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Exciting Times

There are several anomalies possibly hinting at physics 
beyond the SM

• The anomalous magnetic moment of the muon (g � 2)µ
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The anomalous magnetic moment of the muon

[Gohn 1506.00608]
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The anomalous magnetic moment of the muon

[Curtin, Essig et.al.1506.00608]
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The anomalous magnetic moment of the muon
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Exciting Times

There are several anomalies possibly hinting at physics 
beyond the SM

• The anomalous magnetic moment of the muon (g � 2)µ

•An intriguing pattern in                       transitions b ! sµ+µ�
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An intriguing pattern in                       transitions b ! sµ+µ�
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LFU tests in bà sll transtions : what’s next ? 

à K(*) ee angular analyses  in the same q2 region 1-6 GeV2/c4 ? 
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Decay obs. q2 bin SM pred. measurement pull

B̄0 ! K̄⇤0µ+µ� FL [2, 4.3] 0.81± 0.02 0.26± 0.19 ATLAS +2.9

B̄0 ! K̄⇤0µ+µ� FL [4, 6] 0.74± 0.04 0.61± 0.06 LHCb +1.9

B̄0 ! K̄⇤0µ+µ� S
5

[4, 6] �0.33± 0.03 �0.15± 0.08 LHCb �2.2

B̄0 ! K̄⇤0µ+µ� P 0
5

[1.1, 6] �0.44± 0.08 �0.05± 0.11 LHCb �2.9

B̄0 ! K̄⇤0µ+µ� P 0
5

[4, 6] �0.77± 0.06 �0.30± 0.16 LHCb �2.8

B� ! K⇤�µ+µ� 107 dBR

dq2 [4, 6] 0.54± 0.08 0.26± 0.10 LHCb +2.1

B̄0 ! K̄0µ+µ� 108 dBR

dq2 [0.1, 2] 2.71± 0.50 1.26± 0.56 LHCb +1.9

B̄0 ! K̄0µ+µ� 108 dBR

dq2 [16, 23] 0.93± 0.12 0.37± 0.22 CDF +2.2

Bs ! �µ+µ� 107 dBR

dq2 [1, 6] 0.48± 0.06 0.23± 0.05 LHCb +3.1

Table 1: Observables where a single measurement deviates from the SM by 1.9� or more (cf. 15 for the B !
K⇤µ+µ� predictions at low q2).

one can construct a �2 function which quantifies, for a given value of the Wilson coe�cients,
the compatibility of the hypothesis with the experimental data. It reads

�2( ~CNP) =
h
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exp

� ~O
th

( ~CNP)
iT
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exp

+ C
th

]�1

h
~O
exp

� ~O
th

( ~CNP)
i
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where O
exp,th

and C
exp,th

are the experimental and theoretical central values and covariance
matrices, respectively. All dependence on NP is encoded in the NP contributions to the Wilson
coe�cients, CNP

i = Ci � CSM

i . The NP dependence of C
th

is neglected, but all correlations
between theoretical uncertainties are retained. Including the theoretical error correlations and
also the experimental ones, which have been provided for the new angular analysis by the LHCb
collaboration, the fit is independent of the basis of observables chosen (e.g. P 0

i vs. Si observables).
In other words, the “optimization” 18 of observables is automatically built in.

In total, the �2 used for the fit contains 88 measurements of 76 di↵erent observables by 6
experiments (see the original publication4 for references). The observables include B ! K⇤µ+µ�

angular observables and branching ratios as well as branching ratios of B ! Kµ+µ�, B !
Xsµ+µ�, Bs ! �µ+µ�, B ! K⇤�, B ! Xs�, and Bs ! µ+µ�.

2.2 Compatibility of the SM with the data

Setting the Wilson coe�cients to their SM values, we find �2

SM

⌘ �2(~0) = 116.9 for 88 mea-
surements, corresponding to a p value of 2.1%. Including also b ! se+e� observablesc the �2

deteriorates to 125.8 for 91 measurements, corresponding to p = 0.91%. The observables with
the biggest individual tensions are listed in table 1. It should be noted that the observables
in this table are not independent. For instance, of the set (S

5

, FL, P 0
5

), only the first two are
included in the fit as the last one can be expressed as a function of them18,d.

cWe have not yet included the recent measurement 19 of B ! K⇤e+e� angular observables at very low q2.
Although these observables are not sensitive to the violation of LFU, being dominated by the photon pole, they
can provide important constraints on the Wilson coe�cients C(0)

7 .
dIncluding the last two instead leads to equivalent results since we include correlations as mentioned above;

this has been checked explicitly.

Deviations in several observables

[Altmannshofer, Straub, 1503.06199]
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The global fit shows a 

[Altmannshofer, Straub, 1703.09189]
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Figure 1: Two-dimensional constraints in the plane of NP contributions to the real parts of
the Wilson coe�cients C9 and C10 (left) or C9 and C 0

9 (right), assuming all other
Wilson coe�cients to be SM-like. For the constraints from the B ! K⇤µ+µ� and
Bs ! �µ+µ� angular observables from individual experiments as well as for the
constraints from branching ratio measurements of all experiments (“BR only”), we
show the 1� (��2 ⇡ 2.3) contours, while for the global fit (“all”), we show the 1, 2,
and 3� contours.

contours showing the constraints coming from the angular analyses of individual experiments,
as well as from branching ratio measurements of all experiments.

We observe that the individual constraints are all compatible with the global fit at the 1� or
2� level. While the CMS angular analysis shows good agreement with the SM expectations,
all other individual constraints show a deviation from the SM. In view of their precision,
the angular analysis and branching ratio measurements of LHCb still dominate the global fit
(cf. Figs. 5, 7, 6 and 8), leading to a similar allowed region as in previous analyses. We do not
find any significant preference for non-zero NP contributions in C10 or C 0

9 in these two simple
scenarios.

Similarly to our analysis of scenarios with NP in one Wilson coe�cient, we repeat the
fits doubling the form factor uncertainties and doubling the uncertainties of non-factorizable
corrections. For NP in C9 and C10, we find that the pull is reduced from 4.6� to 3.7� and 3.8�,
respectively. For NP in C9 and C 0

9 the pull is reduced from 4.9� to 4.1� and 4.2�, respectively.
The impact of the inflated uncertainties is also illustrated in Fig. 2. Doubling the hadronic
uncertainties is not su�cient to achieve agreement between data and SM predictions at the 3�
level.

3.3. New physics or hadronic e↵ects?

It is conceivable that hadronic e↵ects that are largely underestimated could mimic new physics
in the Wilson coe�cient C9 [25]. As first quantified in [61] and later considered in [24,26,27,34],

6

4.6�

deviation. 

Doubling Hadronic 
uncertainties: 3.7�

µ µ?b s
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9 (right), assuming all other
Wilson coe�cients to be SM-like. For the constraints from the B ! K⇤µ+µ� and
Bs ! �µ+µ� angular observables from individual experiments as well as for the
constraints from branching ratio measurements of all experiments (“BR only”), we
show the 1� (��2 ⇡ 2.3) contours, while for the global fit (“all”), we show the 1, 2,
and 3� contours.

contours showing the constraints coming from the angular analyses of individual experiments,
as well as from branching ratio measurements of all experiments.

