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ABSTRACT: We consider axion-mediated dark matter models motivated by Fermi gamma
ray line at 130 GeV, where an axion-like scalar couples to a singlet Dirac fermion dark
matter (DM) so its anomaly interactions with electroweak gauge bosons allow the DM
to annihilate into monochromatic photon(s). In these models, extra vector-like leptons
generate the necessary anomaly interactions for the axion and can also modify the Higgs-
to-diphoton rate by their Yukawa couplings to the SM Higgs boson. We can distinguish
models by the branching fraction of the DM annihilation into a photon pair, favoring the
model with a triplet fermion. From the condition that the lighter charged extra lepton
must be heavier than dark matter for no tree-level DM annihilations, we also show that
the ratio of Higgs-to-diphoton rate to the SM value is constrained by vacuum stability to
1.4 (1.5) for the cutoff scale of 10 (1) TeV.
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1 Introduction

Both ATLAS and CMS [1, 2] have recently discovered a Higgs-like boson with mass 125
126 GeV with high significances of 5.90 and 5.00, respectively. Although the overall signal
strength is consistent with what we expected from the SM Higgs boson, the Higgs-to-
diphoton channel shows a larger signal strength than the Standard Model (SM) value.
Since the Higgs decay rate into a photon pair is induced by loops in the SM, there might
be a room for new particles to modify the Higgs coupling to a photon pair, being consistent
with current collider limits and electroweak precision test.

On the other hand, from the Fermi LAT data [3-6], there is an interesting observation of
the gamma-ray line at 130 GeV [7], which might be interpreted as the signal of dark matter
annihilating into monochromatic photon(s) at the galactic center [7-10]. There are a lot of



recent activities in the dark matter model building [11-28] to explain the Fermi gamma-
ray line! while satisfying the bounds on other annihilation channels [5, 31-37]. Seemingly
unrelated two phenomena with di-photons from the Higgs boson decay and those from dark
matter annihilation could be originated from the same extra particles beyond the SM. It
is the main topic of this paper to address the interplay between dark matter and Higgs
signals for constraining the model parameters and consequently the signal strength in the
models.

We consider a microscopic theory of axion-mediated dark matter [27], which has been
recently proposed by ourselves to accommodate the Fermi gamma-ray line with a Dirac
fermion dark matter. To that purpose, we introduce extra vector-like leptons to gen-
erate the Peccei-Quinn (PQ) anomaly interactions of an axion-like pseudo-scalar to the
SM electroweak gauge bosons. Then, the axion can allow dark matter to annihilate into
monochromatic photon(s) with the branching fraction depending on the representations of
the extra leptons. The extra leptons can have large Yukawa couplings to the Higgs boson
and enhance the Higgs-to-diphoton rate [38—42]. The minimal content of extra leptons that
we consider is: (1) one vector-like pair of doublets and one vector-like pair of singlets or
(2) one vector-like pair of doublets and a triplet. We need to introduce two Higgs doublets
to allow for the Higgs Yukawa couplings to the extra leptons being compatible with non-
vanishing PQ anomalies. However, we focus on the decoupling limit of extra Higgs bosons
where only the SM Higgs boson is kept in the low energy theory.

We show that Fermi gamma-ray line can be explained by the DM annihilation into
a photon pair in both models. But, the two models are distinguishable by the different
branching fractions of the DM annihilation cross section into a photon pair. When the
lighter extra charged lepton state is smaller than around 200 GeV, the branching fraction
of two-photon line increases significantly, as compared to the value determined by anomalies
in the limit of large extra lepton masses. In the singlet models, the branching fraction of
two-photon line is large so extra annihilation channels with the scalar partner of the axion
are needed. On the other hand, in the triplet model, the branching fraction of two-photon
line is consistent with the Fermi gamma-ray line and the thermal relic density.

We also show that the two models with extra leptons lead to the similar Higgs-to-
diphoton rate because the extra charged leptons are the same. However, vacuum stability
conditions become stronger for the triplet model in the region with the enhanced Higgs-
to-photon rate. In order to make the loop-induced DM annihilation into monochromatic
photon(s) sizable for the Fermi gamma-ray line, we need to suppress or forbid the tree-
level DM annihilation into a pair of the lighter state of extra charged leptons. Due to the
nature of the axion coupling to the extra leptons, the phase-space suppression of the tree-
level annihilation channel is not significant if the lighter charged lepton is slightly lighter
than dark matter. Therefore, we need to forbid the tree-level channel kinematically by
taking the lighter charged lepton mass to be larger than dark matter mass, 130 GeV. In
turn, combined with vacuum stability conditions, we obtain the bounds on the ratio of
Higgs-to-diphoton rate to the SM value as R, < 1.4 (1.5) for the cutoff scale of 10 (1) TeV.

!See also other interpretations in refs. [29, 30].



The paper is organized as follows. We first present models with extra vector-like leptons
where the Higgs sector is extended with two Higgs doublets and one complex singlet scalar.
Then, we obtain the interactions of extra leptons to both the axion and the SM Higgs boson
in the decoupling limit of extra Higgs bosons. Next, we discuss the DM annihilation cross
section into monochromatic photon(s) and the Higgs-to-diphoton rate. We also constrain
the models by the vacuum stability, perturbativity conditions and electroweak precision
data, and emphasize the interplay between dark matter and Higgs signals. Finally, the
conclusions are drawn.

2 DModels with extra leptons

We consider the extension of the SM with renormalizable interactions for axion-like scalar
field a, an extra vector-like lepton f and a singlet Dirac fermion dark matter x, as follows,

- 1
L =x7"0ux + [V Duf + 5 (9u0)?
_ 1 1 . _ ) =
—my XX —myff— imgaQ + EZAXGXVSX + z)\faf75f (2.1)

where D), is the covariant derivative with respect to the SM electroweak gauge group.

When the extra leptons carry electromagnetic charges, they induce the effective inter-
action between the axion and two photons by triangle one-loops. Consequently, due to the
direct axion coupling to the fermion DM, monochromatic photons can be generated from
the DM annihilations mediated by the axion. For the large extra lepton mass my = A v,
with vs being a singlet vev, PQ anomalies lead to the axion couplings to the electroweak
gauge bosons,

c; Ry
ﬁa,eﬂ" = Z 8;’1}1 CLF;VFZ’LW (22)
i=1,2

where cq, co are constant parameters fixed as ¢ = Tr(quYQ) and co = Tr(gpql(r)) with
qrq(Y) being PQ charge (hypercharge) and [(r) being the Dynkin index of representation
r of the extra lepton under the SU(2)y. For a pair of extra lepton doublets like Higgsinos
in the MSSM, we get ¢; = co = 1 for PQ charges normalized to 1.

