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Supersymmetric models with spontaneously broken approximate R-symmetry contains a light
spin 0 particle, the R-axion. The properties of the particle can be a powerful probe of the structure
of the new physics. In this paper, we discuss the possibilities of the R-axion detection at the LHC
experiments. It is challenge to observe this light particle in the LHC environment. However, for
typical values in which the mass of the R-axion is a few hundred MeV, we show that those particles
can be detected by searching for displaced vertices from R-axion decay.

I. INTRODUCTION

Discovering supersymmetry is one of the main goal of the LHC experiments. Once the supersymmetric standard
model (SSM) is confirmed experimentally, the next question is how the supersymmetry is broken and how the effects
of symmetry breaking are mediated to the SSM sector. In most cases, such investigations on “beyond the SSM
physics” rely on arguments based on extrapolations of the observed supersymmetry mass parameters to higher energies.
However, there is one class of models of supersymmetry breaking in which we can get a glimpse of the structure of
the hidden sector in a direct way with the help of the R-symmetry.

The R-symmetry is a symmetry which is rather generic in the models of spontaneous supersymmetry breaking
through F-term[1]. At the same time, however, it must be broken in some way in order for the gauginos in the
SSM sector to have non-vanishing masses, which we are assuming to be the Majorana fermions. One possibility of
the gaugino mass generation is to consider models where the gaugino masses are generated as a result of the explicit
breaking of the R-symmetries, which is realized in the supergravity mediation scenario[2, 3], the anomaly mediation
scenarios [4], and in a class of the gauge mediation [5-8] with the explicit R-symmetry breaking [9-13]. Unfortunately,
in those models, the R-symmetry leaves little trace for the collider experiments, since the mass of the R-axion is
typically heavy and beyond the reach of the LHC experiments.

In this paper, instead, we focus on a class of models with gauge mediation where the R-symmetry in the hid-
den/messenger sectors is exact in the limit of the infinite reduced Planck scale, i.e. Mpy, — oco. Then, the gaugino
masses are generated as a result of the spontaneous breaking of the R-symmetry. We also assume that the R-symmetry
is respected by the SSM sector as well as the sector of the origin of the higgsino mass p and the Higgs mass mixing
B except for the anomaly to the SSM gauge interactions. We call this scenario, the minimal R-symmetry breaking
scenario.

The immediate consequence of the spontaneously broken approximate R-symmetry is the existence of a pseudo
Namu-Goldstone boson, so called the R-axion[1]. As is well know, the R-axion can have a large mass [14] compared
with the Peccei-Quinn axion [15, 16], while getting small couplings. Hence, it is free from cosmological and astrophys-
ical constraints. The notable feature of the R-axion in the minimal R-symmetry breaking scenario is that it couples
to the gluinos and this enhances the R-axion-gluon coupling at the low energy effective theory. As we will show, a
sizable number of R-axions can be produced via the gluon fusion process with the dominant contribution coming from
gluino and messenger loops. Since the R-axion has long lifetime, it is possible to detect the R-axion by searching for
the displaced vertex of the R-axion decay.

It is possible that the R-axion can produce the following striking signature: A promptly produced jet of pyr >
100 GeV, recoiling against a low mass muon pair produced in the beam pipe vacuum region. In the paper, we will
compute the rate of background for this signature.

The organization of the paper is as follows. In the next section, we briefly review the generic properties of R-
symmetry breaking in models with gauge mediation. In sectionIII, we summarize interactions of the R-axion with
the SSM particles. Now the paper shifts from a theoretical to an experimental viewpoint. In sectionIV, we discuss
the production of the R-axion and the typical signatures. In section V, we give a rough estimation of the background
processes to the R-axion signal. The final section gives our conclusions.
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II. R-SYMMETRY IN GAUGE MEDIATION SCENARIO

As examples of models of the R-symmetry breaking, we consider two simple examples of the models with gauge
mediation. The first example is the so-called ‘minimal gauge mediation’ model in which the supersymmetry breaking
effects are mediated by a pair messenger fields v and 1 which are charged under the SSM gauge group. To handle the
supersymmetry breaking, we introduce a chiral superfield S whose F-term has a non-vanishing vacuum expectation
value (VEV) called F in the following discussion. In the minimal model, the messenger fields and the supersymmetry
breaking field couples through the superpotential,

W = kSyr, (1)

where k is a coupling constant. The above superpotential possesses an R-symmetry with charge assignments S(2),
¥(0), and ¢(0), which forbids the gaugino mass if it is not broken. This charge assignment is consistent with F # 0,
since it implies that the F-term has R-charge 0; other possible U(1)’s, consistent with nonzero gaugino masses, are
broken by F'.

In this example, the scalar VEV of the chiral superfield S provides a supersymmetric mass term to the messenger
particles, which corresponds to the order parameter of the R-symmetry. Then, in order that the messenger fields are
not tachyonic, the scalar and the F-term VEVs of the chiral superfield S,

(S) = M + F¢?, (2)
are required to satisfy the condition,
kM| > |VF|. (3)

Thus, in the minimal gauge mediation, the R-symmetry must be broken, with a VEV even larger than the supersym-
metry breaking scale as long as k is perturbative.

Another example is a model proposed in Ref. [28]. Let us add another pair of the messenger particles ¢ and ¢’ so
that we can give the supersymmetric and R-symmetric mass terms to the original messengers;

W = kSy + myy’ + my'yp, (4)

where m denote a mass parameter. Here, again, the R-symmetry which is relevant for the gaugino mass suppression
is defined by S(2), 1(0), ¥(0), ¥'(2), and ¥'(2). In this model, the messenger fields are not tachyonic even if M = 0
contrary to the former example. However, even in this case, there is a lower bound on the size of M coming from the
experimental lower bound on the gaugino masses. That is, in this model, the gaugino mass is roughly given by,

S
—.

a kM |kF
4T m |m?

(5)

Mgaugino ™~

Then, remembering that |[kF/m?| < 1 so that the messengers are not tachyonic, we obtain a lower bound on M,

47
M > Emgauginm (6)
where the lower bound is saturated for m ~ v/F.
The above discussion applies to general gauge mediation models with R-symmetric hidden/messenger sectors. In a
general gauge mediation model, the gaugino masses can be parameterized by,

a M F* F
au, inosz_—— m PR )
Mgaug A7 My, M, (C +O<M;%>) Q

where the coefficient C,, is a model dependent parameter at most O(1), M,,(2 M) is the scale of the gauge mediation,
and N,, is the number of the messenger fields.! Here, we have omitted O(1) coupling constants of the mediation
mechanism. From this expression, we obtain a lower bound on the R-symmetry breaking scale,

5 Meolui
M>1 4 90 gluino
=10 GeV<Nm> (500GeV)’ ()

I For recent developments on the analysis of the models with the general gauge mediation, see Refs. [18-22].
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which results from the non-tachyonic messenger condition, M,, > v/F.? The lower bound is saturated for the lowest
scale gauge mediation, i.e. M,, ~ v/F. Therefore, we see that the R-symmetry breaking scale is about 10* GeV or
higher in generic gauge mediation models.

Notice that the masses of the SSM scalars are roughly given by,

Mgscalar ™~ V Nm%Mima (9)
and that there is no suppression from the R-symmetry breaking. Thus, when the R-symmetry breaking scale is
suppressed compared with M,, and V/F, the gaugino masses are suppressed compared with the scalar masses. In
other words, the SSM scalars are much heavier than the electroweak scale even if the gauginos have the masses of the
order of the electroweak scale. However, such heavy scalars bring up the hierarchy problem again; we do not pursue
the possibility of such a highly hierarchical spectrum in this study. Instead, we consider models where the gaugino
and scalar masses are not so different, i.e. M ~ M,, ~ v/F, which is naturally realized in low scale direct gauge
mediation models (see for example [23-26]).