We observe that the individual constraints are all compatible with the global fit at the 1� or
2� level. While the CMS angular analysis shows good agreement with the SM expectations,
all other individual constraints show a deviation from the SM. In view of their precision,
the angular analysis and branching ratio measurements of LHCb still dominate the global fit
(cf. Figs. 5, 7, 6 and 8), leading to a similar allowed region as in previous analyses. We do not
find any significant preference for non-zero NP contributions in C10 or C 0

9 in these two simple
scenarios.

Similarly to our analysis of scenarios with NP in one Wilson coe�cient, we repeat the
fits doubling the form factor uncertainties and doubling the uncertainties of non-factorizable
corrections. For NP in C9 and C10, we find that the pull is reduced from 4.6� to 3.7� and 3.8�,
respectively. For NP in C9 and C 0

9 the pull is reduced from 4.9� to 4.1� and 4.2�, respectively.
The impact of the inflated uncertainties is also illustrated in Fig. 2. Doubling the hadronic
uncertainties is not su�cient to achieve agreement between data and SM predictions at the 3�
level.

3.3. New physics or hadronic e↵ects?

It is conceivable that hadronic e↵ects that are largely underestimated could mimic new physics
in the Wilson coe�cient C9 [25]. As first quantified in [61] and later considered in [24,26,27,34],
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There are several anomalies possibly hinting at physics 
beyond the SM

• The anomalous magnetic moment of the muon (g � 2)µ

•An intriguing pattern in                       transitions b ! sµ+µ�

• Lepton flavour non-universality in RK ,RK⇤



RK =
�(B̄ ! K̄µ+µ�)

�(B̄ ! K̄e+e�)
= 0.745+0.090

�0.074 ± 0.036

Theoretically clean, QED corrections ~ 1%


2.6�

LHCb, arXiv:1406.6482 hep-ex

Bordone, Isidori, Pattori, 1605.07633

Lepton flavour non-universality in RK ,

Exciting Times

R⇤
K =

�(B̄ ! K̄⇤µ+µ�)

�(B̄ ! K̄⇤e+e�)
=

(
0.660+0.110

�0.070 ± 0.024

0.685+0.113
�0.069 ± 0.047

[Simone Bifani CERN Seminar]

Results − II

› The compatibility of the result in the low-q2 with respect to the SM
prediction(s) is of 2.2-2.4 standard deviations
› The compatibility of the result in the central-q2with respect to the SM
prediction(s) is of 2.4-2.5 standard deviations

Simone Bifani 33CERN Seminar
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FIG. 3. The LFU ratios RK(⇤) in the SM and two NP benchmark models as function of q2. Conerning the error bands, the
same comments as for Fig. 2 apply.

In Fig. 3 we show RK(⇤) as functions of q2 in the SM and
in the same NP scenarios as in Fig. 2. In the SM, RK(⇤)

are to an excellent approximation q2 independent. For
very low q2 ' 4m2

µ they drop to zero, due to phase space
e↵ects. NP contact interactions lead to an approximately
constant shift in RK . The ratio RK⇤ , on the other hand,
shows a non-trivial q2 dependence in the presence of NP.
In contrast to B ! K``, the B ! K⇤`` decays at low q2

are dominated by the photon pole, which gives a lepton
flavor universal contribution. The e↵ect of NP is there-
fore diluted at low q2. Given the current experimental
uncertainties, the measured q2 shape of RK⇤ is compati-
ble with NP in form of a contact interaction. Significant
discrepancies from the shapes shown in Fig. 3 would im-
ply the existence of light NP degrees of freedom around
or below the scale set by q2 and a breakdown of the ef-
fective Hamiltonian framework.

Assuming that the description in terms of contact
interactions holds, we translate the best fit values of
the Wilson coe�cients into a generic NP scale. Repa-
rameterizing the e↵ective Hamiltonian (5) as HNP

e↵ =
�
P

i Oi/⇤2
i , one gets

⇤i =
4⇡

e

1p
|VtbV ⇤

ts|
1p
|Ci|

vp
2

' 35 TeVp
|Ci|

. (11)

Based on perturbative unitarity we therefore predict the
existence of NP degrees of freedom below a scale of
⇤NP ⇠

p
4⇡ ⇥ 35 TeV/

p
|Ci| ⇠ 100 TeV.

Compatibility with other rare B decay anomalies. It is
natural to connect the discrepancies in RK(⇤) to the other
existing anomalies in rare decays based on the b ! sµµ
transition. In the plots of Fig. 1 we show in dotted gray
the 1, 2, and 3� contours from our global b ! sµµ fit that
does not take into account the measurements of the LFU
observables RK(⇤) and DP 0

4,5
[6]. We observe that the

blue regions prefered by the LFU observables are fully

compatible with the b ! sµµ fit. We have also per-
formed a full fit, taking into account all the observables
from the b ! sµµ fit, the branching ratio of Bs ! µ+µ�

(assuming it not to be a↵ected by scalar NP contribu-
tions), and the BaBar measurement of the B ! Xse

+e�

branching ratio [57]. This fit, shown in red, points to
a non-standard Cµ

9 ' �1.2 with very high singificance.
Wilson coe�cients other than Cµ

9 are constrained by the
global fit.

Compared to the LFU observables, the global b ! sµµ
fit depends more strongly on estimates of hadronic uncer-
tainties in the b ! s`` transitions. To illustrate the im-
pact of a hypothetical, drastic underestimation of these
uncertainties, we also show results of a global fit where
uncertainties of non-factorisable hadronic contributions
are inflated by a factor of 5 with respect to our nominal
estimates. In this case, the global fit becomes dominated
by the LFU observables, but the b ! sµµ observables
still lead to relevant constraints. For instance, the best-
fit value for Cµ

10 in Tab. I would imply a 50% suppresion
of the Bs ! µ+µ� branching ratio, which is already in
tension with current measurements [47], barring cancel-
lations with scalar NP contributions.

Conclusions. The discrepancies between SM predic-
tions and experimental results in the LFU ratios RK and
RK⇤ can be explained by NP four-fermion contact inter-
actions (s̄b)(¯̀̀ ) with left-handed quark currents. Future
measurements of LFU di↵erences of B ! K⇤`+`� angu-
lar observables can help to identify the chirality struc-
ture of the lepton currents. If the hints for LFU vio-
lation in rare B decays are first signs of NP, perturba-
tive unitarity implies new degrees of freedom below a
scale of ⇤NP ⇠ 100 TeV. These results are robust, i.e.
they depend very mildly on assumptions about the size
of hadronic uncertainties in the B ! K(⇤)`+`� decays.

Intriguingly, the measured values of RK and RK⇤ are

[Altmannshofer et al.  1704.05435]
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In Fig. 3 we show RK(⇤) as functions of q2 in the SM and
in the same NP scenarios as in Fig. 2. In the SM, RK(⇤)

are to an excellent approximation q2 independent. For
very low q2 ' 4m2

µ they drop to zero, due to phase space
e↵ects. NP contact interactions lead to an approximately
constant shift in RK . The ratio RK⇤ , on the other hand,
shows a non-trivial q2 dependence in the presence of NP.
In contrast to B ! K``, the B ! K⇤`` decays at low q2

are dominated by the photon pole, which gives a lepton
flavor universal contribution. The e↵ect of NP is there-
fore diluted at low q2. Given the current experimental
uncertainties, the measured q2 shape of RK⇤ is compati-
ble with NP in form of a contact interaction. Significant
discrepancies from the shapes shown in Fig. 3 would im-
ply the existence of light NP degrees of freedom around
or below the scale set by q2 and a breakdown of the ef-
fective Hamiltonian framework.

