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1 Introduction

In the early run II data from the /s = 13 TeV Large Hadron Collider (LHC), both CMS [1]
and ATLAS [2] experiments have reported an excess of 77y events over the SM background
with invariant mass around 750 GeV. The signal cross section is reported to be (6 +3) fb
by CMS [1] and (10 £ 3) fb by ATLAS [2]. While this excess has a local statistical
significance of around 2.60 (CMS) to 3.90c (ATLAS) and needs more data to firmly rule
out the possibility of a statistical fluctuation, it has nonetheless generated a great deal of
recent activity in the theory community as a possible signal of beyond the Standard Model
(SM) physics and many possible interpretations have been advanced; for a non-exhaustive
list of ideas and speculations, see [3-98]. In this note we add another one in the context
of a theory proposed many years ago as a solution to the strong CP problem without an
axion [99, 100].

The model is based on the assumption that there exist TeV-scale vectorlike fermions
which are responsible for the seesaw masses for the quarks and charged leptons [101-104]
in the context of a left-right (LR) symmetric model based on the gauge group SU(3)¢c X
SU(2)r x SU(2)r x U(1)p—r, [105-107]. The SM fermions and the vectorlike fermions are
assigned to the gauge group as follows:

SM fermions : Qr r = <Z> , YLRrR= <V> ;
L,R € L,R

)

4 2
Vectorlike fermions : P (3, 1,1, —|—3> , N <3, 1,1, —3) , FE(1,1,1,-2). (1.1)

The Higgs sector of the model consists of SU(2)r g doublets xr g which break the left
and right SU(2)’s and a real singlet S that gives mass to the vectorlike fermions. An



appropriate discrete Zo symmetry forbids the bare mass of the vectorlike fermions. Under
this Zs symmetry, the Higgs fields x, and S are odd as are the right-handed (RH) chirality
of the vectorlike fermions; all other fields are even. The Yukawa couplings are given in this
case by the Lagrangian

—Ly = yQrXrPr +ypQrxLNr +yeLxrLEr + (L < R)
—i—fUPLSPR—l-fDNLSNR—l-fEELSER—I—H.C.. (12)

where X1,r = i02X] g (02 being the second Pauli matrix), and yp, fr (with F'=U, D, E)
are the Yukawa couplings with potential beyond SM CP violations. Once both the doublets
and the singlet obtain their non-vanishing vacuum expectation values (VEVs) vy, vg, vs
respectively, we get the seesaw form for the 2 x 2 mass matrix for a single quark or lepton
flavor:

1
Moo= | 0 BYFUL ’ (1.3)
ﬁ?/FUR Jrus

which generates the small fermion masses in the SM (except the top-quark mass) and
alleviates the hierarchy problem in the Yukawa couplings:

2
YpVLVR
2frvs

mp o~ (1.4)
Both the two new VEVs are assumed to be at the (multi-)TeV scale, whereas vy ~
246.2 GeV is the electroweak scale. Clearly, the simple seesaw mass formula in eq. (1.4)
is not a good approximation for the top quark, as it is expected that the matrix entries
yrvgr and frvg are of similar magnitude, which implies a large “right-handed” mixing of
the top quark and its partner through sin a% ~ %yTvR /frvs. Therefore in general, one
should take into consideration the whole 2 x 2 mass matrix (1.3) and diagonalize M FM}
to get the mass eigenvalues of the SM quarks and their partners.

As far as the flavor structure and quark mixing are concerned, we can have either
heavy quarks with degenerate masses (respectively for the up and down type flavors) in
which case the SM quark mixings are completely determined by the flavor structure of the
Yukawa couplings yy, p [108], or the couplings yy, p are hierarchical but diagonal (e.g. from
some discrete symmetry assignments) and the matrices fy p are of order O(1) in which
case we have flavor anarchic [109)].

