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ABSTRACT: The Zbb coupling determined from the Z-pole measurements at LEP/SLD
shows an about 30 deviation from the SM prediction, which would signal the presence of
new physics in association with the Zbb coupling. In this work we give a comprehensive
study for the full one-loop supersymmetric effects on the Zbb coupling in both the MSSM
and the NMSSM by considering all current constraints which are from the precision elec-
troweak measurements, the direct search for sparticles and Higgs bosons, the stability of
Higgs potential, the dark matter relic density, and the muon g — 2 measurement. We an-
alyze the characters of each type of the corrections and search for the SUSY parameter
regions where the corrections could be sizable. We find that the sizable corrections may
come from the Higgs sector with light m 4 and large tan 3, which can reach —2% and —6%
for py and sin? 92&7 respectively. However, such sizable negative corrections are just oppo-
site to what needed to solve the anomaly. We also scan over the allowed parameter space
and investigate to what extent supersymmetry can narrow the discrepancy. We find that
under all current constraints, the supersymmetric effects are quite restrained and cannot
significantly ameliorate the anomaly of Zbb coupling. Compared with x?/dof = 9.62/2 in
the SM, the MSSM and NMSSM can only improve it to x?/dof = 8.77/2 in the allowed
parameter space. Therefore, if the anomaly of Zbb coupling is not a statistical or systematic
problem, it would suggest new physics beyond the MSSM or NMSSM.

KEYWORDS: Pupersymmetry Phenomenology.

© SISSA 2008


mailto:junjiec@itp.ac.cn
mailto:jmyang@itp.ac.cn
http://jhep.sissa.it/stdsearch

Contents

=

introduction

=

[\

General formula to calculate p; and sin? OZH

8 ™

Constraints on SUSY parameters

= =

One-loop corrections to pp and sin? Ggﬁ in MSSM
] Characters of vertex corrections in MSSM
3 MSSM predictions for p, and sin? 8%

[

One-loop predictions for p, and sin? ngf in NMSSM
b.] Introduction to the NMSSM
F.d NMSSM correction to pj and sin? HZH

EEE Bom

=

Conclusions

B =
%

Gauge boson self-energy in NMSSM

Vertex corrections to Z — ff in NMSSM

=l

[0

NMSSM contributions to the p-decay

N

1. introduction

Although most of the electroweak data are consistent with the Standard Model (SM) to a
remarkable precision, there are still some experimental results difficult to accommodate in
the SM framework. A well known example is that the effective electroweak mixing angle
sin? g determined from the leptonic asymmetry measurements is much lower than the
value determined from the hadronic asymmetry measurements [il, B], and the averaged
value over all these asymmetries has a x2/dof of 11.8/5, corresponding to a probability of
only 3.7% for the asymmetry data to be consistent with the SM hypothesis. Such a large
discrepancy mainly stems from the two most precise determinations of sin?f.g, namely
the measurement of Arr by SLD and the measurement of the bottom forward-backward
asymmetry A% p at LEP, which give values on opposite sides of the average and differ by
3.2 standard deviation. It is interesting to note that if such a discrepancy is attributed
to experimental origin and thus the hadronic asymmetry measurements are not included
in the global fit, then a rather light Higgs boson around 50 GeV is indicated from the
fit [, ], which is in sharp contrast with the LEP II direct search limit of 114 GeV [j]



and results in a compatible probability as low as 3%. If we resort to new physics to solve
this discrepancy, the new physics effects must significantly modify the Zbb coupling while
maintain the Z-boson couplings to other fermions basically unchanged. In this work we
focus on the Zbb coupling and scrutinize the supersymmetric effects.

In our analysis we choose to parameterize the Z ff interaction at Z-pole in term of
the parameter ps and effective electroweak mixing angle sin? H‘fﬁ 8. [:

T = (V2Gupp)man® | -2Qp sin? 0fy + 1 (1 - 35) (1.1)

This parametrization is preferred from the experimental point of view because all the
measured asymmetries are only dependent on sin® 9({& and their precise measurements can
directly determine the value of sin? 9({&. From the combined LEP and SLD data analysis,
the fitted values of p; and sin? Hécff agree well with their SM predictions for leptons and
light quarks, but for the bottom quark their fitted values are respectively 1.059 4+ 0.021
and 0.281 +0.016 (with correlation coefficient 0.99), which significantly deviate from their
SM predictions of 0.994 and 0.233 (for m; = 174 GeV and my = 115 GeV) and leads to
x%/dof = 9.62/2 (corresponding to a compatible probability of 0.8%). To best fit the
experimental data, p, and sin? Hgff should be enhanced by about 6.5% and 20%, respec-
tively. While we can envisage that the supersymmetric effects are not usually so large, we
want to figure out to what extent supersymmetry can improve the situation. For this pur-
pose, we choose two popular supersymmetric models: the minimal supersymmetric model
(MSSM) [B] and the next-to-minimal supersymmetric model (NMSSM) [{].

For the NMSSM effects on Zbb coupling, which have not been studied in the literature,
we will perform the calculation to one-loop level. For the MSSM effects, which have been
studied by many authors [[[(—[[J], we will renew the study in the parametrization of p, and
sin? Hgﬁ (the previous studies usually examined the effects on the Z-width, the ratio R, and
the asymmetry AII’; p)- For both the MSSM and NMSSM, we will consider various current
experimental constraints on the parameter space, which are from the precision electroweak
measurements, the direct search for sparticles and Higgs bosons, the stability of the Higgs
potential, the cosmic dark matter relic density, and the muon g-2 measurement.

This paper is organized as follows. In sectionll we introduce the general formula for the
calculation of py and sin? 9({& and apply them to the MSSM and NMSSM. In sectionlIl we
summarize the constraints considered in this work and briefly discuss their characters. In
section IV and section V we perform numerical study for the corrections to pj, and sin? 92&
in the MSSM and NMSSM, respectively. We will first show the characters of different
type corrections, then we will scan the whole SUSY parameter space to investigate the
compatibility of the supersymmetric predictions of p, and sin? Hgﬁ with their experimental
results. Finally, in section VI we conclude our work with an outlook on the possibility of
solving the Zbb anomaly.

2. General formula to calculate p; and sin? 0(’:5

In the SM with the input parameters the Fermi constant G, the fine-structure constant
«, Z-boson mass myz and fermion masses my, the electroweak mixing angle sy = sin Oy,



is determined at loop level by [E,E]
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with W denoting the renormalized W-boson self-energy, 6° and 8° being the vertex cor-
rection and box diagram correction to u decay u — v ev,., respectively. To get a more
precise numerical result for s%,, one can iterate eqs. (B.1) and (B.2) a few times.

