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1 Introduction

The electroweak symmetry breaking may involve more than one Englert-Brout-Higgs
(EBH) boson beyond the minimality of the original Standard Model (SM). Such a two-
Higgs-Doublet Model (2HDM) suffers from generic flavor violation which can be naturally
resolved by a (softly broken) Z5 symmetry enforcing a EBH doublet couple to one type of
fermions. Depending on how a EBH doublet couple to up/down-type quarks and charged
leptons, there appear four types of 2HDMs which have been studied extensively [1, 2].

Since the first measurement of the muon anomalous magnetic moment, a,, = (9—2),/2,
by the Muon g — 2 Collaboration in E821 at BNL [3, 4], various progresses have been made
in experimental inputs as well as theoretical calculations to reduce the uncertainty by a
factor of two or so and thus establish a concrete 30 discrepancy [5-7]. After the BNL
announcement, many studies have been made in the context of 2HDM Type II [8-14] and
X [15]. It has been known that the discrepancy in the muon g — 2 can be accommodated
through Barr-Zee two-loop corrections [16] if the extended Higgs sector allows a relatively
light pseudoscalar with large Yukawa couplings to fermions. Recently, it was found that
only the lepton-specific (or type X) 2HDM remains viable after considering all the updated
experimental constraints [17-22].

The extra CP-even/odd Higgs bosons in Type-X 2HDM have the quark (lepton)
Yukawa couplings suppressed (enhanced) by tan . That is, they become hadrophobic
(or leptophilic) in the large tan § limit favored by the muon g —2 explanation and thus eas-
ily evade all the constraints coming from hadronic observables like b — sy and b — su™p ™.



We call this leptophilic 2HDM (L2HDM). However, it was noted in [19] that precision de-
termination of lepton universality in the neutral and charged currents, i.e., in the leptonic
Z decays and leptonic/semi-hadronic 7 decays, could play an important role to constrain
the L2ZHDM parameter space.

Given the importance of the lepton universality test limiting new physics effect in
general, we re-evaluate the extra Higgs boson’s contribution to Z — 77 and 7 decays
which have been analyzed previously in [23] and [15, 19]. Then, we improve the constraints
on L2HDM treating properly the full leptonic precision data on lepton universality. The
lepton universality in Z decays was tested by measuring the ratios I'(Z — pu)/I'(Z — ee)
and I'(Z — 77)/T'(Z — ee) [24]. Another test was carried out by HFAG in the processes
of l 5 'v/, 7 = v /K and /K — pv [25]. The lepton universality data by HFAG need
to be taken after projecting out a redundant degree in the ratios of the three lepton decay
rates [20]. The precisions of these two data are at the level of 0.1% and thus sensitive
enough to probe L2HDM corrections to the 7 lepton vertices. Although not significant,
we also include all the experimental inputs on the ten tau decay (Michel) parameters [26]
including all the correlation coefficients [27].

In section 2 and 3, we briefly summarize the basic properties of L2ZHDM and its con-
tribution to the muon anomalous magnetic moment relevant for our analysis. Section 4 is
devoted to the analysis of LZHDM correction to lepton universality in Z decays. Section 5
provides a systematic treatment of the lepton universality data involving the charged cur-
rent as well as the measurement of the tau decay parameters. Combining all the leptonic
precision data, we show how the parameter space of (m 4, tan 3) is constrained in section 6,
and conclude in section 7.

2 Leptophilic 2HDM

The most general scalar potential of 2HDM invariant under the Zs symmetry, ®;2 —
FPq 0, is
V= my|[@1[ + mi, | @af* — ity (2] 2s + DLy)
A A A 2 2
+ G 1Pt T 1Pal" - Aa|@1 @2l + Ma|@ Bl + T [(2]92)° + (h21)7],  (21)

including a (soft) Z; breaking term m?,. Upon the electroweak symmetry breaking by the
vacuum expectation values (VEVs) <<I>(1)’2> = v1.2/V/2, one has five mass eigenstates h, H,

A and H* from the two Higgs doublet components: ®; 9 = (nfz, %(01,2 + p12 + in?’Q))T

where v = /v? +v5 = 246 GeV. Projecting out the longitudinal components of the
massive gauge bosons W+ and Z, the massive charged and neutral CP-odd bosons in the
limit of negligible CP violation are given by

+,0 +.,0
HE A = sgm® — camt™, (2.2)

where the angle 3 defines the VEV ratio: t3 = tan f = va/v1, and sg = sin f and cg = cos 3.
Two neutral CP-even bosons are diagonalized by another angle «:

h = cap1—Sap2, H = sq p1+ cap2, (23)
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Table 1. The Yukawa couplings of neutral Higgs bosons in Type X 2HDM.

where h is assumed to be the SM-like Higgs boson with mj, = 125 GeV. The gauge couplings
of h and H are determined by