As a direct result of the Lagrangian in (1.2), the heavy vectorlike quarks decay dom-
inantly to the SM gauge and Higgs bosons plus SM quarks, especially for the top and
bottom partners. Due to the Goldstone equivalence theorem, the branching ratios for the
decays to W, Z and Higgs are approximately 2 : 1 : 1. The current LHC constraints put
a 95% confidence level (CL) lower limit on the top partner mass from 715-950 GeV and
on the bottom partner mass from 575-813 GeV [110], depending on their decay branching
ratios. These lower bounds are much stronger than those from the flavor changing neutral
currents (FCNCs) mediated by the heavy quarks [108].



2 Scalar sector

The gauge and Zs-invariant scalar potential including the singlet is given by

1
V= —u2xtxr — idxtxr - 5#%52 + M\ [(XTLXL)Q + Oxr)? | + A xn) Ochxr)
+AsS* + /\3SQ(XTLXL + XEXR) : (2.1)

As in [108] we keep in the potential the mass terms ,ui p different so that they break the
LR symmetry softly. Among all the terms given above, the A2 term mixes the left and
right-handed doublets and the A3 term couples the singlet S to the doublets. The mass
square matrix for the scalars after minimization of the potential is given by

—M% + 3)\11)% )\QULUR 2)\3ULUS
Mscalar = A2ULVR —M2R + 3)\17)]2% 2A3VRVUg . (2.2)
2X\3vLvg 2\3vRvs  —p% + 6AgvE

The FCNC constraint on the Wg boson from K-meson mixing implies a lower bound on
the VEV vg (which depends also on the gauge coupling gr) [111], and is much larger than
the SM VEV wvp. Then the mixing between the SM Higgs h and its heavy RH partner
H is suppressed by the ratio A\ovy/2Ajvg [108]. The h — S mixing is expected to be of
order A\zvr,/Asvs. On the contrary, as long as A3 ~ Ag, under the condition of vg ~ wvg
at the (multi-)TeV scale, H and S can potentially have sizable mixing. Then in this case
the singlet S can decay into the SM top quark, W and Z gauge bosons and SM Higgs
pairs by the large mixing to H [108]. It is also subject to some constraints from flavor
observations [112, 113], precision tests [114, 115] and neutrinoless double beta decay [116].
To explain the 750 GeV diphoton excess, we make the simple choice that the mixing term Ag
at tree level is very small, so that the SM Higgs observables [117-119] and the electroweak
vacuum stability analysis [108] do not get affected much by the presence of S.

3 Production and decay of the singlet

The dominate production channel for the singlet S at the LHC is the gluon-gluon fusion
process mediated by the TeV-scale vectorlike fermions in the triangle loop. As the heavy
fermion couplings to S are proportional to their masses, it is expected that all three gener-
ations of heavy fermions contribute significantly to the gluon fusion loops, which enhances
the production cross section by roughly a factor of N]% (with Ny being the number of fla-
vors). At /s = 13 TeV, the cross section for gluon fusion channel for a 750 GeV scalar with

13 TeV

SM Higgs-like couplings is oy ~ 850 fb, taking into account the large k—factor of order

2 [120]. The corresponding production cross section of the singlet S in our model can be
obtained easily by rescaling the loop factor A/, and the Yukawa couplings and masses in

)13 TeV _ O_éSTeV

the fermion loop: o(gg — S r, where the scaling factor is defined as

2
_ fTsinazsinOéR Z fFULAl/2 TF) ’ (3.1)
M, o1 Mp Aypa(m)

F=U,D



with the first term on the r.h.s. for the top quark loop (with M; ~ 173.2GeV) and the
second term for all the heavy vectorlike quark partners. Here 77 = M §/4M1% and the
fermion loop function is given by (see e.g. [121])

