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One of the main goal of the upcoming experiments 
at the LHC is the discovery of SUSY particles.

Once the SUSY is confirmed what’s next?

The next question is how the SUSY is realized 
and how it’s broken.

In most cases, it’s difficult to see the structure of the SUSY 
breaking sector directly and we look for clues of the structure 
in the details of the mass spectrum of SUSY particles...

In a class of models which involves “R-axion”, 
we can get a direct glimpse of the SUSY breaking 
sector!



Introduction
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jet

low mass 
muon pair

{
LT

R-axion

R-axion: ma=O(100)MeV

cτ＝O(1)ps

Mainly decays into a muon pair

Can we detect the R-axion by searching 
for a displaced vertex at the LHC?

Production cross section:
σ=O(10)fb (pT>100GeV) at the LHC
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Outline

Theoretical Background
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R-axion at LHC

R-symmetry and R-axion
R-axion properties

R-axion production at LHC

R-axion reconstruction

(Very Rough) Background Estimation

Constraints
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R-symmetry and R-axion
What is R-symmetry?
The R-symmetry is a U(1) symmetry under which fields 
in the same supermultiplet rotate differently.

ex) If we assign R-charge    to a quark squark multiplet

The R-charge of the gauginos is uniquely fixed to 1.

1 0 0

Φq = (q̃, q, Fq)

Wα = (λα, Fµν , D)

Qq

Qq − 1 Qq − 2Qq
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How is the R-symmetry important?

We need to break SUSY to realize the Standard Model

SUSY breaking models require R-symmetry
(or non-generic superpotential) Nelson & Seiberg ‘93

The model construction beyond the SSM 
often involves the R-symmetry!

R-symmetry and R-axion
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R-symmetry must be broken!

R-symmetry and R-axion

L =
1
2

m1/2 λ λ

{
R-charge:2

Gaugino mass terms require 
an R-symmetry breaking!

SUSY SSM

R-symmetry is broken at some point

7 /38
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R-symmetry and R-axion
How do we break? (Model dependent)

Gravity Mediation

Gauge Mediation

Explicit R-breaking

Spontaneous R-breaking

The model predicts a light NG-boson: R-axion

Can we detect the R-axion at the LHC?

R-symmetry leaves little trace 
to the collider experiments...

8 /38

R-symmetric Messenger 
Sector!



Properties of R-axion
How low can we take the R-symmetry 
breaking scale?

9 /38

Case I: Minimal Gauge Mediation

W = kSψψ̄ 〈S〉 = M + Fθ2

Messengers: Charged Under the SM gauge group

R-charges: S(2), ψ(0), ψ(0) 

[Other possible U(1) choices have been broken by F.]
is an order parameter of the R-symmetry.M

coupling constant



Properties of R-axion
How low can we take the R-symmetry 
breaking scale?
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Case I: Minimal Gauge Mediation

mgaugino !
α

4π

F

M
<

α

4π
kM

Figure 6.3: Contributions to the MSSM gaugino masses
in gauge-mediated supersymmetry breaking models come
from one-loop graphs involving virtual messenger parti-
cles.

B̃, W̃ , g̃

〈FS〉

〈S〉

Replacing S and FS by their VEVs, one finds quadratic mass terms in the potential for the messenger
scalar leptons:

V = |y2〈S〉|2(|!|2 + |!|2) + |y3〈S〉|2(|q|2 + |q|2)
−

(
y2〈FS〉!! + y3〈FS〉qq + c.c.

)

+ quartic terms. (6.49)

The first line in eq. (6.49) represents supersymmetric mass terms that go along with eq. (6.44), while
the second line consists of soft supersymmetry-breaking masses. The complex scalar messengers !, !
thus obtain a squared-mass matrix equal to:

( |y2〈S〉|2 −y∗2〈F ∗
S〉

−y2〈FS〉 |y2〈S〉|2
)

(6.50)

with squared mass eigenvalues |y2〈S〉|2 ± |y2〈FS〉|. In just the same way, the scalars q, q get squared
masses |y3〈S〉|2 ± |y3〈FS〉|.

So far, we have found that the effect of supersymmetry breaking is to split each messenger super-
multiplet pair apart:

!, ! : m2
fermions = |y2〈S〉|2 , m2

scalars = |y2〈S〉|2 ± |y2〈FS〉| , (6.51)

q, q : m2
fermions = |y3〈S〉|2 , m2

scalars = |y3〈S〉|2 ± |y3〈FS〉| . (6.52)

The supersymmetry violation apparent in this messenger spectrum for 〈FS〉 $= 0 is communicated to
the MSSM sparticles through radiative corrections. The MSSM gauginos obtain masses from the 1-loop
Feynman diagram shown in Figure 6.3. The scalar and fermion lines in the loop are messenger fields.
Recall that the interaction vertices in Figure 6.3 are of gauge coupling strength even though they do not
involve gauge bosons; compare Figure 3.3g. In this way, gauge-mediation provides that q, q messenger
loops give masses to the gluino and the bino, and !, ! messenger loops give masses to the wino and
bino fields. Computing the 1-loop diagrams, one finds [159] that the resulting MSSM gaugino masses
are given by

