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Extra Dimensions
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Fields in Extra Dimensions

• Any extra Dimension should be compact.

• Let’s denote by xµ our ordinary dimensions.

• Extra dimensions: yM

• Take the circular topology of extra dimensions and require that after
a turn, the wave function comes back to its original value

�(x, yi+2�Ri) = �(x, yi), �(x, y) =
1�
Vd

⇤

n

�̃n(x) exp
�
in

y
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⇥

(48)
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Kaluza Klein Modes

• Simple case: d = 1,

S =
⌃

d4xdy(�A�)��A� =
⇧

n

⌃
d4x

⇤
�µ�̃�

n�µ�̃n +
n2

R2
�̃�

n�̃n

⌅

(49)

• From the pont of view of a four dimensional observer, we have a
tower of massive excitations !

• These excitations is what are called Kaluza Klein modes.

• In many extra dimensions, one can generalize the argument and the
masses of the KK modes are

(Mn1,n2,...nd

KK )2 =
⇧

i

�
ni

Ri

⇥2

(50)
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Lowering the Planck Scale
• Idea: We live in a four dimensional wall, but there are extra

dimensions and only gravity can penetrate into them.

• Problem: If gravity can penetrate intro the extra dimensions,
Newton law will be modified

�F =
m1m2r̂

�
M fund

Pl

⇥2+d
r2+d

(51)

• M fund
Pl = Fundamental Planck Scale. Behaviour valid for r � R. For

r ⇥ R, instead
�F =

m1m2r̂
�
M fund

Pl

⇥2+d
r2Rd

(52)

• Hence,
M2

Pl =
�
M fund

Pl

⇥2+d
Rd (53)
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Size of flat Extra Dimensions

• Let’s assume that the fundamental Planck scale is of the order of 1
TeV, to solve the hierarchy problem.

M2
Pl = (1TeV)2+d Rd (58)

• Then, the value of R is given by

R = 1032/d10�17cm (59)

• For d = 1 we get R = 1015 cm ⇥ Excluded

• For d = 2 we get R ⇤ 1 mm ⇥ Allowed !

• For d = 6 we get R ⇤ 10�12 cm.

• The scenario is allowed for d � 2
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Gravity in Extra Dimensions (ED)

Gravity in ED =⇧ fundamental scale, pushed down to electroweak scale by geometry

Metric: ds2 = e�2k|y|�µ�dxµdx� + dy2 =⇧Solution to 5d Einstein eqs.

k=0 (flat)

gravity flux in ED =⇧ Newton’s law modified:

M2
Pl = (M fund.

P l )2+d Rd

this lowers the fundamental Planck scale,

=⇧ depending on the size & number of ED.

M fund.
P l ⌅ 1 TeV =⇧ R= 1 mm, 10�12 cm if d = 2,6

k⌃=0 (warped ED)

M2
Pl =

(Mfund.
P l )3

2k (1� e�2kL)

fundamental scales: MPl ⇥M fund.
P l ⇥ v ⇥ k

=⇧ Physical Higgs v.e.v. suppressed by e�kL

=⇧ ṽ = v e�kL ⌅ mZ if kL ⇤ 34

Physics Beyond the Standard Model Carlos E.M. Wagner, Argonne and EFI



How can we probe ED from our 4D wall (brane)?

Flat case (k = 0) : 4-D e�ective theory:
SM particles + gravitons + tower of new particles:

Kaluza Klein (KK) excited states with the same quantum numbers
as the graviton and/or the SM particles

Mass of the KK modes =⇥ E2 � �p 2 = p2
d =

�
i=1,d

n2
i

R2 = M2
G�n

imbalance between measured energies and momentum in 4-D

Signatures:
• Coupling of gravitons to matter
with 1/MPl strength

R�1 ⇥ 10�2 GeV (d = 6);
1/R ⇥ 10�4 eV (d = 2);

(a) Emission of KK graviton states: Gn ⇤ E/T

(gravitons appear as continuous mass distribution)

(b) Graviton exchange 2� 2 scattering
deviations from SM cross sections
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E�ective Cross Sections

• Let us consider the emission of gravitons in the collision of electrons
and positrons (protons and antiprotons).

• Final state will be � + Missing energy (jets + Missing Energy)

• Each graviton extremely weakly coupled but cross section will be
given by the sum of the individual KK graviton production cross
section, scaling with NKK.

• Again, the e�ective gravitational constant appears and we get

⇥ � 1
M2

Pl

E2
�
EdRd

⇥

M2
Pl

(60)

⇥ � 1
s

⇤ ⇥
s

M fund
Pl

⌅2+d

(61)
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Warped Case

• Graviton KK modes have 1/TeV coupling strength to SM fields and
masses starting with a few hundred GeV.

• KK graviton states produced as resonances.

• One can rewrite the warp factor and the massive graviton couplings
in terms of mass parameters as:

exp(�kL) =
mn

kxn

⇥� ⇥
M̄Plm1

kx1

(62)

with x1 ⇥ 3.8, xn ⇥ x1 + (n� 1)⇥.

• Calling � = k/M̄Pl, one gets that the graviton width is

�(Gn) ⇥ m1�
2 x3

n

x1
(63)
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Flat Extra Dimensions

Emission of KK graviton states

pp⇥ g GN (GN ⇥ E/T ) �⇥ jet+E/T

Cross section summed over full KK towers

=⇤ �/�SM ⌅ (
⇧

s/M fund
Pl )2+d

Emitted graviton appears as a
continuous mass distribution.

Discovery reach for fundamental Planck scales on the order of 5–10 TeV
(depending on d = 4,3,2)
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• Warped Extra Dimensions
Narrow graviton resonances: pp� GN � e+e�

From top to bottom: k/MP l = 1, 0.5, 0.1, 0.05, 0.01
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Warped ED:

• Given su�cient center-of-mass energy, KK graviton states produced as
resonances:

�(e+e� � µ+µ�) as a function of
⇥

s, including KK graviton exchange,

m1 = 500 GeV, k/MPl = 0.01–0.05 range.
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Black Hole Production ?

• Two partons with center of mass energy
⇤

s = MBH , with
MBH > Mfund

Pl collide with a impact parameter that may be smaller
than the Schwarzschild radius.

RS ⇥ 1
Mfund

P l

�
MBH

Mfund
P l

⇥ 1
d+1

• Under these conditions, a blackhole may form

• If Mfund
Pl ⇥ 1 TeV � more than 107 BH per year at the LHC

(assuming that a black hole will be formed whenever two partons
have energies above MPl).

• Decay dictaded by blackhole radiation, with a temperature of order
1/RS . Signal is a spray of SM particles in equal abundances: hard
leptons and photons.

• At LHC, limited space for trans-Planckian region and quantum
gravity.
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Black Hole production at the LHC
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Dimopoulos and Lansberg; Thomas and Giddings ’01

Sensitivity up to M fund
Pl ⇥ 5� 10 TeV for 100 fb�1.
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Dark Matter



Existence of Dark Matter Supported by 
overwhelming indirect evidence
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Coannihilation and Graviton effects may  modify this picture

Matchev and Kong’06;  Shah & Wagner’06



Dark Matter as a Big Bang Relic

Weak scale size masses and couplings roughly consistent with  Ω

19 May 14 Feng 4

• The relation between ΩX and 
annihilation strength is 
wonderfully simple:

• mX ~ 100 GeV, gX ~ 0.6 Æ ΩX ~ 0.1

• Remarkable coincidence: particle physics independently 
predicts particles with the right density to be dark matter

X

X

q

q
_

THE WIMP MIRACLE



The Randall Sundrum Scenario (RS)

Universal Extra Dimensions in Warped Case



The RS scenario: generalities 

If Higgs on IR brane: scales of order TeV

ds2
= e−2kyηµνdxµdxν

− dy2 y ∈ [0, L]Slice of AdS:
UV brane IR brane

Sensitivity to UV physics in Higgs sector new physics at weak scale→

Randall-Sundrum proposal (1999)

Breaking of symmetries by B.C.’s

→ Light states are a common ocurrence

4-dimensional description through AdS/CFT
(However, actual computation performed in 5D theory)

Potentially exciting phenomenology at the TeV scale...

Bulk fermions: geom. mass hierarchies

Suppression of FCNC
f0(y)

c = 0.6

c = 0.5

c = 0.4

y0 L

0.5

1

1.5

2
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But how light the new physics?

Tree level corrections to SM observables → stringent constraints

Large contributions to oblique parameters, e.g. T
WLW (0) W (0)
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Shifts in fermion-gauge boson couplings

MKK > 10 TeVThese constraints easily lead to

Top quark , near IR brane bLnear IR brane

But if light generations near UV brane (motivated by flavor)

→ Large corrections to ZbLb̄L coupling

Expect third generation to play important role

→



But how light the new physics?

The upshot will be that

for gauge KK resonances: MKK ∼ 2 − 3 TeV

Fermion KK resonances below 1 TeV

Imposing a custodial SU(2) symmetry 

In this talk I will consider models that tame the large corrections by

Quantum numbers such that bottom couplings are protected

(Agashe,Delgado,May,Sundrum)

(Agashe,Contino,DaRold,Pomarol)

Note that generically, loop corrections to Higgs mass parameter are
cutoff well above MKK → "little" hierarchy problem

An attractive solution: embed Higgs into 5D gauge field

(Contino, Nomura, Pomarol)

Higgs Mass preferred to be in the range 100 GeV to 150 GeV (Medina, Shah, C.W. ‘07)
Realization of the pseudo Goldstone Boson scenario



The RD problem

WRW

1 Introduction

The Standard Model (SM) of particle physics provides an excellent description of all
observables measured at collider experiments. The discovery of the Higgs boson [1, 2] is
an evidence of the realization of the simplest electroweak symmetry breaking mechanism,
based on the vacuum expectation value (VEV) of a Higgs doublet. This mechanism
provides a moderate breakdown of the custodial SU(2)R symmetry that a↵ects the gauge
bosons only at the loop level. The predictions of the SM are also in agreement with
precision electroweak observables, which show only loop-size departures from the tree-
level gauge predictions [3].

Flavor physics experiments allow to further probe the accuracy of the SM predictions.
While studying SM rare processes, these experiments become sensitive to heavy new
physics coupled in a relevant way to quarks and leptons. Recently, the BABAR [4, 5],
BELLE [6–10] and LHCb [11] experiments have measured the ratio of the decay of B-
mesons into D-mesons and di↵erent lepton flavors,

RD(⇤) =
B(B ! D(⇤)⌧⌫)

B(B ! D(⇤)`⌫)
, ` = µ, e. (1.1)

These decay processes occur at tree-level in the SM, and therefore can only be a↵ected
in a relevant way by either light charged gauge bosons, or heavy ones strongly coupled to
the SM fermion fields. Currently, the measurements of these experiments seem to suggest
a deviation of a few tens of percent from the SM predictions, a somewhat surprising result
in view of the absence of any clear LHC new physics signatures, or other similar deviations
in other flavor physics experiment.

In particular, the presence of new SU(2) gauge interactions a↵ecting the left-handed
neutrinos, which could provide an explanation of the new RD(⇤) anomaly, is strongly
restricted by the measurement of the branching ratio of the decay of B-mesons into
K-mesons plus invisible signatures by the BELLE collaboration B(B ! K⌫⌫) [12–14].
Recently, it was proposed that a possible way of avoiding these constraints was to assume
that the new gauge interactions were coupled to right-handed currents and the neutrinos
are therefore right handed neutrinos [15,16]. The right-handed neutral currents are then
a↵ected by right-handed quark mixing angles that are not restricted by current measure-
ments, and provide the freedom to adjust the invisible decays to values consistent with
current measurements.

In this work, we propose a well-motivated, ultraviolet complete, realization of the
new gauge interactions coupled to the right handed currents, by embedding the SM in
warped space, with a bulk gauge symmetry SU(2)L ⌦ SU(2)R ⌦ U(1)B�L [17–20]. This
symmetry is broken to SU(2)L ⌦ U(1)Y in the ultraviolet brane, implying the absence
of charged, W±

R , and neutral, ZR, gauge boson zero modes. Third generation quark and
leptons are localized in the infrared-brane, where a Higgs bi-doublet provides the necessary

3

where Gn
1,2 ⌧ Gn

3 = fn
WR

(y1), and fn
WR

(y) is the normalized wave-function of the Kaluza-
Klein modes of W n

R (see App. A). After integration of the KK modes we can write down
the e↵ective Lagrangian

Leff = �4GFp
2
VcbC⌧ (c̄R�

µbR)(⌧̄R�µ⌫⌧R) (3.3)

which has been normalized to the SM contribution, where the Wilson coe�cient is given
by

C⌧ =
X

n

✓

gR
2

Gn
3

v

mn

◆2
�

V †
uR

�

23

Vcb

' 1.45

✓

gR
2

G3
v

m1

◆2
�

V †
uR

�

23

Vcb

(3.4)

where G3 ⌘ G1
3 andm1 are the coupling and mass of the first KK mode, and the pre-factor

1.45 takes into account the contribution of the whole tower.