Aipp(r) =2[r + (1 = f(n)] 772, (3.2)
where the function f(7) is defined as

arcsin?/7 (for 7 <1)
f(r) = 1 14++/1-1/7 RE (33)
—1 I:log <1_1_1/T> — Z7T:| (for T > 1) .
In the parameter space of interest, the top quark contribution is suppressed by the LH
mixing

oo YT o, (3.4)

LT \VRfrus

where we have chosen vg ~ 1.2TeV, as is required to explain the diphoton excess (see

sin o

figure 4 below) and the Yukawa parameter yp is given by

2M; Mt
yr =/ ——— ~ O(1). (3.5)
ULUR
On the other hand, due to the large Yukawa coupling and vg, the RH ¢t — T mixing
is generally very large, of order one, and the top partner mass is largely from or even

dominated by the vy term

DN =

M7 = —yf(vh +vi) + fpvg — M7, (3.6)

For a typical value of vg = 3TeV and vg = 1TeV, the top partner mass can reach up to
2.5 TeV. The LH and RH mixing of other SM quarks and their corresponding heavy partners
are comparatively much smaller and can be safely neglected, for which Mp ~ frvg with
fr a universal Yukawa coupling for all the flavors of vectorlike quarks and leptons in the
Lagrangian (1.2).! The production of S is then predominately from these five heavy quark
loops in eq. (3.1). For a fixed value of fr ~ O(1), the production cross section is suppressed
by the heavy fermion masses via approximately o(gg — S) x MEQ.

As far as the decay of S is concerned, due to our choice of parameters, it couples
dominantly to the heavy vectorlike fermions with a coupling fr of order one. All the
couplings of S to other particles are from mixing or radiative effects. The largest coupling
to the SM fermions is to the top quark from ¢ — 7' mixing, i.e. frsina/ sin a%, which
is however suppressed by the small LH mixing sina!. For loop-induced channels, S can
decays into gg, vy, vZ and ZZ mainly via the large number of heavy quark and lepton
loops. As the SM W boson does not couple directly to the heavy fermions, the S — WW

For the bottom quark partner, the difference Mp — fpvs is only 26 GeV for vg = 3TeV and fpvs =
1TeV, for instance. For other quark and lepton flavors the mixing effects are even smaller.



channel is dominantly induced from the top quark loop which is comparatively suppressed

by the small mixing sin o, . On the other hand, the Z boson couples to the heavy vectorlike
2

o, where Qr is the electric charge of heavy

fermions with couplings proportional to Qrs
fermions and s,, = sin#,,, 6, being the SM weak mixing angle. As Mg > 2M, it is

expected that the vy, vZ and ZZ decay channels have comparable fractional widths
Ty : Tzy : Tzz=1: 2tan?6,, : tan*d,, (3.7)

which is a clean signal of vectorlike fermions. Combining all these decay channels, we find
that since they are suppressed either by the small mixing or by the loop factors, the width
of hidden singlet S is rather small, as we will show below.

The various partial decay widths of S from tree and loop-level interactions are given by

3y2,-M, 21\ 3/2
T,y = 2Ysits 1— 4M; (38)
" 167 MZ )
2
aZ M3 JF @
Fag = 1587r3 > s Ae() (1 + kggf) , (3.9)
F=t,U,D
2
QQMg' fF 2
T = J56ms| 2 2 NerQrda(Te)| (3.10)
F=t,U,D,E
2
a? M3 Ir 1
Lz ~ m Z VFNCFQF <2I3F - QF530> Ay po(TF)| (3.11)
wWrW | p—t U, D, E
2
o’ M3 fr 1 2
P2z~ Seeastd ~=Ney | 513 — Qrsy, ) A 3.12
77 2567354 ek T B Mp' ©F <2 3F QF%) 1/2(7F) (3.12)

For the vZ and ZZ channels we show the formulae in the massless Z boson limit in which we
can see clearly the relation given in eq. (3.7). The exact expressions for these two channels
are given in the appendix. In egs. (3.8)—(3.12), 7r = M2/4M2, ygi; = V2frsinal sinal,
and kyy = % — % (with Ny = 6) is the next-to-leading order factor for the gluon decay
channel. The strong coupling oy = g2/4n and the fine-structure constant o = €2 /4r are
evaluated at the resonance scale of 750 GeV. The loops run over the top and heavy vectorlike
fermions for which the effective Yukawa couplings fp are respectively frsina} sinal, (top
quark), frcosal, (top partner) and fp (all other heavy fermions).