Ma =
αa

4π
Λ, (a = 1, 2, 3), (6.53)

in the normalization for αa discussed in section 5.4, where we have introduced a mass parameter

Λ ≡ 〈FS〉/〈S〉 . (6.54)

(Note that if 〈FS〉 were 0, then Λ = 0 and the messenger scalars would be degenerate with their
fermionic superpartners and there would be no contribution to the MSSM gaugino masses.) In contrast,
the corresponding MSSM gauge bosons cannot get a corresponding mass shift, since they are protected
by gauge invariance. So supersymmetry breaking has been successfully communicated to the MSSM
(“visible sector”). To a good approximation, eq. (6.53) holds for the running gaugino masses at an RG
scale Q0 corresponding to the average characteristic mass of the heavy messenger particles, roughly of

59

M

F < kM2[Non-tachyonic Messengers:         ]



Properties of R-axion
How low can we take the R-symmetry 
breaking scale?

11/38

Case II: Additional Messenger Model
Izawa, Nomura, Tobe & Yanagida ‘97

W = kSψψ̄ + mψψ̄′ + mψ′ψ̄

mgaugino ∼
α

4π

kM

m

∣∣∣∣
kF

m2

∣∣∣∣
2 kF

m
<

α

4π
kM

[Non-tachyonic Messengers:           ]kF/m2 < 1



Properties of R-axion
How low can we take the R-symmetry 
breaking scale?

mgaugino <
α

4π
fR

In a large class of the models with gauge mediation, 
R-breaking scale is bounded from below,

R-breaking scale~
mgaugino > O(100)GeV

fR > 104 GeV~
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Mass of R-axion
R-symmetry is slightly broken by

Anomaly to the SSM gauge symmetry

In supergravity, the R-symmetry is broken by a 
constant in the superpotential which is necessary 
to set the cosmological constant to zero

Properties of R-axion
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W = Λ2
susyS + m3/2M

2
P V = m3/2Λ2

susyS + c.c.

supergravity
EX.)

R-breaking
S → fR√

2
eia/fRR-axion:

[The Minimal R-breaking Scenario]



Mass of R-axion
R-symmetry is slightly broken by

Anomaly to the SSM gauge symmetry

In supergravity, the R-symmetry is broken by a 
constant in the superpotential which is necessary 
to set the cosmological constant to zero

Properties of R-axion
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m2
a =

2
√

2 m3/2Λ2
susy

fR
=

2
√

6 m2
3/2MP

fR

m3/2 =
Λ2

susy√
3 MP

EX.)



Mass of R-axion
R-symmetry is slightly broken by

Anomaly to the SSM gauge symmetry

In supergravity, the R-symmetry is broken by a 
constant in the superpotential which is necessary 
to set the cosmological constant to zero

ma ! 300 MeV ×
( m3/2

10 eV

) (
fR

104 GeV

)−1/2

Properties of R-axion
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EX.)



R-axion interaction (at messenger scale)

g2

32π2

a

fR
FF̃

messenger loops

CH

(CH =0,-1,...,-5)

1
2

m1/2 e−ia/fR λ λ

1
2

m1/2

fR
aλ λ

anomaly coupling

Yukawa coupling

Properties of R-axion
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These interactions are by-products of the Gauge Mediation!



R-axion interaction (at lower scale)

Higgsino-Gaugino loop

Hu Hd

a

Bµe−ia/fR HuHd

R-axion-Higgs coupling 

(R-charge of HuHd =2)

R-axion mixes with CP-odd Higgs bosons!

Hu ∼
v

fR
cos2 β sinβ × a, Hd ∼

v

fR
sin2 β cos β × a, (tanβ = vu/vd)

(v=246GeV)

Yukawa couplings to the SM fermions
λu = imu/fR cos2 β, λd,! = imd,!/fR sin2 β

Properties of R-axion
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Decay of R-axion

For 2mμ   ma  1GeV~<

R-axion mainly decays into a muon pair via the Yukawa coupling

Γµµ ! 1.3× 10−12 GeV × sin4 β
( ma

300 MeV

) (
104 GeV

fR

)2
(

1−
4m2

µ

m2
a

)1/2

cτµµ ! 150 µm× 1
sin4 β

(
300 MeV

ma

) (
fR

104 GeV

)2
(

1−
4m2

µ

m2
a

)−1/2

~<

R-axion leaves a displaced vertex inside the collider!