The Wilson coe�cient C⌧ contributes to the process b ! c⌧ ⌫̄⌧ and thus to the ratio

RD(⇤)

RSM
D(⇤)

= 1 + |C⌧ |2 (3.5)

where
RSM

D = 0.300± 0.011, RSM
D⇤ = 0.254± 0.004 (3.6)

is the SM prediction [37–40], and the best fit value to experimental data is given by
C⌧ ' 0.46 [16] 2. Using this value there is a relation between the ratio

�

V †
uR

�

23
/Vcb and

the mass m1 given by

m1 '
0.64

sin ✓R

 

�

V †
uR

�

23

Vcb

!1/2

TeV (3.7)

so that the element
�

V †
uR

�

23
as a function of sin ✓R and the mass m1 is given in Fig. 1.

In principle the anomaly in the branching ratio B(B ! D(⇤)⌧R⌫̄R) might give rise
to a large contribution to the branching fraction B(Ds ! ⌧ ⌫̄) ' 0.05 from the process
s̄c ! ⌧+R ⌫R, which is mediated by the KK modes W n

R. However since cR and sR are in the
bulk, and in di↵erent SU(2)R doublets, they couple to W n

R only via mixing with the third
generation quarks. This implies that this contribution is further suppressed by a factor
(VdR)32 which, as we will see, is restricted to be small to satisfy the constraints on �mBs .
Thus, no significant contribution to the branching ratio B(Ds ! ⌧⌫) is obtained.

Similarly, in this model one would also expect an excess in the observable

R(J/ ) =
B(B+

c ! J/ ⌧+⌫⌧ )

B(B+
c ! J/ µ+⌫µ)

. (3.8)

2In Ref. [16] the best fit value C⌧ ' 0.46 is shown to be consistent with the experimental bound
B(Bc ! ⌧ ⌫̄) < 0.05 [41].
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Computation of the B ! (D⇤ ! DY )(⌧ ! ⌫X)⌫̄ di↵erential distributions and corre-

sponding R(D(⇤)) predictions are obtained from the expressions in Ref. [40], making use of

the form factor fit ‘Lw�1+SR’ of Ref. [8]. This fit was performed at next-to-leading order

in the heavy quark expansion, utilizing the recently published unfolded Belle B ! D(⇤)l⌫̄

data [41] and state-of-the-art lattice calculations beyond zero recoil [42, 43]. Fitting the

R(D(⇤)) predictions to the current experimental world averages [7],

R(D) = 0.407± 0.046 , R(D⇤) = 0.304± 0.015 , corr. = �0.20 , (2.5)

gives the �2/dof as a function of C23,3 shown in Fig. 1 (dof = 2). The best fit value is

obtained for C23,3 ' 0.46, with �2/dof ' 0.5, to be compared with �2/dof ' 10. at the SM

point, C23,3 = 0. This best fit corresponds to

⇤e↵/
p

C23,3 ' 1.3


40⇥ 10�3

Vcb

�1/2
TeV , (2.6)

and in the W 0 simplified model to the W 0 mass of

mW 0 ' 540
⇥
c23q c3N

⇤1/2

gV
0.6

�
40⇥ 10�3

Vcb

�1/2
GeV , (2.7)

in which we normalized, for illustration, gV to the approximate value of the SM weak

coupling constant, g2.

The additional W 0 current also incoherently modifies the Bc ! ⌧ ⌫̄ decay rate with

respect to the SM contribution, such that

Br(Bc ! ⌧ ⌫̄) =
⌧Bcf

2
Bc
mBcm

2
⌧

64⇡⇤4
e↵

�
1�m2

⌧/m
2
Bc

�2h
1 + |C23,3|2

i
, (2.8)

with fBc ' 0.43GeV [44] and ⌧Bc ' 0.507 ps [45]. Conservatively we require Br(Bc !
⌧ ⌫̄) < 5% [25, 26]. In Fig. 1 we show the corresponding exclusion region for |C23,3| (orange
shaded regions), which is far from the best fit region.

2.3 Di↵erential distributions

Crucial to the reliability of the above fit results is the underlying assumption that the

di↵erential distributions, and hence experimental acceptances, of the B ! D(⇤)⌧ ⌫̄ decays

are not significantly modified in the presence of the W 0 current. Experimental extraction

of R(D(⇤)) relies on a simultaneous float of background and signal data, and can be signif-

icantly model dependent (cf., e.g., the measured values of R(D(⇤)) for the SM versus Type

II 2HDM in Ref. [3]). In Fig 2 we show normalized di↵erential distributions for the detector

observables E`, m2
miss and cos ✓D` arising from the cascades B ! (D⇤ ! D⇡)(⌧ ! `⌫̄`⌫⌧ )⌫̄

and B ! D(⌧ ! `⌫⌫)⌫, for the SM versus SM+W 0 theories, taking NR to be massless,

and applying the phase space cuts,

q2 = (pB � pD(⇤))2 > 4 GeV2 , E` > 400 MeV , m2
miss > 1.5 GeV2 , (2.9)

– 5 –
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which has been normalized to the SM contribution, where the Wilson coefficient is given by

Cτ =
∑

n

(
gR
2

Gn
3

v

mn

)2

(
V †
uR

)

23

Vcb
≃ 1.45

(
gR
2

G3
v

m1

)2

(
V †
uR

)

23

Vcb
(3.4)

where G3 ≡ G1
3 and m1 are the coupling and mass of the first KK mode, and the pre-factor

1.45 takes into account the contribution of the whole tower.

The Wilson coefficient Cτ contributes to the process b → cτ ν̄τ and thus to the ratio

RD(∗)

RSM
D(∗)

= 1 + |Cτ |2 (3.5)

where

RSM
D = 0.300± 0.011, RSM

D∗ = 0.254± 0.004 (3.6)

is the SM prediction [37–40], and the best fit value to experimental data is given by

Cτ ≃ 0.46 [16].2 Using this value there is a relation between the ratio
(
V †
uR

)

23
/Vcb and

the mass m1 given by

m1 ≃
0.64

sin θR

⎛

⎝

(
V †
uR

)

23

Vcb

⎞

⎠

1/2

TeV (3.7)

so that the element
(
V †
uR

)

23
as a function of sin θR and the mass m1 is given in figure 1.

In principle the anomaly in the branching ratio B(B → D(∗)τRν̄R) might give rise

to a large contribution to the branching fraction B(Ds → τ ν̄) ≃ 0.05 from the process

s̄c → τ+R νR, which is mediated by the KK modes Wn
R. However since cR and sR are in the

bulk, and in different SU(2)R doublets, they couple to Wn
R only via mixing with the third

generation quarks. This implies that this contribution is further suppressed by a factor

(VdR)32 which, as we will see, is restricted to be small to satisfy the constraints on ∆mBs .

Thus, no significant contribution to the branching ratio B(Ds → τν) is obtained.

Similarly, in this model one would also expect an excess in the observable

R(J/Ψ) =
B(B+

c → J/Ψ τ+ντ )

B(B+
c → J/Ψ µ+νµ)

. (3.8)

The LHCb experiment has recently provided a result on this observable, showing an excess

of the order of 2 σ above the SM expected value, R(J/Ψ)SM ≃ 0.25–0.28, refs. [42, 43],

with large errors

R(J/Ψ) = 0.71± 0.25. (3.9)

Theoretical analyses of this observable [44, 45] confirm this anomaly and show it to be

governed by the same operator as the one governing RD(∗) . In our particular model,

we have
R(J/Ψ)

R(J/Ψ)SM
= 1 + |Cτ |2 . (3.10)

2In ref. [16] the best fit value Cτ ≃ 0.46 is shown to be consistent with the experimental bound B(Bc →
τ ν̄) < 0.05 [41].
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Ratio of decay of B mesons into 
D mesons and different leptons

Combination of BABAR,
Belle and LHCb measurements

Clear discrepancy with
respect to the SM !

SM contribution is tree-level. Additional gauge bosons, coupled  
to left handed currents lead to tension with other flavor 

 observables. Right-handed currents are a possible alternative. 

Asadi, Buckley, Shih, arXiv:1804. 04135
Greljo, Robinson, Shakya, Zuppan, arXiv:1804.04642  

(VuR)23.



• Existing model to solve hierarchy problem, without  tension with precision electroweak observables

• Coupling to leptons differ due to localization of lepton fields in warped extra dimension

• Well defined, predictive framework. 

• Third generation quarks and right-handed leptons localized at infrared brane. 

• Flavor violating mixing of leptons suppressed by lepton flavor symmetries. 

• Strong couplings of KK modes are natural and essential to avoid experimental constraints from LHC.where Gn
1,2 ⌧ Gn

3 = fn
WR

(y1), and fn
WR

(y) is the normalized wave-function of the Kaluza-
Klein modes of W n
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where G3 ⌘ G1
3 andm1 are the coupling and mass of the first KK mode, and the pre-factor

1.45 takes into account the contribution of the whole tower.

The Wilson coe�cient C⌧ contributes to the process b ! c⌧ ⌫̄⌧ and thus to the ratio

RD(⇤)

RSM
D(⇤)

= 1 + |C⌧ |2 (3.5)

where
RSM

D = 0.300± 0.011, RSM
D⇤ = 0.254± 0.004 (3.6)

is the SM prediction [37–40], and the best fit value to experimental data is given by
C⌧ ' 0.46 [16] 2. Using this value there is a relation between the ratio
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V †
uR
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23
/Vcb and

the mass m1 given by
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so that the element
�

V †
uR

�

23
as a function of sin ✓R and the mass m1 is given in Fig. 1.

In principle the anomaly in the branching ratio B(B ! D(⇤)⌧R⌫̄R) might give rise
to a large contribution to the branching fraction B(Ds ! ⌧ ⌫̄) ' 0.05 from the process
s̄c ! ⌧+R ⌫R, which is mediated by the KK modes W n

R. However since cR and sR are in the
bulk, and in di↵erent SU(2)R doublets, they couple to W n

R only via mixing with the third
generation quarks. This implies that this contribution is further suppressed by a factor
(VdR)32 which, as we will see, is restricted to be small to satisfy the constraints on �mBs .
Thus, no significant contribution to the branching ratio B(Ds ! ⌧⌫) is obtained.

Similarly, in this model one would also expect an excess in the observable

R(J/ ) =
B(B+

c ! J/ ⌧+⌫⌧ )

B(B+
c ! J/ µ+⌫µ)

. (3.8)

2In Ref. [16] the best fit value C⌧ ' 0.46 is shown to be consistent with the experimental bound
B(Bc ! ⌧ ⌫̄) < 0.05 [41].
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where
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In principle the anomaly in the branching ratio B(B → D(∗)τRν̄R) might give rise

to a large contribution to the branching fraction B(Ds → τ ν̄) ≃ 0.05 from the process

s̄c → τ+R νR, which is mediated by the KK modes Wn
R. However since cR and sR are in the

bulk, and in different SU(2)R doublets, they couple to Wn
R only via mixing with the third

generation quarks. This implies that this contribution is further suppressed by a factor

(VdR)32 which, as we will see, is restricted to be small to satisfy the constraints on ∆mBs .

Thus, no significant contribution to the branching ratio B(Ds → τν) is obtained.

Similarly, in this model one would also expect an excess in the observable

R(J/Ψ) =
B(B+

c → J/Ψ τ+ντ )

B(B+
c → J/Ψ µ+νµ)

. (3.8)

The LHCb experiment has recently provided a result on this observable, showing an excess

of the order of 2 σ above the SM expected value, R(J/Ψ)SM ≃ 0.25–0.28, refs. [42, 43],

with large errors

R(J/Ψ) = 0.71± 0.25. (3.9)

Theoretical analyses of this observable [44, 45] confirm this anomaly and show it to be

governed by the same operator as the one governing RD(∗) . In our particular model,

we have
R(J/Ψ)

R(J/Ψ)SM
= 1 + |Cτ |2 . (3.10)

2In ref. [16] the best fit value Cτ ≃ 0.46 is shown to be consistent with the experimental bound B(Bc →
τ ν̄) < 0.05 [41].
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we have
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and the hypercharge Y and the charge QZR are defined by

Y = T 3
R +QX , QZR =

g2RT
3
R − g2XQX

g2R + g2X
(2.8)

with QX = (B − L)/2.

Electroweak symmetry breaking is triggered in the IR brane by the bulk Higgs

bi-doublet

H =

(
H0

2 H+
1

H−
2 H0

1

)
, QX = 0 (2.9)

where the rows transform under SU(2)L and the columns under SU(2)R. We will denote

their VEVs as ⟨H0
2 ⟩ ≡ v2/

√
2 and ⟨H0

1 ⟩ ≡ v1/
√
2, so that we will introduce the angle β as,

cosβ = v1/vH and sin β = v2/vH , with vH =
√

v21 + v22. We will find it useful to add an

extra Higgs bi-doublet

Σ =

(
Σ−/

√
2 Σ0

Σ−− −Σ−/
√
2

)
, QX = −1 (2.10)

with ⟨Σ0⟩ = vΣ/
√
2, whose usefulness will be justified later on in this paper.