Loauge = gymy (sg_ah + csg_o H)VV, (2.4)

where V = W+ or Z and the SM limit corresponds to 58—a — L.
The general Yukawa couplings of 2HDMSs are written as

m — _ . _
—cna = Y SISy IS — iyt AT ) (2.5)
f=u,d,l

+ [\/Evudma(”zuyf& n Tzdy;?PR> d+ \/i%yf‘H*ﬂPRl the

Type-X 2HDM assigns the odd Z, parity only to the right-handed leptons and thus couples
¥,y to up/down-type quarks and ®; to charged leptons. As a consequence, the normalized
. h,H,A . .
Yukawa couplings y I are given in table 1.
Let us recall that the tau Yukawa coupling of the SM Higgs in Type X can be ex-
pressed as
S
ylh =2 S8—a —1gCa_qn - (2.6)
Cs
Thus, the decoupling/alignment limit of ¢g_, — 0 reproduces not only the usual SM (right-
sign) coupling y* — +1 but also the wrong-sign coupling y!' — —1 (with cs_, ~ 2/t)
compatible with the LHC data [28, 29] in the large tg domain of our interest. The other
couplings are recasted by

ylH: t388—a + Cg—a — 3, (2.7)
yz,d = S8—a T C,B—a/tﬁ -1, szZd = _ylh/tﬁ :

It is useful to take A1 as a free parameter, and then express the other four couplings
A2,3.45 in terms of ¥, sg_, and the mass parameters:

Agv? A s%_am%, (2.8)
A3v” & 2m%{i - (s%,a + 55_aylh)m%1 + s/g_aylhm% ,
A\v? ~ —2m12qi + sé_aqu + mi,
Asv? ~ s%,am% —m?,
where we have used the relation (2.6) neglecting all the terms suppressed by 1/ t%.
As was analyzed in ref. [17], the explanation of the muon g — 2 in consistent with
electroweak precision data requires ma < mpyg =~ mpg+. A custodial symmetry is realized
to fulfill the electroweak precision test in the limit of a very light pseudoscalar A if heavier



neutral and charged scalars are almost degenerate [30]. One can then find it easy to satisfy
the vacuum stability conditions: A;2 > 0, A3 > —v A1, |As] < A3+ A1+ v A1 A2 within the
perturbative limit of A; < 47. In the right-sign (RS) domain of the lepton (tau) Yukawa
coupling (ylhsB_a — +1), one finds a strong upper limit of [17]

mag < mp+ ~myg < 250GeV  (RS) (2.9)

where m4 > my,/2 has to be imposed as the hAA coupling, A\paav o< (A3 + Ay — A5)v? ~
m2 +2m?, is sizeable. On the other hand, in the wrong-sign (WS) domain (y'sg_ — —1),
the heavy boson masses up to the perturbativity limit [18]

ma < myg+ ~myg S Virv  (WS) (2.10)

are allowed and one can also have a much lighter pseudoscalar, m4 < my/2, in the limit
of Apaav o< (A3 4+ Mg — A5)v? ~ _(5%701 + sB_leh)m%I + Sg_aylhm,% +2m? — 0.

3 The (g — 2), in L2ZHDM

For our analysis, we use the value of the muon g — 2 discrepancy obtained in ref. [17]
considering all the updated SM calculations:

da, = ap’ — aiM = +262 (85) x 107 (3.1)

For the completeness, let us briefly summarize the one- and two-loop contributions to the
muon g — 2 in a 2HDM.
The one-loop contributions to a, of the neutral and charged bosons are

Grm? o .
sazPM(1loop) = yo \/g Z(yﬁ)Qri IGAR (3.2)
J

where j = {h, H, A, Hi}v yA’H’HjE ~tg, ’yh’ ~ 1, lei = mi/mi and

B 1 7%(2 — ) B
fh7H(7")—/0 d$m——lnr—7/6—|—0(r), (3.3)

1

1 —z(l—=x
in(’r‘):/(; d:cl_((i_x))rzl/fiJrO(r)7

showing that fy+(r) is suppressed with respect to f, (), and h and H (A and H¥)
give positive (negative) contributions.

The two-loop Barr-Zee type diagrams with effective hy~y, Hvyv or Ayvy vertices gener-
ated by the exchange of heavy fermions give

Gpmi o
Ar2\/2 ™

5a2HPM (9100p-BZ) = S ONEQF Ly girh), (3.4)

1;7f



where i = {h, H, A}, 7"3} = m?c/m2 and my, @y and N]? are the mass, electric charge and

77
number of color degrees of freedom of the fermion f in the loop. The functions g;(r) are