Assuming that the description in terms of contact
interactions holds, we translate the best fit values of
the Wilson coe�cients into a generic NP scale. Repa-
rameterizing the e↵ective Hamiltonian (5) as HNP

e↵ =
�
P

i Oi/⇤2
i , one gets
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Based on perturbative unitarity we therefore predict the
existence of NP degrees of freedom below a scale of
⇤NP ⇠

p
4⇡ ⇥ 35 TeV/

p
|Ci| ⇠ 100 TeV.

Compatibility with other rare B decay anomalies. It is
natural to connect the discrepancies in RK(⇤) to the other
existing anomalies in rare decays based on the b ! sµµ
transition. In the plots of Fig. 1 we show in dotted gray
the 1, 2, and 3� contours from our global b ! sµµ fit that
does not take into account the measurements of the LFU
observables RK(⇤) and DP 0

4,5
[6]. We observe that the

blue regions prefered by the LFU observables are fully

compatible with the b ! sµµ fit. We have also per-
formed a full fit, taking into account all the observables
from the b ! sµµ fit, the branching ratio of Bs ! µ+µ�

(assuming it not to be a↵ected by scalar NP contribu-
tions), and the BaBar measurement of the B ! Xse
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branching ratio [57]. This fit, shown in red, points to
a non-standard Cµ

9 ' �1.2 with very high singificance.
Wilson coe�cients other than Cµ

9 are constrained by the
global fit.

Compared to the LFU observables, the global b ! sµµ
fit depends more strongly on estimates of hadronic uncer-
tainties in the b ! s`` transitions. To illustrate the im-
pact of a hypothetical, drastic underestimation of these
uncertainties, we also show results of a global fit where
uncertainties of non-factorisable hadronic contributions
are inflated by a factor of 5 with respect to our nominal
estimates. In this case, the global fit becomes dominated
by the LFU observables, but the b ! sµµ observables
still lead to relevant constraints. For instance, the best-
fit value for Cµ

10 in Tab. I would imply a 50% suppresion
of the Bs ! µ+µ� branching ratio, which is already in
tension with current measurements [47], barring cancel-
lations with scalar NP contributions.

Conclusions. The discrepancies between SM predic-
tions and experimental results in the LFU ratios RK and
RK⇤ can be explained by NP four-fermion contact inter-
actions (s̄b)(¯̀̀ ) with left-handed quark currents. Future
measurements of LFU di↵erences of B ! K⇤`+`� angu-
lar observables can help to identify the chirality struc-
ture of the lepton currents. If the hints for LFU vio-
lation in rare B decays are first signs of NP, perturba-
tive unitarity implies new degrees of freedom below a
scale of ⇤NP ⇠ 100 TeV. These results are robust, i.e.
they depend very mildly on assumptions about the size
of hadronic uncertainties in the B ! K(⇤)`+`� decays.

Intriguingly, the measured values of RK and RK⇤ are

[Altmannshofer et al.  1704.05435]
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• Lepton flavour non-universality in RK ,RK⇤

• Lepton flavour non-universality in R(D(⇤))



R(D(⇤)) =
B̄ ! D(⇤)⌧ ⌫̄

B̄ ! D(⇤)`⌫̄

• Belle II is expected to improve 
exp. error by factor ~5 !

4�Enhanced B→D(*)τν decay rates
❖ Puzzling observation of enhanced semileptonic decay rates for third-

generation leptons (~22% of B→D*τν events due to new physics):

M. Neubert: Heavy Flavour Physics (Introductory Talk)                                                                                                      3

R(D*) status today

Moriond ElectroWeak March 22 , 2017

5

If WA is correct, 22% of the D*tn events are mediated by new physics!

http://www.slac.stanford.edu/xorg/hfag/semi/index.html

MITP/15-100
November 9, 2015

One Leptoquark to Rule Them All:
A Minimal Explanation for RD(⇤), RK and (g � 2)µ

Martin Bauera and Matthias Neubertb,c
aInstitut für Theoretische Physik, Universität Heidelberg, Philosophenweg 16, 69120 Heidelberg, Germany

bPRISMA Cluster of Excellence & MITP, Johannes Gutenberg University, 55099 Mainz, Germany
cDepartment of Physics & LEPP, Cornell University, Ithaca, NY 14853, U.S.A.

We show that by adding a single new scalar particle to the Standard Model, a TeV-scale leptoquark
with the quantum numbers of a right-handed down quark, one can explain in a natural way three of
the most striking anomalies of particle physics: the violation of lepton universality in B̄ ! K̄`+`�

decays, the enhanced B̄ ! D(⇤)⌧ ⌫̄ decay rates, and the anomalous magnetic moment of the muon.
Constraints from other precision measurements in the flavor sector can be satisfied without fine-
tuning. Our model predicts enhanced B̄ ! K̄(⇤)⌫⌫̄ decay rates and a new-physics contribution to
Bs�B̄s mixing close to the current central fit value.

Introduction. Rare decays and low-energy precision
measurements provide powerful probes of physics beyond
the Standard Model (SM). During the first run of the
LHC, many existing measurements of such observables
were improved and new channels were discovered, at rates
largely consistent with SM predictions. However, a few
anomalies observed by previous experiments have been
reinforced by LHC measurements and some new anoma-
lous signals have been reported. The most remarkable
example of a confirmed e↵ect is the 3.5� deviation from
the SM expectation in the combination of the ratios

R
D

(⇤) =
�(B̄ ! D(⇤)⌧ ⌫̄)

�(B̄ ! D(⇤)`⌫̄)
; ` = e, µ. (1)

An excess of the B̄ ! D(⇤)⌧ ⌫̄ decay rates was first noted
by BaBar [1, 2], and it was shown that this e↵ect can-
not be explained in terms of type-II two Higgs-doublet
models. The relevant rate measurements were consis-
tent with those reported by Belle [3–5] and were recently
confirmed by LHCb for the case of R

D

⇤ [6]. Since these
decays are mediated at tree level in the SM, relatively
large new-physics contributions are necessary in order to
explain the deviations. Taking into account the di↵eren-
tial distributions d�(B̄ ! D⌧ ⌫̄)/dq2 provided by BaBar
[2] and Belle [7], only very few models can explain the ex-
cess, and they typically require new particles with masses
near the TeV scale and O(1) couplings [8–17]. One of the
interesting new anomalies is the striking 2.6� departure
from lepton universality of the ratio

R
K

=
�(B̄ ! K̄µ+µ�)

�(B̄ ! K̄e+e�)
= 0.745+0.090

�0.074 ± 0.036 (2)

in the dilepton invariant mass bin 1GeV2  q2  6 GeV2,
reported by LHCb [18]. This ratio is essentially free from
hadronic uncertainties, making it very sensitive to new
physics. Equally intriguing is a discrepancy in angu-
lar observables in the rare decays B̄ ! K̄⇤µ+µ� seen
by LHCb [19], which is however subject to significant
hadronic uncertainties [20–22]. Both observables are in-
duced by loop-mediated processes in the SM, and assum-
ing O(1) couplings one finds that the dimension-6 opera-

tors that improve the global fit to the data are suppressed
by mass scales of order tens of TeV [23–26].