After electroweak breaking, and rotating to the gauge boson mass eigenstates, one can

re-write the covariant derivative as

/D = /∂ − igL

[
1√
2

/W
±
LT

±
L +

1

cos θL
/ZL

(
T 3
L − sin2 θLQ

)]
− i gL sin θL /AQ

− igR

[
1√
2

/W
±
RT

±
R +

1

cos θR
/ZR

(
T 3
R − sin2 θRY

)]
(2.11)

where θL ≡ θW is the usual weak mixing angle, the gauge boson Zµ
L ≡ Zµ, and θR is

defined as

cos θR =
gR√

g2R + g2X

, sin θR =
gX√

g2R + g2X

(2.12)

with T±
L,R ≡ T 1

L,R ± iT 2
L,R. Using gR and gY , with gR > gY , as independent parameters we

can write

gX =
gY gR√
g2R − g2Y

, sin θR =
gY
gR

, cos θR =

√
g2R − g2Y

gR
. (2.13)

As for fermions, left-handed (LH) ones are in SU(2)L bulk doublets as in the SM

Qi
L =

(
uL
dL

)i

, Li
L =

(
νL
eL

)i

(2.14)

where the index i runs over the three generations. On the other hand, as SU(2)R is a

symmetry of the bulk, right-handed (RH) fermions should appear in doublets of SU(2)R.

However, as SU(2)R is broken by the orbifold conditions on the UV brane it means, for

bulk right-handed fermions, that one component of the doublet must be even, under the
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Figure 1. Contour lines of (V †
uR

)23 in the plane (sin θR,m1) as fixed from the best fit value to the

experimental data for R(∗)
D .

Given the value of R(J/Ψ)SM, the measured value of this ratio is about 2.6±1. Hence, the

value of Cτ obtained above to explain RD(∗) can only slightly ameliorate this anomaly, and

one should wait for more accurate experimental measurements of R(J/Ψ) before further

discussion of this issue.

4 Constraints

In this section we will examine the main constraints in processes which are related to RD(∗) ,

and where the strong coupling of the third generation RH quarks and leptons to KK modes

plays a significant role. To do that one has to compute the mixing between the electroweak

gauge bosons W±
L and ZL and the KK modes using the effective Lagrangian.

We can easily compute the effective description of the Lagrangian, with mixing terms

WLWn
L,R and ZLZn

L,R, generated by the vacuum expectation values of the bulk Higgs bi-

doublets H and Σ as well as the Higgs doublet HR in the representation (1, 2), with VEV

⟨HR⟩ = (vR, 0)T , and with QX = −1/2. These are induced from the kinetic terms in the

5D Lagrangian as

LGH = tr |gLW a
LT

a
LH− gRHW a

RT
a
R|

2 + tr |gLW a
LT

a
LΣ− gRΣW

a
RT

a
R − gXXΣ|2

+

∣∣∣∣gRHRW
a
RT

a
R − 1

2
gXXHR

∣∣∣∣
2

(4.1)

where we are using the fact that T a
L acts on the bi-doublets rows and T a

R on the bi-

doublets columns.
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Figure 6. Plot of
∑

X σ×B(X1 → f̄f) as a function of sin θR, for m1 = 3TeV and f = bR (upper
black solid line), f = tR (middle red solid line) and f = τR (lower blue solid line). Horizontal lines
correspond to the 95% CL experimental upper bounds from the ATLAS experiment for f = bR
(upper dashed line), for f = tR (middle dot-dashed red line) and f = τR (lower dotted blue line).

4.5 LHC bounds

The first neutral KK resonance X1 (X = ZL, ZR, A) can be produced on-shell at LHC in

Drell-Yan processes σ(bb̄ → X1), followed by decays X1 → ff̄ where f = τR, bR, tR. The

production cross-section times branching ratio can be written as

∑

X

σ(pp → X1)× B(X1 → ff̄) =
1

9
g2R 2ky1f(m1)

[
sin2 θR sin2 θLB(Z1

L → ff̄)

+
1

cos2 θR
(3/2− sin2 θR)

2B(Z1
R → ff̄)

+ sin2 θR cos2 θLB(A1 → ff̄))

]
(4.36)

where f(m1) is the production cross-section for unit coupling obtained by MadGraph v5 [54].

Our model prediction for
∑

X σ(pp → X1)×B(X1 → f̄f) is given by the upper, middle

and lower solid lines of figure 6 for f = bR, tR, τR, respectively. We compare them with the

experimental 95% CL upper bounds from the corresponding processes, which are given by

the dot-dashed (red), dashed (black) and dotted (blue) horizontal lines from the ATLAS

experiment on σ × B(Z ′ → t̄t) [55], σ × B(Z ′ → b̄b) [56] and σ × B(Z ′ → ττ) [57] for

mZ′ = 3TeV, respectively. As can be seen from figure 6 only the process σ × B(Z ′ → t̄t)

puts a significant bound on our model, of sin θR ! 0.15 for m1 = 3TeV, as we are assuming.

These results, when extrapolated to masses of order 3TeV, are consistent with those of the

collider analysis presented in ref. [58].

In a similar way the first charged KK resonance W 1
R can be produced on-shell at the

LHC in the process σ(bc̄ → W 1
R), followed by the decays WR → τRντR , tRb̄R, that assuming

that there are no exotic fermions localized in the IR brane, yield branching ratios around

1/4 and 3/4, respectively. In our model the production cross sections times branching-

ratio is

σ(pp → W 1
R)× B(W 1

R → τRντR) ≃
g2R
8
G2

3(V
†
uR

)223 g(m1) (4.37)
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Figure 7. Plot of σ(pp → W 1
R)× B(W 1

R → τRντR) as a function of sin θR, for m1 = 3TeV and the
values of (V †

uR
)23) required for the solution to the R(∗)

D anomaly.

where g(m1) is the production cross-section for unit coupling obtained by MadGraph

v5 [54].4 Our model prediction for σ(pp → WR) × B(WR → τRντR) is given in figure 7,

from where it follows that the model prediction is below the ATLAS 95% CL experimental

upper bound σ(pp → W 1
R) × B(W 1

R → τRντR)exp ! 0.0035 pb [59] by a factor of order

of a few.

In the previous analyses we did not take into account the width of resonances. While

the width (with respect to its mass m1) of the KK photon A1 is around ∼0.24, those of the

other resonances depend on the angle sin θR. For instance, in the range 0.35 ! sin θR ! 0.5

the Z1
L width varies between 0.05 and 0.08, while those of Z1

R and W 1
R are generically

O(1). For the case of broad resonances, as is the case of the Z1
R and W 1

R resonances, we

expect that the effect of the width can affect the production cross-section (due to possible

KK mode superpositions) as well as the experimental bounds (due to the absence of a

clear resonance). Recent ATLAS studies [55] show that bounds on the cross-sections for

the case of broad resonances are affected by factors of order a few, while the cross-section

predictions are also affected by similar factors. Hence, although a detailed experimental

and theoretical analysis would be necessary to determine the precise bounds on the gauge

boson KK mode masses, they are expected to be of the same order as the ones shown in

figures 6 and 7. These conclusions are consistent with the results presented in ref. [60] for

the case of a 3TeV vector resonance of sizable width.

Finally there are also strong constraints on the mass of KK gluons G1 from the cross-

section σ(pp → G1)×B(G1 → t̄t) from the ATLAS experimental analysis in ref. [55]. As the

resonance G1 is a broad one, both the experimental results and the theoretical calculation

of the production cross sections should be re-analyzed to get reliable bounds on the mass of

the KK gluons. However, a simple way of relaxing the bounds is introducing brane kinetic

terms for the SU(3) gauge bosons, in particular in the IR brane. This theory has been

analyzed in refs. [61, 62], where it is shown that, even for small coefficients in front of the

brane kinetic terms, the coupling of the KK modes Gn to IR localized fermions decreases

very fast while the mass of the modes mn increases. Both facts going in the same directions,

4We thank Xiaoping Wang for help in the computation of these cross sections.

– 20 –

Black Dashed : Bound on production of Bottom pairs 
Red Dashed  : Bound on production of Top pairs 
Blue Dashed : Bound on production of Tau pairs

JHEP12(2018)043

Figure 7. Plot of σ(pp → W 1
R)× B(W 1
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from where it follows that the model prediction is below the ATLAS 95% CL experimental

upper bound σ(pp → W 1
R) × B(W 1

R → τRντR)exp ! 0.0035 pb [59] by a factor of order

of a few.

In the previous analyses we did not take into account the width of resonances. While

the width (with respect to its mass m1) of the KK photon A1 is around ∼0.24, those of the

other resonances depend on the angle sin θR. For instance, in the range 0.35 ! sin θR ! 0.5

the Z1
L width varies between 0.05 and 0.08, while those of Z1

R and W 1
R are generically

O(1). For the case of broad resonances, as is the case of the Z1
R and W 1

R resonances, we

expect that the effect of the width can affect the production cross-section (due to possible

KK mode superpositions) as well as the experimental bounds (due to the absence of a

clear resonance). Recent ATLAS studies [55] show that bounds on the cross-sections for

the case of broad resonances are affected by factors of order a few, while the cross-section

predictions are also affected by similar factors. Hence, although a detailed experimental

and theoretical analysis would be necessary to determine the precise bounds on the gauge

boson KK mode masses, they are expected to be of the same order as the ones shown in

figures 6 and 7. These conclusions are consistent with the results presented in ref. [60] for

the case of a 3TeV vector resonance of sizable width.

Finally there are also strong constraints on the mass of KK gluons G1 from the cross-

section σ(pp → G1)×B(G1 → t̄t) from the ATLAS experimental analysis in ref. [55]. As the

resonance G1 is a broad one, both the experimental results and the theoretical calculation

of the production cross sections should be re-analyzed to get reliable bounds on the mass of

the KK gluons. However, a simple way of relaxing the bounds is introducing brane kinetic

terms for the SU(3) gauge bosons, in particular in the IR brane. This theory has been

analyzed in refs. [61, 62], where it is shown that, even for small coefficients in front of the

brane kinetic terms, the coupling of the KK modes Gn to IR localized fermions decreases

very fast while the mass of the modes mn increases. Both facts going in the same directions,

4We thank Xiaoping Wang for help in the computation of these cross sections.
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Model is in agreement with all constraints from flavor and collider physics. 
It can be tested by the LHC,looking for the charged and neutral resonances, 
decaying to either third generation quarks and leptons.
Bounds below don’t include width effects, which may be significant due to large 
couplings. 
They increase the cross section at low energies, due to constructive interference  
contributions of different KK modes, but reduce the efficiency 
of the search due to the disappearance of narrow resonances. 

Carena, Megıas, Quiros and C.W, arXiv:1809.01107  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Figure 3. The LHC exclusion limits on the Z 0 andW 0 resonances from ATLAS ⌧+⌧� [48], `+`� [49]
(` = e, µ), and ⌧⌫ [50] searches, respectively, projected on the (vV , gV ) plane for the FL-23 scenario
assuming the maximal fermion mixing angles s✓b , s✓c , s✓e and s✓N (that is c23q , c3N ! 1). The
vertical green band represents 1� range for R(D(⇤)) anomaly. Dashed blue (red) isolines are the
predicted masses for Z 0 (W 0) gauge bosons. The plot on the left is for the minimal matter content,
while the plot on the right assumes an additional family of the vector-like fermions mixing weakly
with the SM fermions. Their masses are set to 0.8 TeV, above the limits from [52].

⌧+⌧� [48] and `+`� [49] (` = e, µ) searches gives the exclusion regions in the (vV , gV )

plane shown in Fig. 3 for ⌧+⌧� (brown) and `+`� (gray), respectively. The parameter

space consistent with the LHC data has gV � g0, or tV ⌧ 1. This is required to suppress

Z 0 couplings to valence quarks and light charged leptons. In this regime, the dominant

decay modes are to bb̄, cc̄, ⌧+⌧� and NRNR, and the main production mechanism is from

the charm fusion. Comparing instead the �(pp ! W 0) ⇥ B(W 0 ! ⌧⌫) to the upper limits

from the ATLAS analysis [50] (see also [51]), leads to constraints shown with light blue.

Introducing another vector-like fermion family helps reduce these constraints as shown in

the right plot. Here we set the masses of vector-like fermion to 0.8 TeV, which is above

the limits from the quark partner pair production [52]. We also checked that in in the

interesting region of parameter space the W 0, Z 0 induced production is always subleading

compared to the QCD pair production.

4.2 Flavor constraints

We next turn our attention to the flavor constraints. In FL-23 model all the tree-level

FCNCs are strongly suppressed, and are phenomenologically negligible. The one-loop

induced FCNCs are also negligible, suppressed by both mW 0 � mW and the extreme

smallness of the flavor-changing couplings cijq , for ij 6= 23.