In the following, we confine ourselves to the scenario with the low R-symmetry breaking scale as well as the low
scale supersymmetry breaking and the messenger scale, i.e the lowest gauge mediation scenario;

fr = 10*75GeV,
VE = 1072 GeV,
M,, = 10*7°GeV, (10)

where fr denotes the R-symmetry breaking scale. As we will show in the subsequent sections, a sizable number of
R-axions can be produced in the LHC experiments for such low scale gauge mediation models.

We mention here that the low scale gauge mediation scenario is also motivated from cosmology. The low scale
gauge mediation scenario given above admits a very light gravitino with the mass lighter than O(10)eV. Such a light
gravitino is free from all the cosmological problems [27]. The model has the phenomenology typical in gauge mediation
that the SSM particle is unstable and decays to the gravitino.

R-axion Mass

One immediate consequence of the spontaneous breaking of the R-symmetry breaking is the R-axion. In our
scenario, we have assumed that, if supergravity in the action is ignored (Mpr, — 00), the R-symmetry is only broken
by the anomalies of the SSM gauge interactions. In this limit, the R-axion obtains a mass only from the QCD
anomaly. However, supergravity adds several R-symmetry breaking effects which contribute to the mass of the R-
axion [1]. In particular, the R-symmetry is broken by the constant term in the superpotential which is always required
to set the cosmological constant to zero after the supersymmetry breaking.® For example, in the case of the simplest
supersymmetry breaking sector model with the full superpotential,

W=A2_S+w, (11)

susy

the R-symmetry is explicitly broken by the constant term w. Here Agusy denotes a dimensionful constant such that
the F-term VEV of S is given by (F) = A2, and the flat universe condition requires A, = 3w?/M3;. In the
supergravity, this superpotential leads to the R-symmetry breaking term in the scalar potential of .S,

_ W a2 _ 2
V¢ = M—IQDASHSYS +c.e. =mg a5, S + c.e (12)

Here we have used the definition of the gravitino mass mg/, = w /M#%. S obtains a VEV, and we parametrize this by,

S = fr/V2e" /TR fr then gives the scale of spontaneous R-symmetry breaking. As a result of the breaking term
V¢, the R-axion obtains a non-vanishing mass

2 mg/QASHSy \/gmg/gMPL
m? = - | (13)
V2[R V2[R

2 The number of the messenger fields is consistent with the perturbative grand unification theory (GUT) as long as it satisfies a condition,
N, ,S 150/ hrl(]wGUT/]wmess)-

3 We may further postulate that the constant term also emerges as a result of the spontaneous symmetry breaking of another R-symmetry.
In this case, we have an additional axion. The additional axion can provide the solution to the strong CP-problem.



In this simplest example, the R-axion mass is given by,

—1/2
msz/2 IR
o= 171 M . 14
ma =17 eV(lOeV)(104GeV) (14)

In general models, we could consider other explicit R-symmetry breaking terms that are also vanishing in the limit
(see Ref. [14] for more discussion). Those breaking terms also contribute to the R-axion mass at the similar size of the
above contribution especially for the lowest gauge mediation scenario. We should also notice that, in general models,
there is a distribution between the total supersymmetry breaking scale, Agusy, Which determines the gravitino mass,
and the scale used in the gauge meditation, v/F. Therefore, the R-axion mass depends on the details of the models
of the hidden/messenger sectors and could be larger than the value given in Eq. (14).4

In the following analysis, we take the R-axion as an independent parameter. We mainly focus on the range of
R-axion masses,

me = 0(100) MeV, (15)

which is, for example, the most likely mass range for fr ~ v F > 10* GeV and a light gravitino mass, ms s2 = 0(10) eV
in the above simple supersymmetry breaking scenario. As we will see in the next section, R-axions in this range have
long lifetimes and leave displaced vertices inside the detecters.

III. INTERACTIONS OF R-AXION

Let us now consider the interactions between the R-axion and the SSM sector. Here, we consider the minimal Higgs
sector model with two Higgs doublets (i.e. the MSSM), although we can easily extend our analysis to models with
a non-minimal Higgs sector. As we will see, the R-axion mixes with the pseudoscalar components in the two Higgs
doublets at the energy scale below the electroweak symmetry breaking.> The mixing angles determine the couplings
between the R-axion and the SSM matter fields.

For our purpose, the effective Lagrangian approach valid below the messenger scale is the most useful. After
integrating out the hidden/messenger sectors, the low energy effective theory is given by the SSM particles and the
R-axion a. In the effective theory, the R-symmetry is realized by the shift symmetry of the R-axion,

a/fr — @ /fr=a/fr+2c (16)

with the angle ¢, as well as by the linear transformation of the SSM fields with the charges given in Table I. Notice
that the R-charges of the SSM fields satisfy,

Xy+Xg=2, Xy+Xg+Xg=2 Xg+Xg+Xp=2, (17)

so that the R-symmetry is consistent with the p-term and the Yukawa interactions.®
In the effective theory just below the messenger scale, the R-axion only emerges in the gaugino mass terms, and

the anomaly coupling terms. The effective Lagrangian of the R-axion is given by,

1 . e 2~
Ls= 5(3&)2 — mll/2eﬂa/f’*)\l)\l +Cx 99 @

F'EF + c.c. 18
39m2 T +c.c., (18)

where g; denotes the gauge coupling constant, mz1 /2 the gaugino mass, F;w = €40p0F77 /2, and ¢ runs over the SSM

gauge groups. The coefficient of the anomaly coupling terms Cg depends on the model of the hidden/messenger
sectors. From the second term, we find that the R-axion couples to the gauginos by a Yukawa-type interaction,

m? o
Ling = —1 f1/2 aX' A\ + c.c. (19)
R

4 In models in [28, 29], the R-axion can be much lighter than the values discussed above, thanks to the scale invariance of the superpotential
of the supersymmetry breaking field.

5 In this study, we assume that there is no supersymmetric CP-problem, which is one of the motivation of the models with the gauge
mediation.

6 In this study, we assume that the p-term carries a vanishing R-charge. In models where the p-term is also generated via the interactions
between the hidden/messenger sectors and the Higgs sector, however, the resultant p-term can have non-vanishing R-charge. The
following analysis can be generalized straightforwardly to such models.



SU(2) U(l)y U(1)r
H., 2 172 X.
Hd 2 —1/2 Xd
QL 2 1/6 Xg
Ur| 1 -2/3 Xp
Dr| 1 1/3  Xp
A|o- - 1

TABLE I: The R-charges of the supermultiplets in the SSM and gauginos. Here, we also showed the charges of them under the
Standard Model gauge group; SU(2)xU(1)y. The charge assignments are identical for all the three generations.