In this letter we propose a simple extension of the SM
by a single scalar leptoquark � transforming as (3,1,� 1

3 )
under the SM gauge group, which can explain both the
R

D

(⇤) and the R
K

anomalies with a low mass M
�

⇠
1 TeV and O(1) couplings. The fact that such a particle
can explain the anomalous B̄ ! D(⇤)⌧ ⌫̄ rates and q2

distributions is well known [13, 17]. Here we show that
the same leptoquark can resolve in a natural way the R

K

anomaly and explain the anomalous magnetic moment of
the muon. Reproducing R

K

with a light leptoquark is
possible in our model, because the transitions b ! s`+`�

are only mediated at loop level. Such loop e↵ects have
not been studied previously in the literature. We also
discuss possible contributions to B

s

�B̄
s

mixing, the rare
decays B̄ ! K̄(⇤)⌫⌫̄, D0 ! µ+µ�, ⌧ ! µ�, and the
Z-boson couplings to fermions. We focus primarily on
fermions of the second and third generations, leaving a
more complete analysis for future work.

The leptoquark � can couple to LQ and e
R

u
R

, as well
as to operators which would allow for proton decay and
will be ignored in the following. Such operators can be
eliminated, e.g., by means of a discrete symmetry, under
which SM leptons and � are assigned opposite parity.
The leptoquark interactions follow from the Lagrangian

L
�

= (D
µ

�)†D
µ

�� M2
�

|�|2 � g
h�

|�|2|�|2
+ Q̄c�Li⌧2L�

⇤ + ūc

R

�Re
R

�⇤ + h.c. ,
(3)

where � is the Higgs doublet, �L,R are matrices in fla-
vor space, and  c = C ̄T are charge-conjugate spinors.
Note that our leptoquark shares the quantum numbers of
a right-handed sbottom, and the couplings proportional
to �L can be reproduced from the R-parity violating su-
perpotential. The above Lagrangian refers to the weak
basis. Switching to the mass basis for quarks and charged
leptons, the couplings to fermions take the form

L
�

3 ūc

L

�L

ue

e
L

�⇤�d̄c
L

�L

d⌫

⌫
L

�⇤+ūc

R

�R

ue

e
R

�⇤+h.c. , (4)

where

�L

ue

= UT

u

�LU
e

, �L

d⌫

= UT

d

�L , �R

ue

= V T

u

�
R

V
e

, (5)

R(D*) status today
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If WA is correct, 22% of the D*tn events are mediated by new physics!

http://www.slac.stanford.edu/xorg/hfag/semi/index.html

⇠ 3.5�

Exciting Times

deviates by
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�
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Exciting Times

There are several anomalies possibly hinting at physics 
beyond the SM

• The anomalous magnetic moment of the muon (g � 2)µ

•An intriguing pattern in                       transitions b ! sµ+µ�

• Lepton flavour non-universality in RK ,RK⇤

• Lepton flavour non-universality in R(D(⇤))

Three of the most remarkable tensions are related to muons!



The known particles were the

This was a very successful model, as it greatly simplified 
the previous best candidate for a fundamental theory of 
elementary particles, the periodic table of elements.

e

The Standard Model in the 30s

Proton

u 
u 

d

Neutron

d
u d e

Electron

v

Neutrino
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Frc. 12. Pike's Peak, 7900 gauss. A disintegration
produced by a nonionizing ray occurs at a point in the
0.35 cm lead plate, from which six particles are ejected.
One of the particles (strongly ionizing) ejected nearly
vertically upward has the range of a 1.5 MEV proton, Its
energy (given by its range) corresponds to an Hp = 1.7 X10',
or a radius of 20 cm, which is three times the observed
value. If the observed curvature were produced entirely by
magnetic deflection it would be necessary to conclude that
this track represents a massive particle with an e/m much
greater than that of a proton or any other known nucleus,
As there are no experimental data available on the multiple
scattering of low energy protons in argon it is difficult to
estimate to what extent scattering may have modified the
curvature in this case. The particle is therefore tentatively
interpreted as a proton. The other particle ejected upward
to the right may be either an electron or a fast proton. The
four particles ejected downward are positively charged
and do not ionize sufficiently strongly to represent protons
of the curvatures shown. If they are positrons their
energies are respectively 105, 250, ~500 and 60 MEV.
The summed energies of the six particles produced in this
disintegration must exceed 1000 MEV. Since an electron
shower, coming in from above the chamber, occurs on this
exposure coincident in time with the disintegration in the
plate, the latter probably resulted from an encounter by a
photon or neutron which was produced along with the
electrons in the shower. The fact that light particles receive
so much energy would tend to favor the photon view.
This disintegration in which all the ejected particles are
probably positively charged represents a process funda-
mentally different from the usual electron shower; it shows
that charge has been removed from the nlclems and made
to appear in the form of light particles.

Fr@,. 13. Pasadena, 4500 gauss. A complex electron
shower not clearly defined in direction, and three heavy
particles with specific ionizations definitely greater than
that of electrons. The sign of charge of two of these heavy
particles represented by short tracks cannot be determined,
but the assumption that they represent protons is con-
sistent with the information supplied by the photograph.
The third heavy track appears above the 0.35 cm lead
plate where it has a specific ionization not noticeably
different from that of an electron. It penetrates the lead
plate and appears in the lower half of the chamber as a
nearly vertical track near the middle. Below the plate it
shows a greater ionization than an electron, and is deviated
in the magnetic field to indicate a positively charged
particle. Its Hp is apparently at most 1.4)&10 gauss cm,
which corresponds to a proton energy of 1 MEV and a
range of only 2 cm in the chamber, whereas the observed
range is greater than 5 cm. A difficulty of the same nature
was discussed in the description of the previous photograph.

but the assumption made that the particle
travels downward, there occur 33 tracks repre-
senting positively charged particles, and 5 repre-
senting negative particles; the latter 5 tracks,
however, may well represent positive particles
thrown backward.
For comparison with the Pike's Peak data a set

of l0, 543 exposures made at Pasadena under

the vertical as measured in the plane of the
chamber. Whereas the high energy electrons
favor the vertical direction very strongly, a large
percentage of the heavy particles are nearly
horizontal, and in several instances they are
clearly seen to be projected upward (see Figs.
9, 10, 12), indicating that in general they repre-
sent secondaries resulting from nuclear dis-
integration.
Wherever the direction of the particles is

definitely known (as for particles produced by a
disintegration occurring inside the chamber), the
sense of curvature in the magnetic field is such as
to indicate particles of positive charge. In the
cases where the direction of travel is not known,

14jl

FK'. 14. Pasadena, 4500 gauss. A short dense track shows
the ejection of a strongly ionizing particle from the lead
plate, apparently coincident in time" with the electron
shower. This particle may be a proton although it is not
possible to determine its energy.

Neddermeyer Anderson

Neddermeyer and Anderson 
discover a new fermion with
m = 106MeV

The Standard Model in the 30s

Who ordered that?
-Rabi



Ultra-High Precision

In the next years we will enter a new golden age for high 
precision lepton experiments

• Electron EDM de . 10�27 e cm de . 10�29�10�31 e cm

�aµ = 7.2⇥ 10�9 �aµ = 1.4⇥ 10�9

µ ! e� BR(µ ! e�) < 4.2⇥ 10�13 BR(µ ! e�) < 5⇥ 10�14•  
•  Nµ ! Ne BR(Nµ ! Ne) < 6⇥ 10�13 BR(Nµ ! Ne) < 3⇥ 10�17

•  BR(µ ! eee) < 4⇥ 10�12 BR(µ ! eee) < 1⇥ 10�16µ ! eee

• Muon g-2 

and plans for more…
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This is an improvement hardly found in modern physics… 

…these experiments will allow us to look at the muon 
with a resolution ~10 000 times better than ever before.