Furthemore, the extra vector-like lepton can have the effective interaction with the SM
Higgs H after heavy fermions are integrated out,

cC _
Lo = MfHTHff. (2.3)

In the presence of multiple vector-like leptons f;(i = 1,2,--- , N), the Higgs to di-photon
decay rate can be enhanced or reduced, depending on the interference between the SM
contribution and the new contributions with couplings cy,.

2.1 Model I: vector-like doublet and singlet with PQ charges

For concreteness, we consider PQ symmetry for a Dirac fermion dark matter that couples
to the SM through the extra vector-like leptons. We introduce a Dirac singlet dark matter
fermion composed of y, ¥, and extra vector-like lepton doublets, Iy, [y with Iy = (v4, e4)” and



G| us | de |l | eS| 1y | eS|l eS| Ha |Hy| S | x| %
PQ|1|1|1]2|0|1]|1|1]|1|-2|-2|-2]|1]1
Zo |+ |+ | = |+]|=-|-|+|+|+|+|-=-|—-]-1+

Table 1. PQ charges and Z, parities for Majorana neutrino case.

G| uS | ds | L e | NE Iy eS| la| e | Ha | Hy| S X
PQ| 1|1 1|11 1 |1|1]|1]1]=2]-2]-2|1]1
Zo |+ |+ | —|+| - |+ ||+ |+|+]| + ]| |||+

Table 2. PQ charges and Z, parities for Dirac neutrino case.

Iy = (64,74)T, and extra vector-like lepton singlets, e$, 5. A complex scalar, S, mediates
between dark matter and extra vector-like leptons while two Higgs doublets, Hy, H,,, are
required to obtain the Higgs Yukawa couplings to extra leptons being consistent with PQ
symmetry.

The interaction terms for dark matter and extra leptons are written in terms of two-

component Weyl spinors as follows,
— Lyukawa = MSXX + NiSlaly + NeSe§eS + yrHalae§ — §1H, 1485 + h.c. (2.4)

Here we note that the vector-like lepton doublet and singlet have the same PQ charges and
the Higgs doublets have the same PQ charges as the one of the singlet S. In the presence
of PQ symmetry, the Yukawa couplings for quarks and charged leptons in the SM can be
also written by assigning the PQ charges appropriately.

For dimension-5 Majorana neutrino mass terms, =7 (l;Hy)(l;H,), where M is the cutoff,
we need to choose nonzero PQ charges for lepton doublets but zero PQ charges for lepton
singlets. For Majorana neutrino case, the mixing term between the SM charged leptons
and the extra charged leptons such as Hglse§, Hgl;ef, are forbidden by PQ symmetry.
Furthermore, the mixing dimension-5 terms between the extra heavy neutrino and the SM
neutrinos are not allowed by PQ symmetry, so the lighter charged lepton would be stable
in the minimal case. The PQ charges and Z5 parities in Majorana neutrino case are given
in table 1.

On the other hand, if the PQ charges of lepton singlets are nonzero, only Dirac-type
neutrino masses are allowed with right-handed neutrinos N{. For Dirac neutrino case,
the mixing term between the SM leptons and the extra vector-like leptons are allowed
by the renormalizable Yukawa couplings so there should be an additional symmetry to
protect large flavor violations in the lepton sector. The PQ charges and Zs parities in

Dirac neutrino case are given in table 2.

We note that in both Majorana and Dirac cases, Yukawa couplings are invariant under
a shift in PQ charges, which reflects another accidental U(1)y global symmetry.



2.1.1 Axion and Higgs couplings to extra leptons
The PQ invariant potential for two Higgs doublets only is given by

1 1
Vo(Hu, Ha) = 3| Hal*+ 5 [ Hul*+ 50 | Hal 5 X[ Hul +-Xs [ Hu|*| Ha[*+ Xa| Hu Hal*. - (2.5)

The above Higgs potential Vj possesses an additional global U(1)y symmetry. Then,
keeping the U(1)y in the singlet-Higgs couplings, we get the PQ and U(1)y invariant
scalar potential for the singlet and the Higgs doublets,

V (S, Hu, Hy) = Xs|S|* + m3|S12 + Ay s|SPIHul? + Ays| S Hal? + Vo(Hu, Hy) . (2.6)
Thus, after PQ and U(1)y symmetries are broken spontaneously, there are two massless

axions. If the U(1) symmetries are broken by the following soft mass terms,

1
= 5mgsz — y2H, Hy +he., (2.7)

the massless axions obtain masses but there is no mixing between the S and Higgs axions.

AV

In both Majorana and Dirac neutrinos, the SM quarks are also charged under the PQ
symmetry, so they could contribute to QCD anomalies through the Higgs Yukawa couplings.
However, when two massless axions are lifted by the above U(1) breaking soft masses,
there is no mixing between the Higgs pseudo-scalar and the singlet axion. So, the axion
mediates dark matter interactions to electroweak gauge bosons through the couplings to
extra vector-like leptons but it does not couple to the SM fermions or gluons directly.

In the limit of decoupling the heavy additional Higgses, we can get the following effec-
tive potential containing the lighter CP-even Higgs (in unitary gauge) and the singlet only,

1 1 1 1
Veg = As|S|* + p3|S|? + <2m’252 + h.c.> + iAhSISFhQ + 1)%]14 + 5mih? (2.8)

where A\pg, Ap, m,% are the effective Higgs parameters written in terms of the input param-
eters in Viot. For simplicity, henceforth we consider the effective theory with the heavy
Higgses being integrated out. In this case, if there is no mixing between the lighter Higgs
and the singlet, the lighter Higgs can be just like the SM Higgs.

After the singlet scalar and the Higgs doublet develop VEVs as (S) = v, Hy =
%(vd, 0)" and H, = %(0, vy) T with v? = v2 + v2, we get the mass terms,

— Liass = My XX + my(vals + €1€4) + meef€y + myeseq + myes€ + h.c. (2.9)

with m, = %Axvs, m; = AUs, Me = AU, My = %ylvd and m, = %gjlvu. Then, the

(MmO, (2.10)

Thus, the mass matrix squared is given by

charged fermion mass matrix is

M}Mf — < (2.11)

le + m% MMy + MMy
Mg + Memy m2 + m2



Then, after diagonalizing the squared matrix by a unitary transform with V',

VIMIMV = M3, (2.12)
with
v _ cosfly sinfy (2.13)
~ \ —sin6; cosby )’ '
we get the mass eigenvalues and the mixing angle are
1 - - -
m?l,Z = 5 (ml2 + mg + m326 + m% + \/(mZQ + m% - mg - m%)Q + 4(mlma: + memaz)z> )
(2.14)
9 -
sin(207) = — (i + mems) (2.15)