At a lower energy scale, the R-axion dependence in the gaugino masses spreads to the other soft supersymmetry
breaking masses, such as the By and the A-terms, as a result of renormalization group evolution. The R-axion
dependence in the Bu-term plays a particularly important role in determining the mixing between the R-axion and
the SSM Higgs bosons. The relevant terms for the R-axion-Higgs mixing are given by,

—id 1 2
Vo= (Il + i+ (1l + mig ) HE| = (7" BuH Hg + c.c) + (9% + 9 7) (| Hy* = [HG")?, (20)

where Hfi 4 are the QED neutral components in the Higgs doublets. Notice that in these models, the By term is

generated by the renormalization group evolution coming from gaugino loop diagrams [30] and so is proportional to
e~%@/fr 7 To analyze the mixing mass matrix, it is convenient to decompose the neutral Higgs fields into the radial
and the axial components,

1 ) 1 .
H) = —(vu + pu)e’™/,  HY = —(va + pa)e™*/. 21
\/5( p ) d \/5( d pd) ( )

Here, v, 4 are vacuum expectation values of the Higgs fields which are related to the Z° boson mass by
v? =02 402 = 4m% /(g% + ¢'°) ~ (246 GeV)2. (22)
The ratio between v,, and vg is traditionally expressed by,
tan 8 = vy, /vg. (23)
Then, with the aid of the minimum conditions of the H? and HY;

|ul> +m3, = Bucot B+ (m%/2)cos28,
|l +m3, = Butan3 — (m3/2)cos2p, (24)

we obtain the mixing mass matrix of the axial components and the R-axion,

1 & cot B 1 —rcos
Vinix = ixt/\/lzx, x=| & |, M?*=Bu 1 tan 3 —rsin 8 , (25)
a —rcos3 —rsinfB r?cosfsinf

where r is defined by r = v/ fr.8

As we expected, the above mass matrix possesses two massless states, i.e. rank(M?) = 1. One of them corresponds
to the would-be Goldstone boson absorbed by the U(1)y gauge boson, and the other one is the R-axion. The mass
eigenstates of the mass matrix are given by,

Gy sin 3 —cos 3 0 &u
Ay | = Kcos (3 Ksin 0 —krsin G cos B8 &a |, (26)
a krcos? Bsin 8 krsin? fcos 3 K a
2Bu
(méo ) m?%, mi) = (07 m, 0> , (27)

7 The Bp term also gets small contribution from the two-loop diagrams in which the messengers circulate as well as the gauginos and
Higgsinos [30], which is also proportional to e—ta/fr.
8 In this study, we fix By > 0 which is realized by using the definitions of R-symmetry and the Peccei-Quinn symmetry.



where & is defined by x = (1 +72sin®23)~'/2. As a result, the axial parts of the Higgs fields mix with the low energy
R-axion;

£, ~ krcos® Bsinf x a, &g~ krsin® fcos B x a. (28)

The interaction of the R-axion with the SM fermions are the same found in the DFS axion model [31]. From the
mixing in Eq. (28), the coupling constants between the R-axion and the SM fermions are given by,

Ay = iyu/V2rcos? Bsin B = imy/fr cos® B, g =iyq/V2rsin® Bcosf = img/ fr sin® 3, (29)

for up- and down-type quarks (and for their higher generation counterparts), respectively. The leptons also couples
to the R-axion in a similar way of the down-type quarks. Unlike the case of the CP-odd Higgs scalar A, there is no
tan 3 enhancement in coupling constants of the down-type quarks.

Notice that, for a given R-charge assignment to the u-term, the R-charges of the Higgs bosons are determined
unambiguously so that the would-be-goldstone boson Gq is invariant under the R-symmetry. That is, under the
U(1)r symmetry, the axial fields &, 4 are sifted by,

ufvu — &4 vy = &ufvu + Xue,  Eafva — &' Jva = Ea/va + Xac. (30)
Then, by requiring that the would-be goldstone boson Gy is invariant under the R-symmetry, we obtain a condition,
X, sin? 8 — Xgcos? 3 = 0.
By remembering the conditions in Eq. (17), we find that the R-charges are given by,
X, =2cos? 8, Xyz=2sin?p. (31)

We can also check that Ag is also invariant under the R-symmetry with the above charge assignment, and only the
R-axion a in the low energy theory is shifted by,

a—a =a+2k" " fre (32)
This means that the decay constant of the R-axion below the electroweak scale is changed from fr to

fa=rk""fr> fr, (33)

although K ~ 1 and fa ~ fg for fr > v.

Finally, let us comment on the coefficient of the anomaly coupling in the low energy effective theory. As we
mentioned above, the coefficient Cy depends on the model of the messenger sectors. For example, in the case of
minimal gauge mediation with N, messenger pairs, the coefficient is given by Cyg = —N,,,, while Cy = 0 in the case
of the second model discussed in the previous section.” At lower energy, the coefficient gets additional contributions
from heavy fermions such as gauginos and top quarks corresponding to the R-charges of their species. Thus, at the
scale below the gaugino masses and the top-quark mass, the coefficient of the anomaly term is changed to

2 2

J aFF:(CH-FCQ(G)—COSQﬁ) I pFR

Log =Cp—2—— —FF,
= Yl3on2 1, 3212 fa

(34)

which reproduces the anomaly of the R-symmetry by the shift of a. Here C(G) denotes the quadratic Casimir
invariant which corresponds to the gauginos, and we have used the charges of the Higgs bosons fixed in Eq. (31) to
determine the contribution from the top quarks in the third term.

At a lower energy scale, the lighter fermions also contribute to the anomaly coupling once they are integrated out.
For example, for the R-axion with a hundred-MeV mass, the value of the anomaly coefficient to photons below all
hadron thresholds, is given by,

4 1
Cry=Cu1+CH2+2-9 (§Xu + §Xd> - Xg—12tr (QAng) ) (35)

9 The models proposed in Refs. [25, 32, 33] also give a vanishing coefficient, C.



where the first two terms denote the messenger contributions to the U(1)y and SU(2);, gauge bosons, the third term
comes from the SU(2), gauginos contribution, and the fourth from the tau lepton contribution. The final term comes
from the light quark rotation with a charge assignment @) 4 which eliminates the anomalous coupling to the gluons [34],
and the explicit charge assignment of this manipulation is given by,

C uon — —
Qa = RN fix(M;) 2 016 Coguon 0

where M, denotes the quark mass matrix and we have used the mass ratio, m, /mg ~ 0.56 in the last expression. The
coefficient C, gluon denotes the anomalous coupling to the gluons at the low energy scale,

3
CL,gluon = C'H +3 - 5 (Xu + Xd) . (37)
Therefore, we obtain those coefficients,

CL-,’Y
CL,gluon

C'H.,l + CH)Q —2-19 OH,37
Ch s, (38)

for a large value of tan (3.

Decay properties of R-axion

In this subsection, we analyze the decay properties of the R-axion with a hundred-MeV mass based on the effective
Lagrangian obtained above. In this mass region, the available decay modes of the R-axion are those into a muon pair,
an electron pair, a photon pair, and a gravitino pair. As we will show below, the dominant decay modes are the one
into the muons for m, > 2m,,, while the one into an electron pair dominates for m, < 2m,,.

The R-axion decays into a pair of the SM fermions via the Yukawa interaction given in Eq.(29) and the decay

width is given by,
22 am2\ '
Fff = gma 1-— . . (39)

2
mg

Thus, the decay rate and the decay length at the rest frame of the electron pair mode are given by

10 GeV'\ 2 4m2\ /2
I, ~ 31x10°7 int ( a ) 1 e
3.1 x 107" GeV x sin” 300 MoV n m2 ,
1 /300MeV fr \? am2\ "2
e =~ 6.3 x 107 1— —¢ , 40
CT e sin® 8 ( Mg > <104 GeV) m2 (40)

while the ones into a pair of the muons are given by,

9 o\ 1/2
N 19 4 My 10* GeV 4m;,
Ty ~ 1.3 % 10712GeV x sin ﬁ(goomv)( 7 - ,
—1/2
ety ~ 15 x 102 em x —— (300 MeV fr\’ o dms / (41)
To = sin? 8 Mg 104 GeV m2 '

The R-axion also decays into a pair of photons via the anomaly coupling as appeared in Eq. (34). The width of this

mode is given by,
C%,v(af m, \*
o~ — ) | == Ma,
’W 16w \4mw fr

3 /101 GeV\”
~ 1.8 x 10" '® 2 Ma . 42
8 x 10718 GeV x €2 (3OOMeV) 7 (42)

where, Cp,  is given in Eq. (38). Compared with the decay widths into a pair of the electrons and muons given above,
this process is subdominant for m, = O(100) MeV.