Properties of R-axion
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[ a→2π forbidden, a→3π phase space suppression ]



Constraints on fR

19

a

γ

Υ b
b-

Br(Υ→ a + γ)
Br(Υ→ µ+µ−)

=
λ2

b

2πα

λb =
imb

fR
sin2 β Wilczek ‘77

Rare decay of Υ(1S) and J/ψ

Br(Υ→aγ)<10-(5-6) CLEO ‘08 fR>10 GeV3

Astrophysical constraints

R-axion is heavier than the temperatures of 
most astrophysical events.

No constraints from astrophysics!
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Constraints on fR

20

Beam-Dump experiments

/38

Volume 157B, number 5,6 PHYSICS LETTERS 25 July 1985 

Hadron showers are wider and have a less regular 

shape not  allowing a precise reconstruction o f  the 

shower direction. Two estimators for the separation 

of  electromagnetic and hadron showers have been 

evaluated using a Monte Carlo simulation: (1) the de- 

viation o f  the reconstructed shower axis from the in- 

coming beam direction and (2) the fraction o f  the 

energy seen in tubes situated outside a narrow cone 

around the shower axis. Electron and hadron showers 

were simulated in the energy range 5 - 5 0  GeV, and 

their origins were uniformly distributed over the fidu- 

cial volume of  the decay detector .  Fig. 3a shows the 

distributions o f  the combined estimators (1) and (2) 

for electrons and for hadron showers o f  10 GeV. We 

B0 

60 

t,0 

20 

0 
60 

~0 

2O 

20 

8 

a) I i I 

SEPARATION OF ELEETRON AND 

k t  PION SHOWERS (105eVI 

ecfr0ns 

I I I 
M 

I1o. II SEPARA.,ON A!,ON-- . 

C) I i I ,  i i 

OBSERVE 

0.5 1.0 1.5 2.0 
ESTIMATOR 

Fig. 3. (a) Estimator for the separation of 10 GeV electron 
and pion showers. (b) Estimator distribution for decays x ° 
23, of axions with m x = 500 keV produced in the target and 
for hadrons with the observed energy spectrum. (e) Estimator 
distribution of observed e v e n t s .  

note a clear separation. Fig. 3b shows the distribution 

expected for decays of  axions with m x = 500 keV, 

produced with the spectrum in fig. 2, and fig. 3c 

shows the distr ibution of  the observed events. No 

event with an est imator value less than 0.5 is found 

which would be a candidate for x 0 ~ 3'7 or e÷e ~. 

The decay mode x 0 ~/z+/a - can be identified 

with full efficiency by track reconstruction; again, 

no event candidate was found. 

The efficiency for axion decays with an est imator 

value o f  less than 0.5 as a function o f  their mass, o f  

the geometrical acceptance o f  the detector  and o f  

the trigger was calculated using Monte Carlo tech- 

niques. For  the decay mode x 0 ~ 3'3' and m x = 0.5 

GeV the calculated efficiency is 0.51 and for x 0 

/a+bt - the efficiency is 0.85. The 90% confidence 

limits established in this experiment in a model  inde- 

pendent  analysis, are shown in fig. 4 as a function of  

m x and Fx ,  together with those from previous expe- 

riments [17] and from astrophysics [8]. To extend 

108 I ~ i , i 

J /i 
i 4 

107 i ~ 

Supernova4 
.: Dynamics ~ 

| I "~ /C~ .~.~ f'~This experiment | 

,, -° " ~ ] Y ; I ~ i  ~j~ _ / 1 % ~ - - L A M P F  Dump 
I / q~,. j c 

I : i .;  +" "Re°or°r' 
I I >~" ~ , 4  

1o F P "  

I :j 

10 -1 

01HeV 1HeV 10HeV 100HeV 1GeV 100eV 1005eV 

Mx 

Fig. 4. Limits on m x and on the decay constant F x for axion- 

like bosons as a generic class of particles established at the 

90% confidence level by this and by other experiments [7] 

and by astrophysical [8 ] considerations. 

461 

Astrophysical
Constraints

Beam-Dump
Experiments

Rare Decay

This talk

R-axion

proton beam-dump
(CERN-SPS:400GeV)

Cu

Detector

480m 35m

lepton pair

[cτ >> O(1) m]

For ma < 2 mμ:
R-axion mainly decays into 
an electron pair.[cτ >> O(1)m]

For ma > 2 mμ:
R-axion has a long lifetime
for relatively large fR.

CHARM ‘85 



R-axion at LEP

21

e

e
e

e

Z

Z

Z,γ

h,H

g4
2CL,2 + g4

Y CL,Y

g2
2 + g2

Y

a

32π2fR
FZ F̃Z

g2
2CL,2 + g2

Y CL,Y

g2
2 + g2

Y

sin 2θW a

32π2fR
FZ F̃A

g(A0)
MSSM ×

v

fR
sinβ cos β

a

a

At LEP, for fR~10 GeV:
Cross sections for those processes are well below 1fb

No R-axion at the LEP!