[Bernstein, P. S. Cooper Phys.Rept. 532 (2013)]

Ultra-High Precision



…these experiments will allow us to look at the muon 
with a resolution ~10 000 times better than ever before.

[Bernstein, P. S. Cooper Phys.Rept. 532 (2013)]

Ultra-High Precision



Limits on New Physics

µ e

e e

probes scales up to ⇤ ⇡ 1000� 4000TeV

LLFV =
mµ

⇤2 µ̄R �µ⌫eL Fµ⌫ +
1

⇤2

�
µ̄L�

µeL
��
ēL�µeL

�

�, Z

eµ

e e

What can we learn?



This is of course model-dependent, but very impressive

What can we learn?
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M M

M

µ

µ

µ

e

e

e
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a, s

a, s

e

M M
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t t DD

a, s

M M

M

µ

µ

µ

e

e

e

a, s
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a, s

e

M M

a, s

t t DD

a, s

Figure 5. Left to right: diagrams showing flavon contributions to meson mixing processes at tree level and
loop level, and diagram showing flavon contributions to leptonic and semi-leptonic Meson decays.

and the results for our benchmark point are shown in Figure ??.
[2]

B. Constraints from Leptonic Meson Decays

Flavon mediated tree-level decays of neutral mesons into charged leptons can be described by
the e↵ective Hamiltonian

H
e↵

= �G2

FM2

W

⇡2

⇣
Cij
S (q̄iPLqj)¯̀̀ + C̃ij

S (q̄iPRqj)¯̀̀ + Cij
P (q̄iPLqj)¯̀�5

` + C̃ij
P (q̄iPRqj)¯̀�5

`
⌘
+ h.c. ,

(37)
and are generated by diagrams of the type shown on the right of Figure 5. The branching ratio for
the decay of a neutral meson M(q̄iqj) ! `+`� is given by

BR(M ! ``) =
G4

FM4

W

8⇡5

�

✓
m`

MM

◆
MMf2

Mm2

`⌧M

⇥

8
<

:

�����
M2

M

�
Cij
P � C̃ij

P

�

2m`(mi + mj)
� CSM

A

�����

2

+

�����
M2

M

�
Cij
S � C̃ij

S

�

2m`(mi + mj)

�����

2

�2

✓
m`

MM

◆9=

; (38)

in which �(x) =
p
1� 4x2. The SM contribution is generated at one loop, and for the Bs-system

is to a very good approximation given by

C
SM

= �V ⇤
tbVts Y

✓
m2

t

M2

W

◆
(39)

with

Y (x) = ⌘
QCD

x

8


4� x

1� x
+

3x

(1� x)2
ln(x)

�
(40)

where ⌘
QCD

= 1.0113 parametrizes higher order corrections and we employ the numerical input
of[4]. Due to the sizable width di↵erence of the Bs-meson system, the theoretical prediction has to
be rescaled by (1�ys)�1, where ys = 0.088±0.014 [], before being compared with the experimental
result []

BR(Bs ! µ+µ�) = 2.8+0.7
�0.6 ⇥ 10�9 . (41)

In the case of the Bd-system, the corresponding correction is negligible and the SM prediction
follows from a straightforward replacement of indices in (39). The recent combination of CMS []
and LHCb [] measurements yields

BR(Bd ! µ+µ�) = 3.6± 1.6⇥ 10�10 . (42)
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C. µ ! 3e, ⌧ ! 3µ and ⌧ ! 3µ

The e↵ective Lagrangian parametrizing contributions to `0 ! 3` can be written as

L
e↵

= �2
X

L,R

CAB (¯̀0PA`)(¯̀PB`) , (59)

and the corresponding decay width is

�(`0 ! 3`) =
m5

`

3 · 212⇡3

�
|CLL|2 + |CRR|2 + 2|C2

LR|+ 2|CRL|2
�

. (60)

The dominant contributions from flavon exchange are generated at tree-level from diagrams like
the one shown on the right in Figure 9. The Wilson coe�cients read

CLL = g⇤
``0g

⇤
``

✓
1

m2

a

� 1

m2

s

◆
, CLR = g⇤

``0g``

✓
1

m2

a

+
1

m2

s

◆
, (61)

and CRR = C⇤
LL and CRL = C⇤

LR. In the case of µ ! 3e, the largest contribution from one-loop
diagrams such as the one on the left of Figure 9 are suppressed by an additional factor

�2m⌧

9memµ
⇡ 0.1 , (62)

and therefore negligible. For ⌧ ! 3` decays, this suppression is even more pronounced. The most
stringent bounds on flavor violating three-body decays are

BR(⌧ ! 3µ) < 2.1⇥ 10�8 , (63)

BR(⌧ ! 3e) < 2.7⇥ 10�8 , (64)

BR(µ ! 3e) < 1.0⇥ 10�12 . (65)

Mu3e will improve the limit on BR(µ ! 3e) by at least 5 orders of magnitude []. Flavon exchange
however will only result in branching ratios of BR(µ ! 3e) = O(10�20), BR(⌧ ! 3e) = O(10�19)
and BR(⌧ ! 3e) = O(10�16). Charged lepton decays with multiple flavor violations such as
⌧ ! µee are further phase-space suppressed.

M M
µ e

N

u, d, s u, d, s

a, s

µ e

N

a, s

a, s
µ e

�

µ

e

e

e

a, s

a, s

t t

D D

a, s

M

µ

µ

a, s

�

µ e

b

Z, �a, s

M M

a
s

a
s

t

t

Figure 10. Diagrams showing flavon contributions to µ ! e conversion in nuclei at tree level and one-loop
level.

[MB, Schell, Plehn,  PRD 94, no. 5, 056003 (2016)]

COMET

DeeMe

Sindrum II

Nµ ! NeK � ¯Kmixing



What about light New Physics?

Light New Physics

In general it needs to be weakly coupled.

There are two theoretically well-motivated categories for 
light new particles.

µ e

e e

m < mµ

Goldstone bosonsNew Gauge Bosons



Weak couplings from mixing:

New Gauge Bosons

L = �1

4
Fµ⌫F

µ⌫ � ✏

2
Fµ⌫X

µ⌫ � 1

4
Xµ⌫X

µ⌫

� �0

� �0

Charged matter is milli-charged 
under U(1)X

�0 eAµJ
µ
EM � ✏ eXµJ

µ
EM

Leads to “universal” couplings.



Light gauge bosons automatically couple weakly! 

New Gauge Bosons

L = DµS(D
µS)† = (@µ � igAµ)(f + S)(@µ + igAµ)(f + S)

3 g2f2AµA
µ

m2
A = g2f2

If there are no new fermions, not everything can be 
charged.

Leads to flavor-specific couplings.



Anomaly cancellation necessary for gauge invariance.

New Gauge Bosons

� � ) m� 6= 0

All triangle diagrams have to vanish
X

Fermions

= 0

[S. Adler (1969). Physical Review. 177 (5): 2426] [Bell, Jackiw (1969) Il Nuovo Cimento A. 60:47]

This fixes the Standard Model hypercharges.



There is a limited number of possible new light gauge bosons 
consistent with the SM (= anomaly free) and flavour safe.

Universal B - L Lµ � L⌧Le � L⌧Lµ � Le

Searching all the hidden Photons



There is a limited number of possible new light gauge bosons 
consistent with the SM (= anomaly free) and flavour safe.