! (x z(l—=
gi(1) :/0 dx 1:(1/\[2;))_ . In (17~ ) ’ (3.5)

where N}, g (z) = 22(1 — 2) — 1 and Na(z) = 1.
Note that the enhancement factor m% / mi of the two-loop formula (3.4) can overcome

the additional loop suppression factor a/7, and makes the two-loop contributions may
become larger than the one-loop ones. Moreover, contrary to the one-loop contribution, the
two-loop functions involving A (h, H) are positive (negative), and thus small m 4 and large
tan 8 in Type X can generate a dominant contribution which can account for the observed
da,, discrepancy preferring larger my to reduce the negative two-loop contribution.
Recently, more complete computation of the muon g — 2 coming from additional two-
loops involving extra Higgs bosons has been made [31]. We check that their contribution
is negligible in the parameter space of our interest and thus not included in our anal-
ysis. In the following, we will show the 1o and 20 regions in the ma-tg space (with
myg = mg+ = 100,200, 300,400 GeV) considering the additional L2ZHDM contribution
§a2HPM — (5aZHDM(1loop) + (5azHDM(2100p—BZ) (without the h contribution) to compare

“w
with constraints coming from lepton universality tests.

4 Lepton universality in Z decays

In L2HDM, a sizeable correction to lepton universality can arise from different leptonic
Yukawa couplings of the extra Higgs bosons, in particular, the tau Yukawa coupling of
m-tg/v (2.5). The Z boson couplings to fermions and the extra Higgs bosons are

_ 1 5
L= CgZ“{fw(gLPL +9grPr)f +z’<— 5+ s%)H*EﬁH‘ + A%H} TNCRY
w

where sy = sinfy, and gr r = g%R + dgr,r with g%yR =T3(fL.Rr) — Q(fLR)s%,V, and the
small corrections by cg_o =~ 0 are neglected in the Higgs sector. The 2HDM contribution
to Z — ff was first calculated in ref. [23] and recalculated in ref. [19]. We rederived it
and confirmed that all the results agree with each other in the limit of our interest.

For f = e, and 7 in L2HDM, the one-loop contributions of L2ZHDM to dgr, r are
given by

v L M7 1 1
0L = gy (B~ 9 Bra) — g Balrm) = 2C2(ra, )

+s3y [Bz(ra) + Bz(ru) + Cz(ra) + Cz(m)]} , (4.2)

2
1 m ~ 1~ 1 -~
6912%HDM: 1672 1}2]075%{262(7“,4,7"]{) - QCZ(THi,THi) + CZ(T'Hi) - §CZ(T’A) - §CZ(T‘H)

+siy [BZ(rA)JrBZ(T'H)+2BZ(T’Hi)+CZ(TA)+GZ(TH)+4C2(THi,Y’Hi)]} ,



where ry = mi / m2Z with ¢ = A, H, H* and the loop functions are given by

A, 1 1
By(r) = —=¢ 2 4 21 4.
Z(r> 9 4 + 2 Og(T), ( 3)
Ae 1 1 T
Cy(riyre) = 7= =5 [ dz [ dylog[ra(l =)+ (r1 = Dy +ay],
0 0
~ AE 1 2 -1 . -1
Cyz(r) = 5 + 5 r[l + log(r)] +7r [10g(r) log(1+7~") — dilog(—r )]
_ T [1 — 2r + 272 log(1 4+ 7"71)] .

Here we took the limit m, — 0, and kept the renormalization constant A, = 2/e — v +
log(4m) in the dimensional regularization with d = 4 — ¢, which cancels out in the final
expressions (4.2). In appendix A, we provide the explicit one-loop formulae in terms of
the Passarino-Veltman two- and three-point loop functions [33]. Let us remark that the
one-loop corrections (4.2) are suppressed by 1/r when r = r4 g g+ > 1 as expected in the
decoupling limit. However, we have r4 < 1 < rg = rgy+ in our favorable parameter space,
and the loop corrections become larger for higher hierarchy, r4 < 7y p=.

Precision electroweak measurements were performed by the SLD and LEP experiments
with data taken at the Z resonance which provides also lepton universality test in Z decay
through the ratios of the leptonic branching fractions [24]:

T _

22T 0009 + 0.0028 (4.4)
I‘Z%e‘*‘e_

IR _

2271 1.0019 + 0.0032,

1—\Z%e*e*

with a correlation of +0.63. From this, we calculate oy = (U'z_+;- /T z5e+e-) —1forl = p
and 7 to compare with the LZHDM correction:

Oup ~ 0, (4.5)
5 — 295 Re(ég%HDM) + 2¢% Re(&g%HDM)
TT 922 + 9%2 9
where we use the SM value g7 = —0.27 and g}, = s%, = 0.23 which have also been measured

by the electroweak precision test [24].