4
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R-axion at LHC
R-axion production
The dominant processes with a large transverse 
momentum are: gg   ga, gq   qa, and qq   ga.

g2

32π2

a

fR
FF̃(CH +3-cosβ)

(CH =0,-1,...,-5)

effective anomaly coupling

gluino loops

Below gluino and top mass scale, those processes are 
well described by using effective anomaly coupling

top loops

２
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R-axion at LHC
R-axion production

Anomaly coupling

|M(gg → ga)|2 =
3k

32

(
s4 + t4 + u4

s t u

)

|M(gq → qa)|2 = − k

24

(
s2 + u2

t

)

|M(qq̄ → ga)|2 =
k

9

(
t2 + u2

s

)

k =
C2

L g6
s

64π4 f2
R

(cf. MSSM CP-odd:fR=v,CL=1)

CL=(CH +3-cosβ)２

Kao ‘93
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R-axion at LHC
Transverse momentum distribution

50 100 150 200 250 300

pT!GeV
0.01

0.1

1

10

d
Σ
a

d
p
T

!"fb
!GeV

# fR"10
4GeV

CL"2
#3$y$3

Tevatron

LHC

jet

high pT 
R-axion 

The R-axion production: σ = 10-100 fb for pT>100GeV
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R-axion at LHC
Transverse decay length distribution

jet

The R-axion leaves a displaced vertex from which a 
low mass muon pair is produced!

0.1 1 10 100 1000 10000

LT!cm
1. ! 10"6

0.0001

0.01

1

d
Σ
a

d
L
T
!"fb

!cm#

a $ Μ&Μ"

ma'300MeV
CL'2

fR'10
4GeV

104.5GeV

105GeV

pT,min'100GeV

200GeV

300GeV

low mass 
muon pair

{
LT
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R-axion at LHC
R-axion Reconstruction

Typical open angle between two muons are very small:

jet

low mass 
muon pair

{
LT

{
The challenge is to separate 
the two muon tracks by inner 
detectors!

We need to measure the 
transverse impact parameters 
of the two muons!

d0~cτ=O(100)μm

φμμ ~ 2ma/pT ~ 1-10 mrad.

26/38

(at the inner detector)



R-axion at LHC
R-axion Reconstruction

Typical open angle between two muons are very small:

jet

low mass 
muon pair

{
LT

φμμ ~ 2ma/pT ~ 1-10 mrad.{

For LT>beam-pipe:
Muons do not hit the first few 
layers of the pixel detector

Background from the muon pair 
photo-production requires careful 
study

Track-resolutions get worse
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R-axion at LHC
R-axion Reconstruction

Typical open angle between two muons are very small:

jet

low mass 
muon pair

{
LT

φμμ ~ 2ma/pT ~ 1-10 mrad.{

For LT<beam-pipe:
Distance between two muon tracks 
at pixel detectors (r=4,10,13cm)         
~O(100)μm.

Can we separate them? with pixels;
Atlas: 50x400μm

CMS: 100x100μm

2

2

Does the muon trigger work for “isolated muon pairs”?
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R-axion at LHC
R-axion Reconstruction

If the trigger and tracking system work for a 
muon pair in the same way for an isolated muon;

σd0 ! 11⊕ 73
pT /GeV

√
sin θ

(µm)

σcot θ ! 0.70× 10−3 ⊕ 2.0× 10−3

pT /GeV
√

sin θ

σφ ! 0.075⊕ 1.8
pT /GeV

√
sin θ

(mrad)

Atlas TDR

The displaced vertex search will be successful!   
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Background Estimation
Prompt muon pairs: light meson decay, Drell-Yan process

Suppressed by the impact parameter measurement.

Fake muon pairs (π　 μ) in K meson decay

Fake rate is small enough.

Muon photo-production at detector material
We are safe as long as the R-axion decays 
inside the beam pipe.

30/38

Muon pairs in heavy meson (B,D) decays
They are not suppressed by the impact parameter
measurement. We need careful study.



Background Estimation
Muon pairs in heavy meson (B,D) decays

Signal: σ~10fb (pT>100GeV)
Background: σB,D~10nb (pT>100GeV)

(B,D) meson: cτ=O(100)μm ~ R-axion

We need a suppression factor better than 10 .-6

Fortunately, branching ratios of most decay 
modes involving muon pairs are small. 