With the sy defined above, the effective Zff coupling at Z-pole takes the following

form [, [[4]

1
P%ff = (\@Gu(l — Ar)) ’ mzfy“{vf —apys + ovy —dagpys

5 %) +028) (v —ass) —2Qfs%vm}, (23)

where vy = Ig —2Q fS%V and ay = Ig are respectively the vector and axial vector coupling
coefficients of Zf f interaction at tree level, and év ¢ and day are their corresponding cor-
rections. X', is the derivative of the unrenormalized Z-boson self-energy X, with respect
to the squared momentum p?, and (5Z2Z is the field renormalization constant of Z-boson
given by

677 — s 0) - 26%/[/ ) n & — 8% <ReEZ(m2Z) ReEW(m%,V)> (24)
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and Ak is given by
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In eq. (R) the factor 1(2}(m%) + 6Z%) comes from the fact that the residue of the
renormalized Z propagator is different from 1, while the last term enters due to Z —

(2.5)

mixing at Z-pole.
If we re-express I, 7 0 eq. (B-3) in term of py and sin Q{H as in eq. ([L.1), we get
o5 = 1 pae + Spp0, 26)
sin? Hgﬂp = (1 + 6kse + 0k p0)shy, (2.7)
with dkse = Ak and
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In above equations the subscript ‘se’ means the contribution from the gauge boson self-
energy which is flavor independent, and ‘f,v’ denotes the contribution from the vertex
correction to Zff interaction. In practice, it is convenient to express dpfv and Okf, in
term of 5g£ and 59}; respectively

dgl — ol 260~ 8% Gmp, = (a —vy)dg) + (ay +vy)dgh

2.9
af —4Qraysyy (29)

5pf,v =

where 592 r = OvpEday are the corrections to Z fr, fr and Z fr fr interactions, respectively.
From above equations one can learn that the correction to dpy,, is decided by the competi-
tion of 5g£ and 59{%, while 6k ¢, is mainly determined by 59{% dueto (ar+vys)/(af—vy) ~ 5.4.

Noting that the Feynman rules for Z-boson couplings in SUSY models usually differ
from their corresponding rules in the SM by a minus sign [§, B, Y,z and 0k, in the
above formula should change sign if one uses the Feynman rules in SUSY models. The self-
energies and the vertex corrections in SUSY models then include both the SM-particle loop
contributions and SUSY-particle loop contributions. Since the SM-particle contributions
are well known, in appendix A and B we only list the one-loop expressions for the SUSY
contributions. The only subtlety one should note is to avoid the double-counting of the
Higgs contributions. This problem arises due to the following reason. On the one hand,
the SM values of p, and sin? Hgﬁ are known to higher orders, and one usually incorporates
such high-order SM effects when performing numerical calculations in SUSY models. On
the other hand, because the SUSY Higgs sector is quite different from the SM, one cannot
get the SUSY Higgs contributions simply by adding some additional terms to the SM
Higgs contributions. In our calculation in SUSY models, to avoid the double-counting
of the Higgs contributions, we first subtract the SM Higgs contributions from their SM
values (calculated by the codes TOPAZO0 [[f and ZFITTER [[7]), and then we add the
full one-loop contributions from the SUSY Higgs bosons and sparticles.

3. Constraints on SUSY parameters

Before we proceed to discuss the SUSY corrections to Zbb coupling in the MSSM and
NMSSM, we take a look at the SUSY parameters involved in our calculations. From
the expressions of Zff vertex correction listed in appendix B, one can learn that the
SUSY- EW correction depends on the masses and the mixings of top squarks, bottom
squarks, charginos and neutralinos, the SUSY-QCD vertex correction depends on gluino
mass and the masses and the chiral mixing of bottom squarks, and the Higgs-mediated
vertex correction depends on the masses and the mixings of Higgs bosons. The expressions
of the gauge boson self-energies listed in appendix A indicate that the SUSY correction
also depends on the masses of sleptons and the first-two generation squarks. About these
SUSY parameters, we consider the following constraints

(1) Constraints from the direct search for the sparticles at LEP and Tevatron [[1§]

mgo > 41 GeV,  mgo > 62.4 GeV,  mgo > 99.9 GeV,  mg+ > 94 GeV,
1 2 3



meg > 73 GeV, mp > 94 GeV, msz > 81.9GeV, mg > 250 GeV,
m; > 89 GeV, my > 95.7 GeV, mg > 195 GeV,

where mgo denote the masses of the neutralinos and mg denotes the masses for the
first two generation squarks.

(2) Constraint from the direct search for Higgs boson at LEP [I]. This constraint can
limit the values of m4, tan 8 and the masses and the chiral mixing of top squarks.
In case of large tan 3, it can also put constraints on the masses and the mixing of
bottom squarks. Generally speaking, this constraint requires the product of two top
squark masses, m;, m;,, should be much larger than m? ().

(3) Constraint from the theoretical requirements that there is no Landau pole for the
running Yukawa couplings Y, and Y; below the GUT scale, and that the physical
minimum of the Higgs potential with non-vanishing (H,) and (Hy) is lower than the
local minima with vanishing (H,) and (Hy).

. .. ;-2 plept 2
(4) Constraints from precision electroweak observalbes such as piept, sin® 0.5, pe, sin® 0%

and Myy. These constraints are equivalent to those from the well known ¢;(i =
1,2,3) parameters [RJ] or S, T and U parameters [24]. The measured values of these
observables are [

Plept = 1.0050 £ 0.0010, sin? 6:P* = 0.23153 + 0.00016,
pe = 1.013 4 0.021, sin? 6% = 0.2355 + 0.0059, My, = 80.403 + 0.029 GeV,

and their SM fitted values are pig/{ = 1.0051, sin? Hi%”t’SM =0.23149, poM = 1.0058,
sin? 0 = 0.2314 and My = 80.36 GeV for m; = 173 GeV and mj = 111 GeV. In
our calculations we require the theoretical predictions to agree with the experimental

values at 20 level.

(5) Constraint from R, = I'(Z — bb)/T(Z — hadrons). The measured value of R
is REXp = (0.21629 4+ 0.00066 and its SM prediction is Rl;qM = 0.21578 for m; =

SUSY
Rb

173 GeV [[§. In our analysis, we require is within the 20 range of its experi-

mental value.

(6) Constraint from the relic density of cosmic dark matter, i.e. 0.0945 < Qh% <
0.1287 [RI]. This constraint can rule out a broad parameter region for guagino masses
M, 2, p parameter, my4 and tan 3 [PJ.