=
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Since we are considering the light gravitino scenario, the R-axion also decays into a gravitino pair, ¥, with the

decay rate[14],10
1 (m3)2 2
F —_ 5 a s
w 87T< fr > "

2 104 GeV' >
1.2 x 10726 M3/ Ma . 4
x 10 GeV(mev) (3OOMeV) Tr (43)

As a result, the decay mode into a pair of the gravitinos is also subdominant compared with the modes into electrons
and muons, as long as we are considering the light gravitino scenario, msz,, = O(10)eV.

Before closing this section, we comment on the decay properties of the R-axion with much heavier mass. When
the R-axion mass gets heavier than 3m,, the decay mode into three pions is open. Since the direct coupling between
the R-axion and the u, d-quarks are suppressed (see Eq.(29)), the dominant contribution to the decay width of the
three pion mode comes from the anomaly coupling; aFF. However, we found that the decay width into three pions
is always suppressed compared with the one into a muon pair for m, < 1GeV by using an effective Lagrangian of the
R-axion—3m interaction given in Ref. [35].

For much heavier R-axion, the decay modes into heavier fermions, such as the 7 lepton and the bottom quark
become available. In such a region, the decay length is much shorter than the one discussed above. Thus, the R-axion
detection in the heavier mass region is more challenging at the LHC than the case of the lighter R-axion with a mass
in the hundred MeV range.

2

1

IV. R-AXION PRODUCTION AT THE LHC

In this section, we consider R-axion production with a large transverse momentum at the LHC via the gluon fusion
processes gg — ga, qg — qa, and q§ — ga. These processes are similar to the CP-odd Higgs boson production
processes in the MSSM [36, 37]. In those processes, the R-axion couples to the gluons via the anomaly coupling given
in Eq. (18) as well as the triangle and box diagrams in which the gluino and the quarks circulate. When the transverse
momentum pr of the R-axion is smaller than the gluino mass the anomaly couplings in the effective Lagrangian in
Eq. (34) give a good approximation to the gluino-loop diagrams. Notice that the top-loop contribution is proportional
to cos? 3, and hence, the top-quark contribution is suppressed for tan 3 > 2 to the gluon fusion processes. As for the
contributions from the other lighter quarks, they are also suppressed compared with the gluino contribution when pp
is much larger than the masses of those lighter quarks [38].

From the above consideration, we consider the R-axion production via the effective anomaly coupling,

2 2

g3 a a4 g3 a [
Lo = CrL=2_ 1 F, F'" = (Cy + N)-B- L F, Fm 44
B sy (Cr+ Ne)3o 5 M (44)

where N, = 3 is a color factor. This should give a good approximation for pr < Mgluino. The matrix elements of the
processes, gg — ga, qg — qa, and g§ — ga, from the above effective anomaly coupling are given in Refs. [36, 37].

In Fig.1, we present the transverse momentum distribution of the R-axion event with the mono-jet, dog/dpr at
the LHC and the Tevatron, for fr = 10* GeV, and m, = 300 MeV. In our analysis, we have used the CTEQ5 parton
distribution functions [39] with the QCD scale AZC = 165.2MeV. The factorization and renormalization scales have
been set to pr. The model dependent parameter C, has been set to C';, = 2 which corresponds to the minimal gauge
mediation model with N,,, = 1 and N,;, =5 (up to the sign of C). The transverse momentum distribution is almost
independent of the R-axion mass as long as m, < 1GeV, while it scales with f 2 and C%. The figure shows that a
sizable number of the R-axion events at the LHC even for py 2 100 GeV, while the cross section is rather suppressed
at the Tevatron.

Now the question is how to detect the R-axion events. As we have seen in the previous section, the R-axion has
a long lifetime. A useful variable is transverse decay length Ly = 7ersinf, where v and 6 are the boost factor
and the polar angle of the R-axion, respectively. To see how the R-axion behaves after its production, we have
plotted the transverse decay length distribution of the R-axion decaying into a pair of muons for m, = 300 MeV in
Fig.1. The figure shows that the produced R-axion mainly decays at around O(1) cm, O(10) cm, and O(100) cm, for

10 For example, the helicity unsuppressed operators similar to the gaugino coupling in Eq. (18) is proportional to e~/ fRyn) at the leading
order, which is forbidden in the massless gravitino and the exact R-symmetry limit.
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FIG. 1: Left) Transverse momentum distribution of the R-axion with the mono-jet event at the LHC (solid) and the Tevatron
(dashed). Here, we have taken fr = 10* GeV , m, = 300 MeV, and Cr, = 2. We have integrated the rapidity y for |y| < 3.
Right) Transverse decay length distribution of the R-axion decaying into a pair of the muons at the LHC. The solid lines denote
the distributions for the minimum transverse momentum, pr,min = 100 GeV for fr = 104455 GeV from the bottom up. The
dashed lines correspond to pr,min = 200 GeV, and the dotted line to pr,min = 300 GeV for fr = 10%%5% GeV from the bottom

up.

fr = 102 GeV, fr = 10*°GeV, and fr = 10° GeV, respectively. Therefore, the R-axion leaves a displaced vertex
from which a pair of the highly boosted muons is produced inside the beam-pipe in the first case, the inner detector
in the second case, and the calorimeters in the last case.

R-axion reconstruction

We now consider the reconstruction of the R-axion. Since the two muons leave charged tracks inside the detector,
it is possible to reconstruct the displaced vertex of the R-axion decay as well as the R-axion momentum. Notice that
since the R-axion is highly boosted, the muons coming from the R-axion are collimated. The typical azimuthal angle
between the muons and the R-axion is given by,

mq
ap ) 45
(b . PT,a ( )

where pr, is the transverse momentum of the R-axion. For m, = O(100) MeV and pr = O(100) GeV, the angle
¢ap is expected to be O(1) mrad. Therefore, the most important challenge to look for the R-axion is to separate the
two muon tracks with very small open angle. Since a typical distance between two tracks at the pixel detectors is
of O(100) um, they can be separated by using the pixel detectors in principle. The actual separation efficiency and
track resolution depend on the detail of the trigger system of detectors. In this study, we do not discuss the details of
this problem, and instead, we simply use the track resolutions of a single muon track for each muon. At the ATLAS
detector, for example, the resolution of the azimuthal angle of the muon is approximately given by,

1.8
pr/GeV/sin

where 6 is the polar angle of the R-axion. Thus, the azimuthal directions of the two muons can be well measured [40],
and they are well separable.

Related to the angle between the muons and the R-axion, the transverse impact parameters dy of each muons are
also expected to be

oy ~0.075@ (mrad), (46)

pr,
do ~ 4 CTup Pap = CTpp- (47)
me

The typical decay length at the rest frame of the R-axion given in Eq. (41) is of the order of 100 um over a large
parameter range. Therefore, the finite impact parameters of the two muons can be measured at the ATLAS detector
where the resolution of the transverse impact parameter is given by [40],
73
Ogg =211 ——— m). 48
’ pr/GeV+/sin (k) (48)
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Once the transverse impact parameter is measured, the transverse decay length is then determined by,
do
sin(dap)

This is expected to be several cm as shown in Fig.1. From the resolutions of the impact parameter and the azimuthal
angle, the resolution of the transverse decay length is estimated by,

Ly = (49)

OLyp Udo 0¢
A D 50
LT (bau ( )

Therefore, for dg = O(100) pm and ¢,, = O(1) mrad, we expect the resolution of the transverse decay length to be
marginal to better than 10 %.