Other flavor models, beside flavor-locking, may lead to a flavor structure similar to
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Greljo, Robinson, Shakya, Zuppan, arXiv:1804.04642 

A resonance of mass 3 TeV is consistent with the collider bounds

These bounds were obtained considering (VuR)23 = 1.
RD scales like g4R((VuR)23)

2. Cross section scales like g2R((VuR)23)
2.

Hence, to keep consistency with flavor observables, if one assumes
a mixing (VuR)23 = 0.2, for a mass of order 3 TeV, the coupling
must be increased by a factor of order 2, while the charged current
cross section will be reduced by a factor of order 4.

3 TeV resonance at the edge  
of the green shadow line, 
far from region excluded 
by searches for tau pairs
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The LHC observed so far three deviations from the Standard Model (SM) predictions in flavour
observables: LHCb reported anomalies in B ! K⇤µ+µ� and R(K) = B ! Kµ+µ�/B ! Ke+e�

while CMS found an excess in h ! µ⌧ . We show, for the first time, how these deviations from the
SM can be explained within a single well-motivated model: a two-Higgs-doublet model with gauged
Lµ�L⌧ symmetry. We find that, despite the constraints from ⌧ ! µµµ and Bs–Bs mixing, one can
explain h ! µ⌧ , B ! K⇤µ+µ� and R(K) simultaneously, obtaining interesting correlations among
the observables.

I. INTRODUCTION

So far, the LHC completed the SM by discovering
the last missing piece, the Brout–Englert–Higgs parti-
cle [1, 2]. Furthermore, no significant direct evidence
for physics beyond the SM has been found, i.e. no new
particles were discovered. However, the LHC did ob-
serve three ’hints’ for new physics (NP) in the flavor sec-
tor, which are sensitive to virtual e↵ects of new parti-
cles and can be used as guidelines towards specific NP
models: h ! µ⌧ , B ! K⇤µ+µ�, and R(K) = B !
Kµ+µ�/B ! Ke+e�. It is therefore interesting to ex-
amine if a specific NP model can explain these three
anomalies simultaneously, predicting correlations among
them.

LHCb reported deviations from the SM predictions [3,
4] (mainly in an angular observable called P 0

5 [5]) in
B ! K⇤µ+µ� [6] with a significance of 2–3� depending
on the assumptions of hadronic uncertainties [7–9]. This
discrepancy can be explained in a model independent ap-
proach by rather large contributions to the Wilson coe�-
cient C9 [10–12], i.e. an operator (s�↵PLb)(µ�↵µ), which
can be achieved in models with an additional heavy neu-
tral Z 0 gauge boson [13–15]. Furthermore, LHCb [16] re-
cently found indications for the violation of lepton flavour
universality in

R(K) =
B ! Kµ+µ�

B ! Ke+e�
= 0.745+0.090

�0.074 ± 0.036 , (1)

which disagrees from the theoretically rather clean SM
prediction RSM

K = 1.0003± 0.0001 [17] by 2.6�. A possi-
ble explanation is again a NP contributing to Cµµ

9 involv-
ing muons, but not electrons [18–20]. Interestingly, the
value for C9 required to explain R(K) is of the same
order as the one required by B ! K⇤µ+µ� [8, 21].
In Ref. [15], a model with gauged muon minus tauon
number (Lµ � L⌧ ) was proposed in order to explain the
B ! K⇤µ+µ� anomaly.

Concerning Higgs decays, CMS recently measured a
lepton-flavour violating (LFV) channel [22]

Br[h ! µ⌧ ] =
�
0.89+0.40

�0.37

�
% , (2)

which disagrees from the SM (where this decay is forbid-
den) by about 2.4�. Such LFV SM Higgs couplings are

induced by a single operator up to dim-6 and Br[h ! µ⌧ ]
can easily be up to 10% taking into account this op-
erator only [23–28]. However, it is in general di�cult
to get dominant contributions to this operator in a UV
complete model, as for example in models with vector-
like leptons [29]. Therefore, among the several attempts
to explain this h ! µ⌧ observation [30–34], most of
them are relying on models with extended Higgs sec-
tors. One solution employs a two-Higgs-doublet model
(2HDM) with gauged Lµ � L⌧ [35].
The abelian symmetry U(1)Lµ�L⌧ is interesting in gen-

eral: not only is this an anomaly-free global symmetry
within the SM [36–38], it is also a good zeroth-order ap-
proximation for neutrino mixing with a quasi-degenerate
mass spectrum, predicting a maximal atmospheric and
vanishing reactor neutrino mixing angle [39–41]. Break-
ing Lµ � L⌧ is mandatory for a realistic neutrino sector,
and such a breaking can also induce charged LFV pro-
cesses, such as ⌧ ! 3µ [42, 43] and h ! µ⌧ [35].

Supplementing the model of Ref. [35] with the in-
duced Z 0 quark couplings of Ref. [15] can resolve all three
anomalies from above. Interestingly, the semileptonic B
decays imply lower limit on g0/MZ0 , which allows us to
set a lower limit on ⌧ ! µµµ, depending on h ! µ⌧ .

II. THE MODEL

Our model under consideration is a 2HDM with a
gauged U(1)Lµ�L⌧ symmetry [35]. The Lµ �L⌧ symme-
try with the gauge coupling g0 is broken spontaneously
by the vacuum expectation value (VEV) of a scalar �
with Q�Lµ�L⌧

= 1, leading to the Z 0 mass

mZ0 =
p
2g0h�i ⌘ g0v� , (3)

and Majorana masses for the right-handed neutrinos1.
Two Higgs doublets are introduced which break the

electroweak symmetry:  1 with Q 1
Lµ�L⌧

= �2 and  2

1
Active neutrino masses are generated via seesaw with close-to-

maximal atmospheric mixing and quasi-degenerate masses [35].

ar
X

iv
:1

50
1.

00
99

3v
2 

 [h
ep

-p
h]

  1
0 

M
ar

 2
01

5

Additionally, in this scenario, due to the rho parameter cancellation, 
one can also fix the forward backward asymmetry problem !

LHCb Results :

R(K⇤) = 0.660+0.110
�0.070 ± 0.024

Altmannshofer, Gori, Pospelov, Yavin’14

In the custodial warped XD scenario, fixed by LH currents

Megias, Quiros’17

Carena, Megıas, Quiros and C.W, arXiv:1809.01107  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Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

∆αhad(mZ)∆α(5) 0.02750 ± 0.00033 0.02759
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874
ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4959
σhad [nb]σ0 41.540 ± 0.037 41.478
RlRl 20.767 ± 0.025 20.742
AfbA0,l 0.01714 ± 0.00095 0.01645
Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1481
RbRb 0.21629 ± 0.00066 0.21579
RcRc 0.1721 ± 0.0030 0.1723
AfbA0,b 0.0992 ± 0.0016 0.1038
AfbA0,c 0.0707 ± 0.0035 0.0742
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1481
sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.385 ± 0.015 80.377
ΓW [GeV]ΓW [GeV] 2.085 ± 0.042 2.092
mt [GeV]mt [GeV] 173.20 ± 0.90 173.26

March 2012

Electroweak Precision Measurements 

Very good Agreement with SM expectations.
Bottom FB Asymmetry seems to be 3σ away.
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∆αhad= 0.02758 ± 0.00035∆α(5)

αs= 0.118 ± 0.003

mt= 178.0 ± 4.3 GeV

Figure 8.5: Comparison of the LEP/SLD combined measurements of Aℓ(A
0, ℓ
FB), Aℓ(Pτ ),

Aℓ(SLD), A0, b
FB and A0, c

FB with the SM prediction as a function of the mass of the Higgs bo-
son. The measurement with its uncertainty is shown as the vertical band. The width of the
SM band arises due to the uncertainties in ∆α(5)

had(m
2
Z), αS(m2

Z) and mt in the ranges indicated.
The total width of the band is the linear sum of these uncertainties.

204

The other fact, emphasized by Chanowitz is that it is
this anomalous value of the FB asymmetry that allows

consistency of the current data with the measured Higgs mass 

M. Chanowitz, arXiv:hep-ph/0207123

LEP and SLD EWWG, arXiv:hep-ex/0509008



1 Introduction

The electroweak precision tests, driven primarily by the experiments at LEP, the Teva-
tron and the SLC, have, in recent years, held much of the attention of the field. Taken in
conjunction with the measurement of the top mass and certain other low energy measure-
ments, these experiments have vindicated the Standard Model (SM) to an unprecedented
degree of accuracy [1]. While startling deviations from the SM expectations have occa-
sionally appeared, only to disappear later as the precision increased, the results of the
precision tests have been remarkably steady over the last five years. Yet, certain discrep-
ancies persist. It is thus contingent upon us to examine their significance and especially
to ascertain whether they could be pointers to new physics at the weak scale.

In this article, we shall concentrate upon the most obvious of such a possible devia-
tion [2], namely the forward-backward asymmetry (Ab

FB) of the b-quark, the measurement
of which shows a 2.9σ deviation from the value predicted by the best fit to the precision
electroweak observables within the SM [1,3]. One might, of course, argue that this discrep-
ancy is but a result of experimental inaccuracies and/or just a large statistical fluctuation.
This viewpoint is supported, to some extent, by the observation that the corresponding
SLD measurement of the b-asymmetry factor Ab using the LR polarized b asymmetry is
in much better agreement with the SM [1]. It has also been argued that any correction to
the b̄bZ vertex, large enough to ‘explain’ Ab

FB would have shown up in the very accurate
measurement of Rb, the branching fraction of the Z into b’s. However, we shall demon-
strate that this need not be so. But more importantly, given the remarkable consistency
amongst the four LEP experiments as regards Ab

FB, it is perhaps worthwhile to take this
deviation from the SM seriously and to speculate on possible explanations thereof.

Let us begin by reviewing the relevant data at the Z-peak. We parametrize the
effective Zbb̄ interaction by

LZbb̄ =
−e

sW cW
Zµb̄γµ

[

ḡb
LPL + ḡb

RPR

]

b (1)

where sW ≡ sin θW , cW ≡ cos θW and PL,R are the chiral projection operators. An
analogous definition holds for the other fermions. Within the SM, the tree-level values
of the chiral couplings gf

L,R are determined by gauge invariance. The weak radiative
corrections to the same are well-documented and are insignificant for all but the b-quark.
Clearly then,

Rb ≡
Γ(Z → bb̄)

Γ(Z → hadrons)
≃

(ḡb
L)2 + (ḡb

R)2

∑

q [(ḡq
L)2 + (ḡq

R)2]
(2)

where the sum is to be done over all the light quarks. The forward-backward asymmetry
at LEP, on the other hand, is given by

Ab
FB|√s≃mZ

=
3

4
Aℓ Ab (3)

with

Ab ≃
(ḡb

L)2 − (ḡb
R)2

(ḡb
L)2 + (ḡb

R)2

2
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R)2]
(2)

where the sum is to be done over all the light quarks. The forward-backward asymmetry
at LEP, on the other hand, is given by

Ab
FB|√s≃mZ

=
3

4
Aℓ Ab (3)

with

Ab ≃
(ḡb
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Aℓ ≃
(gℓ

L)2 − (gℓ
R)2

(gℓ
L)2 + (gℓ

R)2
. (4)

Small corrections also accrue to the above observable from a non-zero b-quark and c-
quark masses as well as QCD, electroweak and electromagnetic vertex corrections [4–6].
Whereas the observed values are

Rb(obs) = 0.21646 ± 0.00065 , Ab
FB(obs) = 0.0990 ± 0.0017 , (5)

the SM expectations for a top quark mass of 174.3 GeV and a Higgs mass close to its
present experimental bound, are Rb(SM) ≃ 0.2157 and Ab

FB(SM) ≃ 0.1036. Thus, while
the observed value for Rb is consistent with the SM, that for Ab

FB shows, as emphasized
before, a relatively large deviation from the predicted value. This relatively large dis-
crepancy may be reduced by choosing larger Higgs masses, although only at the cost
of worsening the agreement between theory and experiment for other observables, most
notably the lepton asymmetries.

It has been noted, for example in Ref. [7], that the overall consistency of the SM with
the data improves if we dismiss altogether the measurement of the forward-backward
asymmetry. Such an act of exclusion leads to a preference for new physics scenarios
that produce a negative shift in the oblique electroweak parameter S [8], an example
being provided by supersymmetric theories with light sleptons [7]. We, instead, choose to
consider all experimental data on equal footing.