The total decay width of the scalar S is then given by
I'g ~ Ft,g+Fgg+Fw+sz+FZZ. (3.13)

In the minimal LR seesaw model, only the universal Yukawa coupling fr and the VEV wvg
are input by hand, apart from the RH scale vg. The total decay width for some typical
values of vg is shown in figure 1 as a function of the VEV wg. For this and subsequent
plots, we have set the universal Yukawa coupling fr = 1, unless otherwise specified. Note
that the total width of S is at most a few GeV and decreases with higher vg. Therefore, if
this model is right, .S will always appear as a narrow resonance at the LHC. This prediction
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Figure 1. Total width of the scalar .S in the LR seesaw model, as a function of the singlet VEV
vg. The different curves are for vgp = 3, 5 and 10 TeV. Here we have set fr = 1.
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Figure 2. Branching ratios of the scalar S into tt, gg, v, 7Z and ZZ final states in the LR seesaw
model, as functions of the singlet VEV vg. The two panels are for vg = 3 and 5 TeV respectively.

can be easily tested in near future. In particular, if the wide resonance behavior of the
reported excess with I'g ~ 45 GeV as claimed by ATLAS [2] persists with more data, the
minimal version of this model will be ruled out.

The various branching ratios for the channels discussed above are shown in figure 2 as
a function of the VEV wvg for vg = 3 and 5 TeV. Comparing the different decay channels,
we find that in most of the parameter space of interest, gg is the dominate decay channel.
The tt channel depends quadratically on the Yukawa coupling and increases when vg is
larger, which can be easily seen from the seesaw relation (1.4). For vg ~ 1TeV it is even
comparable with the loop-induced gg channel. The decay rates into SM gauge bosons 7,
~vZ and ZZ are suppressed by both the gauge coupling a? / ag and loop factors and are at
the per mil level or even smaller.

The diphoton signal cross section o,, = o(g9 — S) x BR(S — v7v) as function of
vg is shown in figure 3 for different values of the RH scale vg = 3, 5 and 10 TeV. The
horizontal (green) shaded region shows the preferred range of the observed diphoton signal:
UE;IE;S = (8 £5)fb [1, 2]. The vertical (orange) shaded region is the 95% CL exclusion
region from direct searches for the bottom partner at the /s = 8 TeV LHC [110]. The
corresponding limits for the top partner mass are always satisfied for the choice of vg in our
model. We note that the signal cross section decreases when the vectorlike fermion mass is



Figure 3. The LR seesaw parameter space fitting the /s = 13 TeV diphoton excess, as a function
of the singlet VEV vg. The bands around each line for a given vy shows the uncertainties from
parton distribution functions and «; [122]. The horizontal (green) band shows the best-fit range to
explain the diphoton excess at the /s = 13 TeV LHC [1, 2], whereas the vertical (orange) shaded
region is ruled out from direct searches for heavy vectorlike quarks at /s = 8 TeV LHC [110].

heavier, as expected. Furthermore, the mild dependence on the RH scale vg in some region
of the parameter space is mainly from the mixing of SM quarks and their heavy partners.