Before closing this section, we mention the R-axion mass measurement. In terms of the observed momentum, the
mass of the R-axion is given by,

m?2 ~ 4mi + pupp 92#. (51)

where p,,) denote the size of the momentum and the transverse momentum of the muon (anti-muon). The absolute
angle between two muons , 6, is given by,

O = \/ A0 +sin? 6 AG?, (52)

where Af and A¢ denote the differences of the polar and the azimuthal angles of the muon and anti-muon, while
is the average of the muon polar angles. Since the R-axion is highly boosted, the expected value of 8, is given by,

0 =~ 2sin 0 (53)

PT,a

At the ATLAS detector, by using the resolution of the azimuthal angle in Eq. (46) and the one of the polar angle [40],

2.0 x 1073
Oeoto ~0.70x 1073 —— 54
cot? pr/GeVy/sind 59

the resolution of the angle between muons is given by,

~ Af A
06:1—“: ~ sin%6 92 Ocoto P sin 9%0@ @ (u— p),
~ sing 2L o~ 2m (u— f), (55)

where we have used Eq. (52) and Af = 2m,/p,, and A¢ = 2mg/pr . Thus, the resolution of the absolute angle is
expected to be of O(10) %. Therefore, the R-axion mass measurement is possible, although it requires careful study.

V. BACKGROUND ESTIMATION

In this section, we consider relevant background for the R-axion + jets events. As we have discussed, we select
events with a jet of pr > 100 GeV balanced by a low-mass muon pair emerging from a displaced vertex. First of all,
a potential background can come from mis-measuring the impact parameters of prompt muon pair. The probability
depends on the decay length of the axion and the tracking precision. Since we require the transverse impact parameters
of both the muons to be around dj in Eq. (47), the mis-measurement probability Py, is roughly estimated by,

do
Py, ~ Erfc? , 56
do ' (\/50%10 > (56)

where o4, is the resolution of the transverse impact parameter given in Eq. (48). Thus, the probability Py, is quite
small for the typical transverse impact parameter of the R-axion, dy = O(100) um, i.e. Py, < 107°. The limit of the
suppression factor corresponds to dy ~ 45um, about 3¢ from primary interaction vertex.

The production cross section of prompt muon pair with pr > 50 GeV is generically less than 10 pb. For example,
the light unflavored mesons, such as p,w, ¢, 7 can promply decay to two muons. The cross section of these meson with
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process Br,(f,f) Pyeo 0x —uu(fb)
BY — Kt~ 1.3 x 107 % [43] [ (ma/mp)*| 1077
B s Jp+X -putp™+X | ~59%x107° | <107° 107°
B =D+ X — D%+ putp” <1078 (ma/ms) 107
B D4 uF+v—ptp +X 1072 (Ma/mp)* 1
B —n pty 3x107%  |(mo/mp)®| 107°
DY — o'+t 1.5 x 1077 [45]|(ma/mp)3| 1073
D’ - w+ K% — pp+ K3 1076 (ma/mp) 1
D% — p + 7% — pp 4+ 7° 1077 (ma/mp) 107t
D’ — K+ +u¥ +v 107° (mo/mp)®| 107!
DY =t T4 6x 1077 |(me/mp)®| 1072

TABLE II: Summary of rough estimation of muon pair background from different heavy meson decay modes. Here we have
use mx = (5,2) GeV and cr = (460, 123) ym for B and D. As our signal cross section is about 10fb, the background will be
claimed insignificant if it’s cross section is less than 0.1fb. The final cross sections from the B® — D* + uF +v — ptp~ + X
and D° — w + K9 — pu + K% modes are further suppressed than given here (see discussion in the text).

pr > 100 GeV is similar to that of two jet event which is roughly omeson = 1 b and the two muon decay branching
ratio is BT&IECSOH) = 0(107%) when taking into account the muon isolation. The muon pair can also be produced via
the Drell-Yan process. The production cross section of such events is also about O(10) pb for py 2 100 GeV. Hence,
the cross section of the background event is less than about 0.1 fb which is much smaller than that of the signal (see
Fig.5 at the end of this section).

More serious background comes from events which have non-prompt muon pair. The main candidates for the

background are as follows;
e A muon pair in heavy flavor (B, D) meson decays.
e A muon pair in light flavor (K) meson decays.
e A muon pair in gluon splitting followed by meson decay.
e A photon conversion in the detector material to a muon pair.

Among these, the most serious background comes from the muon pair in a cascade decay of the B meson. The muon
pairs from a cascade decay of the K meson and photon conversions will also be important if we look for the displaced
vertex outside of the beam-pipe. We will estimate these background in turn in the following subsection.

A. A muon pair from heavy meson decay

A muon pairs from the heavy meson decays are serious background, since the decay length of these mesons are
similar to that of the R-axion, i.e. ¢ = O(100) pm. Among them, some serious contributions are as follows;

* A muon pair in non-resonant decays.
* A muon pair in cascade decays.
* A fake muon contribution in semi-leptonic meson decay.

Non-resonant decays are inclusive meson decays of the type (B, D) — p™u~ + X. The Standard Model prediction
of the non-resonant inclusive B meson decay into a muon pair is highly suppressed. The most serious mode is,
BY — K*u* . For the cascade decays, (B, D) first decays to some resonances and followed by the decay of one of
the resonances. When the 7 and K-meson decay in flight or punch through to the muon chamber, they can fake the
muon. Thus, we should also consider semi-leptonic decay of heavy flavor meson with one of the light hadron (7, K)
faking the muon.

The effective cross section of each of these potential background events from meson X = (B, D) can be described
by

(X)
e

< BriX) x Ppy x Pyeo X P}y x b, (57)

Ox—upy < 0x X Br X P, X Pgeo X Pb X Pﬁ/p
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where we have used the fact that (b, c¢) + 100 GeV jet cross sections are about the same and they are op p ~ 10nb
with pp 2 100 GeV [41]. A factor Pj d represents the muon isolation condition that require no significant hadronic

activity in the detector. It is generally estimated to be around 1071. A factor Brl(jf) is the effective branching ratio of

utpu~ decay channel. As we have to also take into account of the fake muon, this branching ratio should also include
semi-leptonic decay with one of the light meson faking the muon. In the case of fake muon, the fake rate P,/ k)
should be included in the effective branching ratio

X) _ p.(X)
BTI(JM) = BT(TF,K)H X P;,L/(TF,K)' (58)

A rough estimation of the fake muon probability P,/ k) is given by,

Tout 1 L
Pyx = Punis—ia X Brx piv X / dLr— % exp [—K—T} xnx(Lr), (X == K%), (59)
0 CTX PT,X PT,X CTX

where Ppis—iq is the probability of the misidentification of the mesons to the muon, nx(Lr) is the rate of the punch-
through mesons reaching to the transverse length L, and the 74, is the outer radius of the calorimeter. In the case
of the ATLAS detector, the calorimeter extends from an inner radius about 2m to and outer radius 4 m, and the total
thickness of the calorimeter is about 11 interaction lengths. By using these parameters, the punch-through rate at a
given length Lp is given by,

(x — 7in)
ATcalo

Lt
nx(Ly)~1—-60(Ly — rin)/ dx

in

exp |:—11 :| , (Tin ~2m, rouy ~4m, Arcalo = Tous — Tin)~ (60)