2 2
My, —my,

Accordingly, the Weyl fermion pair (e4,é5)” transforms as

BRI}

By performing a bi-unitary transform UTM V = Mp with

1 i 1y i ;
v ™ (mycosly — my 81‘n ) s (my 51'11 0f + my costy) | (2.17)
m—h(mx cosff —mesinby) m—b(mx sin@y + me cosfy)
we can diagonalize the charged fermion mass terms in eq. (2.10) as follows,
mp, fifi +mp, faf (2.18)

Then, another pair of Weyl fermions, (éq, ei)T, transforms as

()-r(h)

Now we expand the singlets and Higgs doublets around the VEVs by S = (vs + s +
ia)/\/2, Hy = %(Ud + hg,0)" and H, = %(0,% + hy)T. In the decoupling limit for the
extra Higgs fields, the lightest CP-even Higgs becomes the SM Higgs while the lighter axion
coming from S remains in the effective theory. Then, from the results in appendix A, we
get the Yukawa couplings for the axion a and the Higgs h,

— Ling = ™ axy’x — i avy’v
Vs Vs

—ia (MY FL 4+ M Foy’ Fy)

+%ia[()\3 — M) (FoFy — FIF) — (A3 4 M) (Foy° FL + Fiy° )]

—y1thFyFy — yoh By Fy

—5hlls 4y (B FiBs) + (~ys + ) (B Fi — FrosBs)] (220)



where x = (x, X1), v = (v4, DI), Fy = (f1, f‘{r)T and Fy = (fo, fg)T are the mass eigenstates
in Dirac spinors. For simplicity, we take m; = me, m; = m, for which 0y = 7 and

mpy, , = my F my. Then, the Yukawa couplings are

my

A= — =)o, A3 =X\ =0, (2.21)
Vs
m

ylzf:—yz, Y3 =ys=0. (2.22)

In this case, eq. (2.20) becomes

— Lt = —imX a X — it a vy
Vs Vs
—i\a (Fiy°Fy + Foy° Fy) — y1h (B1Fy — By Fy) . (2.23)

On the other hand, using the results in appendix B, we get the electroweak interactions of
the extra leptons,

£gauge = gWJ [D'YM(Fl + Fg) + h.C.]

e _ _ _ _
— 7, |lvy* Fi~v*F; Fy~yH F: Fi~*F Fhrv*F:
+28in9WCOSGW u [PV + ve(FIV'FL + Foy' Fy) + ac(F1y" Fy + Foy' F1)]

—eAM(Fyy”F1 + FQ’Y“FQ) (2.24)
%. We note that there are also Yukawa couplings
between the CP-even singlet scalar and dark matter/extra leptons. If they mix with the

where v, = —% + 2sin? 6y and a. = —

Higgs, they can affect the dark matter annihilation as well as the effective Higgs couplings
to the SM. Here, we assume that the mixing between the CP-even singlet scalar and the
Higgs is small enough not to affect the Higgs production cross section at the LHC.

2.1.2 Dirac neutrino and SU(3)y unification

For Dirac neutrino case, each pair of the SM lepton doublet and singlet also carries the
same PQ charges as for the extra leptons, so the case is consistent with the SU(3)y
unification [43] in which the electroweak gauge group SU(2)7, x U(1)y is unified into a single
one. For instance, in 5D SU(3)y electroweak unification model on S*/(Zy x Zb) [44-47),
SU(3)w is broken to SU(2); x U(1)y due to the orbifold boundary conditions, resulting
in two fixed points on the orbifold: y = 0 where SU(3)y is unbroken and y = %R with R
the radius of the extra dimension where SU(3)y is broken to SU(2)z, x U(1)y. Thus, the
SM leptons and extra leptons, that are a full SU(3)y triplet, are located at y = 0 while
the SM quarks, that are split multiplets of the SU(3)yy, are located at y = %. For the
realistic Yukawa couplings for the charged leptons with SU(3)yy, the Higgs doublet must be
extended to a bulk sextet, Hg = (Hgy, Hr, Hs), including a doublet H; with Y = —1/2, a
triplet Hy with Y = —1 and a singlet Hg with Y = —2, instead of an SU(3)y, Higgs triplet.
There is one more bulk Higgs sextet, Hs = (H,, Hr, Hg), which contains another Higgs
doublet, H,. Then, the Higgs doublets survive as zero modes, giving rise to the Yukawa
couplings for the SM quarks, leptons and extra leptons, while the extra Higgs states are

projected out by orbifold boundary conditions.



In 5D SU(3)w unification on the orbifold, the KK towers of Higgs sextets living in
bulk contribute to the running of the electroweak gauge couplings, Under the assumption
that the unified electroweak gauge coupling becomes strong, we get the prediction on the
Weinberg angle at My with KK corrections [44-47],

3

- M, M,
sin? Oy (Mz) = 0.25 — 3 Cem [BIn =
T

Bl
TP,

(2.25)

where a(Myz) = % ~ 1/128, B = b, — by /3 and B = by — Eg//3. Here 0's denote the
beta function coefficients for the SM zero modes and b’s denote those for the KK modes.
In the case with one pair of Higgs sextet and anti-sextet, the beta functions below the

compactification scale are by = 3,by = —2L and B = %. Above the compactification
scale, we get b, = —%, by = —%1 and B = %. Then, from the observed value with

sin? Oy (Myz) ~ 0.231, we can determine the unification and compactification scales under
the strong coupling assumption with M, /M. ~ 873(100) as M, = 140 (77) TeV and 1/R =
1.7 (2.4) TeV.
In the case of the SU(3)y unification, PQ anomalies respect the SU(3)y symmetry as
follows,
Coo

Losu@)w = — aFZZFWW (2.26)

95

with ap = 72 with go being the SU(3) gauge coupling and ¢ = 1. Consequently, from
the embedding of U(1)y into SU(3)y with ¥ = % diag(—3,—1,1) and gY = g1Y, we get
the relation between the SU(3)y gauge coupling and the electroweak gauge couplings as
g1+95

at the SU(3)y unification scale. Including the running of the gauge couplings below the

go = V/3g1 = go at tree level. Thus, we obtain the tree-level value, sin? 6y =

unification scale, the electroweak anomaly couplings are given by the same formula (2.26)
but in terms of electroweak gauge couplings,

CiQy; iy
Looff = Z 8;1; aF,, F™* (2.27)
i=1,2

with ¢; = 3co. For an arbitrary vector-like pair of the SU(3)y representations, the ratio
is fixed to ¢1/ca = 3. For a pair of SU(3)w triplets that we consider for minimality, we
get ¢y = 3 and ¢y = 1. The result is in contrast with the case where there are only a pair
of extra lepton doublets like Higgsinos in MSSM for which ¢; = ¢o = 1. Furthermore, we
also note that the SU(3)y requires a simpler mass matrix of extra charged leptons by the
relation, m; = me.