(7) Constraint from the muon anomalous magnetic momentum, a,,. Now both the theo-
retical prediction and the experimental measurement of a,, have reached a remarkable
precision, which show a significant deviation aj, " — aiM = (29.5 +8.8) x 10710 [p5.
In our analysis we require the SUSY effects to account for such difference at 20 level.

Note that in our analysis we do not include the constraints from B physics, like b —
sv Bl and Bs — B, mixing [R]], because these constraints are sensitive to squark flavor
mixings which are irrelevant to our discussion.



Among the constraints listed above, the constraints (4) and (5), especially the observ-
ables My, piept, sin? 9?;” and Ry, are most relevant to our study of p, and sin? 92&' Let us
look at these constraints in more details.

First, the precise measurements of My, piepy and sin? HL?t stringently constrain pge,
dkse and the gaugino loop contributions to dpp, and dkp,. The approximate forms of the

SUSY corrections to My, dpse and dkse [P in case of heavy sparticles are given by

SMw  s%, 6(Ar) & Ap
My & —sy20—Ar) ~ & —s3 27
dpse = Ap,
iy
5/@36 >~ STA[), (31)
w
where
by by i by
Ap = 2(20) B W2(0) B 2sm9W sz(O) (3.2)
my, miy, costhy m7,

is the correction to the classical p parameter [ and is only sensitive to the mass spectrum of
the third generation squarks. Through the above relations the precisely measured My, then
stringently restricts Ap (of order O(10™*)) and subsequently restricts dps. and dkg.. This
restriction together with the precisely determined piep and sin? Hifft stringently constrains
the magnitude of dp;, and dr;, defined in eq. (R.§) to be below O(107%). Since the
gaugino loop effects in dpy,,, and dkp,, are strongly correlated with dp;, and dx;, (the main
difference is caused by the mass difference between sleptons and squarks), the gaugino loop
contributions to dpp, and dry, are also suppressed, which are found to be below 5 x 1074
from our numerical calculations.

For the constraint from the precision observable Ry, an interesting character is that it
does not stringently constrain the magnitude of dvp and dayp, but it favors the relation dvp ~
—1.440a;, which can be seen from the expression of the radiative correction to Ry [[[(-[2]

2REV(1 — REV)

Ry ~
b Ug(?) -3+ 2a252

[’Ub(3 - 52)5’0(, + 2abﬁ25ab] o'e (51)(, + 1.445&(,) (33)

with g =,/1— mg / m2Z being the velocity of bottom quark in Z decay.

Now we turn to the constraint from the muon anomalous magnetic momentum. To get
an intuitive understanding of this constraint, we look at a simple case of the MSSM that
all the gaugino masses and soft-breaking masses in smuon sector have a common scale M.

In this case, CLEUSY is approximated by [B7]

100 GeV '\
ay U ~ 13 x 10710 (T) tan (3 sign(p). (3.4)

SM
"

(%)%anﬂ in the range [1.0,3.6] at 20 level. So the SUSY scale can be higher for
larger tan 3.

The gap between a and aj;* then prefers a positive y, and constrains the product



In our calculations we use the code NMSSMTools [B(] to generate the masses and the
mixings for all sparticles and Higgs bosons in the framework of the NMSSM with all known
radiative corrections included. There are two advantages in using this code. One is that all
the masses and the mixings in the MSSM can be easily recovered if we set the parameters
A=k ~ 0 and A, to be negatively small. The other is that it incorporates the code
MicrOMEGAs [BI] which calculates the relic density of cosmic dark matter. It should be
noted that the current version of NMSSMTools only includes the constraints (1), (2), (3)
and (6), and we extend it by including the constraints (4), (5) and (7). We note that the
muon anomalous magnetic momentum was recently calculated in the NMSSM [BJ] and our
calculations agree with theirs.

4. One-loop corrections to p, and sin? Hgff in MSSM

In this section we investigate p, and sin? 92& to one-loop level in the MSSM. As discussed
above, the self-energy corrections to these two observables are generally small and thus
we mainly scrutinize the vertex corrections which include the SUSY-EW corrections, the
SUSY-QCD corrections and the Higgs-mediated vertex corrections. We pay special atten-
tion to the cases where the magnitudes of the corrections are large, and show that tan
is crucial in enhancing the vertex corrections. Our analysis is organized as follows: we
first investigate the characters of the vertex corrections to get an intuitive understanding
of them, then by scanning over the MSSM parameter space, we study the compatibility of
the MSSM predictions for p, and sin? Hé’ff with their experimental results.

The SM input parameters involved in our calculations are taken from [[[§], which are
a = 1./128.93, Gp = 1.16637 x 107°, as(my) = 0.1172, mz = 91.1876 GeV, my(myp) =
4.2 GeV and m; = 172.5 GeV.

4.1 Characters of vertex corrections in MSSM

As for the SUSY-EW contribution to dpy, and dky,, the parameters involved are guagino
masses M o, Higgsino mass p, tan 3 = vy /v with v; 2 being the vacuum expectation values
of the Higgs fields, the soft-breaking masses Mg,, My,, Mp,, and the coefficients of the
trilinear terms A; and Ap. The first four parameters enter the mass matrices of neutralinos
and charginos, and the last seven parameters affect the masses and the chiral mixings of
the third generation squarks [g.

As discussed in the preceding section, the gaugino loop contribution is small, and
hence we only discuss the Higgsino loop contribution. The magnitude of such Higgsino
loop contribution is sensitive to tan 3, the Higgsino mass u, and the masses and the chiral
mixings of the third generation squarks. There are two characters for this contribution.
One is that, due to the fact that the bottom Yukawa coupling Y is proportional to 1/ cos j3,
the contribution can be potentially large in case of large tan 8 and small u. The other is
that the contribution is moderately sensitive to the chiral mixings of the third generation
squarks, and potentially large contribution comes from the case where the mixing is small
and the component of the lighter squark is dominated by the left-handed squark [[[1]. To
illustrate these characters we consider three cases in the squark sector:
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Figure 1: SUSY-EW contributions to dp, , and 0k, with constraints (1-5).
(I) Mg = Mg, = My, = Mp, =400GeV, Ay = A, = 800 GeV;
(II) Mg, =200 GeV, My, = Mp, = 600GeV, A; = A = 800 GeV;
(III) Mg, = 600 GeV, My, = Mp, = 200 GeV, A; = A, = 800 GeV,
and fix other SUSY parameters as
M1 =175 GeV, M2 = 150 GeV, ma = 500 GeV, MSUSY =1 TeV, (4.1)

where Mgysy denotes the soft-breaking parameters for sleptons and the first-two generation
squarks. Case-I corresponds to maximal chiral mixing case, Case-II is the small mixing case
with the component of the lighter squark dominated by the left-handed squark and Case-
III is also the small mixing case but with the component of the lighter squark dominated
by the right-handed squark.