5 Lepton universality and tau decays

In the large tan 8 limit of Type II and X 2HDM, there appear two important corrections
to 7 decays: tree-level contribution of the charged boson and one-loop corrections from the
extra bosons which have been analyzed extensively in ref. [32]. A recent study [19] showed
that it can constrain strongly the LZHDM parameter space in favor of the muon g —2. We
reconfirm the results leading to the following tree and loop corrections, e.g., to the 7 decay



rate I'y ., = Fgl\_/[)ll,y(l + 20tree + 2(Sloop):

_mimp g my oy g(mi/m?)
5tree - 4 tﬁ - 2 tﬁ 2 2\ (51)
8mHi mHi f(m/j,/mT)
1 m? , 1 2 2
5loop = WUT tﬁ 1+ Z(H(xA) + SB—aH<xH) + Cﬁ—aH(xh)) )

where f(z) =1 — 8z + 82% — 2* — 1222 In(z), g(z) = 1 4+ 9z — 922 — 23 + 62(1 + z) In(z)
and H(zy) =1In(zy)(1 +24)/(1 — x¢) with z4 = mfb/qui

In practice, one can neglect the contribution from the SM scalar h which is proportional
to a small number c%_ ., as was the case in the previous section. It is now worth noticing
that the one-loop correction in eq. (5.1) shows a non-decoupling behavior, that is, it is
not suppressed by the large mass and remains constant as far as the mass ratios are
kept. Furthermore, it vanishes in the limit of m4 = myg = mpg+. As a big hierarchy
ma < my ~ mg+ (and also large tan ) is required, one can expect a large correction to
tau decays.

In the previous analyses [19, 20], only partial data set from the lepton universality test
by HFAG [25] was taken. In this work, we take the full data set properly including all the
correlation effect. HFAG provided three ratios of couplings from pure leptonic processes,
" = lvv, and two ratios from semi-hadronic processes, 7 — 7/Kv and 7/K — uv:

(97> —1.0011 + 0.0015, <97> —1.0029 + 0.0015, <g“> — 1.0018 + 0.0014,
o Je Je
<9T> — 0.9963 + 0.0027, <gT> — 0.9858 + 0.0071 , (5.2)

with the correlation matrix for the above five observables:

1 40.53 —0.49 +0.24 +0.12

+0.53 1 40.48 +0.26 +0.10

—0.49 4048 1 40.02 —0.02 | . (5.3)
4+0.24 40.26 40.02 1  +0.05

40.12 40.10 —0.02 40.05 1

The quantities in eq. (5.2) can be calculated in L2ZHDM as follows:

(.97') =1+ 5loop ) <g7—> =1+ 5tree + 5loop ) <g#> =1+ 5tree )
m Je Je

<gT> =1+ 6loop ; <gT> =1+ 5loop . (54)
gM T g/J“ K

As is obvious from the definition, one can see the relation (g-/9.)(9u/9e)/(9+/9e) which
shows three pure leptonic data are not independent. Due to this, one can find that the
covariance matrix constructed from the data (5.2)—(5.3) has a vanishing eigenvalue, and
thus the corresponding degree has to be removed to form a proper chi-squared variable.
Notice that the best-fit values of the semi-hadronic data are in the negative side, which
are opposite to those of the pure leptonic data, and that the one-loop correction djoqp is



always negative. As we will see, the proper treatment of the lepton universality data in
the charged current gives much weaker bounds than the previous ones [19, 20] which used
a partial data set.

The Lorentz structure (spin and chirality) of the charged current is determined exper-
imentally by measuring the 7 decay (Michel) parameters [26]. Although its precision is at
the level of 1%, it can play an important role to break down the degeneracy in the lepton
universality constraint on the 7 decay [19]. Adding the L2ZHDM contribution to the SM
prediction for the 7 decay parameters in the processes 7 — lvv (with [ = e, i), one finds

3 3 3

ple) = 1 £(e) =1, 6&(e) = 1 p(p) = R (5.5)

~ 22(1 4 bo0p) A1 4 Oloop)? — 2 _ 34(1 4 Goop)? — 2
) == = 4(1+5100E)2+22’ 08(m) = 1401 +5looz)2+z2’
5(71’) = _1’ 6(,0) = _1a 5((11) = _17

where the tree-level contribution from z = mumﬂ% / m%{i and the one-loop contribution
from d1o0p are included for completeness although the loop correction is too small to give
a sizeable contribution. The PDG determination of the above 10 parameters (without
assuming lepton universality) is summarized in appendix B, and will be combined with the
HFAG data in our final result (figure 1). The inclusion of the 7 decay parameters slightly
more constrains the parameter space.

6 Results

Figure 1 summarizes the results of our analyses on the allowed regions at 1o and 20 for
the muon g — 2 (colored/shaded region), lepton universality in Z decays (red lines), and
lepton universality with 7 decays (blue lines) in the plane of (my,tan3). Four different
values of myg = mpy+ = 100, 200, 300 and 400 GeV were chosen in a way that the precision
electroweak test is fulfilled by the degeneracy of the two heavier Higgs boson masses.

First, notice that the allowed region for the muon g — 2 gets larger for heavier H/H<
as it reduces the negative contribution from H. Let us recall that we used the deviation of
the muon g — 2 given in eq. (3.1), allowing a larger area than in ref. [19].