2.2 Model II: vector-like doublet and PQ-neutral singlet

We assume that a vector-like doublet lepton has nonzero PQ charges but a vector-like
singlet lepton has zero PQ charges. The corresponding interaction terms for dark matter
and extra leptons are then the following,

— L = A\ SXX + NiSlaly + mee§e§ + yiHalae§ — Gy Hol4é5 + h.c. (2.28)

where the vector-like singlet lepton has nonzero tree-level mass.



Gl u§ | ds |l les |y e || & | Hy | Hy| S | x| X
pQi1rj0j0|1j0}1|0]1]0|-1]-1|-2]1/]1
Zy |+ |+ | = |+ | —|—|+|+]|+| + - - | — |+
Table 3. PQ charges and Z, parities for Majorana neutrino case.
g | ug | di | ;| el | NF|la|ef Iy es | H, | Hqg | S X
PQl1|0]0]0]1 1 11010 —-1]-1}-21]1
Zo |+ |+ | —|+| -]+ |—-|+|+|+]+ ]| |||+

Table 4. PQ charges and Z parities for Dirac neutrino case.

For Majorana neutrino case, the SM lepton doublets have the same P(Q charges as the
extra lepton doublets, so the mixing term between the SM leptons and the extra vector-
like leptons are allowed by the renormalizable Yukawa couplings. The PQ charges and Zs
parities are given in table 3.

For Dirac neutrino case, we can forbid the Majorana neutrino mass term by choosing
the PQ charges of the SM lepton doublets to be different from the extra lepton doublets.
In this case, there is no mixing between the extra leptons and the SM leptons. The PQ
charges and Z3 parities including the right-handed neutrinos N{ are given in table 4.

In the model with PQ-neutral extra singlets, the electroweak anomalies come only
from the vector-like doublet lepton with anomaly coefficients, ¢; = ¢co = 1. Although the
Higgs to diphoton decay rate is not changed as compared to the case with extra singlets
with nonzero PQ charges, we get the branching fraction of DM annihilation into a photon
pair to be about 14% in the limit of large extra lepton masses as will be discussed in later
section.

The Higgs interactions to extra leptons are the same as in Model 1. But, the axion
interactions are different from those in Model I because the singlet leptons do not couple
to the axion. For m; = m, and m, = m,, the axion interactions in eq. (2.20) become
my
204

M=X=X=N\= (2.29)

2.3 Model III: vector-like doublet and triplet with PQ charges

When the extra vector-like singlet fermion is replaced by a triplet fermion 7" with zero
hypercharge, the Higgs Yukawa couplings in eq. (2.4) become

— EYukawa = .-+ ylHdl4T — :lleuLlT + h.c. (230)

Then, as in the model with vector-like doublet and singlet leptons, there are two charged
Dirac fermions with masses my,,my,. The effective Yukawa couplings for the axion and
the lighter CP-even Higgs are obtained similarly as in eq. (2.20). We can assign the same
PQ charge and Zy parity for the triplet fermion as for the vector-like singlet fermion.
Consequently, as far as the Higgs to diphoton rate is concerned, the triplet model is similar
to Model L.



The triplet model has crucial differences from Model I. First, vacuum stability bounds
are stronger in the triplet model due to a more negative contribution of the triplet fermion
in the RG equation of the Higgs quartic coupling [40]. Second, in the triplet model, the
coefficients of the axion interactions to electroweak gauge bosons are given by ¢; = 1 and
co = 3, in the limit of large extra lepton masses, in contrast to ¢; = 3 and ¢co = 1 in
Model I. Therefore, the intensity of the two-photon line is comparable to the one-photon
line. In this case, the Fermi gamma-ray line can be still explained by the two-photon line,
when dark matter mass is 130 GeV [28].

3 Interplay between dark matter and Higgs signal

In this section, we consider various constraints on the model with vector-like leptons, from
the DM annihilation cross section into monochromatic photons, the Higgs to diphoton
decay rate and electroweak precision data as well as cosmology and collider bounds.

3.1 DM annihilation into monochromatic photon(s)

From the interaction between the axion and the vector-like charged extra lepton in eq. (2.1),
we get the analytic expression for the amplitude for the axion decay into a pair of photons,
M = e (ky)e (ko) My, with

— )‘faem Al(Tf)
o s mf

M €vpuo kb k] (3.1)

where 77 = 4mfc /m?2 and

Ai(1) = Tarcsin® (1/y/7). (3.2)
In the limit of 7 > 1, A;(7) ~ 1, we obtain the following,

AfQem 1 -
LA (3.3)

s mf

M, =i

Then, we can approximate the axion coupling to a pair of photons as

Loy = caWaFWZ*:'“” (3.4)
with
AfQem 1
= — 3.5
Caryy it my (3.5)

For the axion effective interactions to electroweak gauge bosons, we can take the sim-
ilar limits of large fermion masses running in loops or equivalently compute the anomaly
coefficients. Then, using the axion effective interactions, from ref. [27], we obtain the DM
annihilation cross sections into vy, Zv, WW and ZZ, respectively, in terms of the anomaly

,10,



Model 1 Model II Model IIT
(c1, ) (3.1) (11) (1,3)
Br(xx — 77) 40% 14% 6.5%
Br(xx — WW) 44% 62% 65%
Br(xx = Z27%2) 16% 16% 15%
(r,R) (1.15 x 1073,0.56) | (0.27,1.77) | (1.01,2.51)

Table 5. Branching fractions for DM annihilation cross sections in the decoupling limit of extra
leptons. Here, 1 = (0v) z+/(2(0v)44) and R = (ov)ww /(2(00) 1y + (00) 2+).

coefficients, ¢, c2, in eq. (2.2),

. A 2 .9 2
(0V)yy = 20487502 (c1a1 cos” Oy + caap sin® Oy ) S, (3.6)
3
Al 2 .2 M
(ov) 7, = m (coig — craq)*sin“ (20 ) S | 1 — @ , (3.7)
3/2
RN Mg,
=2 = 281 - —= 3.8
lrv)ww 10247302 m2 ' (3:8)
A 2 2 2 MI%V G
(ov)z7 = m (coaug cos” Oy + c1aq sin” Oy )* S < — mi) (3.9)
where
S 5 4m? (3.10)
= s~ Am?2 . )
(s —m2)2+T12m2”’ X

Then, the ratio of the intensities of two-photon to one-photon lines is

(3.11)

T

(ov)zy  (coan — craq)?sin?(20y) ) M2 3
2(0v)yy  4(craq cos? Oy 4 coarg sin® By )2 < B 4mi> ’
Therefore, we get the following results with m, = 130 GeV: in Model I with ¢; = 3,c2 =1,
r = 1.15 x 1073; in Model II with ¢; = ¢ = 1, 7 = 0.27; in Model III with ¢; = 1, ¢ = 3,
r = 1.01. In Model III, even if the intensity of two-photon line is comparable to the one of
one-photon line, the best fit with two lines occurs for m, = 130 GeV as in the two former
models [28]. In table 5, we summarize the branching fractions for DM annihilation cross
sections in the decoupling limit of extra leptons. The fraction of the continuum photons,
R = (ov)ww/(2(ov)yy + (0V)z4), is also shown in the same table and we find that the
continuum photons produced from the WW-channel would be consistent with the line
spectrum in all the three models [32-37].