In figure [I] we show the dependence of the SUSY-EW contribution to 0pp,w and dkp
on tan 3 in the three cases. One can see that both dpp, and dky, are sensitive to tan 3.
As tan 3 increases, dpyp,, and dxp, get more negative contributions and, for small u, they
become negative with sizable magnitudes. This behavior can be understood as following.



As tan 3 gets large, the bottom Yukawa coupling increases and the correction to the right-
handed Zbb coupling 59% increases positively, and then ép;, and dkp, get more negative
contribution from the increasing dg% (see eq. (B-9) and also d¢% in appendix B). One also
see from these figures that the magnitude of dxy,, is usually larger than dp;,,. The factor
sin? Oy in the denominator of &ky, (see eq. (B-§)) can to a large extent account for this.

Note that in these figures we only plot our results within the range of tan 3 that survives
the constraints (1-5). The constraint (7), i.e. the muon anomalous magnetic moment, can
in principle also limit tan 8. But this constraint relies on the mass scale of smuon, Msysy
in eq. (), which pp and sin® 925 are not sensitive to, so we do not apply it in plotting
these figures. Our numerical results indicate that the muon anomalous magnetic moment
allows for a vast region of Mgysy and p where tan 8 can be as large as 60, and hence
the sizable SUSY-EW corrections to p, and sin? Hgﬁ are possible. For example, with the
parameters in eq. ([L.1), the range of tan 3 allowed by the muon g — 2 is tan 3 > 25 for
w = 200GeV, tan 8 > 33 for u = 500 GeV, and tan 5 > 44 for p = 800 GeV. If we choose
Mgyusy = 0.5TeV, these allowed ranges are correspondingly given by 7 < tan(§ < 57,
12 <tan( < 71 and tan 8 > 14.

Next we discuss the SUSY-QCD corrections. The relevant parameters are gluino mass
and Mqg,, Mp, and X, = (A, — ptanB) which enter the mass matrix of the bottom
squarks. From the large strength of the strong coupling, gs(mz) ~ 1.2 ~ 50 x YbSM,
one may naively postulates that the SUSY-QCD contributions to dpp, and dry, should
be much larger than the Higgsino loop contributions in case of mz ~ p and tan 3 < 50.
However, our numerical results show that in case of small sbottom chiral mixing the SUSY-
QCD contributions to dpp, and dxp, are negligibly small. The underlying reason is that
for the SUSY-QCD corrections there is a strong cancellation between different diagrams
in case of small sbottom chiral mixing, which can be seen from the expressions of 59%7 R
listed in appendix B. It should be noted that such a cancellation can be alleviated for a
large sbottom mixing, or equivalently, a large term ptan 3 appeared in the non-diagonal
elements of sbottom mass matrix (we checked this from numerical calculations). So the
contribution may be sizable in case of large ptan (3, as shown in figure .

Compared with the Higgsino loop corrections, the SUSY-QCD contributions in figure fi
exhibit a similar behavior with respect to tan 3. The difference is that the most sizable
effects come from Case-I (maximal sbottom mixing case) with large p, instead of Case-II
with small p for the Higgsino loop corrections.

Finally, we consider the Higgs loop contributions to dpy,, and ks, [B]. To calculate
this part of contribution, we need to know the masses and the mixing of the Higgs bosons,
which are determined by m 4 and tan (3 at tree-level, and also by the soft-breaking masses
for the third generation squarks if the important loop correction to the Higgs boson masses
is taken into account. As shown in figure j, the contributions exhibit a similar dependence
on tan 3, and the significant contribution comes from the case of small m4 and large tan (5.
We checked that the results in figure ] are not sensitive to p or Mg, and also not sensitive
to the choice of different case (Case-I, Case-1I or Case-III).

From the above figures one can infer that among the three types of corrections, the
potentially largest correction comes from the Higgs loops, which can reach 2% for p;, and
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Figure 2: SUSY-QCD contributions to dpp., and dkp, with constraints (1-5).
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6% for sin? Hé’ﬁ. Such large corrections reach the current experimental sensitivity since the
current experimental measurements are p; > = 1.059£0.021 and sin? 02%?“’ = 0.281£0.016.

Before we end this section, we would like to point out that in the large tan 8 limit
the relic density of cosmic dark matter allows the possibility of small x or small m4 (but
not both small). This can be seen from figure [|, where we show the allowed regions in
the plane of tan 3 versus u for different m 4. In plotting this figure, we choose Case-I and
fix other related parameters in eq. ([.1). Figure i implies that the SUSY-EW contribu-
tion and the Higgs-loop contribution to dpp, and ks, cannot simultaneously reach their
maximal values.

4.2 MSSM predictions for p, and sin® Hgﬁ

As mentioned above, the extracted values of p, and sin? 923 from combined LEP and SLD
data analysis are respectively 1.059 4+ 0.021 and 0.281 4+ 0.016 with correlation coefficient
0.99 [ﬂ] This result is shown in figure f| with the three ellipses corresponding to 68%,
95.5% and 99.5% confidence level (CL), respectively. Noting that the SM predictions are
pr = 0.994 and sin? 62§M = 0.233, one may infer that large positive corrections to pp
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Figure 5: The MSSM and SM predictions for p, and sin? Hgﬂ, compared with the LEP/SLD data
at 68%, 95.5% and 99.5% confidence level. The SM prediction py™ = 0.994 and sin? Hi)QSM =0.233
is obtained with m; = 174 GeV and mj;, = 115GeV. The MSSM predictions are from a scan (a
sample of one million) over the parameter space.

and sin? Hé’ff are needed to narrow the gap between the experimental data and the SM
prediction. As discussed in the preceding section, the MSSM corrections can be sizable for
large tan 3, which, however, are negative and thus cannot narrow the gap. To figure out
to what extent the MSSM predictions can agree with the experiment, we consider all the
constraints discussed in section III and scan over the SUSY parameter space:

0< MlaM27M37M>MQ37MU37MD37MAaMSUSY <1 Tev7
-3 TeV < Ay, Ap < 3 TeV, 1 < tan g < 60, (4.2)

Based on a twenty billion sample, we find the best MSSM predictions are p, = 0.9960
and sin? 925 = 0.2328, which give a x?/dof = 9.07/2 when compared with the experiment
data. If we do not consider the dark matter constraint, the best MSSM predictions are
pp = 0.99737 and sin® 6% = 0.2336, which give a x?/dof = 8.77/2. Moreover, we find
that such a best case happens when p,ma,mg ~ 1TeV so that the three types of vertex
corrections are suppressed.
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5. One-loop predictions for p, and sin® Hgff in NMSSM