By combining with muon pair isolation cut, 
invariant mass cut, most of them are not serious. 
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Background Estimation
Background from a cascade B decay (Br~10 ):

D +μ +ν+- +-B0 K +μ μ +νν+ -0

-2

LT

B0 D+
K0

μ-

μ+

ν

ν

Although the D meson decay leaves a displaced vertex, the D meson 
vertex and the muon track is to close to be distinguished!
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Background Estimation

jet

low mass 
muon pair

LT
{

b-jet

{

LT

SignalBackground

{

φμμ ~ 2mB/pT φμμ ~ 2ma/pT{
d0~LTφμμ

impact parameter

B a

Event Shape Difference
Suppression

~ (φμμ/φμμ)B a 3
~ (ma/mB)3

well balanced pT

b-jet veto ~ 0.1 ~ 10-(2-3)

33

Ill balanced pT
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0 0.2 0.4 0.6 0.8 1 1.2

pvis!pb
1

2

3

4

5

6

BrΝ"0.2

Σjet!pT"0.06
pT"100GeV

Background Estimation

b-jet II

Missing pT veto results in a suppression 
(pT<0.2pT)

~ 10-2

34

Missing pT veto

B 0 0.2 0.4 0.6 0.8 1

x

0.5

1

1.5

2

2.5

x!pΜΜ!pB
x!pΜΜ!pbb-jet I

b-jet I b-jet II

 A Muon pair isn’t likely to carry
   more than 80% of b-jet I.

 Most pT of b-jet II is visible.

[OPAL,SLD]
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PT,ν in B->D+μ+ν
(Spherical Decay)



Background Estimation
Background from a cascade B decay (Br~10 ):

D +μ +ν+- +-B0 K +μ μ +νν+ -0

-2

Resultant suppression factor

x 10
-(2-3)

~ 10
-2

x 10
-1

x 10
-2
~ 10

-(7-8)

Br Event Shape 
Difference

b-jet 
veto

pT veto

Background cross section is below 1 fb
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Parameter Analysis

200 400 600 800 1000 1200

ma!MeV
3.8
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G
e
V
#

(Efficiency of R-axion detection:100%)

 R-axion Cross Section:
independent of ma

 Decay length gets shorter
for the heavy ma, larger fR

[σ5 (LT<5cm) σ50 (LT<50cm)]

Background from the cascade 
decay gets severer for the 
heavy ma.

36

R-axion search at the LHC is possible 
for ma=200-1000 MeV and fR=10 GeV!4
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Summary

37

R-axion: interrelated with the nature of SUSY breaking 
sector, messenger sector, Higgs sector

R-axion can be very light with the mass in 100MeV range. 

R-axion produces the striking signature: displaced vertex 
from which a muon pair is produced.

Is the trigger system OK?
Can we separate two muon tracks?

Challenges are:

Background from heavy mesons can be suppressed
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Summary

38

Can we detect R-axion with lighter or heavier mass?

R-axion production associated with heavy quarks or SUSY 
particle production.

Future works:

lighter mass: looks like missing ET

heavier mass: leaves no displaced vertex

Associated production with a fermion 
pair is suppressed due to the pseudo 
scalar nature of the R-axion.
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Backup
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R-charge assignment of the SSM fields

Properties of R-axion

5

SU(2) U(1)Y U(1)R
Hu 2 1/2 Xu

Hd 2 −1/2 Xd

QL 2 1/6 XQ

ŪR 1 −2/3 XŪ

D̄R 1 1/3 XD̄

λ - - 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)×U(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 Bµ and the A-terms, as a result of renormalization group evolution. The R-axion
dependence in the Bµ-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,

V = (|µ|2 + m2
Hu

)|H2
u|+ (|µ|2 + m2

Hd
)|H2

d |− (e−iã/fRBµH0
uH0

d + c.c.) +
1
8
(g2 + g′

2)(|H0
u|2 − |H0

d |2)2, (20)

where H0
u,d are the QED neutral components in the Higgs doublets. Notice that in these models, the Bµ term is

generated by the renormalization group evolution coming from gaugino loop diagrams [31] and so is proportional to
e−iã/fR .7 To analyze the mixing mass matrix, it is convenient to decompose the neutral Higgs fields into the radial
and the axial components,

H0
u =

1√
2
(vu + ρu)eiξu/vu , H0

d =
1√
2
(vd + ρd)eiξd/vd . (21)

Here, vu,d are vacuum expectation values of the Higgs fields which are related to the Z0 boson mass by

v2 ≡ v2
u + v2

d = 4m2
Z/(g2 + g′

2) $ (246 GeV)2. (22)

The ratio between vu and vd is traditionally expressed by,

tanβ ≡ vu/vd. (23)

Then, with the aid of the minimum conditions of the H0
u and H0

d ;

|µ|2 + m2
Hu

= Bµ cot β + (m2
Z/2) cos 2β,

|µ|2 + m2
Hd

= Bµ tanβ − (m2
Z/2) cos 2β, (24)