Now we consider the effect of the finite extra lepton masses in the DM annihilation
cross sections. The amplitude for the DM annihilation into a pair of photons is

l

Mgy = Moz (5 )Mo (3.12)

5
—mz —il'gmyg
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where s is the center of mass energy squared and I';, is the total decay width of the axion-like
scalar. Then, the annihilation cross section is given by

1
@’MXX—WHQ- (3.13)

Here, the squared amplitude for a — 7 is obtained from the result of the decay width of

(oV)yy =

the axion to two photons at one loop,

1

2
Posny = m‘Ma—wﬂ
_ ’)\f‘Qagm 3 Al(Tf) ? (3 14)
6473 my | .
Since the axion-like scalar can be off-shell in the s-channel, we need to replace m?2 in
eq. (3.14) with s for the correct |M,_4|? in eq. (3.13). Thus we get
2.2 2
2 _ PlPaem o Ar(1y)

where 7; is now replaced by 4m?c /s. Therefore, plugging the above into eq. (3.13) with
eq. (3.12), we obtain

o ’)‘X)‘f|2a(2em 32

(o = 51273 (s —m2)?2 +T2m2

Ailry) ’2. (3.16)

mg

In Model I, there are a pair of mass eigenstates of extra charged leptons with axion
couplings, A1, A2, which are given in (2.21). So, we get the DM annihilation cross section
to a photon pair as

2 2

by 2.2
{00}y = s agm 282 212
51273 (s —m2)? +12m2

MA(11) n AMA(T2)

mp, mp,

(3.17)

with 7, = 4m% /s. On the other hand, from the results of appendix C, the DM annihilation
cross section to Z-boson and one photon is

(ov) A 2emar (—0.5 + 2sin? Oy )? s m?% ’ "
ov = —
717 710247 cos? Oy (s —m2)? + I2m2 Am?
Z 7N\ 12
» A1 Ay (71, pT) . A2 A4(72, p7) (3.18)
mp " f,

where pZ = 4m§i/mQZ and

T

v
Ay(r,p¥) = ppv { arcsin® (1/\/p>v) — aresin® (1/y/7)} . (3.19)

r_
Therefore, we get the ratio of two-photon to one-photon cross sections for Model I as

‘ 2

<O'U>Z'y a(—0.5 + 281112 Hw>2 <1 _ mQZ )3 |/\1A4<T1, plz)/mfl -+ )\2A4(TQ, pQZ)/me

(ov)4y 20em cos? Oy IAA1(1) /my, + AoAr(me) fmy, |

4m§<
(3.20)
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Figure 1. Parameter space of m, and A, where the annihilation cross section into a photon pair
in Model I. Yellow region is between the central values of the cross section for Einasto and NFW
dark matter profiles, 10710 GeV~2c and 2 x 10710 GeV ?c, respectively. We took §; = yi/ tan 3 for
my = M, and my, = 125 GeV for Higgs mass. We chose my, = 140 GeV and my, = 460 GeV, which
leads to I,y ~ 1.4 being consistent with vacuum stability at 1 TeV.

So, for sin? @y (Mz) ~ 0.231, the overall factor of the ratio is very small so the one-
photon channel is negligible as the factor containing the loop functions is of order one.
Then, it is possible to obtain the gamma ray line at 130 GeV from the two-photon peak,
when dark matter mass is 130 GeV. We note that the DM annihilation cross section into

a pair of photons is required to be (ov),, = (1.27 £ 0.32752%) x 1072cm3s™! for the

Einasto profile and (ov),, = (2.27:&0.57f8:§%) x 10727ecm3s ™! for the NFW profile, that is,
Br(xx — v7v) ~ 4-8% for thermal dark matter [7]. Therefore, since the DM annihilation
into a photon pair is loop-suppressed, we need to rely on a resonance effect near m, ~ 2m,,
to get the correct annihilation cross section [27]. In figure 1, we depict the parameter space
of the axion mass m, versus dark matter coupling \,, satisfying the required annihilation
cross section into a photon pair. We can see that the required tuning in the axion mass
can be smaller for a larger dark matter coupling. For instance, for A, < 0.8, the axion
mass can be deviated by |mg — 2m,| < 10GeV from the resonance mass.

Similarly, as given in appendix C, we also obtain the matrix elements for the other
channels such as the intermediate axion going to ZZ and WW for Model I. The WW-
channel is induced by loops containing the axion couplings to the heavier charged lepton
and the extra neutrino. On the other hand, charged fermion leptons and extra neutrino
couple to the axion with similar strength, in particular, with the same strength for the
maximal mixing of charged leptons. Thus, for a small mass of the lighter charged fermion,
the branching fraction of the WW-channel is much smaller than the one of the channel
with a photon pair, even if they are similar in the limit of large charged lepton masses. As
shown in figure 2, constraints coming from perturbativity, vacuum stability at 10 TeV and
EWPD within 20 are stronger than the one from Fermi gamma-ray line. In the parameter
space consistent with all the constraints, the branching fraction of two-photon line depends
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Cutoff 10TeV, tan(B)=1
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Figure 2. Branching fractions of the DM annihilation cross sections into a photon pair, WW and
ZZ, as a function of the lighter charged lepton mass in Model I. Gray region is for my, < 10 TeV
and red region is for my, < 2TeV. We varied over 0 < A, < 1 and took g; = y;/ tan 8 for m, = m,
and my = 125 GeV for Higgs mass. In red region, the annihilation cross section, (ov),, = (1.27-
2.27) x 1072"cm3s™ 1!, is obtained. Blue region is consistent with perturbativity, vacuum stability
and EWPD within 20, which will be discussed in later sections.

on the lighter charged fermion mass: it becomes larger than 50% for my, < 200 GeV while
it approaches 40% in the limit of my > m,. Moreover, the WW channel is next-to-
dominant and it becomes smaller than 40% for my, < 280GeV and it approaches 44% in
the large fermion mass limit. Now we recall the ~~v-channel should occupy about 4-8%
branching fraction of thermal cross section for explaining the 130 GeV Fermi gamma-ray
line, depending on the dark matter profile. Thus, in order to get the correct branching
fraction of the yvy-channel in Model I, there must be extra channels for DM annihilation
at freezeout with at least (ov)x = (6.5-14)(ov), where (ov), is the annihilation cross
section from axion mediation. The scalar partner of the singlet axion can give rise to
extra DM annihilation channels into a pair of the SM particles through the Higgs-singlet
coupling [27, 48]. These extra channels are p-wave suppressed so they can contribute
to thermal cross section at freezeout while being temperature-suppressed at present [27].
Furthermore, the Higgs-singlet coupling can be constrained by DM direct detection and
Higgs production cross section at the LHC [27].