5.1 Introduction to the NMSSM

As a popular extension of the MSSM, the NMSSM provides an elegant solution to the u-
problem via introducing a singlet Higgs superfield S, which naturally develops a vacuum ex-
pectation value of the order of the SUSY breaking scale and gives rise to the required p term.
Another virtue of the NMSSM is that it can alleviate the little hierarchy problem since
the theoretical upper bound on the SM-like Higgs boson mass is pushed up and the LEP
II lower bound on the Higgs boson mass is relaxed due to the suppressed ZZh coupling or
the suppressed decay h — bb BE). Since the NMSSM is so well motivated, its phenomenol-
ogy has been intensively studied in recent years, such as its effects in Higgs physics [B7],
neutralino physics [Bg], B-physics [B9 as well as squark physics [iJ]. In the following we
recapitulate the basics of the NMSSM with emphasis on its difference from the MSSM.
The superpotential of the NMSSM takes the form [f],

a1 4 N o s

W = /\€Z]HZLHQS + g/-eS?’ + hugileUHi — hdsijQ’DHé — heeileEHé (5.1)
where S is the singlet Higgs superfield, and e1o = —e91 = 1. For the soft SUSY breaking
terms, we take

Ve

1 1
soft = §M2)‘a)‘a + §M1X)‘/ + m?l’Hd‘Q + mi\Hu\z + m%]SP

+mp|Q* +mi|U P +mp| D +mi|LI> + mE|E
o 1
+(MNAye;; HLH)S +hee) + (g/ﬂA,{Sg + h.c.>
—I—(huAUeijQiﬁHg — hdADaEijQiDHg — heAEeijEiEHg + h.C.) (5.2)

With the above configuration of the model, the p parameter is given by p = A(S) with
(S) being the vacuum expectation value of S field, and the m 4 parameter in the MSSM
corresponds to the combination m?% = Sii—’;ﬁ(fb\ + &) (see eq. (p.4)). So compared with
the MSSM, the NMSSM has three additional input parameters A, x and A,. These three
parameters should be subject to the constraints listed in section III, and the argument
that the NMSSM should keep perturbative up to the Planck scale requires A and s to be
smaller than 0.7.

The differences of the NMSSM and MSSM come from the Higgs sector and the neu-
tralino sector. In the Higgs sector, now we have three CP-even and two CP-odd Higgs
bosons. In the basis [Re(HY), Re(H?), Re(S)], the mass-squared matrix entries for CP-
even Higgs bosons are [{, B

M% 1 = m?% cos? B+ m%sin? 3,
MZ 45 = m%sin® B + m7 cos® 3,
A2 ) AKE o | K
./\/l2g733 = 4—#2m?4 sin? 23 — 7212 sin20 + ﬁlu()\A,,i + 4Kpu),
MZ 1 = (2X%0® —m% —m%) sin B cos 3,
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A
M% 13 = 2A\pvsin f — 2—vm?4 sin 23 cos B — kuw cos 3,
: 0
A
M 55 = 2 v cos B — 2—vm?4 sin 3 sin 23 — kpw sin 3, (5.3)
: 0

and for the CP-odd Higgs bosons, their mass-squared matrix entries in the basis [A, Im(S)]
with A = cos B Im(HY) + sin 8 Im(HY) are

2u KU
2 — 2
MPpa sin 2ﬁ< AN > ma

M,y = 3)\/11)2 sin 23 + A m? sin® 23 35,4
P22 = 5 42 A )\M K

A
M%zlz = imi sin 23 — 3kuv. (5.4)

Eqgs. (b.3) and (p.4) indicate that the parameters A and sy affect the mixings of the doublet
fields with the singlet field, A, only affects the squared-mass of the singlet field, and in
the limit A\, k — 0, the NMSSM can recover the MSSM. One can also learn that in case of
small A and k so that the mixings are small, the physical state with the singlet being the
dominant component should couple weakly to bottom quarks and thus its loop contribution
to pp and sin? 925 should be small.

The NMSSM predicts five neutralinos, and in the basis (—i\1, —iXg, 19, 90, ¢5) their
mass matrix is given by [H, @]

M; 0 mgsinfysin8 —mygsinby cos 8 0
My —my cos Oy sin 8 my cos Oy cos 0
0 — L —Xvcosf | . (5.5)
0 —Avsin 8
251

This mass matrix is independent of A,, and the role of A is to introduce the mixings of
with 10 and 1/)2, and kpu is to affect the mass of ¢,. Quite similar to the discussion about
the Higgs bosons, in case of small ), the correction to p, and sin? Hé’ﬂp should be insensitive
to the value of kpu.

5.2 NMSSM correction to p, and sin? 925

We first look at the SUSY-EW corrections in the NMSSM. Compared with the correspond-
ing MSSM corrections, the NMSSM effects involve two additional parameters A and . As
discussed below eq. (b.1), in case of small A, the corrections are insensitive to £ (our nu-
merical results verified this conclusion), and thus here we mainly study the dependence on
A. We choose a value for x so that the allowed range of A is wide.

In figure f| we show the SUSY-EW contributions to Opp,» and 0Ky, as a function of A,
in which tan 8 = 40, k = 0.4, A, = —100 GeV and other parameters are same as in figure [l
One character of this figure is that both dpp, and dxy, become more negative with the
increase of \, which enlarges the gap between the theoretical values and the experimental
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Figure 6: The NMSSM electroweak contributions to dpp ., and k., compared with the corre-

sponding MSSM contributions ( thin horizontal lines), under constraints (1-5).
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data. Another character of this figure is that the contributions are less sensitive to A
when p becomes large. This can be explained from eq. (p.J) which shows that the mixings
between 1 and the doublets (¥, 1/)3) become negligiblly small for sufficiently large p and
thus reduce the sensitivity of the contributions to A.

We now turn to the Higgs loop contributions to dpp, and dkp, in the NMSSM. For
these contributions, besides m4 and tan 3, the parameters A\, k and A, are also involved.
Noting that these contributions are more sensitive to A and s than to A, we only study
their dependence on A and k.

In figure ] we show the contributions versus \, where tan 3 = 40, k = 0.4, A, =
—100 GeV and other parameters are same as in figure f]. This figure shows the same
behavior as in figure [], and the dependence on A becomes rather weak in case of large m 4.

In figure f§, we show the dependence of the contributions on r, as shown. This figure
exhibits the similar behavior to figure . Compared with figure [] and figure f§, one can
learn that the contributions have a stronger dependence on A than on k.