Universal B - L Lµ � L⌧Le � L⌧Lµ � Le

Searching all the hidden Photons

• couples 
to quarks 
and 
leptons

• couples 
to all 
charged 
matter

• couples 
to muons 
and 
electrons

• couples 
to taus 
and 
electrons

• couples 
to taus 
and 
muons

usually constraints are put on the most general 
case. [MB, Foldenauer, Jaeckel, 1705….]



Ilten et al. Phys. Rev. Lett.  116, no. 25, 251803 (2016)
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FIG. 1. Previous and planned experimental bounds on dark photons (adapted from [1]) compared to the anticipated LHCb
reach for inclusive A0 production in the di-muon channel (see the text for definitions of prompt, pre-module, and post-module).
The red vertical bands indicate QCD resonances which would have to be masked in a complete analysis. The LHCb D⇤

anticipated limit comes from [48], and Belle-II comes from [49].

where X is any (multiparticle) final state. Ignoring
O(m2

A

0/m2
Z

) and O(↵EM) corrections, this process has
the identical cross section to the prompt SM process
which originates from the EM current

BEM : pp ! X�⇤ ! Xµ+µ�, (7)

up to di↵erences between the A0 and �⇤ propagators and
the kinetic-mixing suppression. Interference between S
and BEM is negligible for a narrow A0 resonance. There-
fore, for any selection criteria on X, µ+, and µ�, the
ratio between the di↵erential cross sections is

d�
pp!XA

0
!Xµ

+
µ

�

d�
pp!X�

⇤
!Xµ

+
µ

�
= ✏4

m4
µµ

(m2
µµ

�m2
A

0)2 + �2
A

0m2
A

0
, (8)

where m
µµ

is the di-muon invariant mass, for the case
�
A

0 ⌧ |m
µµ

�m
A

0 | ⌧ m
A

0 . The ✏4 factor arises because
both the A0 production and decay rates scale like ✏2.

To obtain a signal event count, we integrate over an
invariant-mass range of |m

µµ

� m
A

0 | < 2�
mµµ , where

�
mµµ is the detector resolution on m

µµ

. The ratio of
signal events to prompt EM background events is

S

BEM
⇡ ✏4

⇡

8

m2
A

0

�
A

0�
mµµ

⇡ 3⇡

8

m
A

0

�
mµµ

✏2

↵EM(N
`

+R
µ

)
, (9)

neglecting phase space factors for N
`

leptons lighter
than m

A

0/2. This expression already accounts for the

A0 ! µ+µ� branching-fraction suppression when R
µ

is
large. Despite the factor of ✏4 in (8), the ratio in (9) is
proportional to ✏2 because of the ✏2 scaling of �

A

0 .
We emphasize that (9) holds for any final state X (and

any kinematic selection) in the m
A

0 ⌧ m
Z

limit for tree-
level single-photon processes. In particular, it already in-
cludes µ+µ� production from QCD vector mesons that
mix with the photon. This allows us to perform a fully
data-driven analysis, since the e�ciency and acceptance
for the (measured) prompt SM process is the same as
for the (inferred) signal process, excluding A0 lifetime-
based e↵ects. The dominant component of BEM at small
m

A

0 comes from meson decays M ! µ+µ�Y , especially
⌘ ! µ+µ��, and is denoted as B

M

(which includes feed-
down contributions from heavier meson decays). There
are also two other important components: final state
radiation (FSR) and Drell-Yan (DY) production. Non-
prompt �⇤ production is small and only considered as a
background.
Beyond BEM, there are other important sources of

backgrounds that contribute to the reconstructed prompt
di-muon sample, ordered by their relative size:

• B⇡⇡

misID: Two pions (and more rarely a kaon and
pion) can be misidentified (misID) as a fake di-
muon pair, including the contribution from in-flight
decays. This background can be deduced and sub-
tracted in a data-driven way using prompt same-

Searching all the hidden Photons
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FIG. 1. Previous and planned experimental bounds on dark photons (adapted from [1]) compared to the anticipated LHCb
reach for inclusive A0 production in the di-muon channel (see the text for definitions of prompt, pre-module, and post-module).
The red vertical bands indicate QCD resonances which would have to be masked in a complete analysis. The LHCb D⇤

anticipated limit comes from [48], and Belle-II comes from [49].

where X is any (multiparticle) final state. Ignoring
O(m2

A

0/m2
Z

) and O(↵EM) corrections, this process has
the identical cross section to the prompt SM process
which originates from the EM current

BEM : pp ! X�⇤ ! Xµ+µ�, (7)

up to di↵erences between the A0 and �⇤ propagators and
the kinetic-mixing suppression. Interference between S
and BEM is negligible for a narrow A0 resonance. There-
fore, for any selection criteria on X, µ+, and µ�, the
ratio between the di↵erential cross sections is

d�
pp!XA
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+
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⇤
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+
µ
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= ✏4
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(m2
µµ

�m2
A

0)2 + �2
A
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A

0
, (8)

where m
µµ

is the di-muon invariant mass, for the case
�
A

0 ⌧ |m
µµ

�m
A

0 | ⌧ m
A

0 . The ✏4 factor arises because
both the A0 production and decay rates scale like ✏2.

To obtain a signal event count, we integrate over an
invariant-mass range of |m

µµ

� m
A

0 | < 2�
mµµ , where

�
mµµ is the detector resolution on m

µµ

. The ratio of
signal events to prompt EM background events is

S

BEM
⇡ ✏4

⇡

8

m2
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0

�
A

0�
mµµ

⇡ 3⇡

8

m
A

0

�
mµµ

✏2

↵EM(N
`

+R
µ

)
, (9)

neglecting phase space factors for N
`

leptons lighter
than m

A

0/2. This expression already accounts for the

A0 ! µ+µ� branching-fraction suppression when R
µ

is
large. Despite the factor of ✏4 in (8), the ratio in (9) is
proportional to ✏2 because of the ✏2 scaling of �

A

0 .
We emphasize that (9) holds for any final state X (and

any kinematic selection) in the m
A

0 ⌧ m
Z

limit for tree-
level single-photon processes. In particular, it already in-
cludes µ+µ� production from QCD vector mesons that
mix with the photon. This allows us to perform a fully
data-driven analysis, since the e�ciency and acceptance
for the (measured) prompt SM process is the same as
for the (inferred) signal process, excluding A0 lifetime-
based e↵ects. The dominant component of BEM at small
m

A

0 comes from meson decays M ! µ+µ�Y , especially
⌘ ! µ+µ��, and is denoted as B

M

(which includes feed-
down contributions from heavier meson decays). There
are also two other important components: final state
radiation (FSR) and Drell-Yan (DY) production. Non-
prompt �⇤ production is small and only considered as a
background.
Beyond BEM, there are other important sources of

backgrounds that contribute to the reconstructed prompt
di-muon sample, ordered by their relative size:

• B⇡⇡

misID: Two pions (and more rarely a kaon and
pion) can be misidentified (misID) as a fake di-
muon pair, including the contribution from in-flight
decays. This background can be deduced and sub-
tracted in a data-driven way using prompt same-
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FIG. 1. Previous and planned experimental bounds on dark photons (adapted from [1]) compared to the anticipated LHCb
reach for inclusive A0 production in the di-muon channel (see the text for definitions of prompt, pre-module, and post-module).
The red vertical bands indicate QCD resonances which would have to be masked in a complete analysis. The LHCb D⇤

anticipated limit comes from [48], and Belle-II comes from [49].

where X is any (multiparticle) final state. Ignoring
O(m2

A

0/m2
Z

) and O(↵EM) corrections, this process has
the identical cross section to the prompt SM process
which originates from the EM current

BEM : pp ! X�⇤ ! Xµ+µ�, (7)

up to di↵erences between the A0 and �⇤ propagators and
the kinetic-mixing suppression. Interference between S
and BEM is negligible for a narrow A0 resonance. There-
fore, for any selection criteria on X, µ+, and µ�, the
ratio between the di↵erential cross sections is
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+
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= ✏4
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(m2
µµ

�m2
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0)2 + �2
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0m2
A

0
, (8)

where m
µµ

is the di-muon invariant mass, for the case
�
A

0 ⌧ |m
µµ

�m
A

0 | ⌧ m
A

0 . The ✏4 factor arises because
both the A0 production and decay rates scale like ✏2.