In this article, we investigate a possible way of resolving the disagreement between
the hadronic and leptonic asymmetries through the introduction of new quark degrees of
freedom at the weak scale thereby inducing non-trivial mixings with the third generation
of quarks. In section 2, we examine the experimental status in order to determine the
necessary modifications in the couplings of the right- and left-handed bottom quarks.
As the required modification in the right-handed sector turns out to be too large to
be obtainable via radiative corrections, we investigate, in section 3, the possibility that
tree-level mixing of the bottom quark with exotic quarks might be responsible for the
observed deviations. All possible assignments for such quarks are examined for their
effects on the precision electroweak observables and the two simplest choices identified.
The fits to the data for the two cases are presented in sections 4 and 5 respectively. Other
phenomenological consequences, including the question of unification, will be investigated
in sections 6 and 7. We reserve section 8 for our conclusions.

2 Bottom Quark Couplings Confront Data

Let us assume a purely phenomenological stance and attempt to determine ḡb
L,R from the

data. Even in the limit of infinite precision, the ellipse and the straight lines representing
the solution spaces for eqs.(2, 3) intersect at four points with the coordinates given by

(ḡb
L, ḡb

R) ≈ (±0.992gb
L(SM),±1.26gb

R(SM)) , (6)

3
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notably the lepton asymmetries.

It has been noted, for example in Ref. [7], that the overall consistency of the SM with
the data improves if we dismiss altogether the measurement of the forward-backward
asymmetry. Such an act of exclusion leads to a preference for new physics scenarios
that produce a negative shift in the oblique electroweak parameter S [8], an example
being provided by supersymmetric theories with light sleptons [7]. We, instead, choose to
consider all experimental data on equal footing.

In this article, we investigate a possible way of resolving the disagreement between
the hadronic and leptonic asymmetries through the introduction of new quark degrees of
freedom at the weak scale thereby inducing non-trivial mixings with the third generation
of quarks. In section 2, we examine the experimental status in order to determine the
necessary modifications in the couplings of the right- and left-handed bottom quarks.
As the required modification in the right-handed sector turns out to be too large to
be obtainable via radiative corrections, we investigate, in section 3, the possibility that
tree-level mixing of the bottom quark with exotic quarks might be responsible for the
observed deviations. All possible assignments for such quarks are examined for their
effects on the precision electroweak observables and the two simplest choices identified.
The fits to the data for the two cases are presented in sections 4 and 5 respectively. Other
phenomenological consequences, including the question of unification, will be investigated
in sections 6 and 7. We reserve section 8 for our conclusions.

2 Bottom Quark Couplings Confront Data

Let us assume a purely phenomenological stance and attempt to determine ḡb
L,R from the

data. Even in the limit of infinite precision, the ellipse and the straight lines representing
the solution spaces for eqs.(2, 3) intersect at four points with the coordinates given by

(ḡb
L, ḡb

R) ≈ (±0.992gb
L(SM),±1.26gb

R(SM)) , (6)

3

Formulation of the Problem

The relevant b-sector quantities are defined as

where

To explain the observed values the right-handed coupling must differ in a significant 
way from the SM values :



It is quite interesting to note that the agreement with the next best measurement of
Ab

FB, viz. that at petra (35 GeV) is much better for the (+,−) choice than for the SM
(or the ‘SM-like’ solution). This observation can be quantified by performing a χ2 test
including all the data shown in Fig.1. It can easily be ascertained that the χ2 is indeed
significantly improved if the sign of ḡb

R were to be reversed. Whether this information
actually calls for a such a reversal is, of course, open to interpretation.
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Figure 2: The regions in the Zb̄b coupling parameter space that are favoured by the observed
values of Ab

FB (flatter curves) and Rb (steeper curves). For each set, the innermost curve
leads to the experimental central value while the sidebands correspond to the 1σ and 2σ
error bars. The Standard Model point is at the origin.

Any resolution of the Ab
FB anomaly through a modification of the Zbb̄ couplings must

then lie within one of two disjoint regions of the parameter space, regions that we exhibit
in Fig. 2. What immediately catches the eye is that the required shifts in the coupling
satisfy |δgR| ≫ |δgL|, a condition that would prove crucial at a later stage of our analysis.
At this point, it is perhaps worthwhile to note that the two other (ruled out) branches
of the solution space would have required a very large |δgL|, a shift that is very hard to
obtain in any reasonable model.

3 Beautiful Mirrors

We now turn to the question of whether the required δgR,L could arise naturally as con-
sequences of ordinary-exotic quark mixing. To keep the discussion simple, yet without
losing track of any subtle effects, let us, for now, confine ourselves to just one additional
set of quarks. Any extension of the model would not change the qualitative aspects of
our analysis. We shall also, for the time being, neglect any mixing with quarks of the

5

Corrections of the left and right-handed couplings
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Fit to the Data : Mixing with Exotic Fermions (4/3,1/3)

Although the mixing angles depend only on ratios of the masses and the off-diagonal Yukawas,
there is a dependence on the overall scale via the corrections to other precision observables, 
most notably the T parameter, that for a fixed mixing angle increases with M_1.
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Figure 4: Region in the mH–mχ parameter space (in the model with top-less mirror quark
doublets) that is consistent with the best fit point (marked) at the 68% C.L. and 99.5%
C.L. respectively.

the Yukawa coupling YR needed to improve the fit to the data becomes large, spoiling the
perturbative consistency of the theory at low energy scales.

This model provides a surprisingly good agreement with the experimental data. For
the parameters providing the best fit to the data, the left-right lepton asymmetry mea-
sured at SLD is 1.2 standard deviations from the theoretically predicted value, while
almost all other measured observables are within 1 σ of the predictions of this model.
The only exceptions are the charm forward-backward asymmetry and the total hadronic
cross section measured at LEP, which stay within 2 σ of the measured values. As already
pointed out, the fitted value

sin2 θeff
l ≃ 0.2313 (28)

exhibits a much better agreement with the leptonic asymmetries than in the model with
Standard Mirror Quarks.

6 Implications at Present and Future Colliders

Although the two models presented above share many features, there are subtle differences
as far as the collider signatures are concerned. We shall examine, in some detail, the

13

This fit, performed before the Higgs Discovery, led to a preference for a light
Higgs and vector like quarks with masses up to a few TeV.  Observe that 
quarks of charge 1/3 and 4/3 would be predicted.  

D. Choudhury, T. Tait, C. Wagner, arXiv:hep-ph/0109097

Exotic Searches already constrain these

masses to be allowed mean value

T 0 ! bW+, B0 ! W�t
B0 ! (Z,H)b
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FIG. 3: The constraints from collider searches on K̃ for gD sin↵ = �0.011. The mixing angle

between heavy vector-like quarks and SM b, c quarks are chosen following Fig. 1, where the

EWPT constraint is the T parameter constraint under such choice. The red (blue) shaded

regions correspond to exotic Z 0 search in dijet (b-jet pair) channel from CMS at 13 TeV [26]

([28]), labeled as “13 TeV CMS Z 0 ! jj” (“13 TeV CMS Z 0 ! b̄b”). The Z 0 ! `+`� constraints

from D0 and CDF are shown as brown and cyan area, labeled as “D0 Z 0 ! µ+µ�” and “CDF

Z 0 ! e+e�”. The Z 0 dilepton searches at LHC are shown as magenta and green shaded area, from

7TeV [29] and 13TeV [30] ATLAS, labeled as “7TeV ATLAS Z 0 ! µ+µ�” and “13TeV ATLAS

Z 0 ! `+`�”. The gray region is excluded because cos� > 1, while above the line has cos� < 1.

universality observed in the R
(⇤)
K [36, 37] processes at the LHCb experiment and also in

R
(⇤)
D processes at the BaBar experiment [38, 39] and at LHCb [40] in charged lepton decay

channel with tau leptons, though only weakly supported by Belle [41, 42] and the recent

LHCb result [43] from three-prong tau lepton decays.

In our model, the gauge boson K couples flavor diagonally to b and c quark and hence not

in a flavor universal way, which is similar to Ref. [44, 45]. In this case, the W± loop e↵ects

can introduce flavor changing coupling between the K boson and b, s quarks. However, the

leptons couple with K only via Z boson mixing, and hence the gauge boson couplings are

24

Search for Z’ has been carried out in many different channels.

Small decay branching ratio into leptons makes the constraints weaker.
It is interesting the “excess” in the boosted di-jet searches that is apparent in the Figure.

D. Liu, J. Liu, X. Wang, C. W., arXiv:1712.05082

Mixing of gauge bosons with the Z



More on Dark Matter



WIMP must be neutral and stable

• Stability may be ensured by a discrete symmetry under which 
new particles are charged and SM is neutral

• Neutrality may be obtained when particle masses depend on the 
strength of their gauge interactions

• Typical example is SUSY.  The symmetry is R-Parity

• Any weakly interacting theory fulfilling the above properties will 
have a natural DM candidate.  

RP = (�1)3B+L+2S



Direct DM experiments: CDMS, ZEPLIN, EDELWEISS, CRESST,WARP,…

sensitive mainly to spin-independent elastic scattering cross section (                    )

==> dominated by virtual exchange of H and h

•  tan!  enhanced couplings of H to strange,

             and to gluons via bottom loops  

� 

! SI "10
#8
pb

                       Direct Detection Dark Matter Experiments

••  Collider experiments can find evidence of DM through       signature

but no conclusive proof of the stability of a WIMP

••        Direct Detection Experiments can establish the existence of Dark Matter particles

E
T

WIMPs elastically scatter off nuclei in targets,

 producing nuclear recoils

R = N
i

i

!  "# $
i#

where in the last line we have neglected the differences between the proton and the neutron
mass and the fT factors are relatively similar. Assuming that the mass of the neutralino is
much larger than the nucleus we have mr ∼ mN ∼ Amp.

σSI ≈
4A2m2

p

π
A2f 2

p (8)

⇒
σSI

A4
≈

0.1g2
1g

2
2N

2
11N

2
13m

4
p tan2 β

4πm2
WM4

A

(9)

where σSI/A4 is the neutralino nucleon spin-independent cross-section.

2.2 B-physics Constraints and the scale of supersymmetry break-

ing

The FCNCs induced by loops of squarks depend on the flavor structure of the soft squark
mass parameters which is closely tied to the scale of supersymmetry breaking. Assuming
the squark masses are flavor independent at high energies, the only one-loop corrections that
violate flavor are due to the up and down Yukawa matrices because the gauge interactions
are flavor blind. The corrections to left-handed soft SUSY breaking mass parameter are
given by [14]

∆M2
Q̃
≃ −

1

8π2

[

(

2m2
0 + M2

Hu
(0) + A2

0

)

Y †
u Yu +

(

2m2
0 + M2

Hd
(0) + A2

0

)

Y †
d Yd

]

log

(

M

MSUSY

)

,

(10)
where Q̃ denote the left-handed squarks, m0 is the common squark mass at the scale of
the messenger mass M at which supersymmetry breaking is transmitted to the observable
sector, M2

Hu,d
(0) and A0 are the Higgs soft supersymmetry breaking masses and squark-Higgs

trilinear mass parameters at that scale, and MSUSY is the characteristic low energy squark
mass scale. Similarly, the right-handed up and down squark mass matrices, receive one-loop
Yukawa-induced corrections proportional to

∆M2
ũR

= −
2

8π2

(

2m2
0 + M2

Hu
(0) + A2

0

)

YuY
†
u log

(

M

MSUSY

)

, (11)

and

∆M2
d̃R

= −
2

8π2

(

2m2
0 + M2

Hd
(0) + A2

0

)

YdY
†
d log

(

M

MSUSY

)

, (12)

respectively. Hence the corrections to the right-handed soft mass parameters are diagonal
in the quark basis, but the left-handed soft mass parameters of the down squarks pick up
off-diagonal contributions proportional to the CKM matrix elements. The size of these
corrections depend on the scale M at which SUSY breaking is communicated to the visible
sector. If M is on the order of MSUSY then these corrections are small and if M ≃ MGUT

then these corrections can be substantial. In this section we consider the effect of these two
scenarios on three B-physics processes b → sγ, Bu → τν and Bs → µ+µ−.

3



DM : Direct Detection Bounds

where v = 246 GeV.

The coupling of the Higgs bosons to up and down quarks are given by

gddh =
md

p
2

v
, (3.7)

guuh =
mu

p
2

v
, (3.8)

gddH = �md

p
2 tan�

v
, (3.9)

guuH =
mu

p
2 tan�

v
, (3.10)

where mu and md are the up and down quark masses. In the above, we have ignored

the finite corrections to the Higgs couplings coming from the decoupling of squarks and

gluinos [55–59] since they are small in the region of parameters we are interested in, where

|µ| is much smaller than the squark and gluino masses.

In the region of parameters we are investigating, the cross section for SI direct detection

is controlled predominantly by the exchange of the Higgs bosons. Also including the

approximate contributions due to heavy squarks and taking the limit m2

e�0
1
⌧ µ2 for a

predominantly bino-like LSP, the SI cross section for the scattering of DM o↵ protons is

given by (similar expression holds for scattering o↵ neutrons) [42, 51, 54]
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with F
(p)
u ⌘ f

(p)
u +2⇥ 2
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mass, mr = mpme�0
1
/(mp+me�0

1
) is the reduced mass, and m eQ is the common squark mass.