Like in figure [J, we also investigate the extent to which the NMSSM predictions can
agree with the experiment by scanning over the SUSY parameter space in the region of

eq. (.2) and
A <07, —1TeV < A, <1TeV. (5.6)

Our result is shown in figure [J. Compared with figure |, one can learn that the NMSSM
cannot improve the agreement and instead may exacerbate the agreement in a large part
of the allowed parameter space.
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Figure 8: Same as figure E, but for the Higgs loop contributions versus the parameter k.

If we define a quantity F(\,k) — F(0,0) with F' denoting either dp;, or dkp, with
F(), k) being the value of F' in the NMSSM with arbitrary values of A and &, and F(0,0)
being the value of F' in the MSSM limit, then by studying various cases we find this quantity
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Figure 9: Same as figure E, but for the NMSSM predictions.

is generally smaller than 5 x 1073, which means that in the allowed region for A and &,
NMSSM only slightly modifies the MSSM predictions of p, and sin? 95&'

6. Conclusions

The Zbb coupling determined from the Z-pole measurements at LEP/SLD deviate signif-
icantly from the SM prediction. In terms of p, and sin? 923, the SM prediction is about
30 below the experimental data. If this anomaly is not a statistical or systematic effect,
it would signal the presence of new physics in association with the Zbb coupling. In this
work we scrutinized the full one-loop supersymmetric effects on Zbb coupling in both the
MSSM and the NMSSM, considering all current constraints which are from the precision
electroweak measurements, the direct search for sparticles and Higgs bosons, the stability
of Higgs potential, the dark matter relic density, and the muon g-2 measurement. We
analyzed the characters of each type of the corrections and searched for the SUSY param-
eter regions where the corrections could be sizable. We found that the potentially sizable
corrections come from the Higgs sector with light m 4 and large tan 3, which can reach
—2% and —6% for py, and sin® 92 , respectively. However, such sizable negative correc-
tions are just opposite to what needed to solve the anomaly. We also scanned over the
allowed parameter space and investigated to what extent supersymmetry can narrow the
discrepancy between theoretical predictions and the experimental values. We found that
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under all current constraints, the supersymmetric effects are quite restrained and cannot
significantly ameliorate the anomaly of Zbb coupling. Compared with x?/dof = 9.62/2 in
the SM, the MSSM and NMSSM can only improve it to x%/dof = 8.77/2 in the allowed
parameter space.

In the future the GigaZ option at the proposed International Linear Collider (ILC) with
an integrated luminosity of 30fb~! is expected to produce more than 10? Z-bosons )
and will give a more precise measurement of Zbb coupling, which will allow for a test of
new physics models. If the anomaly of Zbb coupling persists, it would suggest new physics
beyond the MSSM and NMSSM. One possible form of such new physics is the model with
additional right-handed gauge bosons which couple predominantly to the third generation
quarks [iJ. These new gauge bosons usually mix with Z and W so that the Zbgbg and
Whbgrtr couplings in the SM may be greatly changed. A careful investigation of top quark
processes at the LHC, such as top quark decay to the polarized W boson [[i], may test
this model in the near future.
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A. Gauge boson self-energy in NMSSM

In the NMSSM the contributions to vector boson self-energy come from the loops mediated
by the SM fermions, gauge bosons, Higgs bosons, sfermions, charginos and neutralinos,
respetively. In the following we list the expressions for pure new physics contributions,
namely from the loops of Higgs bosons, sfermions, charginos and neutralinos, respectively.
We adopt the convention of [Bd] for the SUSY parameters.

(1) Higgs contribution:

The NMSSM has an extended Higgs boson sector with a pair of charged Higgs bosons
H?*, two CP-odd Higgs boson a; and three CP-even Higgs boson h;. The Higgs contri-
bution to gauge boson self-energy arises from VHH, VVHH and V'V H interactions
and because we choose 't Hooft-Feynman gauge to calculate the contribution, the
gauge boson contribution and the Higgs contribution are in general entangled. In
our calculation, we are actually interested in the difference between the contribution
from the NMSSM Higgs sector and that from the SM Higgs sector (see the discussion
in the last paragraph of section II). Since the SM contribution is well known [[[4, 5],
we only list the NMSSM contribution.

2

e

E%(ﬁ) = WB5(pamH+amH+), (A1)
1 egcos20w

>T, (%) = B A2

’yZ(p ) 1672 2 cos 0w 5(p7 mH+7mH+)7 ( )
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2

1 g
S0 = 1 1oz | | (59 + S Alme) + P4 PAGn) + Almz)

—4|sin 3S;2 — cos BSi1 |*| Pjy|* Baz (p, ma,, mp,)

—4] cos 3Si2 + sin 381> Baz (p, mz, mhl)]
+2 cos? 20w |:A(mH+) — 2B (p, mH+7mH+)]

—|—4m22| cos (352 + sin 3551 |2Bo(p, mz, mp,) }, (A.3)

1 2
Show67) = gz | [Ame) + (Sl +15) Ams) + A )
—4|sin 3S;2 — cos 451 ]2322 (p, my+,mp,)
—4] cos S + sin 41 |* Bao (p, myy, mhi):|
Al ) 4 1P PAGns) ~ PP Bt e )
—|—4m12/V| Ccos ﬁSZQ + sin ﬁSﬂ |2B(] (p, mw, mhi)}, (A4)

In above equations, g is the SU(2) gauge coupling, and S and P’ are the rotation mass
matrices defined in the appendix A of [B{] to diagonalize CP-even and CP-odd Higgs
mass matrices, respectively. A and By are the standard one- and two-point loop
functions firstly defined in [B4]. Bs is related with standard loop functions by [B]

Bs(p,m1,ma) = A(ma1) + A(ma) — 4Baz(p, m1, ma). (A.5)
Sfermion contribution:
The sfermion contributions are given by
»T 2—1gCRR“RRB A6
ww(P”) = 1672 2 ! al4tp1481 5(p7mua7mdﬁ) (A.6)
1 g2
T ;.2
Ezz(p ) = 167‘(2 00529 Of{l?»fRalR 1R51RﬁlB5(p, f ,mfﬁ)

—28%[3foR£>;RilB5(p,mfa,mfa)+3%VQ%BS(p7 f , M )} (A 7)

2

E'\Tp/(pz) = 167 2CfoB5(p, fa 7mfa)7 (AS)
T 12y _ € g f«nf 2 2 ) )
S20%) = fm g Cr{ QR R — @35t P Batpom ). (49

where the color factor C is 3 for squarks and 1 for sleptons. The electric charge @)y is
given by 2/3,—1/3,0,—1 for a, d~, vy, l~, respectively. I3y denotes the third component
of the weak isospin, which is +1/2 and —1/2 for the up- and down-type sfermions,
respectively. R is the rotation matrix to diagonalize sfermion mass matrix.
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(3) Chargino and neutralino contribution:

For a generic interaction between a vector boson and two fermions, it contributes to
vector boson self-energy in the form:

)(2p2B3 - B4)(p, Mapy; s mwj)

E"];/V(pQ) — 2 {( fjwivlgfid’j + w;sz wzwj
1672

ZV 1 V* ZV 1
+(g¢11/1 111 Pj +ob Py 111 YV )mwimwj Bo(p, My, My, )},(A.l())

where gw iV is the coupling strength of the vector boson with left-handed or righ-

handed fermions. The functions Bz and By are related with the standard two-point
functions by [Bj

B3(p7m17m2) = _Bl(p7m17m2) B B21(p7m17m2)7

Bi(p,m1,ma) = —m3iBi(p,ma,m1) — m3Bi(p, m1, ma).