The constraints from the lepton universality in Z decays become stricter for larger
mp = my+ due to larger hierarchy ms < mpy g+. After properly including both data for
drr and &, with the corresponding correlation coefficient, we found that our bounds are
similar to those in ref. [19]. On the other hand, the constraints from the lepton universality
in 7 decays are stronger for smaller m g+ due to the enhanced tree-level contribution which
is independent of m 4. For heavier H/H¥, the one-loop correction become more important
and the region of smaller m 4 is much more constrained again due to the large mass splitting
ma < mpy g+. Recall that we included the full HFAG data from the pure leptonic and
semi-hadronic decays and obtained much weaker bounds than those in refs. [19, 20]. In fact,
the lepton universality data with tau decays show a 20 deviation from the SM prediction
and thus we obtain a large chi-square minimum, Xfmn = 15.6, even for the L2ZHDM fit. In
figure 1, we show all the 1o and 20 regions of Ay? = x? — Xfmn.
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Figure 1. Allowed at 1o and 20 CL are the regions inside the green (inner) and yellow (outer)
shaded areas by the muon g — 2; below the red dashed (lower) and red solid (upper) lines by the
lepton universality test in Z decays; below the blue dashed (lower) and blue solid (upper) lines by
the lepton universality test with 7 decays, respectively.

Note that the lepton universality test in tau decays provides much stronger bounds for
lower m g+, but the lepton universality test in Z decays becomes more constraining for
larger mpy p+. Even after combining both lepton universality tests, there survives still a
large region of (m 4, tan ) accommodating the muon g — 2 deviation at 20 for intermediate
values of mp g+ ~ 200-400 GeV.

7 Conclusion

In the context of 2HDM, the type X (lepton-specific) model at large tan  (L2ZHDM) can
accommodate the observed deviation of the muon anomalous magnetic moment if the extra
Higgs bosons follow the mass spectrum mg < mpy ~ mpy+. While no serious constraints



can be applied by hadronic observables, it can be strongly constrained by precision leptonic
observables. We showed how the consistent combination of the lepton universality data
in Z and 7 decays constrains the L2ZHDM parameter space. Indeed, a large region of
(m4,tan ) explaining the muon g — 2 anomaly is excluded so that no region is allowed at
lo. Still, a sizeable parameter space is viable at 20, particularly, for intermediate values
of myg = my+ around 200 ~ 400 GeV.

The future improvement of the precision of lepton universality will be crucial to limit
further the L2ZHDM parameter space in favor of the muon g — 2 explanation. Such a light
pseudoscalar A could be searched for by observing the processes of AH/H* — AA+ X and
h — AA leading to the final states of 47 [20] and 227 [34] in future collider experiments.

A Two- and three-point functions in Z decays

Defining D; = (k+3 % 1 ! pp)?—m? with introducing a redundant momentum p;,,, satisfying
Imax

the energy momentum conservation, ) p;, = 0, one gets the following two- and three-
point functions relevant for our calculation [33]:

27_‘_/1/)4—d ku
BH(p2. p2: m?2 2—(/ddk Al
(p1, p2; M7, Mm3) Jr2 D1 Dy (A1
p 1,p27m17m%)

1(p
) K+
/ ddkiDl 2D (A.2)

=N Cl(p17p27p37m%7m§7m:2;>

+p202(p17p27p3; m%,m%,m%) )

ct (plap27p37m%7mgvm?’)) (

v (2mp)* 4 kY
ct (pfapgvpg; m% m%? m?‘)) = 5 ddkm (Ag)

= ¢""Coo(p1, p3, P3; M7, m3, m3)
+ P p{Cri(pi, p3, p3i mi, m3, m3)
+phpsCoa (pF, p3, p5; mi, m3, m3)
+ (P'ph + piph) Cra(pi, p3, p3; mi, m3, m3)
where d = 4 — € is the dimensional regularization parameter and p is the renormalization
scale. The loop-functions in eq. (4.3) are obtained by

m2

BZ< ) = B1(0,0;0,m?), (A.4)
mZ

m% m% 2. 2 2 2.2 2

CZ NURNC - COO(anamZ;mbO?mZ) = COO<0707mZ;m2707m1)7 (A5)
my my
~ m2

CZ (7712) = [(d - 2)C’OO + m2Z(012 + 02)] (0’ Oa mQZa 07 m27 0) ) (AG)
A

taking the renomalization scale uy = myz. Note that B; and Cyy contain the renormalization
constant —A./2 and A./4, respectively.