On the other hand, in Model II, the vector-like doublet lepton couples to the axion
but the vector-like singlet does not, so the v channel for DM annihilation has a smaller
branching fraction than in Model I. For simplicity, in the maximal mixing case with m; =
Me, My = My, from the axion interactions in egs. (2.21) and (2.29), the DM annihilation
cross section into a photon pair in Model II is reduced by a factor 4 as compared to the
one in Model I. Furthermore, there are extra diagrams producing WW, Z~ from the DM
annihilations due to the level-changing axion interactions, so the branching fraction of the
~7 channel in Model II is reduced roughly by a factor 3 to about 14% as compared to
Model I, as expected from the anomalies. Therefore, the extra channels coming from the
scalar partner of the axion should give a smaller contribution of at least (ov)x = (0.8
2.7){ov), at freezeout than in Model 1.
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Finally, in Model III, instead of a vector-like singlet, a triplet is introduced with the
Yukawa couplings to the axion and the Higgs. In this case, although the annihilation cross
section into a photon pair is similar to half the one into Z~, the two-photon line can still
explain the Fermi gamma-ray line at 130 GeV [28]. The DM annihilation cross section into
a photon pair is about 6% in the limit of large extra lepton masses and it increases a bit
when the lighter charged state is light. Therefore, in Model III, without extra annihilation
channels at freezeout, the axion mediation only can accommodate Fermi gamma-ray line
by dark matter with thermal cross section.

3.2 Electroweak precision constraints

With the improved value of the observed W-boson mass [49, 50], the global electroweak
precision analysis with the Higgs mass at mj = 125 GeV gives rise to the constraint on the
STU parameters as [51]

S =0.00£0.10, T =0.02£0.11, U =0.03£0.09. (3.21)

The contribution of the vector-like extra leptons to the T parameter [52] is

1 *
AT ! [Zuvm? U6 (s 1) + 2Re(ViUT)0 (e )

- 16775%,ch
— (IVi2Vir P+ |Ur2Un )04 (1, y2) —2Re(Via Vi U Unn )0 (y1, y2) | (3.22)

where y; = m?/m%, yi = m}/m?%, and

2ab a
9+(a,b):a+b—a_bln5, (3.23)
0_(a,b) = 2\/%@4:2 ln% - 2) . (3.24)

In the case with m; = m,, m, = m,, the above contribution to the T" parameter becomes

1
AT i {9+(y17yz) O (o) + O (1, 90) + O (g2, )

T
1 1
- §9+(y1, y2) — 59— (ylayQ):| . (3.25)

As AT is more stringent than AS in the models [38, 39], it is enough to impose AT for
the EWPD constraint in next section.

3.3 Higgs to di-photon decay rate

The heavy charged leptons, introduced to explain the Fermi gamma-ray line, can also lead
to extra contributions to the decay of the SM-like Higgs into a photon pair through the
Higgs couplings. In this section, we discuss the impact of EWPD constraints, perturbativity
and vacuum stability conditions on the parameter space for which the Higgs diphoton signal
is enhanced. Furthermore, we show how Fermi gamma-ray line restricts the parameter
space further.
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We define the ratio of the Higgs production cross section times the branching fraction,
Py = %. The reported signal strengths for the Higgs-like events from ATLAS
and CMS are the following [1, 2],

ATLAS CMS i
Py =190+£05,  pOP=156+043, p0™ = 1.71+0.33. (3.26)

The excess in the Higgs-to-diphoton signal might come from a statistical fluctuations or
systematic uncertainties. Furthermore, it might well be that the QCD uncertainties were
underestimated such that the deviations from the SM Higgs couplings could not be so sig-
nificant [53]. Nonetheless, we investigate how much the Higgs diphoton signal is enhanced
by the Higgs couplings to extra vector-like leptons in our models.

In the presence of the effective Higgs coupling to charged fermions with ¢y = %yf
in eq. (2.3), the ratio of the Higgs to di-photon decay rate with respect to the SM value

becomes )
v As(7y)
Ryy=|1—yr— 3.27
7 | A ) + NeQR A () 327
where N, = 3 is the number of color, Q; = +% is the top quark electric charge in units
of le|, and 7, = 4m?/m2, i = t,W, f. Below the WW threshold the loop functions are

given by

Ay(z) = —2®[227 2+ 327 + 3227 = 1) f(=™ V)], (3.28)
Ap(z) = 22° [x_l + (z7! = l)f(z:_l)} (3.29)

with f(x) = arcsin?y/x for # > 1. In the case with two charged Dirac fermions, the Higgs
to di-photon decay rate is

ypAp(m)/my +yp,Ap(me)/my, 2.
Av(tw) + N.Q?Af (1)

We note that the above ratio can be compared to the experimental measure by R, ~ (i,

Ry =|1-v (3.30)

when the singlet mixing to the SM Higgs boson is small enough.

In figures 3 and 4, in the case of the maximal mixing of extra charged fermions for
Model T and IT (the singlet models), we show the parameter space giving rise to the Higgs
to diphoton decay rate larger than the SM value, depending on the cutoff scale M; and
tan 8 = v, /vg. We have overlaid EWPD constraints at 68% and 95% C.L., perturbativity
and vacuum metastability by using the renormalization group equations in appendix D.
We didn’t include the coupling between the Higgs and the scalar partner of the axion in
our analysis, although it could improve vacuum stability a bit if sizable. Furthermore, we
assume that the axion couplings to dark matter and extra leptons are perturbative at least
until the vacuum stability scale of the SM sector. As far as EWPD constraints at 95% C.L.
are concerned, the Higgs to di-photon decay rate can be enhanced up to Ry, ~ 1.6 for
my S 115GeV and my, < 450 GeV. However, vacuum stability bound is the strongest
constraint for the case with a large mass splitting so the Higgs to di-photon decay rate can
be enhanced to at most Ry, ~ 1.4 at my, < 110GeV and my, < 450 GeV for M; = 10 TeV
and Ry ~ 1.6 at my, < 110GeV and my, < 360 GeV for M; = 1TeV. Consequently, in

~
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Cutoff 10TeV, tan(@)=1 Cutoff 10TeV, tan(B)=3
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Figure 3. Parameter space of my, vs. my, for the singlet models with cutoff M; = 10 TeV. Solid
lines show R,, = 1.0-1.7 with step 0.1 from bottom to top. The region above red solid (dashed)
line is disfavored by EWPD at 68 (95)% C.L. Blue region is excluded by perturbativity while gray
region is excluded by vacuum metastability. tan 8 = 1(3) is chosen for the left (right) plot. We
took g; = y;/ tan 8 for m, = m, and m;, = 125 GeV for Higgs mass.
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Figure 4. The same as in figure 3, but with cutoff M; = 1TeV.

order to get the Higgs to diphoton rate to be compatible with the LHC within 1o, we need
a lighter charged extra lepton to be around 110 GeV.