Arcalo
As a result, we obtain rough estimations of the muon fake rates,

Pijae S2x1074,
P S4x 1074, (61)

for pr 2 50GeV. In the above expression, we have assumed Ppis_iq = 50% for 7% and Pis_iq = 10% for KT [42].
The suppression factor P, represents the difference of the expected transverse decay length of the R-axion and
the mesons. It can be estimated as Py, ~ Lp/Lx where Ly and Lx are the transverse decay lengths of R-axion and
meson X respectively. The factor P,e, parameterizes a rejection factor based on the difference of the event geometry
of the X meson decay and the R-axion decay. The factor Py, is estimated in the following way. A typical absolute

angle between the muons from X meson decay is roughly given by,
.oa Mmx

60X ~2sinf ——, 62
s pr,x ( )
where pr x is the transverse momentum of the X meson and mx is the mass of the meson. Thus, by comparing the
typical angle between the two muon from R-axion decay in Eq. (53), the geometrical suppression factor is roughly

given by,
euu ’ bPx Mq ’ Pr,x Mq ’ mq s
() = (25 () = ()
i Pa Mx PT,a MXx mx
In the final equality, we have also used pr x =~ pr,q, which is required for the transverse momentum balance between
the muon pair and the remaining jets. In the above expression, the two powers of (6,,,/ HEM) out of three come from
the requirement that the absolute angle of two muons should be as narrow as 6,,,,, while the remaining power comes
from the requirement that the transverse impact parameters of muons for a given transverse decay length are O(c7,,,)
given in Eq. (41).
A factor Pb is a rejection factor obtained from vetoing a b-jet which does not fake the muon pair. For example, the

b-tagging efficiency can be about 90 %, while the misidentification rate of a gluon jet as a b-jet is about 0.1 [40]. Thus,
we can suppress a background event by a factor of 0.1, while keeping the efficiency of the signal event at about 90 %.

The basic analysis given above does not include the momentum balance that requires the muon pair to acquire large
portion of the jet momentum in order to pass the py cut and that the sum of momentum of the muon pair points back
to the primary vertex. We will use this basic analysis to eliminate most of the background and to identify dominant
background which can not be eliminate by this basic cut. Since our signal cross section is about 10 fb, we will claim
the background insignificant if its cross section is less than 0.1 fb. For those backgrounds which are lager than 0.1 fb,
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FIG. 2: The momentum fraction of the visible energy of a b-jet. The solid line denotes the visible momentum, i.e. p, — po
before smearing, while the dashed line includes the smearing effect. In the figures, we have assumed the inclusive neutrino
mode of the b-jet is 20 %, and the jet momentum resolution about 6 % for pr ~ 100 GeV.

we will treat them more carefully in the next step. For m, < 1 GeV, where the displaced vertex is Lt =1 — 5 cm, we
summarize the estimation of various backgrounds in TableII.!!

As been illustrated in Table.II, a muon pair coming from a cascade decay of the B meson, B® — D* + u¥ +v —
K%+p* = +vv is the dominant background. Note that, although the subsequent D meson decay also leaves a displaced
vertex, the typical distance of the vertex from the muon track from the B-decay is too short to be distinguished. For
these background events, we need more careful analysis in order to distinguish them form the signal. For the cascade
decay of D meson, the background is about 1 fb. However, the muon-pair isolation cut in a c-jet is expected to be
more efficient than that in a b-jet, since the D meson momentum fraction to the c-jet is typically much smaller than
the one of the B meson to the b-jet. Thus, although we do not pursue further analysis, we expect that the background
cross section from D — w + K3 is more suppressed than that shown in Table. (II). Further suppression can also be
achieved by more detailed analysis similar to that given below for the B decay.

In addition to the suppression discussed above, the background from B meson cascade decay can be suppressed
further by requiring transverse momentum balance between the muon pair and the remaining jets. In Fig. 3, we show
the momentum fraction of the muon pair in the cascade decay, where we have assumed spherical decays of the B and
D mesons. To obtain the z = p,,,/pp distribution, we have used the pp/p, distribution given in [46, 47]. The figure
shows that the spectrum of the muon pair with p,,,/py > 0.7 is highly suppressed. Also, the other jet which does not
involve the muon pair may decay into neutrinos. In Fig.2, we have plotted the visible energy fraction of the b-jet,
Dvis = Pp — Pr- In the figure, we have assumed the inclusive neutrino mode of the B meson, B — D + v + anything,
is 20 %. From those distributions, we can obtain a rough estimation of the size of the missing transverse momentum.
As a result, we found that the background is rejected by a factor better than 1072, by requiring that the missing
transverse momentum is smaller than 20% of the observed pr of the muon pair. On the other hand, the signal
efficiency by the missing transverse momentum cut, pr < 0.2pr,,,, is close to 1, since the main cause of the missing

transverse momentum in the signal event is the resolution of the jets, gje; ~ 0.6 GeV x y/pr/GeV [40]. Thus, for a
conservative estimation, we can use P¢T ~ 1072

Putting all these suppression factors together, the transverse decay length distribution of the background events is
roughly estimated by,

do’BH,u,u B / 1 mpg mpg LT Mg 3 dO'B
—Zzm - BB« p P dpp — —= == , 64
dLr " % ¢T x b % pT,Z'r)n,I;nCTB PT.B xp PT,B CTB mp de,B ( )

where P¢T ~ 1072 and Pb ~ 10~'. In Fig.3, we show the resultant transverse decay length distribution for m, =

300 MeV. The figure shows that the final suppression factor in Eq. (64) is about 1072 for L7 ~ 1 cm. In the analysis, we
have used the production cross section of the b-quark pair production given in Ref. [41] with pp = 0.8 pp. By comparing

1 In the table, we have not included the exclusive decay mode B — utpu~ whose branching ratio in the Standard Model is too small

(Br,(“%) = O(1079) [44]) to give a serious background. In the table, we have also used Pgeo < 1076 for mq < 1GeV in the J/1 mode.

This comes from the fact that the exclusive decay J/¢¥ — pp is a two body decay, and hence, the narrow opening angle between the
two muons in Eq. (45) is difficult to achieve.
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FIG. 3: Left) The momentum fraction of a muon pair to the B meson momentum (solid line) and to the b-quark momentum
(dashed line) in a cascade decay B° — Dipfu — K%pvv. In this analysis, we have assumed spherical decay of B- and D
mesons. Right) Transverse decay length distribution of the B meson decaying into a pair of muons which fakes the muons
from the R-axion decay. The solid (dashed) line denotes the distribution with a lower cut on the transverse momentum of the
R-axion candidate, pr,min = 100 (200) GeV. The distribution scales by (mq/300 MeV)3 for a different R-axion mass.

with the transverse decay length distribution of the R-axion in Fig.1, it is found that the signal-to-background ratio
is good especially for Ly > O(1) cm and m, < 1GeV. A simple numerical simulation of the P,+,- distribution in b
cascade decay using CalcHEP[48] is also carried out and used to estimate the rejection factor. By imposing the cut
that the invariant mass of the two muons is less than 1 GeV and the Pr of both muons is larger than 40 GeV, the
total cross section of pp — bb — ppu~ is about 0.15 fb using Brfﬁ) = 1072, After including the factor Pb ~ 0.1, this

background can be suppressed to less than 0.015 fb'?