For the charginos and neutralinos, the coefficients of their interactions with vector
bosons take following forms:

gf”ﬁw—g(— \;5 sV + NiaVj ) o = <\[ Uil >
L NN+ NaN), it = oy (VNN
9>L<Z X+Z_COS£79W <_ Vz’l 1V V2+5” sin 0m> g%jf{j 72—651']',

QgﬂzzﬁG i*lUjl_% i5Uja+0ij sin” 9V‘>v ggﬁvz_eéii‘

But as for the contribution from neutralino sector, one should note that, due to the
Majorana nature of neutralinos, an addition factor % should be multiplied when using
above formulae to get neutralino contribution to Z-boson self-energy.

B. Vertex corrections to Z — ff in NMSSM

In this section we present the expressions of the radiative correction to Zff vertex in
the NMSSM, namely vy and day defined in eq. (R.J). In our calculation we neglect
terms proportional to fermion mass except for f = b (bottom quark) where we keep terms
proportional to bottom quark Yukawa coupling, Y, ~ CZ”—SZ’B, since those terms may be
enhanced by large tan 8. Throughout this section all Z-boson coupling coefficients, such as
dvy and day, are defined so that the common factor e/(2sin 6y cos fy) has been extracted.

To neatly present évy and day, it is convenient to introduce the quantities 59{ with
X = L, R, which denote the vertex correction to Z fy fy interaction and are related with v ¥
and das by vy = ((59{ +5g£)/2 and day = ((59{ —5g£)/2, respectively. (59{ is given by [[[4]

cos Oy £7%(0)

2 9

B.1
sinfy  my, (B.1)

L
3gf = Ty, (m%) — g{77Sy, (m3) — 20510y
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where I'y, is the unrenormalized vertex correction to Z frfy interaction, the second term
on the r.h.s. denotes the counter term arising from the fermion f) self-energy, and the last
term is the counter term from the vector boson self-energy.

Assuming the interaction between scalars ¢; with Z boson takes the form I'% %% =
g% %% (py, + Pg; ), we can write down Xy, (m%) and the vertex function I'f, (¢?) mediated

by a fermion 7 and a scalar ¢ in a compact generic notation as
bito; |
(47T)2Ef>\(p3‘) — Cg g)\J i <B0 +B1> (pf7m¢i7m1/1j)7 (B2)

b fo% * bifor | iz
(4m)°T' s, (¢*) = —Cg{ <91f]f¢"> glp 1o [gfjw My, My; Co

o
+9f&w {—q2(012 + Ca3)

1
(P, DFs My, My M)
Dufor \ Okl sra.

_< )\k ) g)\k Jg¢z¢322024(pf,pf,M¢j,m¢k,m¢i)}.

— 209 + B
(B.3)

Here Cj is 4/3 for the gluino contribution (¢ = gluino) and 1 for the others. The chirality

index —\ follows the rule: —L =R, —R = L.
If f is a lepton, the following combination of {t, ¢} contribute to the vertex:

e Chargino correction:

{¥,0} = {x",7}:

x5 l* N X5 * S
9 =~V g =0 97" =1
):(;X;Z _ * 1 * s 2 .
9r, =2 ilUjl + §UZ~2Uj2 — 52']' sin” Oy ;

XjXi Z « 1 % .2 .
Jg =2{ VaVj+ §V¢2ij — ;5 sin” Oy |; (B.4)

e Neutralino correction:
XU i
7 = —\/2gR!., tan Oy Njy;

{0, 0} = {xX° 1} :
UL G of e "
gf] :ﬁfol(Nﬂ + tan Oy N7 ); 9g = -
00 7
9" = N} Ny — N3 Nis;
L (B.5)

=00
X‘X'Z
I = =NjuNjy + Nj3Nis;

9L
giaiﬁz = (1 — 2sin? 9W)R£1R§1 — 2sin? HWRQQREE;

If f is the bottom quark, the following combination of {1, ¢} contribute to the vertex:

e Chargino correction:

{10} = {x",1}:
X5 bt - - X5 bt 7
g =g(—Rl, j1 +YiRg, ) 9r = 9R61YsUja;

— 21 —



4 4
g atﬁZ < — 14+ g Sin2 9W> Rt lRﬁl g sin HWR 2R62; (BG)

Note that in order to write the couplings in a neat form, we define Y; =
my/\2myy sin 8, and Y, = my,/v/2my cos 8. Such definitions differ from their con-
ventional definitions by a factor g. We adopt such a convention throughout our paper.

e Neutralino correction:

{¢, ¢} = {X", b} :
R0bb:, V2 5 (1 x b arx
gzﬂ = ( R < — g tan HWNj1> - YbRZzNj4>§

X0, ; V2
gjfg =g <Rf;1Yij4 + 7332 tan QWNﬂ);

- 2 2
glabs? — <1 - gsin2 9W>RblR - gsm HWR 2R627 (B.7)

e Gluino correction:

{v.¢} = {3.b} :
g = /2 29, RL; gﬁgbb = V2gsR0y; (B.8)

e Charged Higgs contribution:

{v, 0} = {t, H_} '
th(H~)* gm th(H™)* gmy
cot 0; = tan [J;
9L \/_ 2mw v In \/imw v
4 ; 4
g7 = <1 —3 sin? 9W>; git? = 3 sin? Oyy;
g HHTZ — 6520y (B.9)
e Neutral Higgs contribution:
{¢, 0} = {b, (h,a,G")} :
bbh,; gmp bbh; _ gny
75 3 = 3

IL 2myy cos 3 2 IR 2mW cos 8 Siz;

Bha; _ __ tgmw o, igmy

L 2myy cos B 2 2m an f3;

Bba; _ __ 19T _ igmy an 5.

