sine of the left and
right mixing angles in the b — B sector. Therefore, to obtain the dominant shift in dgg,, the vector-
like quarks must have nontrivial SU(2); quantum numbers. Combined with the requirement of a
charge Qp = —1/3 component, there are just three possible representations. One representation,
¥ ~ (3,3,2/3), allows for mixing with b, and thus leads to a larger shift in 6g;, compared to
dgrp, in contrast to the pattern indicated by the data (2.2,2.3). Thus, there are only two viable
representations:

' ~ (T,B) ~ (3,2,1/6), (2.4)
¥’ ~ (B,X)~ (3,2,-5/6). (2.5)

The first representation (2.4) has the same quantum numbers as the SU(2), quark doublet
of the SM, and thus contains a charge 2/3 component 7 and charge -1/3 component B. Since
t3 = —1/2, mixing between b and B leads to a negative shift in the Zbgbg coupling, Sggy = —s%/2.
To resolve the AL discrepancy, this should be fixed to Sggy, ~ —0.17 (2.3), implying a sizable
mixing angle sg ~ 0.58. The mixing originates from the Yukawa couplings. The relevant mass
terms in the b — B sector are

—% D y1QHbg+y,Y Hbg + MY W +h.c. . (2.6)

The required large mixing angle 6O is obtained if the Yukawa coupling is order one, ¥, ~ 0.7M, with
Y; = yv/V/2, v = 246 GeV. A similar large mixing in the r — T sector would induce a large Whgtg
coupling, which is constrained from b — sy [15]. Thus a large breaking of custodial symmetry
is required, inducing a sizable mass splitting of the 7, B partners and hence a large positive NP
contribution to the T parameter. The electroweak data then point to a region with light vector-like
quarks in the 100-200 GeV range and a heavy Higgs, far above 125 GeV. Given the observation
of the 125 GeV Higgs-like state, as well as stringent constraints on new quarks in the few hundred
GeV range, this model now seems disfavored.
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Models with vector-like fermions that couple to the Higgs can lead to modifications of the
effective Higgs couplings. In the simple models discussed here with vector-like B quarks, there is a
reduction of the hbb coupling (by a factor c%), and NP contributions to 4 — gg and h — yy coming
from loops of the new mirror quarks arise. The Higgs phenomenology for the (3,2,1/6) model in
Eq. (2.6) was studied in detail in Ref. [17]. In particular, for a 125 GeV Higgs the model predicts a
large enhancement in the WW and ZZ channels, uyy ~ 2.4, in conflict with the measurements for
the LHC and Tevatron experiments, Uyy ~ 1.

2.1 Custodial Model

We consider an extension of the SM with the following vector-like fermions:
Wl = (B.X') ~(3,2,-5/6),B, g ~ (3,1,—1/3), 8] p ~ (3,1,—4/3). 2.7)

We will use primed fields to denote gauge eigenstates and unprimed fields to denote mass eigen-
states. The B” and X’ quarks have electric charges or O = —1/3 and Qx = —4/3, respectively.

We will allow mixing of the B vector-like fermions with the » quark of the SM. The most
general Lagrangian leading to the fermions masses is given by

— <! A ! A - - A
— &L D MiVY ¥y +M:B, By + M3 X X5, +y10; Hbg + 2,0, HBg
- ~ — ~ A =<~ - A =/
+ Y3 Hbg + ya ¥, HBy + ysB H Wk + ye P L HX ) +y7X H Wr +hec. .  (2.8)

Without loss of generality, we have rotated away a possible mass term Ml_§/LB}e. We note that
the B’ and X’ fermions can be embedded in a doublet representation ~ (1,2)_s /6 under the global
symmetry group SU(2),, x SU(2)g x U(1)x (with Y =¢3 +X), and in the limit y4 = ys, ys = y7, and
yo» = y3 =0, the Lagrangian of the vector-like fermions is symmetric under the custodial symmetry
SU(2)1, x SU(2)g which protects the model from contributions to the T parameter. To correct A2,
and R;, we will need to take y, and y3 non-zero, but still small in comparison to the vector-like mass
terms, so that the custodial breaking is small. This custodial representation was also mentioned in
Ref. [18].
The Lagrangian (2.8) leads to the mass matrices in the B (b',B’,B’) and X (X', X) sectors:

Yi 0 ¥ MY
My=|vsm v, |, ay="""°], (2.9)
Y; Mj
0 Ys M

where ¥; = yv/ /2. The mass matrices are are diagonalzied via the orthogonal transformations:
My = UL MW, My = Ul MW, (2.10)

Starting from the Lagrangian parameters, we can compute the mass eigenvalues in the quark sector,
the rotation matrices % x, #3x, and the couplings of the physical fields. However, as we will
discuss in detail momentarily, the masses of the new quarks are quite constrained by LHC searches,
and as such must be heavy. It is therefore useful to work in the regime where the vector-like mass
terms M > 3 are much larger than the corresponding Yukawa terms Y;, and integrate out the heavy
vector-like fields. We can then match to a set of effective operators that can be used to describe
the corrections to the SM predictions for e.g. the Zbb couplings and Higgs couplings. We now
describe these steps and the approximate results in the effective theory.
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Numerical Results We now explore the parameter space of the model (2.8), finding regions
which resolve A%, and R, discrepancies, give small contributions to the oblique parameters S and
T, are consistent with direct searches for vector-like quarks at Tevatron and LHC, and, finally,
provide a good description of the Higgs signal strength data.