In order to see whether the allowed parameter space shown in figure 3 is consistent
with the upper limits on signal cross sections in other channels from the publicly available

/s = 8 TeV data, we evaluate the coresponding production cross section o(gg — §)81eV =

08TV where o5V = 156.8fb [120] and r is the scaling factor defined in eq. (3.1).
Using egs. (3.8)—(3.12) and (3.13), we calculate the corresponding signal cross sections
o5V = o(gg — S)¥TV x BR(S — XY), where XY = tt, gg,vy,7Z and ZZ, respectively.
These values are to be compared with the 95% CL upper limits on the cross sections

obtained with the /s = 8 TeV LHC data [123-129], namely,
o <450tb, 04, <2.5pb, 04, <15ftb, 0,7 <4tb, o7z <12fb. (3.14)

In figure 4, we compare the parameter space in the (vg, vr) plane as preferred by the
/s = 13 TeV diphoton excess (green shaded region) with the /s = 8 TeV exclusion limits
given by eq. (3.14). We find that the most stringent constraint comes from the /s = 8 TeV
diphoton search, as shown by the red shaded region in figure 4, which disfavors part of
the /s = 13 TeV diphoton excess region. The vZ and dijet constraints also rule out the
low vectorlike fermion mass region, as shown by the magenta and blue shaded regions,
respectively. The ¢t and ZZ limits are much weaker in this model and only rule out the
very low vg and My values (not shown in this plot). The direct search limit [110] rules out
the parameter space with Mp < 575 GeV, as shown by the orange shaded region. In any
case, we find that Mg (F # T') values between about 700-1150 GeV are still compatible
with the existing constraints and can explain the observed diphoton excess in this model.
It is interesting to note that for a fixed value of the singlet VEV wvg, there exists an
upper limit on the RH scale vg. This is shown in figure 5 where the different contours
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Figure 4. The LR seesaw parameter space fitting the /s = 13TeV diphoton excess (green),
compared with the various exclusion limits from /s = 8 TeV LHC data.
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Figure 5. Contours of fixed o, (infb) in the (vg, vg) plane.

show the diphoton signal cross section 0., infb at /s = 13TeV LHC. We find that for
vs = 1TeV, vg must be smaller than 65 TeV to satisfy the observed value of o,,. For higher
values of vg, the upper limit on vgp becomes stronger. This provides another potential way
to distinguish this model from other explanations of the diphoton excess.

For the testability of this model in the ongoing run of the /s = 13 TeV LHC in near
future, we choose two optimum sets of parameters with the RH scale vg = 3 TeV and 5 TeV

respectively, for which the total production cross section, total decay width, the dominant
fractional width and branching ratios of S are listed in table 1.



‘ vp = 3TeV | vgp = 5TeV

fr (input) 1 1
vg [GeV] (input) 800 1000
o(gg — S) [pb] 1.61 0.95
Tiotal(S) [GeV] 0.21 0.071

signal cross section [fb]
tt 423 122
qg 1173 825
Yy 5.3 3.7
~Z 3.2 2.3
VA 0.48 0.34

Table 1. Input parameters (fr and vg) for vg = 3TeV and 5TeV, the total production cross
section and decay width of the scalar S, and the signal cross sections in various relevant channels
at the /s = 13 TeV LHC in the minimal LR seesaw model.

4 High-scale validity

Due to the presence of a large number of extra fermions in our model and their O(1) Yukawa
couplings with the singlet scalar field .9, it is expected that the singlet scalar self-coupling
Ags would become negative well before the Planck scale, thus potentially destabilizing the
singlet vacuum. This would mean that our TeV-scale model provides only an effective
description of the 750 GeV diphoton excess and must be augmented by some other new
physics for its ultraviolet (UV)-completion. In order to find this cut-off scale, we write
down the one-loop renormalization group (RG) equation for the scalar self-coupling \g, as
well as for other relevant couplings affecting the evolution of Ag above the scale vg:?