Since F
(p)
u ⇡ F

(p)
d , in the large tan� limit this expression becomes proportional to
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It is hence clear that the cross section is reduced for negative values of µ ⇥ me�0
1
,

where we shall assume me�0
1
' M

1

to be positive, where M
1

is the bino mass parameter.

Consequently, while positive values of µ tend to lead to conflict with the current bounds

from the PandaX, XENON1T and LUX experiments, negative values of µ easily lead to

consistency with these constraints in the large tan� regime. Depending on the values of

the neutralino mass, the heavy Higgs boson mass, the squark masses and tan�, the SI

cross section may be close to the current bound, or may be e�ciently suppressed in the

proximity of blind spots that occur when [42, 51, 54]
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where mu and md are the up and down quark masses. In the above, we have ignored

the finite corrections to the Higgs couplings coming from the decoupling of squarks and

gluinos [55–59] since they are small in the region of parameters we are interested in, where

|µ| is much smaller than the squark and gluino masses.

In the region of parameters we are investigating, the cross section for SI direct detection
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FIG. 2. 90% CL upper limits on WIMP-neutron (top) and
WIMP-proton (bottom) cross section. Results from this anal-
ysis are shown in thick black (“LUX WS2013+WS2014–16”),
with the range of expected sensitivity indicated by the green
(1-�) and yellow (2-�) bands. Solid gray curves show the
previously published LUX WS2013 limits [13]. Constraints
from other LXe TPC experiments are also shown, includ-
ing XENON100 [26] and PandaX-II [27]. In the top panel,
model-dependent (axial-vector mediator with indicated cou-
plings) LHC search results are represented by dashed lines,
with CMS [28] in light blue, and ATLAS [29] in dark blue. As
calculated by a new profile likelihood scan of the MSSM7 [30],
favored parameter space is shown as dark (1-�) and light (2-�)
peach regions; an earlier calculation using the MSSM-15 [31]
is shown in gray, with analogous shading of confidence lev-
els. In the bottom panel, the DAMA allowed region (as in-
terpreted in [32]) is shown in pink (the analogous neutron-
only region is above the bounds of the plot). Such an in-
terpretation is in severe tension with this result, as well as
the PICO-2L [33] and PICO-60 [34] constraints. Selected lim-
its from indirect searches at neutrino observatories (Super-
Kamiokande [35] and IceCube [36]) are plotted as dashed lines.

FIG. 3. 90% CL exclusions on coupling parameters an and
ap for 50 GeV c�2 and 1000 GeV c�2 WIMPs. Ellipse bound-
aries are colored as in Fig. 2 : this result (thick black), LUX
WS2013 (gray), PandaX-II (purple), and PICO-60 (blue).
Geometrically, Eq. 4 describes a rotated ellipse when the sum
is performed over multiple isotopes with distinct �A

p /�
A
n , as

is the case for LXe experiments. PICO-60 considers only
19F (for which hSni ⇠ 0), and thus sets limits only on ap.
The innermost region (bounded by LUX and PICO-60) repre-
sents parameter space not in tension with experimental data.
The model-dependency of the LHC results is apparent in this
plane, as the CMS excluded region (shown as a green band)
is restricted to the an = ap line (see main text for important
caveat). This line is absent from the lower panel since, in this
treatment, CMS is insensitive to WIMPs at the TeV mass
scale. MSSM7 favored regions from the GAMBIT scan are
also shown, with a red contour at the 2-� level for visibility.
The degeneracies assumed in the MSSM7 Lagrangian lead to
the tight correlation between an and ap. This scan includes a
range of possible WIMP masses (unlike the mass-specific ex-
perimental exclusions), and thus appears identically in each
panel, noting the change in axis scale. Additionally, the scans
include models with sub-dominant relic densities, for which
experimental limits are rescaled accordingly.

Finally, Eq. (3.12) shows a strong dependence of the SI cross section with the value of |µ|,
a behavior that is related to its dependence on the square of the Higgsino components.

The spin dependent (SD) cross section, instead, depends only on the coupling to the

Z [60, 61], and hence to the di↵erence of the squares of the up and down Higgsino compo-

nents. From the expression given in Eq. (3.6), one can see that

�SD / m4

Z

µ4

cos2(2�) , (3.14)

where we have again assumed that µ2 � m2

e�0
1
. Hence, in the large tan� regime and

for |µ| su�ciently large, the SD cross section is suppressed by four powers of µ, without

any other strong parametric suppression. This behavior should be contrasted with the SI

cross section which, in spite of its overall suppression by only two powers of µ, may be

further suppressed due to a reduction of the neutralino coupling to the 125 GeV Higgs

boson together with interference e↵ects. As we will show, for negative values of µ, and

|µ| su�ciently large to avoid the SD cross section limits, the SI cross section tends to be

below the current experimental bounds on this quantity. However, it can come closer to

the current limits depending on the precise value of tan� and mH .

4 Anomalous Magnetic Moment of the Muon

The anomalous magnetic moment of the muon is a very relevant quantity since it may be

measured with great precision and is sensitive to physics at the weak scale. The theoretical

prediction within the SM may be divided in four main parts

aµ = aQED

µ + aEWµ + ahadµ (vac. pol.) + ahadµ (� ⇥ �) , (4.1)

where aµ ⌘ (gµ � 2)/2. The first term aQED

µ represents the pure electromagnetic contri-

bution, and is known with great accuracy, up to five loop order [62]. The second term

denotes the electroweak contributions, which are known at the two-loop level, and are

about (153.6±1.)⇥10�11 [63]. The hadronic contributions contain the largest uncertainty

in the determination of aµ. While the vacuum polarization contributions can be extracted

from the scattering process of e+e� to hadrons and are of order of (7⇥ 10�8 [64–66]), the

so-called light by light contributions ahadµ (� ⇥ �) cannot be related to any observable and

have to be estimated theoretically. These are estimated to be about 105⇥ 10�11 [67] and

hence of the order of the electroweak contributions.

Overall, the theoretical calculation of aµ in the SM [68] di↵ers from the result measured

experimentally at the Brookhaven E821 experiment [69] by

�aµ = aexpµ � atheoryµ = 268(63)(43)⇥ 10�11 , (4.2)

where the errors are associated with the experimental and theoretical uncertainties, respec-

tively. The discrepancy, of order 3.5�, is of similar size as the electroweak contributions

and hence can be potentially explained by new physics at the weak scale. The E821 exper-

imental result will be tested by the upcoming Muon g � 2 Experiment at Fermilab [70].
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Blind Spot :
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ATLAS Excess :  Dark Matter Phenomenology

Figure 4. Top left: Regions in the µ � me�1 plane that produce a relic abundance ⌦CDMh2 =
0.12± 50% for di↵erent values of tan�. The red, green and blue regions correspond to tan� = 10,
20, and 60, respectively (corresponding to the Higgs resonance), while the purple region corresponds
to the Z resonance which is approximately independent of tan�. The lower gray shaded region is
excluded by SD constraints set by LUX, which are again approximately independent of the value
of tan� for moderate to large values of tan�. The three remaining plots show contours of the SI
scattering cross section �SI

p in the MH–µ plane for tan� = 10 (top right), 20 (bottom left), and 60
(bottom right) with fixed me�0

1
= 61.7 GeV. The narrow black regions are excluded by SI constraints

set by XENON1T. Other parameters are fixed to the BM values shown in Table 2.

ally consistent thermal relic density in the scenario under study would be the t-channel

interchange of light staus, with masses of the order of the lightest chargino mass. An ex-

ample of such a scenario would be the addition of ⇠ 200 GeV right-handed staus [38, 98].

All other sleptons may be kept heavy in order to fulfill the collider and g � 2 constraints.

We have checked that consistency with the relic density and all other phenomenological

constraints may be obtained for tan� ' 100. Such large values of tan� may be acceptable

provided there are large corrections to the bottom Yukawa coupling [55–57, 99], keeping

the perturbativity of the bottom sector up to high scales [100, 101]. We note that consis-

tent relic density for a heavier slepton spectrum may be also be obtained in the NMSSM,

where either co-annihilation with singlinos [102] or resonant annihilation through a singlet-
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Existence of Blind Spot Regions Suppresses
the SI cross section below the current limits
in most of the parameter space. 

Higgs and Z Resonant Annihilation Regions
SD Cross Section Bounds satisfied
provided |µ| > 270 GeV
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FIG. 1. Top: Layout of the E137 experiment (adapted from
Fig. 2 in [35]). Middle and Bottom: An electron beam hits an
aluminum target, creating DM particles � via bremsstrahlung
of A0

(bottom left). The � traverse a ⇠ 179 m deep hill and
another ⇠ 204 m-long open region before scattering o↵ elec-
trons (bottom right), which are detected in an electromagnetic
shower calorimeter.

can detect charged particles or photons produced by the
hypothetical particles coming from the dump. The de-
tector also employed multiwire proportional chambers to
achieve superb angular resolution, rendering it sensitive
to directional information that was crucial in eliminating
(cosmic) background. Two experimental runs were per-
formed. The lateral dimensions of the detector were 2m
⇥ 3m during Run 1 and 3m ⇥ 3m in Run 2. The number
of electrons on target was ⇠ 10 C (⇠ 20 C) in Run 1
(Run 2).

The original analysis in [35] searched for axion-like
particles decaying to e

+
e

�, or photinos decaying to a
photon and gravitino. No events were observed that
passed quality cuts, pointed back to the dump, and had a
shower energy above 1 GeV, placing strong limits on ax-
ions/photinos. In [40], the results were used to set strong
constraints on the visible decay A

0 ! e

+
e

�.

Here, we will use the E137 results to set strong con-
straints on sub-GeV DM, �, see Fig. 1 (middle and bot-

tom). We focus on scenarios where �’s are produced from
an on-shell A

0 that decays invisibly to ��̄ or via an o↵-
shell A

0. Such � inherit a significant portion of the beam
energy and travel in the extreme-forward direction; an
O(1) fraction of the produced � thus intersect the E137

detector and can scatter with electrons in the calorimeter
material. The ejected electrons will initiate an energetic
electromagnetic shower of the type constrained by the
E137 search. With no observed events, and conserva-
tively assuming no expected background events, we em-
ploy a Poisson 95% C.L. limit of N95 = 3 events. Below,
we shall calculate the number of signal events for a fixed
m

�

as function of m

A

0 , ✏, and ↵

D

, and derive bounds in
this parameter space by requiring less than 3 events.
SIGNAL RATE CALCULATION. We
have employed a Monte-Carlo simulation using
MadGraph5 aMC@NLO v2.1.1 [41] to generate DM
events produced in electron-aluminum nucleus collisions,
e

�
N ! e

�
NA

0(⇤) ! e

�
N��̄ (where N is a nucleus with

Z = 13, A = 27), and to calculate the total DM pro-
duction cross section, �

��̄

(we checked all our numerical
results against analytic formulas [18, 40, 42]). We include
the form factor of the aluminum nucleus [40, 42], which
accounts for coherent scattering, as well as nuclear and
atomic screening. The model (1) is implemented using
FeynRules 2.0 [43]. We take the thickness of the target
to be one radiation length, a reasonable approximation
that accounts for beam degradation [18, 40]. The total
number of � produced is then

N

�

= 2�

��̄

N

e

XAl NA

/AAl , (2)

where N

e

= 30 C, XAl = 24.3 g cm�2, N

A

is Avogadro’s
number, and AAl = 26.98 g/mol.