B. A muon pair from K meson decay

The K mesons have long lifetimes: ¢7x = 15.3m for Kg, cTr = 2.68 cm for Kg, and erx = 3.71m for K*. Their
inclusive decays into a pair of (fake) muons contribute to the background, if they decay at a short distance. The
dominant decay modes which contribute the above events are, K9 — 7t +uF+v (Br = 27%), K& — 7t +u¥+v (Br =
4.7 x 107%), and K2 — 7" + 7" (Br = 68%). Since those mode requires m — y misidentification, the effective

branching ratio is given by,

BrM(KY — u(m) + p+v) (K%—p) X Py X Br(K} =+ p+v) =107

Pr,K CTK,

BT(CH)(Kg — () + p+v) (EM X Py/n X Br(Kg T4+ u+v)~ 1077,

P1T,K CTK g

Bre® (K% — pu(n) + p(n)) = (EM) X Pi/w x Br(KY — m+m)~3x10"1, (65)
P1,K CTK

for pg.r 2 100GeV and rpipe =~ 5cm. The cross section of the background is also suppressed by the requirement of
the momentum balance and the muon pair isolation. For example, if we are require px /pjec > 0.7, the background is
suppressed by O(1072) (see the K meson spectrum in a light jet given in Ref. [49)]).

Therefore, the background events are suppressed by 10~(*1=12) and hence, the background from the K meson
decay is subdominant for pr 2 100 GeV where the cross section of jets is less than about 1ub. Therefore, we find
that the background cross section from the K meson decay is also subdominant.

12 In this analysis, we have not used a muon pair isolation cut on the background events. This requirement is not independent of the

momentum balance requirement.
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C. Heavy flavor meson pair from gluon splitting

~ When the gluon splits into a pair of b quarks, we may have two B mesons in a single jet. In this case, both B and
B can decay to muons, and this muon pair can contribute to the background if the two tracks intersect at the finite
transverse length. The suppression factors to the background cross section of the accidental muon pair are as follows.

* Bri | x the branching ratio that the both the B* meson decays include a muon.
* Pap/gluon, the angle between B mesons is narrower than 2mp/pp so that the two muons would intersect.

* P¢T, the suppression from the missing Ep cut.

% Pyeo, the muons intersect with an angle between muons of O(2mg/ppg).

The dominant contribution to the inclusive muon mode of B* comes from the mode B* — D° + y + v + X which
the branching ratio Br ~ 10~!. Thus, the background cross section is suppressed by Br? = 1072.
The second suppression factor is estimated by,

oo 1 Qi tax dQ2

Ogluon 6 4m? Q2

2m? 4m?
where ogluon >~ 1 b is the production cross section of the two gluon jet for pr 2 100 GeV. Here, the upper limit of
the integration, Q%,,,, is given by,

P2b/gluon =

1 2
Qi/lax = 4m§ + _p2 <2 mB> ) (67)
4 PB

which comes from the requirement that the two b-quarks are collimated in an angle 2mp/pp. By using the masses
mp = 5.3GeV and my, = 4.2 GeV, we find Py /g140n is about 10~3. In this expression, we have assumed that the gluon
multiplicity in a jet is 1, otherwise the momentum fraction the B meson pair to the gluon jet gets smaller. If we take
into account the gluon multiplicity, the cross section is further suppressed (see Ref. [50] for detailed discussion of the
gluon multiplicity).

The third suppression factor P¢T is significant in this background. Similar to the previous background from the

cascade decay, B — D + u + v, the momentum fractions of the muons are suppressed in the inclusive muon modes,
since the dominant contributions to the inclusive muon mode involve the D mesons. For example, if we require that
the distribution of the momentum fraction of the muon pair carrying at least 70 % of the B meson momentum, is
less than 10~2 for each muons with pg > 50 GeV. In addition, since the accompanying jet is a gluon jet, the neutrino
emission rate in the remaining jets is much suppressed compared with the b-jet case. Thus, we can expect that
the rejection factor from the missing transverse momentum cut, i.e. Br < 0.2pr,,,, is much better than 1073, i.e.
P¢T <1073,

The suppression factor Py, is much more complicated compared with the other background events discussed above.
However, since the angle between the two muons must be of O(2m, /p,), while the the muons from the B mesons are
emitted in directions with angles of O(mp/pg), the factor Pye, at least involves,

1 (me )’
Pooo < = = 68
o S 3 () (68)

Here the factor 1/32 comes from the requirement that the both of muons are emitted in a face-to-face direction so
that they would intersect.
Put the above suppression factors together, the cross section for the background events are roughly estimated by,

2
O2B—2u+Xx < BTBi—wi—i—X X cho X P¢T X P2b/gluon X Ogluon; (69)

and the total rejection factor is expected to be much better than 10710 for m, < 1 GeV. Therefore, we expect that
the background from the combinatorial muon pair from two B meson decays is subdominant.

Similar to the B meson background, a combinatorial muon pair from two D mesons contribute to the background
if they intersect. By replacing b-quark and B meson masses with the c-quark and D meson masses in Eq. (66), we
obtain a suppression factor,

P3p jgtuon = 3 x 1072, (70)
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|Z A p(gem™) n (10¥%em™®) Py,

Be|l4 9 1.85 12.3 4 x10°°
C|l6 12 1923 9.5-11 7 x1078
Si|14 28 2.33 4.98 2 x1077

TABLE III: The probability for the muon photo-production at the 1 mm thick material. In the probability, we have used
Coun = 3.

Pyeo should also be modified as

1/ mg\?
o (2" -

mp

This lead to a suppression factor of 102 which is a little bit weaker than that of the B meson. Hoever, the muon
isolation cut is more effective compared to the B meson decay event. Therefore, again, we expect that the combinatorial
background from the D mesons is also subdominant.

D. Muon photo-production

The photo-production of a muon pair at the detector material is also a serious background if we look for the R-axion
decaying outside of the beam-pipe. The cross section of such events are given by,

Oy—pp = Ly—pp X O, (72)

where o, is the production cross section of the photon, P,_.,, is a probability of the muon photo-production for a
photon for a given material.

The probability P,_,,, is roughly estimated as followings. The muon photo-production occurs by exchanging a
photon in a t-channel between the muons and the target nucleus, and the cross-section is dominated by the process
with the minimum momentum transfer of order of O(m? /k) for a given photon momentum k. Thus, we can take the
the nucleus of the material as a point-like particle and neglect the recoil of the nucleus. In this limit, the differential
cross section is approximated by the Bethe-Heitler cross section (see Ref. [52] for more discussion), and the total cross
section of this process is almost insensitive to the incoming photon momentum;

2
—30 2
Ophoto—production = Uy pp X 10 cm” X (Z) . (73)

where Z is the charge number of the nucleus. The small momentum dependence is factorized in a coefficient C,,,, =
O(1). From this cross section, the photo-production probability per a incoming photon at the material of thickness
Al is given by

P’yﬁ,u,u = Ophoto—production X 1 X Aév (74)

where n denotes the number density of the nucleus of the material. In table III, we list the photo-production probability
at the 1 mm thick of Be, C and Si which are typical material of the beam pipe and the inner detectors. From the
table, we find that the probability of the muon photo-production at 1mm thick materials is O(10~7).

Now, let us consider the photon production cross section. The one of the most important source of the photon at the
LHC comes from the direct photon production via the QCD Compton process, qg — g7, and the quark annihilation
process qq¢ — gy. In Fig.4, we showed the production cross section of the direct photon at the LHC with a low pp
cutoff as a solid line. The figure shows that the direct photon production cross section is O(1) nb for py 2 100 GeV.
In the same figure, we have also plotted the the muon photo-production cross section at the 1 mm thick material for
Be, C, and Si as dashed lines.