To obtain a signal event count, we integrate over an
invariant-mass range of |m

µµ

� m
A

0 | < 2�
mµµ , where

�
mµµ is the detector resolution on m

µµ

. The ratio of
signal events to prompt EM background events is

S

BEM
⇡ ✏4

⇡

8

m2
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0

�
A

0�
mµµ

⇡ 3⇡

8

m
A

0

�
mµµ

✏2

↵EM(N
`

+R
µ

)
, (9)

neglecting phase space factors for N
`

leptons lighter
than m

A

0/2. This expression already accounts for the

A0 ! µ+µ� branching-fraction suppression when R
µ

is
large. Despite the factor of ✏4 in (8), the ratio in (9) is
proportional to ✏2 because of the ✏2 scaling of �

A

0 .
We emphasize that (9) holds for any final state X (and

any kinematic selection) in the m
A

0 ⌧ m
Z

limit for tree-
level single-photon processes. In particular, it already in-
cludes µ+µ� production from QCD vector mesons that
mix with the photon. This allows us to perform a fully
data-driven analysis, since the e�ciency and acceptance
for the (measured) prompt SM process is the same as
for the (inferred) signal process, excluding A0 lifetime-
based e↵ects. The dominant component of BEM at small
m

A

0 comes from meson decays M ! µ+µ�Y , especially
⌘ ! µ+µ��, and is denoted as B

M

(which includes feed-
down contributions from heavier meson decays). There
are also two other important components: final state
radiation (FSR) and Drell-Yan (DY) production. Non-
prompt �⇤ production is small and only considered as a
background.
Beyond BEM, there are other important sources of

backgrounds that contribute to the reconstructed prompt
di-muon sample, ordered by their relative size:

• B⇡⇡

misID: Two pions (and more rarely a kaon and
pion) can be misidentified (misID) as a fake di-
muon pair, including the contribution from in-flight
decays. This background can be deduced and sub-
tracted in a data-driven way using prompt same-

X� ! X�0 ! Xµ+µ�D⇤ ! D� ! D�0 ! De+e�

Searching all the hidden Photons
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reach for inclusive A0 production in the di-muon channel (see the text for definitions of prompt, pre-module, and post-module).
The red vertical bands indicate QCD resonances which would have to be masked in a complete analysis. The LHCb D⇤

anticipated limit comes from [48], and Belle-II comes from [49].

where X is any (multiparticle) final state. Ignoring
O(m2

A

0/m2
Z

) and O(↵EM) corrections, this process has
the identical cross section to the prompt SM process
which originates from the EM current

BEM : pp ! X�⇤ ! Xµ+µ�, (7)

up to di↵erences between the A0 and �⇤ propagators and
the kinetic-mixing suppression. Interference between S
and BEM is negligible for a narrow A0 resonance. There-
fore, for any selection criteria on X, µ+, and µ�, the
ratio between the di↵erential cross sections is

d�
pp!XA

0
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+
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⇤
!Xµ

+
µ

�
= ✏4

m4
µµ

(m2
µµ

�m2
A

0)2 + �2
A

0m2
A

0
, (8)

where m
µµ

is the di-muon invariant mass, for the case
�
A

0 ⌧ |m
µµ

�m
A

0 | ⌧ m
A

0 . The ✏4 factor arises because
both the A0 production and decay rates scale like ✏2.

To obtain a signal event count, we integrate over an
invariant-mass range of |m

µµ

� m
A

0 | < 2�
mµµ , where

�
mµµ is the detector resolution on m

µµ

. The ratio of
signal events to prompt EM background events is

S

BEM
⇡ ✏4

⇡

8

m2
A

0

�
A

0�
mµµ

⇡ 3⇡

8

m
A

0

�
mµµ

✏2

↵EM(N
`

+R
µ

)
, (9)

neglecting phase space factors for N
`

leptons lighter
than m

A

0/2. This expression already accounts for the

A0 ! µ+µ� branching-fraction suppression when R
µ

is
large. Despite the factor of ✏4 in (8), the ratio in (9) is
proportional to ✏2 because of the ✏2 scaling of �

A

0 .
We emphasize that (9) holds for any final state X (and

any kinematic selection) in the m
A

0 ⌧ m
Z

limit for tree-
level single-photon processes. In particular, it already in-
cludes µ+µ� production from QCD vector mesons that
mix with the photon. This allows us to perform a fully
data-driven analysis, since the e�ciency and acceptance
for the (measured) prompt SM process is the same as
for the (inferred) signal process, excluding A0 lifetime-
based e↵ects. The dominant component of BEM at small
m

A

0 comes from meson decays M ! µ+µ�Y , especially
⌘ ! µ+µ��, and is denoted as B

M

(which includes feed-
down contributions from heavier meson decays). There
are also two other important components: final state
radiation (FSR) and Drell-Yan (DY) production. Non-
prompt �⇤ production is small and only considered as a
background.
Beyond BEM, there are other important sources of

backgrounds that contribute to the reconstructed prompt
di-muon sample, ordered by their relative size:

• B⇡⇡

misID: Two pions (and more rarely a kaon and
pion) can be misidentified (misID) as a fake di-
muon pair, including the contribution from in-flight
decays. This background can be deduced and sub-
tracted in a data-driven way using prompt same-

e+e� ! �0� ! �``0

Searching all the hidden Photons
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FIG. 1. Previous and planned experimental bounds on dark photons (adapted from [1]) compared to the anticipated LHCb
reach for inclusive A0 production in the di-muon channel (see the text for definitions of prompt, pre-module, and post-module).
The red vertical bands indicate QCD resonances which would have to be masked in a complete analysis. The LHCb D⇤

anticipated limit comes from [48], and Belle-II comes from [49].

where X is any (multiparticle) final state. Ignoring
O(m2

A

0/m2
Z

) and O(↵EM) corrections, this process has
the identical cross section to the prompt SM process
which originates from the EM current

BEM : pp ! X�⇤ ! Xµ+µ�, (7)

up to di↵erences between the A0 and �⇤ propagators and
the kinetic-mixing suppression. Interference between S
and BEM is negligible for a narrow A0 resonance. There-
fore, for any selection criteria on X, µ+, and µ�, the
ratio between the di↵erential cross sections is
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+
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(m2
µµ

�m2
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0)2 + �2
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0m2
A

0
, (8)

where m
µµ

is the di-muon invariant mass, for the case
�
A

0 ⌧ |m
µµ

�m
A

0 | ⌧ m
A

0 . The ✏4 factor arises because
both the A0 production and decay rates scale like ✏2.