The fraction of � that intersect the detector, ✏acc, is
obtained from the Monte-Carlo simulation (and cross-
checked analytically) by selecting � that are produced
with angles tan ✓

x

< �x/L and tan ✓

y

< �y/L trans-
verse to the beam direction, where L = 383 m, �x =
1.5 m, and �y = 1 m (1.5 m) for Run 1 (2). The an-
gular distribution of scalars � produced through an A

0 is
suppressed along the forward direction, which results in
a lower ✏acc compared to fermionic � [14, 18]. We then
take the energy distribution of the DM particles cross-
ing the detector, (1/N

acc
�

)(dN

acc
�

/dE

�

), and convolute it
with the � � e

� di↵erential scattering cross section,

d�

f,s

dE

e

= 4⇡✏

2
↵ ↵

D

2m

e

E

2
�

� f

f,s

(E
e

)(E
e

� m

e

)

(E2
�

� m

2
�

)(m2
A

0 + 2m

e

E

e

� 2m

2
e

)2
,

(3)
where the subscripts f, s stand for fermion and scalar
�, respectively, f

f

(E
e

) = 2m

e

E

�

� m

e

E

e

+ m

2
�

+ 2m

2
e

,
f

s

= 2m

e

E

�

+ m

2
�

, and E

e

is the recoil electron energy.
To conform to the E137 signal region, we impose E

e

>

Eth = 1 GeV and ✓

e

> 30 mrad, where ✓

e

is the angle
of the scattered electron, to obtain �

cut
�e

. The number of
expected signal events is then given by

N

�e

= N

�

✏acc �

cut
�e

X

i

ndet,i Ldet,i , (4)

where ndet,i (Ldet,i) denotes the e

� number density
(length) of detector sub-layer i. To pass the trigger, �
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FIG. 2. Top left: Constraints (95% C.L.) in the ✏ � mA0 plane for dark photons A0 decaying invisibly to light DM �, with
m� < 0.5 MeV. The SLAC E137 experiment excludes a Dirac fermion (red shading/red solid line) or complex scalar (red
long dashed) DM. We fix ↵D = 0.1 and assume an electron recoil threshold energy of Eth = 1 GeV in the E137 detector
(for comparison, the red dotted line shows Eth = 3 GeV for a fermionic �). Also shown are constraints from the anomalous
magnetic moment of the electron (ae, 2�, blue dashed) and muon (aµ, 5�, dark green dashed), and a light-green dashed region
in which the A0 explains the aµ discrepancy. Other model-dependent constraints (see text for details), arise from LSND (yellow
solid), SLAC mQ experiment (cyan solid), BABAR (blue dotted), and BNL E787 and E949 (brown dotted). The inset focuses
on mA0 = 100 � 300 MeV. Top right and Bottom left: Same as top left but for m� = 10 MeV and 50 MeV, respectively.
Above the black solid line, the thermal relic abundance of a scalar � satisfies ⌦�  ⌦DM; the region above the blue solid
line is excluded if � can scatter o↵ electrons in the XENON10 experiment, assuming � makes up all the DM; the light gray
regions/dotted lines are excluded from searches for A0 ! e+e� (if this mode is available for mA0 < 2m�) in E141, E774, Orsay,
HADES, or A1. Bottom right: 95% C.L. upper limits on ↵D as a function of mA0 for a Dirac fermion �, assuming ✏ is
fixed to the smallest value consistent with explaining the aµ anomaly. The E137 constraint is shown for m� < 0.5 MeV (red
shading/solid line) and for m� = 10, 50 MeV (dashed red), while the remaining constraints are only shown for m� < 0.5 MeV.
The solid gray curve is the limit from A0 ! visible searches, while the gray dashed represents the transition between A0 ! ��̄
and A0 ! visible decays dominating.
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We present new constraints on sub-GeV dark matter and dark photons from the electron beam-
dump experiment E137 conducted at SLAC in 1980–1982. Dark matter interacting with electrons
(e.g., via a dark photon) could have been produced in the electron-target collisions and scattered o↵
electrons in the E137 detector, producing the striking, zero-background signature of a high-energy
electromagnetic shower that points back to the beam dump. E137 probes new and significant ranges
of parameter space, and constrains the well-motivated possibility that dark photons that decay to
light dark-sector particles can explain the ⇠ 3.6� discrepancy between the measured and SM value
of the muon anomalous magnetic moment. It also restricts the parameter space in which the relic
density of dark matter in these models is obtained from thermal freeze-out. E137 also convincingly
demonstrates that (cosmic) backgrounds can be controlled and thus serves as a powerful proof-of-
principle for future beam-dump searches for sub-GeV dark-sector particles scattering o↵ electrons
in the detector.

INTRODUCTION. Dark matter (DM) with mass be-
low ⇠ 1 GeV and interacting with Standard Model (SM)
particles through a light mediator is a viable and natural
possibility consistent with all known data (see e.g. [1–
12]). High-intensity fixed-target experiments have im-
pressive sensitivity to such light DM [3]. The basic ex-
perimental strategy begins with the production of a rela-
tivistic DM beam out of electron or proton collisions with
a fixed target, followed by detection via DM scattering
in a detector positioned downstream of the target. The
prospects of proton fixed-target experiments, including
several ongoing neutrino oscillation experiments, have
been investigated in [3, 13–16], and the MiniBooNE ex-
periment at FNAL is presently conducting the first ded-
icated search [17]. More recently, the potential of elec-
tron beam-dump experiments has been explored [18–20]
[15]. These proposals complement the ongoing e↵orts to
probe sub-GeV DM with low-energy e

+
e

� colliders [21]
and direct detection experiments via DM-electron scat-
tering [4, 9, 22], as well as broader e↵orts to search for
low-mass dark sectors that are weakly coupled to the
SM [23, 24].
MODELS. We focus on a motivated class of DM models
based on a new ‘dark’ gauge symmetry, U(1)D [25–27],
although our discussion applies to any scenario in which
DM interacts with electrons. In this framework, the DM
� is charged under U(1)D, which is kinetically mixed with
the SM hypercharge, U(1)

Y

, allowing for DM interactions
with the SM [28, 29]. If the U(1)D is spontaneously bro-
ken, its gauge boson (the ‘dark photon’ A

0) is massive.
The low energy e↵ective Lagrangian is

L = L
�

� 1

4
F

0
µ⌫

F

0µ⌫ +
1

2
m

2
A

0A
0
µ

A

0µ � ✏

2
F

0
µ⌫

F

µ⌫

,

L
�

=

(
i�̄ 6D� � m

�

�̄�, (Dirac fermion DM)

|D
µ

�|2 � m

2
�

|�|2, (Complex scalar DM)
(1)

where D

µ

= @

µ

� ig

D

A

0
µ

and the dominant mixing is
with the SM photon (field strength F

µ⌫

). There are four

new parameters: the DM mass m

�

, the A

0 mass m

A

0 ,
the dark fine structure constant ↵

D

⌘ g

2
D

/4⇡ (g
D

is the
U(1)D gauge coupling), and the kinetic mixing parameter
✏. We take DM to be either a Dirac fermion or complex
scalar. Kinetic mixing is allowed by all symmetries in the
e↵ective theory. If U(1)

Y

is embedded in a Grand Unified
Theory (GUT), a characteristic strength ✏ ⇠ 10�3�10�1

(⇠ 10�5 � 10�3) is expected if the mixing is generated
by a one-(two-)loop interaction [5, 28]. In the mass basis
(obtained after an appropriate field redefinition in (1)), a
small coupling of the A

0 to the electromagnetic current,
L � �✏eA

0
µ

eJ

µ

EM

, is induced.

We will consider m

A

0 in the MeV to 10 GeV mass range
and m

�

. 50 MeV. Several new-physics scenarios can
generate naturally a mass for the A

0 in this range [30–34].
Moreover, over much of this mass range the A

0 provides a
one-loop contribution to the muon anomalous magnetic
moment, a

µ

⌘ (g � 2)
µ

, that can account for the ⇠ 3.6�

discrepancy between its measured and SM value [36–38].
Various terrestrial, astrophysical, and cosmological tests
constrain the scenario (1) [23]. We will describe the rel-
evant ones below.

We emphasize that while (1) is an excellent benchmark
scenario for sub-GeV DM coupled to a light mediator,
one can easily envision simple extensions or modifications
(e.g. leptophilic DM) to which our discussion is also ap-
plicable [39]. We will comment on these in the results
section below and discuss how they a↵ect the E137 and
various other constraints.

SLAC EXPERIMENT E137. The SLAC experiment
E137 [35] searched for neutral metastable particles pro-
duced when a 20 GeV electron beam impacted a set of
aluminum plates interlaced with cooling water. The par-
ticles produced at the beam dump needed to traverse
179 m of shielding (provided by a hill) before reaching
a 204 m long open decay region followed by a detector
(see Fig. 1, top). The E137 detector consists of an 8-
radiation length electromagnetic shower calorimeter that

ar
X

iv
:1

40
6.

26
98

v2
  [

he
p-

ph
]  

8 
O

ct
 2

01
5

Batell, Essig, Surujon’14

Dark Matter from a Dark Sector

✏ : Mixing of new Gauge Boson with photon

↵D : Strength of Dark Forces



Axions : Solve the strong CP Problem
They are also a good CDM candidate

Axions
produced in
solar core 

(conversion to 
X Rays) :

QCD 
Axion

Halo Axions : Resonant
Magnetic Cavity Searches 



appropriate amount of cold dark matter but cannot be excluded by cosmological constraints.
Here we want to study whether both regions where the LEP chargino limit is reduced can be
excluded by the experimental data on aµ.

As emphasized in ref. [11] the supersymmetric contributions to aµ coming from smuon-
neutralino and sneutrino-chargino loops are significant and the present experimental bound
already sets important constraints on the parameters, especially if tanβ is large. For tanβ ≫ 1,
the supersymmetric contribution is approximately given by

δaµ ≃
α

8π sin2 θW

m2
µ

m̃2
tan β ≃ 15 × 10−10

(
100 GeV

m̃

)2

tan β , (11)

where m̃ represents the typical mass scale of weakly-interacting supersymmetric particles. It
is evident from eq. (11) that, if tan β ≫ 1, the experimental constraint on δaµ can set bounds
on the supersymmetric particle masses which are competitive with the direct collider limits.
Indeed, the case tanβ ≃ mt/mb ≫ 1 has some special theoretical appeal. First of all, it allows
the unification of the bottom and tau Yukawa couplings at the same energy scale at which gauge
couplings unify, consistently with the prediction of the minimal SU(5) GUT model. Also it
allows a dynamical explanation for the top-to-bottom mass ratio, with approximately equal top
and bottom Yukawa couplings at the GUT scale, consistently with the minimal SO(10) GUT
[19].

The supersymmetric contribution to aµ is

δaχ0

µ =
mµ

16π2

∑

mi

⎧
⎨

⎩−
mµ

6m2
µ̃m

(1 − xmi)
4

(
NL

miN
L
mi + NR

miN
R
mi

)

×
(
1 − 6xmi + 3x2

mi + 2x3
mi − 6x2

mi ln xmi

)

−
mχ0

i

m2
µ̃m

(1 − xmi)3
NL

miN
R
mi(1 − x2

mi + 2xmi ln xmi)

}

(12)

δaχ+

µ =
mµ

16π2

∑

k

{
mµ

3m2
ν̃ (1 − xk)

4

(
CL

k CL
k + CR

k CR
k

)

×
(
1 + 1.5xk + 0.5x3

k − 3x2
k + 3xk ln xk

)

−
3mχ±

k

m2
ν̃ (1 − xk)

3 CL
k CR

k

(

1 −
4xk

3
+

x2
k

3
+

2

3
ln xk

)}

(13)

where xmi = m2
χ0

i
/m2

µ̃m
, xk = m2

χ±

k

/m2
ν̃ ,

NL
mi = −

mµ

v1
UN

3i U
µ̃
Lm +

√
2g1U

N
1i U

µ̃
Rm

NR
mi = −

mµ

v1
UN

3i U
µ̃
Rm −

g2√
2
UN

2i U
µ̃
Lm −

g1√
2
UN

1i U
µ̃
Lm

CL
k =

mµ

v1
Uk2

CR
k = −g2Vk1 (14)
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– 5–

where the errors are due to the electroweak, lowest-order

hadronic, and higher-order hadronic contributions, respectively.

The difference between experiment and theory

∆aµ = aexp
µ − aSM

µ = 255(63)(49)× 10−11 , (15)
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Figure 2: Compilation of recently published
results for aµ (in units of 10−11), subtracted
by the central value of the experimental aver-
age (3). The shaded band indicates the exper-
imental error. The SM predictions are taken
from: HMNT [18], JN [4], Davier et al.,
09/1 [17], and Davier et al., 09/2 [15]. Note
that the quoted errors do not include the un-
certainty on the subtracted experimental value.
To obtain for each theory calculation a result
equivalent to Eq. (15), the errors from theory
and experiment must be added in quadrature.

(with all errors combined in quadrature) represents an inter-

esting but not yet conclusive discrepancy of 3.2 times the

estimated 1σ error. All the recent estimates for the hadronic

contribution compiled in Fig. 2 exhibit similar discrepancies.

Switching to τ data reduces the discrepancy to 1.9σ, assuming

July 30, 2010 14:34
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QCD, excellent agreement between data and theory is
found [18].
A full compilation of all contributions to ahad,LOµ is

given in Table II of Ref. [18].

Muon magnetic anomaly. Adding all lowest-
order hadronic contributions together yields the estimate
(this and all following numbers in this and the next para-
graph are in units of 10�10) [18]

ahad,LOµ = 692.3± 1.4± 3.1± 2.4± 0.2± 0.3 , (12)

where the first error is statistical, the second channel-
specific systematic, the third common systematic, corre-
lated between at least two exclusive channels, and the
fourth and fifth errors stand for the narrow resonance
and QCD uncertainties, respectively. The total error
of 4.2 is dominated by experimental systematic uncer-
tainties. The new result is �3.2 · 10�10 below the pre-
vious one [26]. This shift is composed of �0.7 from
the inclusion of the new, large photon angle data from
KLOE, +0.4 from the use of preliminary BABAR data
in the e+e� ⇥ ⇥+⇥�2⇥0 mode, �2.4 from the new high-
multiplicity exclusive channels, the re-estimate of the un-
known channels, and the new resonance treatment, �0.5
from mainly the four-loop term in the QCD prediction of
the hadronic cross section that contributes with a nega-
tive sign, as well as smaller other di�erences. The total
error on ahad,LOµ is slightly larger than that of Ref. [26]
owing to a more conservative evaluation of the inter-
channel correlations.
Adding to the result (12) the contributions from higher

order hadronic loops, �9.79± 0.09 [44], computed using
a similar dispersion relation approach, hadronic light-by-
light scattering (LBLS), 10.5 ± 2.6 [46], estimated from
theoretical model calculations (cf. remark in Footnote 5),
as well as QED (7), and electroweak e�ects (10), one
obtains the full SM prediction

aSMµ = 11 659 180.2± 4.2± 2.6± 0.2 (4.9tot) , (13)

where the errors have been split into lowest and higher or-
der hadronic, and other contributions, respectively. The
result (13) deviates from the experimental average (4) by
28.7± 8.0 (3.6⇤).5

A compilation of recent SM predictions for aµ com-
pared with the experimental result is given in Fig. 7.