~10 -



B Tau decay parameters

The PDG determination of the 7 decay parameters [27] is given by

ple) = 0.7475 £ 0.0097,  &£(e) = 0.9939 +0.0404,  6¢(e) = 0.7337 +£0.0282, (B.1)
p(p) = 0.7630 £ 0.0196,  n(y) = 0.09678 + 0.07265

() = 1.0288 +0.0589,  0&(p) = 0.7774 +0.0374 ,

£(m) = —0.9946 £ 0.0219,  £(p) = —0.9941 £ 0.0084, £(a1) = —1.00037 & 0.02731 ,

with the correlation matrix:

1 —0.055 0.016 0.051 -0.031 —0.009 0.00052 —0.039 0.019 —0.00055
—0.055 1 0.17  0.016 0.0028 —0.031 —0.047 0.04 —0.12 0.01
0.016 0.17 1 0.0091 0.012 —0.052 —0.014 0.068 —0.15  0.0038
0.0051  0.016 0.0091 1 0.7 0.12  0.017 —-0.042 —0.0082 0.0033
—0.031 0.0028 0.012 0.7 1 0.3 0.091 0.073 -0.063 —0.03
—-0.009 -0.031 —0.052 0.12 0.3 1 0.015 0.027 -0.063 0.013
0.00052 —0.047 —0.014 0.017 0.091 0.015 1 0.06 —0.087 0.0094
—-0.039 0.04 0.068 —0.042 0.073 0.027 0.06 1 —-0.16  —0.20
0.019 -0.12 —-0.15 —0.0082 —0.063 —0.063 —0.087 —0.16 1 —0.047

—0.00055 0.01 0.0038 0.0033 —0.03 0.013 0.0094 —-0.20 -0.047 1

Acknowledgments

EJC thanks Alberto Lusiani and Achim Stahl for providing detailed information on lepton
universality tests in 7 and Z decays, and critical discussions on the data analysis.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] J.F. Gunion and H.E. Haber, The CP conserving two Higgs doublet model: the approach to
the decoupling limit, Phys. Rev. D 67 (2003) 075019 [hep-ph/0207010] [InSPIRE].

[2] G.C. Branco et al., Theory and phenomenology of two-Higgs-doublet models,
Phys. Rept. 516 (2012) 1 [arXiv:1106.0034] INSPIRE].

[3] MuON g — 2 collaboration, H.N. Brown et al., Precise measurement of the positive muon
anomalous magnetic moment, Phys. Rev. Lett. 86 (2001) 2227 [hep-ex/0102017] INSPIRE].

[4] MUON g — 2 collaboration, G.W. Bennett et al., Final report of the muon E821 anomalous
magnetic moment measurement at BNL, Phys. Rev. D 73 (2006) 072003 [hep-ex/0602035]
[INSPIRE].

[5] M. Davier, A. Hoecker, B. Malaescu and Z. Zhang, Reevaluation of the hadronic
contributions to the muon g — 2 and to (M%), Eur. Phys. J. C 71 (2011) 1515
[Erratum ibid. C 72 (2012) 1874] [arXiv:1010.4180] [INSPIRE].

- 11 -


http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1103/PhysRevD.67.075019
http://arxiv.org/abs/hep-ph/0207010
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0207010
http://dx.doi.org/10.1016/j.physrep.2012.02.002
http://arxiv.org/abs/1106.0034
http://inspirehep.net/search?p=find+EPRINT+arXiv:1106.0034
http://dx.doi.org/10.1103/PhysRevLett.86.2227
http://arxiv.org/abs/hep-ex/0102017
http://inspirehep.net/search?p=find+EPRINT+hep-ex/0102017
http://dx.doi.org/10.1103/PhysRevD.73.072003
http://arxiv.org/abs/hep-ex/0602035
http://inspirehep.net/search?p=find+EPRINT+hep-ex/0602035
http://dx.doi.org/10.1140/epjc/s10052-010-1515-z
http://arxiv.org/abs/1010.4180
http://inspirehep.net/search?p=find+EPRINT+arXiv:1010.4180

6] K. Hagiwara, R. Liao, A.D. Martin, D. Nomura and T. Teubner, (g — 2),, and o(M3

I Z

re-evaluated using new precise data, J. Phys. G 38 (2011) 085003 [arXiv:1105.3149]
[INSPIRE].

[7] M. Benayoun, P. David, L. DelBuono and F. Jegerlehner, An update of the HLS estimate of
the muon g — 2, Eur. Phys. J. C 73 (2013) 2453 [arXiv:1210.7184] [INSPIRE].

[8] A. Dedes and H.E. Haber, Can the Higgs sector contribute significantly to the muon
anomalous magnetic moment?, JHEP 05 (2001) 006 [hep-ph/0102297] [INSPIRE].

[9] K.-m. Cheung, C.-H. Chou and O.C.W. Kong, Muon anomalous magnetic moment,
two-Higgs-doublet model and supersymmetry, Phys. Rev. D 64 (2001) 111301
[hep-ph/0103183] [iNSPIRE].

[10] M. Krawczyk, The new (g — 2) for muon measurement and limits on the light Higgs bosons
in 2HDM(II), hep-ph/0103223 [INSPIRE].

[11] F. Larios, G. Tavares-Velasco and C.P. Yuan, Very light CP-odd scalar in the
two-Higgs-doublet model, Phys. Rev. D 64 (2001) 055004 [hep-ph/0103292] INSPIRE].

[12] K. Cheung and O.C.W. Kong, Can the two Higgs doublet model survive the constraint from
the muon anomalous magnetic moment as suggested?, Phys. Rev. D 68 (2003) 053003
[hep-ph/0302111] [INSPIRE].