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

Vmix =
1
2
xtM2x, x =




ξu

ξd

ã



 , M2 = Bµ




cot β 1 −r cos β

1 tanβ −r sinβ
−r cos β −r sinβ r2 cos β sinβ



 , (25)

where r is defined by r = v/fR.8
As we expected, the above mass matrix possesses two massless states, i.e. rank(M2) = 1. One of them corresponds
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7 The Bµ term also gets small contribution from the two-loop diagrams in which the messengers circulate as well as the gauginos and
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As we expected, the above mass matrix possesses two massless states, i.e. rank(M2) = 1. One of them corresponds
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7 The Bµ term also gets small contribution from the two-loop diagrams in which the messengers circulate as well as the gauginos and
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D̄R 1 1/3 XD̄

λ - - 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)×U(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 Bµ and the A-terms, as a result of renormalization group evolution. The R-axion
dependence in the Bµ-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,

V = (|µ|2 + m2
Hu

)|H2
u|+ (|µ|2 + m2

Hd
)|H2

d |− (e−iã/fRBµH0
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e−iã/fR .7 To analyze the mixing mass matrix, it is convenient to decompose the neutral Higgs fields into the radial
and the axial components,

H0
u =

1√
2
(vu + ρu)eiξu/vu , H0

d =
1√
2
(vd + ρd)eiξd/vd . (21)

Here, vu,d are vacuum expectation values of the Higgs fields which are related to the Z0 boson mass by

v2 ≡ v2
u + v2

d = 4m2
Z/(g2 + g′

2) $ (246 GeV)2. (22)

The ratio between vu and vd is traditionally expressed by,

tanβ ≡ vu/vd. (23)

Then, with the aid of the minimum conditions of the H0
u and H0

d ;

|µ|2 + m2
Hu

= Bµ cot β + (m2
Z/2) cos 2β,

|µ|2 + m2
Hd

= Bµ tanβ − (m2
Z/2) cos 2β, (24)

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

Vmix =
1
2
xtM2x, x =




ξu

ξd

ã
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As we expected, the above mass matrix possesses two massless states, i.e. rank(M2) = 1. One of them corresponds
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where H0
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As we expected, the above mass matrix possesses two massless states, i.e. rank(M2) = 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,
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7 The Bµ term also gets small contribution from the two-loop diagrams in which the messengers circulate as well as the gauginos and
Higgsinos [31], which is also proportional to e−iã/fR .
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As we expected, the above mass matrix possesses two massless states, i.e. rank(M2) = 1. One of them corresponds
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7 The Bµ term also gets small contribution from the two-loop diagrams in which the messengers circulate as well as the gauginos and
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D̄R 1 1/3 XD̄

λ - - 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)×U(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
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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,




G0

A0

a



 =




sinβ − cos β 0

κ cos β κ sinβ −κr sinβ cos β
κr cos2 β sinβ κr sin2 β cos β κ








ξu

ξd

ã
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ŪR 1 −2/3 XŪ
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At a lower energy scale, the R-axion dependence in the gaugino masses spreads to the other soft supersymmetry
breaking masses, such as the Bµ and the A-terms, as a result of renormalization group evolution. The R-axion
dependence in the Bµ-term plays a particularly important role in determining the mixing between the R-axion and
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where H0
u,d are the QED neutral components in the Higgs doublets. Notice that in these models, the Bµ term is

generated by the renormalization group evolution coming from gaugino loop diagrams [31] and so is proportional to
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and the axial components,
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Vmix =
1
2
xtM2x, x =




ξu

ξd

ã
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
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where r is defined by r = v/fR.8
As we expected, the above mass matrix possesses two massless states, i.e. rank(M2) = 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
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(m2
G0

,m2
A0

,m2
a) =

(
0,

2Bµ

κ2 sin 2β
, 0

)
, (27)

7 The Bµ term also gets small contribution from the two-loop diagrams in which the messengers circulate as well as the gauginos and
Higgsinos [31], which is also proportional to e−iã/fR .

8 In this study, we fix Bµ > 0 which is realized by using the definitions of R-symmetry and the Peccei-Quinn symmetry.
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ã



 , (26)

(m2
G0

,m2
A0

,m2
a) =

(
0,

2Bµ

κ2 sin 2β
, 0

)
, (27)

7 The Bµ term also gets small contribution from the two-loop diagrams in which the messengers circulate as well as the gauginos and
Higgsinos [31], which is also proportional to e−iã/fR .
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where κ is defined by κ = (1 + r2 sin2 2β)−1/2. As a result, the axial parts of the Higgs fields mix with the low energy
R-axion;

ξu ∼ κr cos2 β sinβ × a, ξd ∼ κr sin2 β cos β × a. (28)

The interaction of the R-axion with the SM fermions are the same found in the DFS axion model [32]. From the
mixing in Eq. (28), the coupling constants between the R-axion and the SM fermions are given by,

λu = iyu/
√

2 r cos2 β sinβ = imu/fR cos2 β, λd = iyd/
√

2 r sin2 β cos β = imd/fR sin2 β, (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 A0, there is no
tanβ enhancement in coupling constants of the down-type quarks.