Update of � -based g�2 result. Since the majority
of the analysis in the aµ analysis also a�ects the ⌅ -based
result from Ref. [22], a reevaluation of the correspond-
ing ⌅ -based hadronic contribution has been performed
in Ref. [18]. In the ⌅ -based analysis [47], the ⇥+⇥�

5 Using alternatively 11.6±4.0 [14] for the light-by-light scattering
contribution, increases the error in the SM prediction (13) to 5.8,
and reduces the discrepancy with experiment to 3.2⇤.

-700 -600 -500 -400 -300 -200 -100 0

aµ  –  aµ
    exp ×

 
10

–11

B
N

L
-E

8
2
1
 2

0
0
4

HMNT 07 (e
+
e

–
-based)

JN 09 (e
+
e

–
)

Davier et al. 09/1 (τ-based)

Davier et al. 09/1 (e
+
e

–
)

Davier et al. 09/2 (e
+
e

–
 w/ BABAR)

HLMNT 10 (e
+
e

–
 w/ BABAR)

DHMZ 10 (τ newest)

DHMZ 10 (e
+
e

–
 newest)

BNL-E821 (world average)

–285
 
±

 
51

–299
 
±

 
65

–157
 
±

 
52

–312
 
±

 
51

–255
 
±

 
49

–259
 
±

 
48

–195
 
±

 
54

–287
 
±

 
49

0
 
±

 
63

FIG. 7: Compilation of recent results for aSM
µ (in units of

10�11), subtracted by the central value of the experimental
average (4). The shaded vertical band indicates the exper-
imental error. The SM predictions are taken from: DHMZ
10 [18], HLMNT (unpublished) [43] (e+e� based, including
BABAR and KLOE 2010 �+�� data), Davier et al. 09/1 [22]
(⇥ -based), Davier et al. 09/1 [22] (e+e�-based, not including
BABAR �+�� data), Davier et al. 09/2 [26] (e+e�-based in-
cluding BABAR �+�� data), HMNT 07 [44] and JN 09 [45]
(not including BABAR �+�� data).

cross section is entirely replaced by the average, isospin-
transformed, and isospin-breaking corrected ⌅ ⇥ ⇥�⇥0��
spectral function,6 while the four-pion cross sections, ob-
tained from linear combinations of the ⌅� ⇥ ⇥�3⇥0��
and ⌅� ⇥ 2⇥�⇥+⇥0�� spectral functions, are only eval-
uated up to 1.5 GeV with the ⌅ data. Due to the lack
of statistical precision, the spectrum is completed with
the use of e+e� data between 1.5 and 1.8 GeV. All the
other channels are taken from e+e� data. The complete
lowest-order ⌅ -based result reads [18]

ahad,LOµ [⌅ ] = 701.5± 3.5± 1.9± 2.4± 0.2± 0.3 , (14)

where the first error is ⌅ experimental, the second esti-
mates the uncertainty in the isospin-breaking corrections,
the third is e+e� experimental, and the fourth and fifth
stand for the narrow resonance and QCD uncertainties,
respectively. The ⌅ -based hadronic contribution di�ers
by 9.1 ± 5.0 (1.8⇤) from the e+e�-based one, and the
full ⌅ -based SM prediction aSMµ [⌅ ] = 11 659 189.4 ± 5.4
di�ers by 19.5±8.3 (2.4⇤) from the experimental average.
This ⌅ -based result is also included in the compilation of
Fig. 7.

6 Using published ⌅ � ⇥�⇥0�� spectral function data from
ALEPH [48], Belle [49], CLEO [50] and OPAL [51], and using
the world average branching fraction [36] (2009 PDG edition).
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3.6� Discrepancy

Here m̃ represents the weakly interacting supersymmetric particle masses.

For tan� ' 10 (50), values of m̃ ' 230 (510) GeV would be preferred.
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Finally, Eq. (3.12) shows a strong dependence of the SI cross section with the value of |µ|,
a behavior that is related to its dependence on the square of the Higgsino components.

The spin dependent (SD) cross section, instead, depends only on the coupling to the

Z [60, 61], and hence to the di↵erence of the squares of the up and down Higgsino compo-

nents. From the expression given in Eq. (3.6), one can see that

�SD / m4

Z

µ4

cos2(2�) , (3.14)

where we have again assumed that µ2 � m2

e�0
1
. Hence, in the large tan� regime and

for |µ| su�ciently large, the SD cross section is suppressed by four powers of µ, without

any other strong parametric suppression. This behavior should be contrasted with the SI

cross section which, in spite of its overall suppression by only two powers of µ, may be

further suppressed due to a reduction of the neutralino coupling to the 125 GeV Higgs

boson together with interference e↵ects. As we will show, for negative values of µ, and

|µ| su�ciently large to avoid the SD cross section limits, the SI cross section tends to be

below the current experimental bounds on this quantity. However, it can come closer to

the current limits depending on the precise value of tan� and mH .

4 Anomalous Magnetic Moment of the Muon

The anomalous magnetic moment of the muon is a very relevant quantity since it may be

measured with great precision and is sensitive to physics at the weak scale. The theoretical

prediction within the SM may be divided in four main parts

aµ = aQED

µ + aEWµ + ahadµ (vac. pol.) + ahadµ (� ⇥ �) , (4.1)

where aµ ⌘ (gµ � 2)/2. The first term aQED

µ represents the pure electromagnetic contri-

bution, and is known with great accuracy, up to five loop order [62]. The second term

denotes the electroweak contributions, which are known at the two-loop level, and are

about (153.6±1.)⇥10�11 [63]. The hadronic contributions contain the largest uncertainty

in the determination of aµ. While the vacuum polarization contributions can be extracted

from the scattering process of e+e� to hadrons and are of order of (7⇥ 10�8 [64–66]), the

so-called light by light contributions ahadµ (� ⇥ �) cannot be related to any observable and

have to be estimated theoretically. These are estimated to be about 105⇥ 10�11 [67] and

hence of the order of the electroweak contributions.

Overall, the theoretical calculation of aµ in the SM [68] di↵ers from the result measured

experimentally at the Brookhaven E821 experiment [69] by

�aµ = aexpµ � atheoryµ = 268(63)(43)⇥ 10�11 , (4.2)

where the errors are associated with the experimental and theoretical uncertainties, respec-

tively. The discrepancy, of order 3.5�, is of similar size as the electroweak contributions

and hence can be potentially explained by new physics at the weak scale. The E821 exper-

imental result will be tested by the upcoming Muon g � 2 Experiment at Fermilab [70].
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In the supersymmetric case the most relevant contributions are associated with the

interchange of charginos and the superpartners of the neutral second generation leptons

(sneutrinos) [71–78]. Assuming that there are no large mass hierarchies in the supersym-

metric electroweak sector, one can write, approximately,

�aµ ' ↵

8⇡s2W

m2

µ

em2

Sgn(µM
2

) tan� ' 130⇥ 10�11

✓
100 GeV

em

◆
2

Sgn(µM
2

) tan� , (4.3)

where ↵ is the electromagnetic fine structure constant, and em is the characteristic mass of

the weakly interacting sparticles. This implies that for tan� of order 10 (20), the overall

weakly interacting sparticle mass scale must be of order 250 GeV (350 GeV) in order to

explain the current discrepancy between theory and experiment.

In our work, we shall consider chargino and slepton masses that are quite di↵erent from

each other and hence, it is relevant to provide an analytical understanding of the behavior

of aµ in that parameter regime. In the relevant approximation where |µ| >⇠ 2|M
2

| >⇠ 4MW

and m2

e⌫
>⇠ µ2, one gets,

�aµ ' � 3↵

4⇡s2W

m2

µ

m2

e⌫

M
2

µ tan�

µ2 �M2

2

⇢
[f

1

(x
1

)� f
1

(x
2

)] +
1

6
[f

2

(x
1

)� f
2

(x
2

)]

�
, (4.4)

where the first term inside the curly brackets corresponds to the chargino contributions, the

second term to the neutralino contributions, x
1

= M2

2

/m2

e⌫ and x
2

= µ2/m2

e⌫ . In addition,

f
1

(x) =
1� 4x/3 + x2/3 + 2 log(x)/3

(1� x)4
, (4.5)

and

f
2

(x) =
1� x2 + 2x log(x)

(1� x)3
. (4.6)

In the above we have ignored the small hypercharge induced contributions. It is important

to note that for x ⌧ 1, f
1

(x) is negative and increases logarithmically in magnitude,

f
1

(x) ' 1+8x/3+2(1+4x) log(x)/3, whilef
2

(x) tends to one, namely f
2

(x) ! 1+2x(3/2+

log(x)). On the other hand, in the limit of x ! 1, f
1

(x) ! �2/9 and f
2

(x) ! 1/3. In

general, as stressed above, the lightest chargino contribution is dominant, but the heavier

chargino and the neutralino contributions have the opposite sign to the lighter chargino

one, providing a significant reduction of the anomalous magnetic moment with respect to

the one obtained considering only the lightest chargino contribution. We also note that

Eq. (4.4) is symmetric under the interchange of µ and M
2

, and is indeed valid also in the

region in which the second lightest neutralino is Higgsino like, |M
2

| >⇠ 2|µ| >⇠ 4MW , and

me⌫
>⇠ |M

2

|.
Let us stress that while the reduction of the SI cross section is obtained for negative

value of µ⇥M
1

, the explanation of the anomalous magnetic moment of the muon demands

positive values of µ⇥M
2

. Hence, a simultaneous explanation of the absence of DM direct

detection signals and of the measured value of aµ may be naturally obtained for opposite

values of the hypercharge and weak gaugino masses, namely M
2

⇥M
1

< 0.
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Figure 5. Regions of parameter space that produce the observed excess in the anomalous magnetic
moment of the muon. Solid lines denote consistency with the current experimental values, while
shaded regions show 1� variations. Left: The M2 and µ dependence for several choices of the
slepton soft mass parameter MeL and tan� = 20. Right: The MeL and µ dependence for several
values of tan� and M2 = �172 GeV. Other parameters not shown are fixed to the BM values shown
in Table 2.

and 10 <⇠ tan� <⇠ 20 (with larger values of the heavy Higgs mass for larger values of tan�),

or for Higgs masses & 2 TeV for tan� = 60. As shown in the left-hand upper panel of Fig. 4

this would lead to a preference for the Z-resonance annihilation region for the smaller tan�

values.

Finally, Fig. 5 shows the region of parameter space that accommodates the observed

deviation of the anomalous magnetic moment of the muon with respect to the SM predic-

tion. The left panel of Fig. 5 shows the preferred values of M
2

and µ for di↵erent values of

the slepton masses, and tan� = 20. For simplicity, we have assumed equal soft supersym-

metry breaking parameters for left- and right-handed sleptons, characterized by MeL ' Me⌫ .

The solid lines denote the values of µ leading to agreement with the observed value of aµ,

while the shaded bands show the range of µ consistent with the current 1� experimental

uncertainty on this quantity. Overall, the dependence of aµ on the supersymmetry break-

ing mass parameters is in agreement with our general expectations based on Eqs. (4.3) and

(4.4). Lighter (heavier) sleptons imply larger (smaller) preferred values of |µ|, with values

of |µ| in the range 200–500 GeV for this value of tan� and slepton masses at the weak

scale.

The right panel of Fig. 5 shows the dependence of the preferred values of the slepton

masses and the Higgsino mass parameter for di↵erent values of tan� and M
2

= �172 GeV.

While values of tan� = 10 demand values of these parameters of the order of 200-300 GeV,

the slepton masses can be significantly larger for values of tan� = 60. In particular, for

tan� = 60 and |µ| = 300 GeV, slepton masses of the order of 500 GeV (700 GeV) are

consistent with the central experimental value (a deviation of one standard deviation with
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(g � 2)µATLAS Excess : Anomalous Magnetic Moment

As expected, s-leptons with masses of the order of 400 GeV lead to an explanation of
g-2 for the benchmark point. 

Dependence on tan(beta) follows the expected behavior
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