[13] J.F. Gunion, A light CP-odd Higgs boson and the muon anomalous magnetic moment,
JHEP 08 (2009) 032 [arXiv:0808.2509] [INSPIRE].

[14] M. Krawczyk, Precision muon g — 2 results and light Higgs bosons in the 2HDM(II),
Acta Phys. Polon. B 33 (2002) 2621 [hep-ph/0208076] [INSPIRE].

[15] J. Cao, P. Wan, L. Wu and J.M. Yang, Lepton-specific two-Higgs doublet model: experimental
constraints and implication on Higgs phenomenology, Phys. Rev. D 80 (2009) 071701
[arXiv:0909.5148] [INSPIRE].

[16] S.M. Barr and A. Zee, Electric dipole moment of the electron and of the neutron,
Phys. Rev. Lett. 65 (1990) 21 [Erratum ibid. 65 (1990) 2920] NSPIRE].

[17] A. Broggio, E.J. Chun, M. Passera, K.M. Patel and S.K. Vempati, Limiting
two-Higgs-doublet models, JHEP 11 (2014) 058 [arXiv:1409.3199] [INSPIRE].

[18] L. Wang and X.-F. Han, A light pseudoscalar of 2HDM confronted with muon g — 2 and
experimental constraints, JHEP 05 (2015) 039 [arXiv:1412.4874] [INSPIRE].

[19] T. Abe, R. Sato and K. Yagyu, Lepton-specific two Higgs doublet model as a solution of
muon g — 2 anomaly, JHEP 07 (2015) 064 [arXiv:1504.07059] [INSPIRE].

[20] E.J. Chun, Z. Kang, M. Takeuchi and Y.-L.S. Tsai, LHC 7-rich tests of lepton-specific
2HDM for (g —2),, JHEP 11 (2015) 099 [arXiv:1507.08067] [iNSPIRE].

[21] E.J. Chun, The muon g — 2 in two-Higgs-doublet models, EPJ Web Conf. 118 (2016) 01006
[arXiv:1511.05225] [INSPIRE].

[22] A. Crivellin, J. Heeck and P. Stoffer, A perturbed lepton-specific two-Higgs-doublet model
facing experimental hints for physics beyond the standard model,
Phys. Rev. Lett. 116 (2016) 081801 [arXiv:1507.07567] [INSPIRE].

[23] A. Denner, R.J. Guth, W. Hollik and J.H. Kiithn, The Z-width in the two Higgs doublet
model, Z. Phys. C 51 (1991) 695 [INSPIRE].

~12 -


http://dx.doi.org/10.1088/0954-3899/38/8/085003
http://arxiv.org/abs/1105.3149
http://inspirehep.net/search?p=find+EPRINT+arXiv:1105.3149
http://dx.doi.org/10.1140/epjc/s10052-013-2453-3
http://arxiv.org/abs/1210.7184
http://inspirehep.net/search?p=find+EPRINT+arXiv:1210.7184
http://dx.doi.org/10.1088/1126-6708/2001/05/006
http://arxiv.org/abs/hep-ph/0102297
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0102297
http://dx.doi.org/10.1103/PhysRevD.64.111301
http://arxiv.org/abs/hep-ph/0103183
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0103183
http://arxiv.org/abs/hep-ph/0103223
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0103223
http://dx.doi.org/10.1103/PhysRevD.64.055004
http://arxiv.org/abs/hep-ph/0103292
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0103292
http://dx.doi.org/10.1103/PhysRevD.68.053003
http://arxiv.org/abs/hep-ph/0302111
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0302111
http://dx.doi.org/10.1088/1126-6708/2009/08/032
http://arxiv.org/abs/0808.2509
http://inspirehep.net/search?p=find+EPRINT+arXiv:0808.2509
http://arxiv.org/abs/hep-ph/0208076
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0208076
http://dx.doi.org/10.1103/PhysRevD.80.071701
http://arxiv.org/abs/0909.5148
http://inspirehep.net/search?p=find+EPRINT+arXiv:0909.5148
http://dx.doi.org/10.1103/PhysRevLett.65.21
http://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,65,21%22
http://dx.doi.org/10.1007/JHEP11(2014)058
http://arxiv.org/abs/1409.3199
http://inspirehep.net/search?p=find+EPRINT+arXiv:1409.3199
http://dx.doi.org/10.1007/JHEP05(2015)039
http://arxiv.org/abs/1412.4874
http://inspirehep.net/search?p=find+EPRINT+arXiv:1412.4874
http://dx.doi.org/10.1007/JHEP07(2015)064
http://arxiv.org/abs/1504.07059
http://inspirehep.net/search?p=find+EPRINT+arXiv:1504.07059
http://dx.doi.org/10.1007/JHEP11(2015)099
http://arxiv.org/abs/1507.08067
http://inspirehep.net/search?p=find+EPRINT+arXiv:1507.08067
http://dx.doi.org/10.1051/epjconf/201611801006
http://arxiv.org/abs/1511.05225
http://inspirehep.net/search?p=find+EPRINT+arXiv:1511.05225
http://dx.doi.org/10.1103/PhysRevLett.116.081801
http://arxiv.org/abs/1507.07567
http://inspirehep.net/search?p=find+EPRINT+arXiv:1507.07567
http://dx.doi.org/10.1007/BF01565598
http://inspirehep.net/search?p=find+J+%22Z.Physik,C51,695%22