In order to compare the background process with the signature, we also plotted the cross section for the event
with the R-axion decaying within the transverse length Ly, for a given low pr cutoff (solid line). The result for
Lx = 5cm corresponds to the R-axion decaying within the beam pipe. In this case, the main backgrounds from
the muon photo-production occur at the wall of the beam pipes which consist of Be. By comparing the figures, it is
found that that the signal-to-background ratio is good if we chose pr ymin = 100 GeV.
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FIG. 4: Left) The production cross section of direct photon at the LHC with a low pr cutoff (solid line) at leading order. The
dashed lines show the muon photo-production cross section at the 1 mm thick material, i.e. o X P, for Be, C, and Si. In this
figure, we have used C,,, = 3 again. Right) The cross section for the event with the R-axion decaying within the transverse
length Liyax for a given low pr cutoff. The solid (dashed) lines show the cross section for the event in which the R-axion decays
within 5cm (50 cm) for fr = 10%%55 GeV from the bottom up.

For fr > 10*° GeV, however, it is difficult to produce enough R-axion for L. = 5cm even for the integrated
luminosity 100fb~!. In this case, we need to extend the region of the displaced vertex search. For example, if we
choose L .x = 50 cm, we expect a sizable number of the R-axion production. However, in this case, the amount of the
material at which the muon photo-production occur gets much larger. Therefore, we need to see whether the muon
pair candidate for the signal produced at the detector material or the in between of the material. For such study, we
need more detailed detector simulation.

Notice that the photon in jets also contributes to the muon photo-production cross section. In this case, the cross
section for the background process is given by,

Ojet—pp = Pet X Py—pp X et (75)

In the region for pr = 100 — 500 GeV, the cross section of the inclusive jets are about 7 x 102 of the direct photon cross
section [53]. The jet rejection factor comes from the requirement of the momentum balance of the muon pair and the
remaining jets as well as the muon pair isolation cut. For example, if we are require pr/pjet > 0.7, the background
is suppressed by O(1072) (see Ref. [49]). Furthermore, the photo-production from the 7° is always accompanied by a
photon which is not converted into a muon pair. Therefore, we can expect the jet rejection factor 0(10’(2*3)), and
hence, the net contribution of the jets to the muon photo-production is comparable to the photo-production from the
direct photon discussed above.

Finally, we mention here the typical event shape of the muons produced by the photo-production. The typical
invariant mass of the muon pair produced by the photo-production process is of O(2m,,). Thus, it seems challenging
to tell the signature from the muons from the photo production by using the invariant mass distribution of the muon
pairs.

E. Summary of the background estimation

In this section, we gave rough estimations of the backgrounds to the R-axion signature. As we have shown, the
most serious background comes from the inclusive decay of the B meson, B® — D* 4+ uT + v — utu~ + vv, if we
look for the R-axion decaying inside the beam-pipe. In Fig. 5, we show a schematic figure of the detectability of the
R-axion at the LHC experiments for a given values of m, and fr, with C}, fixed at the value Cj, = 2. In the figure, the
shaded regions “o5 < 1fb” and “os9 < 1fb” correspond to the parameter spaces where the integrated cross sections
of the R-axion for Ly =1 — 5cm and Ly = 1 — 50 cm are smaller than 1fb, respectively. In the both plots, we have
assumed pr > 100 GeV. Notice that the total cross section is almost independent of the R-axion mass.

In the small fr and the heavy m, region, the lifetime of the R-axion is rather short, and the muon pairs from
the light meson decays can be serious backgrounds. Even worse, the transverse impact parameter gets too small to
be distinguished from the primary vertex in such region. We have shown the parameter space where the transverse
impact parameter is too small to be distinguished as the shaded region on the bottom-right corner.
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FIG. 5: Schematic figure of the detectability of the R-axion at the LHC experiments for a given values of m, and fr with
Cr = 2 fixed.

In the figure, we also plotted the region where the signal-to-background ratio is worse than 10 for the background
from the short-lived meson decays. Here, we considered the cascade decay, B® — D* 4 u¥ 4+ v — pu + vv, which
is expected to be the most serious background if we look for the R-axion inside the beam pipe. This background
is more serious for the heavier R-axion, since the suppression factor Pyeo in Eq. (63) is less effective for the heavier
R-axion. In the figure, we showed the parameter space where the signal-to-background ratio is worse than 10 as a
shaded region. In this analysis, we have assumed that we are looking for the R-axion vertex with Ly =1 — 5cm and
pr > 100GeV.

Notice that the backgrounds from the B meson decays can be negligible for the longer decay length regions, for
example, for Ly > 5cm. However, in such longer decay length region, the background events from the K meson
decay as well as the muon photo-production process at the detector material is significant. Thus, the R-axion search
outside of the beam-pipe requires careful study.

Finally, we comment on the R-axion search for the lighter mass. When the R-axion mass is lighter than the two
times of the muon mass, the main decay mode of the R-axion is the electron pair mode. In this case, the R-axion
mainly decay outside the detector, and the R-axion is virtually stable inside the detectors of the LHC experiments.
Thus, the R-axion events just look like jets 4+ missing pr events. The detection of the R-axion in such a mass region
is quite challenging, since the background cross section from the jets 4+ Z° — vv is much larger than the R-axion
production cross section.

VI. CONCLUSIONS

In this paper, we have discussed the detectability of the R-axion. The properties of the R-axion are interrelated with
the nature of the supersymmetry breaking sector, the messenger sector, and the solution of the y and By problems.
Thus, the R-axion can be a powerful probe of the physics behind the SSM. In the minimal R-breaking scenario, the
R-symmetry breaking scale can be as low as fr ~ 10*75GeV, and the R-axion has a mass of O(100) MeV. As we
have shown, in such cases, a sizable number of R-axions are produced at the LHC experiments and can be detected
by searching for the displaced vertex left by the R-axion decay. As a result, we found that the we can detect the
R-axion at the LHC experiments for m, ~ 200 — 1000 MeV and fr ~ 10* GeV (Fig. 5).

In this study, we have assumed that the y-term has a vanishing R-charge. When we consider models with a p-term
which has a non-vanishing R-charge, the mixing angles of the R-axion and the CP-odd Higgs bosons are different
from the ones given in Sec.III. Especially, when the R-charge of the p term corresponds to 2, the mixing through the
By term vanishes, and the R-axion does not couple to the Standard Model fermions directly. In that case, the main
decay mode of the R-axion is into a pair of photons for m, < 1GeV and into a pair of gluons for m, < 1GeV. In
those cases, we need different strategies to search the R-axion.

Several comments are in order. 1) In our analysis, we have only considered the R-axion with m, = O(100) MeV. For
heavier R~axion, however, this particle can also decay into a pair of the heavier SM fermions. In that case, the R-axion
does not leave a displaced vertex, and hence, we need another strategy to find the R-axion. 2) The R-axion searches
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in the rare decays of such as T(15) and .J/v particles are also interesting possibilities. So far, the constraints on fr
from those rare decay modes are given fr > 10° GeV coming from Br(T — v+ a) < 10-679 for m, < 1GeV [54]
(see also Ref. [55] for a review of the experimental constraints on the axion-like particle).!® 3) Since the R-axion
couples to heavy fermions such as top-quark and the gauginos rather strongly, the production process accompanied
by those heavy fermions might be interesting channels. 4) At the LEP experiments, the dominant production cross
section comes from ete™ — Z(v) — Z(7) + a via the anomaly coupling given in Eq. (34) and ete™ — Z — h(H)+a
via the mixing between R-axion and CP-odd Higgs bosons. For fzr 2> 10* GeV, we found that the cross sections of
those processes are below fb, and hence, we had no chance to have produced the R-axion at the LEP experiments.
5) At the Tevatron experiments, we need to search for a low pr R-axion for the integrated luminosity 10fb=! (see
Fig. 1), which requires careful study.*
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