Notice that, for a given R-charge assignment to the µ-term, the R-charges of the Higgs bosons are determined
unambiguously so that the would-be-goldstone boson G0 is invariant under the R-symmetry. That is, under the
U(1)R symmetry, the axial fields ξu,d are sifted by,

ξu/vu → ξu
′/vu = ξu/vu + Xuc, ξd/vd → ξd

′/vd = ξd/vd + Xdc. (30)

Then, by requiring that the would-be goldstone boson G0 is invariant under the R-symmetry, we obtain a condition,

Xu sin2 β −Xd cos2 β = 0.

By remembering the conditions in Eq. (17), we find that the R-charges are given by,

Xu = 2 cos2 β, Xd = 2 sin2 β. (31)

We can also check that A0 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 + 2κ−1fRc. (32)

This means that the decay constant of the R-axion below the electroweak scale is changed from fR to

fA = κ−1fR > fR, (33)

although κ & 1 and fA & fR 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 CH depends on the model of the messenger sectors. For example, in the case of
minimal gauge mediation with Nm messenger pairs, the coefficient is given by CH = −Nm, while CH = 0 in the case
of the second model discussed in the previous section.9 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

Leff = CL
g2

32π2

a

fA
FF̃ = (CH + C2(G)− cos2 β)

g2

32π2

a

fA
FF̃ , (34)

which reproduces the anomaly of the R-symmetry by the shift of a. Here C2(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,

CL,γ = CH,1 + CH,2 + 2− 9
(

4
9
Xu +

1
9
Xd

)
−Xd − 12 tr

(
QAQ2

em

)
, (35)

9 The models proposed in Refs. [26, 33, 34] also give a vanishing coefficient, CH .
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R-charge assignment of the SSM fields

Properties of R-axion
6
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Mixing and Yukawa Couplings

R-charge of Higgs bosons

R(G0)=0 Xu sin β - Xd cos β = 02 2

Xu = 2cos β2 Xd = 2sin β2
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Background Estimation
Background from prompt muon pairs

Muon pairs from light meson decay
Br=10-(4-5)σ~1μb (pT>100GeV)

Muon pairs from Drell-Yan
σ~10pb (pT>100GeV)

We need a suppression factor better than 10 .-5

Mis-measurement probability of the impact parameter

Pd0 ! Erfc
(

d0√
2σd0

)2

For d0>45μm, Pd0 << 10-5
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Background Estimation
Background from (B,D) meson decays 11

process Br(X)
µµ Pgeo σX→µµ(fb)

B0 → K∗0µ+µ− 1.3 × 10−6 [43] (ma/mB)3 10−4

B0 → J/ψ + X → µ+µ− + X # 5.9 × 10−5 ! 10−6 10−5

B0 → D0 + X → D0 + µ+µ− < 10−8 (ma/mB) 10−4

B0 → D± + µ∓ + ν → µ+µ− + X 10−2 (ma/mB)3 1
B0 → π−µ+ν 3 × 10−8 (ma/mB)3 10−5

D0 → ρ0 + µ+µ− 1.5 × 10−7 [45] (ma/mD)3 10−3

D0 → ω + K0
S → µµ + K0

S 10−6 (ma/mD) 1
D0 → ρ0 + π0 → µµ + π0 10−7 (ma/mD) 10−1

D0 → K± + µ∓ + ν 10−5 (ma/mD)3 10−1

D0 → π± + µ∓ + ν 6 × 10−7 (ma/mD)3 10−2

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 cτ = (460, 123) µm for B and D. As our signal cross section is about 10 fb, the background will be
claimed insignificant if it’s cross section is less than 0.1 fb. The final cross sections from the B0 → D± + µ∓ + ν → µ+µ− + X
and D0 → ω + K0

S → µµ + K0
S modes are further suppressed than given here (see discussion in the text).

pT > 100 GeV is similar to that of two jet event which is roughly σmeson = 1 µb and the two muon decay branching

ratio is Br(meson)
µµ = O(10−5) 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 pT " 100GeV. 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;

• A muon pair in heavy flavor (B, D) meson decays.

• A muon pair in light flavor (K) meson decays.

• A muon pair in gluon splitting followed by meson decay.

• 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. cτ = O(100)µm. 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) → µ+µ− + 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,
B0 → K∗0µ+µ−. For the cascade decays, (B, D) first decays to some resonances and followed by the decay of one of
the resonances. When the π 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 (π, K)
faking the muon.

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

σX→µµ < σX × Br(X)
µµ × PLT × Pgeo × Pb/ × P /jet

,

< Br(X)
µµ × PLT × Pgeo × Pb/ × nb, (57)

The branching ratios of the modes involving muon 
pairs are small.

By combining a suppression factors from differences 
of the event shape, missing pT veto etc, background  
cross section is well below 1fb.