[24]

[25]

[26]

[27]

[28]

[29]

[30]

SLD ELeEcTROWEAK Groupr, DELPHI, ALEPH, SLD, SLD HEAvY FLAVOUR GROUP,
OPAL, LEP ELECTROWEAK WORKING GROUP and L3 collaborations, S. Schael et al.,
Precision electroweak measurements on the Z resonance, Phys. Rept. 427 (2006) 257
[hep-ex/0509008] [INSPIRE].

HEAVY FLAVOR AVERAGING GROUP (HFAG) collaboration, Y. Ambhis et al., Averages of
b-hadron, c-hadron and T-lepton properties as of summer 2014, arXiv:1412.7515 [INSPIRE].

PARTICLE DATA GROUP collaboration, K.A. Olive et al., Review of particle physics,
Chin. Phys. C 38 (2014) 090001 and 2015 update [INSPIRE].

A. Stahl, private communication.

P.M. Ferreira, J.F. Gunion, H.E. Haber and R. Santos, Probing wrong-sign Yukawa couplings
at the LHC and a future linear collider, Phys. Rev. D 89 (2014) 115003 [arXiv:1403.4736]
[INSPIRE].

P.M. Ferreira, R. Guedes, M.O.P. Sampaio and R. Santos, Wrong sign and symmetric limits
and non-decoupling in 2HDMs, JHEP 12 (2014) 067 [arXiv:1409.6723] [INSPIRE].

J.M. Gerard and M. Herquet, A twisted custodial symmetry in the two-Higgs-doublet model,
Phys. Rev. Lett. 98 (2007) 251802 [hep-ph/0703051] [INSPIRE].

[31] V. Ilisie, New Barr-Zee contributions to (g — 2),, in two-Higgs-doublet models,

[32]

[33]

[34]

JHEP 04 (2015) 077 [arXiv:1502.04199] [INSPIRE].

M. Krawczyk and D. Temes, Large 2HDM(II) one-loop corrections in leptonic tau decays,
Eur. Phys. J. C 44 (2005) 435 [hep-ph/0410248] [INSPIRE].

G. Passarino and M.J.G. Veltman, One loop corrections for ete™ annihilation into p+tu~ in
the Weinberg model, Nucl. Phys. B 160 (1979) 151 [INnSPIRE].

ATLAS collaboration, Search for Higgs bosons decaying to aa in the putt final state in pp
collisions at /s = 8 TeV with the ATLAS experiment, Phys. Rev. D 92 (2015) 052002
[arXiv:1505.01609] [INSPIRE].

~13 -


http://dx.doi.org/10.1016/j.physrep.2005.12.006
http://arxiv.org/abs/hep-ex/0509008
http://inspirehep.net/search?p=find+EPRINT+hep-ex/0509008
http://arxiv.org/abs/1412.7515
http://inspirehep.net/search?p=find+EPRINT+arXiv:1412.7515
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://inspirehep.net/search?p=find+J+%22Chin.Phys.,C38,090001%22
http://dx.doi.org/10.1103/PhysRevD.89.115003
http://arxiv.org/abs/1403.4736
http://inspirehep.net/search?p=find+EPRINT+arXiv:1403.4736
http://dx.doi.org/10.1007/JHEP12(2014)067
http://arxiv.org/abs/1409.6723
http://inspirehep.net/search?p=find+EPRINT+arXiv:1409.6723
http://dx.doi.org/10.1103/PhysRevLett.98.251802
http://arxiv.org/abs/hep-ph/0703051
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0703051
http://dx.doi.org/10.1007/JHEP04(2015)077
http://arxiv.org/abs/1502.04199
http://inspirehep.net/search?p=find+EPRINT+arXiv:1502.04199
http://dx.doi.org/10.1140/epjc/s2005-02370-2
http://arxiv.org/abs/hep-ph/0410248
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0410248
http://dx.doi.org/10.1016/0550-3213(79)90234-7
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B160,151%22
http://dx.doi.org/10.1103/PhysRevD.92.052002
http://arxiv.org/abs/1505.01609
http://inspirehep.net/search?p=find+EPRINT+arXiv:1505.01609

	Introduction
	Leptophilic 2HDM
	The (g-2)(mu) in L2HDM
	Lepton universality in Z decays
	Lepton universality and tau decays
	Results
	Conclusion
	Two- and three-point functions in Z decays
	Tau decay parameters