16772% = —3g2, (4.1)
1672 digL = %gf%, (4.2)
167#%5 =792+ 24As [3(/2 + f2) + S — 6 [BUE + fh) +fE. (43)
167726%] = 21/ — 892 fu — §Q2BLfU> (4.4)
165290 — o173 821 — 2, (45)
167r2d§—f =9fp — 29B1./E (4.6)

where t = log(u) is the renormalization scale, and for simplicity, we have assumed a common
Yukawa coupling fr (with F' = U, D, E) for each of the three generations of the vectorlike
fermions. We have further assumed the coupling A3 in eq. (2.1) to be very small, so that it
does not affect the RG evolution of other couplings and the electroweak vacuum stability

2See also refs. [130-132] for similar RG analyses in presence of vectorlike fermions.
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Figure 6. (Left) The one-loop RG evolution of the couplings given by egs. (4.1)—(4.6) for a typical
choice of the singlet VEV vg = 1.1 TeV and with the initial condition fy = fp = fg = 0.98 at
u=vg. (Right) The dependence of the A\g running on the initial conditions for fy p g(vs).

analysis, as given in ref. [108]. For a given value of the singlet VEV vg, the initial value of

As(vg) is fixed by eq. (2.2) which, for small A3, reads Ag(vg) ~ % with mg = 750 GeV.
For illustration, we choose vg = 1.1 TeV which is close to the maximum value allowed by
the diphoton excess [cf. figure 4]. For the vectorlike fermion couplings fr(vs) = 1, we
find a cut-off scale around 10 TeV, as shown in figure 6 (left). For larger initial values of
the Yukawa couplings fr, the cut-off scale will be even lower, as is evident from eq. (4.3).
For slightly smaller values of fr, the cut-off scale can be pushed up to about 300 TeV,
as can be seen from figure 6 (right). But as we further lower the initial value of fp, the
positive contribution to the r.h.s. of eq. (4.3) overtakes the negative one, thus resulting in
non-perturbative values of Ag. In any case, the diphoton signal rate also decreases with
fr [cf. eq. (3.1)], while the direct search constraints on Mg ~ frvg require a larger vg.
Thus, it turns out that we must have fr(vg) 2 0.5 to allow some model parameter space
satisfying the diphoton excess.

5 Discussions

In general vectorlike fermion and (pseudo)scalar interpretations of the diphoton events
recently observed at 750 GeV, the Yukawa couplings of vectorlike quarks to the scalar res-
onance tend to be very large, or the electric charges of the heavy fermions are exotically
large. It is preferable in the LR seesaw model that these problems are avoided by the nat-
urally large number of heavy partners for the seesaw generation of SM fermion masses. We
emphasize here that while the main features of the diphoton explanation in this model are
quite similar to earlier works which introduced a SM-singlet scalar and vectorlike fermions,
the specific nature of our model constrained by the strong C'P requirement, i.e. seesaw
quark masses, leads to some differences. In particular, our minimal LR interpretation of
the diphoton excess implies the following features which could be tested by the upcoming
LHC data and future precision measurements:

~10 -



(1)

(i)

(iii)

(vii)

As the gluon fusion production for S goes down like M52, the observation of diphoton
events with cross section at the level of few fb implies the existence of heavy fermions
at the TeV scale.

In the minimal LR seesaw model, for heavy partners at the scale of 1 TeV, the RH
scale lies naturally at the few TeV scale. In such scenarios we expect a heavy Wg
nearby which should be accessible at the /s = 13 TeV LHC.?

The decay of S in the LR model is suppressed either by small mixing parameters or
the loop factors, and thus it would be a narrow resonance and could be easily tested
by the upcoming LHC data.

A large portion of the S decay width is into top quark pairs, with a branching ratio
varying from a few percent to half or even larger (subject to the top quark mixing
and other parameters). Thus, the ¢t observations could not only test the minimal LR
model but also be used to probe the t — T mixing which is essential to search for new
physics in the top quark sector.

In the minimal scenario of the LR seesaw model, the singlet S decouples from the
doublets for gauge symmetry breaking. In such cases the stability analysis of the
scalar potential is the same as in [108]. In a large parameter space the SM vacuum
is stable up to the GUT scale or even the Planck scale.