Pμ/K<10-4

Pμ/π<10-4

Fake Muon rate

}
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In flight decay rate at LT Punch through rate up to LT

X

μ

ν

nX(LT ) ! 1− θ(LT − rin)
∫ LT

rin

dx
11

∆rcalo
exp

[
−11

(x− rin)
∆rcalo

]
,

(rin=2m, rout=4m, Δrcalo = rout-rin) 

Pmis-ID = 50% (π), Pmis-ID = 10% (K) AtlasTDR

Calorimeter

Pμ/K<10-4Pμ/π<10-4
Resultant Fake Rates

Pµ/X = Pmis−id ×BrX→µ+ν ×
∫ rout

0
dLT

1
cτX

mX

pT,X
exp

[
− mX

pT,X

LT

cτX

]
× nX(LT )
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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 B0 → D±µ∓ν → K0µµνν. 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, pT,min = 100 (200) GeV. The distribution scales by (ma/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 LT > O(1) cm and ma ! 1GeV. A simple numerical simulation of the Pµ+µ− 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 PT of both muons is larger than 40 GeV, the

total cross section of pp → bb̄ → µ+µ− is about 0.15 fb using Br(B)
µµ = 10−2. After including the factor Pb/ ∼ 0.1, this

background can be suppressed to less than 0.015 fb12

B. A muon pair from K meson decay

The K mesons have long lifetimes: cτK = 15.3m for K0
L, cτK = 2.68 cm for K0

S, and cτK = 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, K0

L → π±+µ∓+ν (Br = 27 %), K0
S → π±+µ∓+ν (Br =

4.7 × 10−4), and K0
S → π+ + π+ (Br = 68 %). Since those mode requires π → µ misidentification, the effective

branching ratio is given by,

Br(eff)(K0
L → µ(π) + µ + ν) =

(

mK

pT,K

rpipe

cτKL

)

× Pµ/π × Br(K0
L → π + µ + ν) $ 10−9,

Br(eff)(K0
S → µ(π) + µ + ν) =

(

mK

pT,K

rpipe

cτKS

)

× Pµ/π × Br(K0
S → π + µ + ν) $ 10−9,

Br(eff)(K0
S → µ(π) + µ(π)) =

(

mK

pT,K

rpipe

cτKS

)

× P 2
µ/π × Br(K0

S → π + π) $ 3 × 10−10, (65)

for pK,T " 100GeV and rpipe $ 5 cm. 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 pK/pjet > 0.7, the background is
suppressed by O(10−2) (see the K meson spectrum in a light jet given in Ref. [49]).

Therefore, the background events are suppressed by 10−(11−12), and hence, the background from the K meson
decay is subdominant for pT " 100GeV where the cross section of jets is less than about 1µb. 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.

Effective Branching ratios (pT>100GeV)

cτKL=15.3m, cτKS=2.68cm
Br(KL→πμν)=27%,Br(KS→πμν)=5x10 ,Br(KS->ππ)=68% 

Background is highly suppressed!
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σγ→μμ = Pγ→μμ x σγ

Background cross section
[σγ ~ 1nb (pT>100GeV)]

Pγ→μμ ~ 10 cm x (Z/4) x n x ΔL-30 2

16

Z A ρ (g·cm−3) n (1022cm−3) Pγ→µµ

Be 4 9 1.85 12.3 4 ×10−8

C 6 12 1.9-2.3 9.5-11 7 ×10−8

Si 14 28 2.33 4.98 2 ×10−7

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

Pgeo should also be modified as

Pgeo !
1

32

(

ma

mD

)2

. (71)

This lead to a suppression factor of 10−9 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,

σγ→µµ = Pγ→µµ × σγ , (72)

where σγ is the production cross section of the photon, Pγ→µµ is a probability of the muon photo-production for a
photon for a given material.

The probability Pγ→µµ 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(m2

µ/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;

σphoto−production = Cγµµ × 10−30cm2 ×
(

Z

4

)2

. (73)

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

Pγ→µµ = σphoto−production × n × ∆#, (74)

where n denotes the number density of the nucleus of the material. In table III, we list the photo-production probability
at the 1mm 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 → qγ, and the quark annihilation
process qq → gγ. In Fig. 4, we showed the production cross section of the direct photon at the LHC with a low pT

cutoff as a solid line. The figure shows that the direct photon production cross section is O(1) nb for pT " 100GeV.
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 Lmax for a given low pT cutoff (solid line). The result for
Lmax = 5 cm 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 pT,min = 100GeV.

Small momentum transfer
Tsai ‘74

[1mm thick material]

Background is small for the R-axion decaying inside of 
the beam-pipe.
Careful study is required for the R-axion decaying 
outside of the beam-pipe.
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σγ→μμ = Pγ→μμ x σγ

Background cross section
[σγ ~ 1nb (pT>100GeV)]

Pγ→μμ ~ 10 cm x (Z/4) x n x ΔL-30 2
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