Since there are many new parameters in the model, we will now make several physically
motivated assumptions in order to reduce the parameter space: 1) We fix the couplings Y> and Y3
in order to cause the shift in the Zbb couplings to their central values in Eq. (2.2), which bring the
AIIZ- g and Ry, predictions into agreement with their measured values. 2) We fix Y} by the requirement
of obtaining the correct b quark mass. 3) We fix M, = M3 as motivated by custodial symmetry.
This leaves 6 parameters that describe the model, namely, Y4,Ys, Ys, Y7, M, M,. For simplicity, we
will further fix ¥4 = Y5 = Yp and Y5 = Y7 = Yx. Finally, we will also assume a common vector-like
quark mass scale M| = M, = M3 = M. With these simplifications there are 3 parameters: Yz, Yx,
and M.

The most robust constraint on the model comes from the ¢’ searches at the LHC discussed
above, which restrict My > 560 GeV. With the simplifying assumptions above, the lightest X mass
is given by My = M — Yy, so that, e.g. for a given vector-like mass scale M, the X sector Yukawa
coupling must be less than some maximum value.

We first fix the vector-like mass scale to M = 800 GeV and show in Fig. 2 the preferred
regions of parameter space in the Yz — Yx plane. The fit to the Higgs signal strength selects a region
—100 GeV < Y5 <20 GeV and |Yx| 2 100 GeV, shown in dark blue in Fig. 2. In this region, the
signal strength in the diphoton channel is enhanced, 1 < pyy < 1.6, as illustrated by the constant
Myy contours in orange in Fig. 2. This enhancement in (iyy is a result of 1) the loop contribution
of the charged —4/3 particle X to & — 7y causing ry, 2 1, and 2) a suppressed coupling of the
physical b-quark to the Higgs due to mixing, which causes r, < 1 and enhances the branching ratio
of h — yy. The brown shaded region in Fig. 2 corresponds to My > 560 GeV and is thus excluded
by ¢’ searches. Finally, the parameters in the gray shaded regions lead to oblique contributions
which are in tension with the preferred values of our fit.

We concluded that the model can provide a good description to the Higgs signal strength data,
and in particular an enhancement in the diphoton channel t,, ~ 1.6, while simultaneously resolving
the two discrepant precision observables A%, and Ry,

3. Conclusions

In this paper we have reexamined the precision electroweak data following the discovery of a
Higgs-like state at the LHC. We have paid special attention to A% and R, which currently exhibit
tension with the SM at the level of 2.40 and 2.30, respectively. We have shown that upon exclusion
of these observables from the global electroweak fit, the remaining data are well described by the
SM, and the fit prefers a Higgs mass of 125.7 GeV due to the precise LHC measurement. On the
other hand, if one believes the measurements are correct, then the global fit to the SM is of low
quality. New physics in the form of non-universal shifts to the Zbb vertex can dramatically improve
the global fit and bring the predictions for A%, and Ry, into agreement with the measurements.

Such new physics will generically lead also to modifications to the properties of the Higgs
boson. In particular, we have investigated the Beautiful Mirrors scenario, which contains new
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Figure 2: Preferred regions of parameter space in the Yp — Yx plane, with the common vector-like mass fixed
to M = 800 GeV. The dark (light) blue area represents the Higgs signal strength 16 (20) preferred region.
The gray (light) region bounded by solid gray lines predicts oblique parameters S, T outside the 10 preferred
region. The brown (dark) shaded region at large values of Yy is excluded by ¢’ searches. We also show in
orange the contours of constant signal strength in the diphoton channel piy,.

vector-like quarks that mix with the bottom quark of the SM. In the simplest models in this frame-
work, the new vector-like quarks in this scenario can have large couplings to the Higgs boson, but
only at the expense of large custodial symmetry breaking which could reintroduce a tension with
the electroweak data. With this motivation, we have proposed a ‘custodial’ version of the model
which can protect against large contributions to the T parameter. We have confronted this model
with precision electroweak data, Higgs signal strength data, and collider searches, deriving regions
of parameter space which are in agreement with all experimental results. In particular, the model
predicts an enhancement of the diphoton signal strength between 1 S iy, < 1.6.
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