The presence of the new scalar S and the vectorlike fermions has a potential impact
on the precision electroweak observables [142]. However, with the small t — T mixing
angle sin o} as in our case [cf. eq. (3.4)], these constraints are easily satisfied for the
range of top-partner masses considered here. In future, a better measurement of the
top-quark decay width which has currently a large uncertainty of O(1 GeV) [143, 144]
could be another way to test our hypothesis.

Due to the presence of a large number of vectorlike fermions in the model, the
scalar self-coupling becomes negative at around 10-100TeV (see section 4), thus
signaling the onset of some other new physics for its UV-completion. This new
physics could be connected with the appearance of an expanded gauge group, e.g.
SU2)r, x SU@2)gr x U(1)p—r,r. x U(l)p—r,r or SU(5) x SU(5). These topics are

currently under investigation.

6 Conclusion

We have presented a left-right quark seesaw model with TeV-scale vectorlike fermions and

a singlet scalar, where the singlet scalar responsible for the mass of the vectorlike fermions
can be identified as the new 750 GeV resonance indicated by the early /s = 13 TeV LHC
data. This model was originally proposed to solve the strong CP problem without the

axion. We have discussed various ways this hypothesis can be tested in near future as

more data is amassed in the run II of the LHC.

3The recent diboson excess [133, 134] suggests a Wx with mass around 1.9-2 TeV and gr =0.4-0.5 (see
e.g. [135-141]). This scenario still remains to be tested by the /s = 13 TeV data.
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A Exact formulae for the vZ and ZZ channel

The exact formulae for the loop-induced vZ and ZZ decay channels of S are respectively
2

O‘QM:% M% ’ Ji 2 —1 -1
Lyz = 327952 2 (1 - M§> | Z MNCin‘ (I3i — 2Qisy,) Ava(m 5 A7)
i=t,P,N,E
(A.1)
2
OéQMS 4M2 1/2 f 1 2
Iyy=——-2 (1-"%Z L Nei | =l — Qis? ) Azz(mi, A
22 = 956m3si el ( M§> z_t;NEMi ci <2 -0 3“}) 22(7is Ai)
(A.2)
The loop function A, 5(7, A) is given by [121]
TA T2)\2 2\
A A) = -1y _ >\_1 - A )\—1
1/2(7—? ) 2(7_ _ )\) + 2(7__ /\)2 [f(T ) f( )] + (7_ _ )\)2 [(g(T ) g( )]
TA -1 —1
— A.
e e = 0, (A3)

where the function f(x) is defined in eq. (3.3) and g(z) is defined as
V1-1/z +/1-1/z\ . | .

5 log =y im| ifx <1
V1/x —1 arcsin(y/x) ifx>1.

g(r) = (A.4)

For the ZZ channel,
2 -7 1-p* (1-p5?)
2
Az (T, A) = = [2+2f1| ( —+ e ) — | fal 7

HAP{372 = 8827 — )7+ 28" (572 — 167 +8) + 88%(r — 1) + 352 |

3(1- p2)?
PRl S S g;{:i‘ (1-8%) (=37 +48%(r — 1) +3p%) |, (A5)
where 7 = M2/AM}%, A = MZ/4AM?%, 3= /1 —4M2/M2 and
1 1—x 47
filnA) = _/0 dx/o YT A=) + (0 — )] A — duy(r — 2N (4.6)
fa(m, A) = 2f3(1) — 2f3(N), (A7)
—2+2/1 — larcsin (y/7) (for 7 <1)
f3(m) = (A.8)

—2+imy/1—1/7++/1—1/7tanh™* (22(7_11)T) (for 7> 1).

T

- 12 —



In the limit of 8— 1, only the function f;(7) contributes and the loop function Azz (1, A) —
Ay 2(7), thus yielding egs. (3.11) and (3.12).

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.
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