In figures 5 and 6, we show the parameter space for Model III (the triplet model)
with perturbativity and vacuum metastability. Due to the more stringent vacuum stability
bounds, we get at most R, ~ 1.3 at my, < 120GeV and my, < 360 GeV for My = 10 TeV

and R,y ~ 1.5 at my, < 115GeV and my, < 440GeV for M7 = 1TeV.

From the Fermi gamma-ray line, we require the tree-level DM annihilation into a pair
of lighter charged leptons not to contribute, because otherwise the tree-level channel would
easily dominate the DM annihilation into a photon pair. Then, we need the lighter charged
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Cutoff 10TeV, tan(B)=3
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Figure 5. Parameter space of my, vs. my, for the triplet model with cutoff M; = 10 TeV. Solid lines
show R, = 1.0-1.7 with step 0.1 from bottom to top. Blue region is excluded by perturbativity
while gray region is excluded by vacuum metastability. tan 8 = 1(3) is chosen for the left (right)
plot. We took ¢, = y;/ tan 8 for m, = m, and m;, = 125 GeV for Higgs mass.
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Figure 6. The same as in figure 5, but with cutoff M; = 1TeV.

extra lepton to be larger than dark matter mass, m, = 130 GeV, in both singlet and triplet
models. Therefore, for my, > 130 GeV, in combination with vacuum stability conditions,
the Higgs-to-diphoton rate in the singlet (triplet) model is bounded by R, < 1.4(1.3) for
the cutoff at My = 10TeV and R, < 1.5(1.4) for the cutoff at M; = 1TeV. The model
predictions for the DM annihilation cross section into a pair and the Higgs-to-diphoton
decay rate are summarized in table 6.

3.4 Cosmology and collider bounds on extra leptons

If extra charged leptons do not couple to the SM leptons directly as is the case in our
minimal models, the extra lighter charged lepton would be stable. Then, it would be
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Model I | Model IT | Model III
(01702) (37 1) (171) (173)
Br(xx = vy) | 240% | = 14% = 6%
R, <15 <15 <14

Table 6. Summary of the model predictions.

dangerous for the successful Big Bang nucleosynthesis (BBN) and the collider limits on
stable charged particles.

First, from the success of the BBN, we could put a bound on the lifetime of the lighter
charged lepton to be smaller than about 5 x 103 sec, similarly to the case of stay NLSP
in the MSSM [55-57], by considering the bound state effects of charged particle during
BBN epoch. Furthermore, if the lighter charged lepton is stable, there are strong bounds
on the mass of stable charged states at the LHC [58, 59] so that one could not get a large
Higgs to diphoton decay rate. Therefore, we need to extend the models [38-40]. First,
we can introduce a mixing of the extra doublet neutrino with an SM singlet neutrino. In
this case, the lighter charged fermion can decay into W-boson and the SM singlet neutrino
sufficiently fast to satisfy the BBN and collider bounds. Second, extra charged lepton can
mix with the SM charged leptons by the renormalizable Yukawa couplings such that the
lighter charged lepton decays by fi — ZIl and fi — Wwv. In this case, however, one has
to take the sufficiently small mixing terms to satisfy the constraints coming from flavor
violation such as © — ey and 7 — pvy and the Z-width. Requiring the mixing angle
\Us,| < 1072 [40], we can satisfy those constraints and make the lighter charged lepton
decay prompt.

4 Conclusions

We have considered the possibility that extra vector-like leptons enhance the Higgs-to-
diphoton rate and generate anomaly interactions in axion-mediated dark matter models.
In order to get a large DM annihilation cross section to monochromatic photons as hinted
from the Fermi gamma-ray line, the tree-level channels for DM annihilations must be
suppressed or forbidden, constraining the dark matter models. In our models, the masses
of the extra leptons that couple to the axion mediator must be larger than dark matter
mass. Furthermore, dark matter with thermal cross section restricts the branching fraction
of the DM annihilation cross section into a photon pair, favoring the triplet model in which
the SU(2)z, anomalies are larger than in the singlet models.

The enhancement of the Higgs-to-diphoton rate requires new large couplings between
the Higgs and new light charged states, so it can be comparable to the signal strength
observed at the LHC at the expense of introducing a tension with EWPD and/or a low
cutoff due to perturbativity and vacuum stability. In the models with extra vector-like
leptons, Fermi gamma-ray line can give new bounds on the masses of the extra leptons,
which constrain the region of the enhanced Higgs-to-diphoton rate. When Fermi gamma-
ray line is explained by the two-photon line, which is the case in all the minimal models,
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the lighter charged lepton must be heavier than 130 GeV, which in turn bounds the ratio
of Higgs-to-diphoton rate to the SM value to at most 1.4 (1.5) even for the low cutoff of
0(1) TeV.
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A Axion couplings

From eq. (2.4) with egs. (2.16) and (2.19), in the basis of mass eigenstates, we obtain the
interaction terms for the lighter axion and the lighter CP-even Higgs in terms of Weyl
spinors as

.m
_ﬁint =1 X

S

—h (g1 fLfy + yafofo+yshifo + yafofi) + hec. (A1)

_.m o ~ . < .
axx + ZTZ avaiy +ia (A fifi + Xefofo + Asfifo + Aafafi)

where « is the mixing angle between two CP-even Higgs bosons and the Higgs couplings
for all models that we considered in the text are

sin av 9 9 1 . cosa [ _o
= Of—— 20¢ ) — 20,— = 20
Y1 . (mx c08” 07 = 5 Memy sin f> oumy, <mx sin“ 65 mlmx sin f>
i 1
Yo = e (m2 sin? 0+ - memx51n29f> cona <~32E cos? 9f+ mymy 51n20f> (A.3)
Udm fy Uul fy
sin o 9 1 5. COS (v 1.
= Of+— 20 04— 20 A4
oy, (memx cos f—|—2mgC sin f> +Uumf2 (mlm;C sin f—i—2 2 sin f) (A.4)
sina (1 cos «
= 20 20 20—~ 20 A5
im e <2m sin 20y —memy sin f> . <mlmx cos” O m sin f> (A.5)
and the axion couplings are: for Model I,
1 1
A\ = - (mlz cos? 0 +m?2sin?6; — §(mlmx + memy ) sin 20f> (A.6)
s f1
Ao = . (m sin? 0y +m?2cos® 0y + = (mlmgC +m€mx)sm2¢9f> (A.7)
s f2
1
A3 = (mlmgc cos Hf — MMy Sin Hf +=(m 12 )sm 20f> (A.8)
vsmf2 2
1
A = (memx cos? 0 — myi sin® 0 + = (m7 — m?2) sin 29f) (A.9)
Vs fy 2
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for Model 1I,

0
RS
in 6

Ao = m(ml sin @y + My cosOy), (A.11)
Vs f,
0

A3 = m(ml sin @y + 1My cosOy), (A.12)
Vs,
in 0

N = w(mlcosef—mfsinef). (A.13)
Vsmp,

In the decoupling limit of the extra Higgs fields, we need to impose o = 3 — 5 so that we

get —sina/vg = cosa/v, = 1/v.