Ir "~ 2mpcos 3" 2myw ’
ggbGO - _ ngb . gEbGO _ ngb .

L 2my R 2my

7 2 i 2

g%bZ = <1 —3 sin? 9W>; g%’z =-3 sin? Oy

g"%% = —i(SinPjy — Sy Pj1) = —i(Siasin 8 — Siy cos B) P} i
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g%"?% = i(SaPjs — Sy Pj1) = i(Siasin 8 — Sy cos ) Py,

g7 = —i(Sszcos B+ Sy sin ),
g@ iz — i(Si2 cos B + Si1sin ). (B.10)
Note that in the above formulas we did not include the contribution to dgy from the
loop of {t,G™}. Such contribution alone is UV-convergent and should be attributed
to the SM radiative effects. This situation is quite different for the neutral Higgs

contribution where the effects of the loops of {b, G’} are UV divergence and must be
included with other neutral Higgs contribution to get an finite result.

If f is the charm quark, the following combination of {1, ¢} contribute to the vertex:

e Chargino correction:

{v,0} = {X", 5}

g?cgg = —gRilUﬁ; 9;(2] = 0;
gf’ R —2< Vi + 2‘62‘6‘2 — 05 sin” 9W>?
gfgj Xtz = —2<Ui1Uj1 + §Ui2U;2 — 0ij sin” 9W>;

goa887 — (1 _ gsin2 9W>R51R — gsm Ow RS 2R527 (B.11)

e Neutralino correction:

{v,0} = {xX", ¢} :

):(056:; g ¢ * 1 *
9 " = G al <Nj2 + 3 tan HWNﬂ)%
ez 2V/2g

9R = 3 Rc2tan9WNJ17

4 R 4

e Gluino correction:

{, ¢} = {g,¢}:
gI% = 29, REyy T = 29, Ry, (B.13)

The above expressions then suffice to calculate all the Z f, f, vertex corrections (593;.
Summation should be taken over all non-vanishing coupling combinations, such as over the
indices of sfermions, charginos, neutralinos, scalar Higgs and pseudo-scalar Higgs.
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C. NMSSM contributions to the u-decay

In the NMSSM the flavor-dependent correction to the decay p — v,ev. mainly comes from

A

the loops mediated by gauginos, and the corrected amplitude can be written as [R]
M = My (1+26®) +6®), (C.1)

where Mp is the Born amplitude, §(*) is the vertex correction for either év,W interaction
or jiv, W interaction ( since we assume the mass degeneracy for the first two generations
of sleptons, the two corrections are same), and 8®) denotes box diagram correction.

(1) Vertex corrections

Similar to eq. (B.1]), the correction to fifoW interaction can be expressed as

fifaW f- 1 ¢ w
gp PVt = ThEW (%) — Sgp {z:fl(m?q) - zfz(mfcz)}. (C.2)
For the ev.WW interaction, we have gi”mﬁ = —%,
=0, %
(4725, (m2) = |93 [2(Bo + Bu) (m2, mey . myo)

%5 oot
_|_|ng |2(B0+Bl)(mgvmﬂevm§<]f)a

:0 €~Z
(47r)2zl/e(ml2/e) = gle s |2(BO + Bl)(m?/evmf/evmf(?)

)?;Lueéz 9 2
"HgL ‘ (BO + Bl)(muyméumg;f)v
Z0,5% N ):(fljeé*
(4m) T w- = —(gf " )'g "
Xxgw Xxw 1
X {gL J mX?ijCo—i-gR ’ —2C9 + =

X(pl/eup& mx;ramélﬂmf(?)

STYOW STYOW 1
: {9? mgomy Co+ g ( At §> }

X(pl/e7pe7 m)“(?) mlje7m§€;)

Wedt o DVveit g5
+2(g7 ) g gL Coa(puy s pes i o mey ). (C.3)

In the above equations, summation over i = 1 to 5 (xV) and j = 1 to 2 ()Zf) is
implied. The coupling g7, takes the following forms

XJveD} g ROeér g

gz = ﬁ( 5 tan Oy — Nj); gt = E( 1 tan Oy + Nj5);
=+, 5% S ok

X Ve€ X, ev}
g "t =—gUs; 9 * =gV}
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0%y w XX g « «
91"’ —f(\fV \Ni2 = V3Nis);  gr ™’ ZE(\@UﬂNinrUﬂ i1);

=— + =<0 Z0o+
X XiW g inW_ X XiW__ Xi Xj W' ELVW _ g

gr, = —9p ; 9dr = L ; g = \/57
and for the three-point loop functions, since we take their external momentum to be
zero, their expressions are greatly simplified:

_ 1 f (+al(l+a) (A+a+b)n(l+a+d)
Colmmama) = m§{ ab i (a +b)b
A 1 - m}i 1[-201+4a)’h(l+a
Caalma, mz,ms) = 7 = 7 In —5"5{ ST
+—3b(a—|—b)+2(1+a+b)2ln(1—|—a+b)
4b(a +b)

2 2 2 2
. mas—m mI—m
with a = —25-2 and b = —1 2.
m3 m3

(2) Box corrections

The box diagram contributions to the y — v,ev. amplitude can be expressed as
iT = i {M(1) + M(2) + M(3) + M (4)} ter" PLoy, ty, v Pruy,. (C.4)

Taking into account the normalization of the tree-level amplitude, —g?/ 2MV2V= the
box diagram contributions can be written as

2ME
50 = =W Z M (i (C.5)

with each M (i) given by

16720 (1) = (g) ) gy (gfj+ V”ﬁz)*g%’+ V662D27(m,1L,méL,m)~<+,mxg)

1672 M (2) = (gfj e )*gfj W (g iy g Doz (mi, mi., g, mo),

16m* M (3) = ; Xomwg? Veéia? o (gizgy”ﬂ‘j MO )" Do(m,, ey, My, mgo),
1672M(4) = Zmgome g3t g3 7 (g7 ) (g ) Do, e, m- migo).

Here all the D-functions are evaluated at the zero momentum-transfer limit. Noting
the fact that mj, ~ me, ~ my, ~ my,, we may write the D functions as

1 —(14+a)ln(l+a
Do(ml,ml,m%m:&):m{ ( )In( )

ab?
’ —b(a+b)+ ((a+b)(1+a+b)+b)In(l+a+b)
b%(a +b)? }’
a)?In a
Do7(my, my,ma, m3) = _27,1”:2)) {(1 * )QQIbz(l o)
~ (I+a+bd)(—b(a+b)+((a+b)(1+a)+b)In(1+a+b)
20%(a +b)? }
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