B Gauge couplings to extra leptons

For a pair of left-handed lepton doublet (v4,e4)? and right-handed singlet e§, the elec-

troweak interactions are

g _
Lgauge = ﬁWJ (V4’y“(1 — ’)/5)6 -+ h.c.)

e —
- - 7z By, — 5
+2$in9W cos Oy “;fﬂy (vy —a")f
—eA evte (B.1)
where € = (e4,¢5)7, and
1
Vvy = Quy = 9 (B.Q)
1, 1

Ve = —§+2SID Ow Ge = —75- (B.3)

Thus, for a vector-like lepton doublet and a vector-like lepton singlet, we need to include the
same electroweak interactions for the vector-like partners, a right-handed lepton doublet
(ﬂl, é:rl) and a left-handed singlet éZT. Then, we get the electroweak interactions for them
in terms of Dirac spinors as

__9 T (i 5 =~ 5\ ./
ﬁgauge = ﬁWM(V’Y”(l -y )e—i—wy“(l + 7y )e +h.C.)
e - _
Z, <V'V“V + ) vy - af75)f>
ee’

—eA,(erte +eyte) (B.4)

+ 2 sin Oy cos Oy

.I.

N e = (€5,€5)T, and the neutral current interactions are vy = v, and

where v = (14,7,

ac = —ae = —%. Therefore, using the rotation matrices in eqs. (2.16) and (2.19), the above
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interactions become in the basis of mass eigenstates,

Lyouge = 2ﬁwT( V(1 — °)ViF; + oy (1 + 4°) Uy F; + hee.)

e _ _
— 7, |v* FiyHFy + Fyy! F:
2 sin Oy cos Oy - DYV 4 ve(FIy! Py 4 Fay' )

1 _ 1 _
5 ae(ViVai = VEVa) Fy (1= 77 Fs + Gae(Uf Ui = UQUni) Fiy*(14+°) Fy

— AL (Fiy" Py + Fay! Fy) (B.5)

where F} = (f1, f{r ) and Iy = (fa, fg )T are Dirac spinors with masses m FisMfy.

C Matrix elements for the axion decay

In this section, we present the expressions for the matrix elements for the axion decay.

Suppose that the vector-like fermions, ¥; = (f1, f2,v), have the following axion and
gauge interactions,

Ly = idg,aiy’ Vi + biv*(gvi; — 9, 7)1V - (C.1)

We consider the case that g{/ij =0 and Ay,;, gw;; and g,,; are diagonal as for the simple
charged fermion mass matrix with m; = m, and m, = m, in Model I. So, we denote the
diagonal components by Ay, = Ay, 9v; = gv;; and g,, = g4,,. Then, the matrix elements
for the decay channels of the axion are M = e*(kq)e™ (k2) M, Wit

o AT
Muu(a_>'77) . QE;I.IJPO'ka Z mf’y Al( ) (02)

%

i - Zg >\u92
M#V(a — ZZ) 4 ZEI‘VPUk k |:Z ! le AQ(T“ 2 ) + TZUA2(TV,P5)

Afng Z me Af?g% zZ mfl
+— 2 A3 T1, P15 +— 12 A3 T2, P2 ) (CS)
m m m m

1 f1 f2 fa
s o N~ Mi9Z 9
Myw(a — Zvy) = rﬂgelwwkgkl zl: Ti’yfh(ﬂ, i), (C4)
7; o )\Vng fngw
Muu(a — WW) euupakpk |:Z 2m A3 (Tuapy ’ ) Z A ( Tis P4 77%)]

i

(C.5)
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where 712 = 4m?c1 Q/mi, Ty = 4m12//maa

1 l—x b
Ag<7,pv,b)=2/O dﬂc/0 dy

1 1—x 1 1
d d +
A ?A y(muwﬂ Nme>

with

A2(7—7 pV) = A1 (T)

Ag(T,

Ag(r,p") = As(1) —

Aj(r,p") = Ai(7) —
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M f;

with ay, = 912/1- /4w, etc. When the axion is kinematically allowed to decay into a dark
matter pair, that is, for m, > 2m,, we need to include the extra channel with decay rate
given by
1/2
Ay |2 4m?
To(a — xx) = [l ma<1 - X) : (C.20)

167 m2

Furthermore, the amplitudes for the DM annihilation into a pair of gauge bosons, V;
and V5, are

i

Mgy = Moz )Mo (c21)

5
—mz —il'gm,

where mg, 7; in Mygy—ae and M,_y,v, are replaced by s and 4ml2 /s, respectively, in the
axion decay amplitude part. As a consequence, the annihilation cross sections are given by
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D Renormalization group equations with extra leptons

In the presence of the Yukawa coupling of extra vector-like leptons to the Higgs, we consider
the renormalization group (RG) equations below the masses of heavy Higgs states in the
decoupling limit.

Following the results [54], we obtain the RGEs, dtﬁi = fp,, with ¢t = In(p/my), with a
vector-like doublet fermion and a vector-like singlet fermion, for the SM gauge couplings,

the top Yukawa coupling, the extra Yukawa couplings and the Higgs quartic coupling,

16728, = s 16723, = -5 16728y = — 745, (D.1)
9 o 17 9
167°8y, =y (231? B R T I 8g§> : (D.2)
5 3 15 9
16728, = i <2yl2 + 7+ 3y? — Zg’2 — 492> , (D.3)
(5. 15 9
16728y, = i (ny +yi +3y; — 29’2 - 492> : (D.4)

3
167° 3y = 24X* = (3¢ + 99°)A + 2 (" + 29™¢” + 3¢")
Ay} + i + G0N = 26y +yl + 31 (D.5)

We note that we have ignored the quartic couplings of the singlet mediator S in the above
RGEs. The Higgs-singlet coupling can contribute a positive term to the RG equation for
the Higgs quartic coupling so it can help improve the vacuum stability a bit.

On the other hand, for a vector-like doublet fermion and a triplet fermion, we get the
corresponding RGEs,

16728, = %9’3, 16726, = —gg?’, 1672645 = —T793 , (D.6)
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