To obtain a signal event count, we integrate over an
invariant-mass range of |m

µµ

� m
A

0 | < 2�
mµµ , where

�
mµµ is the detector resolution on m

µµ

. The ratio of
signal events to prompt EM background events is

S

BEM
⇡ ✏4

⇡

8

m2
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0

�
A

0�
mµµ

⇡ 3⇡

8

m
A

0

�
mµµ

✏2

↵EM(N
`

+R
µ

)
, (9)

neglecting phase space factors for N
`

leptons lighter
than m

A

0/2. This expression already accounts for the

A0 ! µ+µ� branching-fraction suppression when R
µ

is
large. Despite the factor of ✏4 in (8), the ratio in (9) is
proportional to ✏2 because of the ✏2 scaling of �

A

0 .
We emphasize that (9) holds for any final state X (and

any kinematic selection) in the m
A

0 ⌧ m
Z

limit for tree-
level single-photon processes. In particular, it already in-
cludes µ+µ� production from QCD vector mesons that
mix with the photon. This allows us to perform a fully
data-driven analysis, since the e�ciency and acceptance
for the (measured) prompt SM process is the same as
for the (inferred) signal process, excluding A0 lifetime-
based e↵ects. The dominant component of BEM at small
m

A

0 comes from meson decays M ! µ+µ�Y , especially
⌘ ! µ+µ��, and is denoted as B

M

(which includes feed-
down contributions from heavier meson decays). There
are also two other important components: final state
radiation (FSR) and Drell-Yan (DY) production. Non-
prompt �⇤ production is small and only considered as a
background.
Beyond BEM, there are other important sources of

backgrounds that contribute to the reconstructed prompt
di-muon sample, ordered by their relative size:

• B⇡⇡

misID: Two pions (and more rarely a kaon and
pion) can be misidentified (misID) as a fake di-
muon pair, including the contribution from in-flight
decays. This background can be deduced and sub-
tracted in a data-driven way using prompt same-

µ+ ! �0e+⌫e⌫̄µ ! e+e�e+⌫e⌫̄µ

Searching all the hidden Photons

[Echenard, Essig, Zhong, 1411.1770]
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FIG. 1. Previous and planned experimental bounds on dark photons (adapted from [1]) compared to the anticipated LHCb
reach for inclusive A0 production in the di-muon channel (see the text for definitions of prompt, pre-module, and post-module).
The red vertical bands indicate QCD resonances which would have to be masked in a complete analysis. The LHCb D⇤

anticipated limit comes from [48], and Belle-II comes from [49].

where X is any (multiparticle) final state. Ignoring
O(m2

A

0/m2
Z

) and O(↵EM) corrections, this process has
the identical cross section to the prompt SM process
which originates from the EM current

BEM : pp ! X�⇤ ! Xµ+µ�, (7)

up to di↵erences between the A0 and �⇤ propagators and
the kinetic-mixing suppression. Interference between S
and BEM is negligible for a narrow A0 resonance. There-
fore, for any selection criteria on X, µ+, and µ�, the
ratio between the di↵erential cross sections is
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, (8)

where m
µµ

is the di-muon invariant mass, for the case
�
A

0 ⌧ |m
µµ

�m
A

0 | ⌧ m
A

0 . The ✏4 factor arises because
both the A0 production and decay rates scale like ✏2.

To obtain a signal event count, we integrate over an
invariant-mass range of |m

µµ

� m
A

0 | < 2�
mµµ , where

�
mµµ is the detector resolution on m

µµ

. The ratio of
signal events to prompt EM background events is
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↵EM(N
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)
, (9)

neglecting phase space factors for N
`

leptons lighter
than m

A

0/2. This expression already accounts for the

A0 ! µ+µ� branching-fraction suppression when R
µ

is
large. Despite the factor of ✏4 in (8), the ratio in (9) is
proportional to ✏2 because of the ✏2 scaling of �

A

0 .
We emphasize that (9) holds for any final state X (and

any kinematic selection) in the m
A

0 ⌧ m
Z

limit for tree-
level single-photon processes. In particular, it already in-
cludes µ+µ� production from QCD vector mesons that
mix with the photon. This allows us to perform a fully
data-driven analysis, since the e�ciency and acceptance
for the (measured) prompt SM process is the same as
for the (inferred) signal process, excluding A0 lifetime-
based e↵ects. The dominant component of BEM at small
m

A

0 comes from meson decays M ! µ+µ�Y , especially
⌘ ! µ+µ��, and is denoted as B

M

(which includes feed-
down contributions from heavier meson decays). There
are also two other important components: final state
radiation (FSR) and Drell-Yan (DY) production. Non-
prompt �⇤ production is small and only considered as a
background.
Beyond BEM, there are other important sources of

backgrounds that contribute to the reconstructed prompt
di-muon sample, ordered by their relative size:

• B⇡⇡

misID: Two pions (and more rarely a kaon and
pion) can be misidentified (misID) as a fake di-
muon pair, including the contribution from in-flight
decays. This background can be deduced and sub-
tracted in a data-driven way using prompt same-
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FIG. 1. Previous and planned experimental bounds on dark photons (adapted from [1]) compared to the anticipated LHCb
reach for inclusive A0 production in the di-muon channel (see the text for definitions of prompt, pre-module, and post-module).
The red vertical bands indicate QCD resonances which would have to be masked in a complete analysis. The LHCb D⇤

anticipated limit comes from [48], and Belle-II comes from [49].

where X is any (multiparticle) final state. Ignoring
O(m2

A

0/m2
Z

) and O(↵EM) corrections, this process has
the identical cross section to the prompt SM process
which originates from the EM current

BEM : pp ! X�⇤ ! Xµ+µ�, (7)

up to di↵erences between the A0 and �⇤ propagators and
the kinetic-mixing suppression. Interference between S
and BEM is negligible for a narrow A0 resonance. There-
fore, for any selection criteria on X, µ+, and µ�, the
ratio between the di↵erential cross sections is

d�
pp!XA

0
!Xµ

+
µ

�

d�
pp!X�

⇤
!Xµ

+
µ

�
= ✏4

m4
µµ

(m2
µµ

�m2
A

0)2 + �2
A

0m2
A

0
, (8)

where m
µµ

is the di-muon invariant mass, for the case
�
A

0 ⌧ |m
µµ

�m
A

0 | ⌧ m
A

0 . The ✏4 factor arises because
both the A0 production and decay rates scale like ✏2.

To obtain a signal event count, we integrate over an
invariant-mass range of |m

µµ

� m
A

0 | < 2�
mµµ , where

�
mµµ is the detector resolution on m

µµ

. The ratio of
signal events to prompt EM background events is

S

BEM
⇡ ✏4

⇡

8

m2
A

0

�
A

0�
mµµ

⇡ 3⇡

8

m
A

0

�
mµµ

✏2

↵EM(N
`

+R
µ

)
, (9)

neglecting phase space factors for N
`

leptons lighter
than m

A

0/2. This expression already accounts for the

A0 ! µ+µ� branching-fraction suppression when R
µ

is
large. Despite the factor of ✏4 in (8), the ratio in (9) is
proportional to ✏2 because of the ✏2 scaling of �

A

0 .
We emphasize that (9) holds for any final state X (and

any kinematic selection) in the m
A

0 ⌧ m
Z

limit for tree-
level single-photon processes. In particular, it already in-
cludes µ+µ� production from QCD vector mesons that
mix with the photon. This allows us to perform a fully
data-driven analysis, since the e�ciency and acceptance
for the (measured) prompt SM process is the same as
for the (inferred) signal process, excluding A0 lifetime-
based e↵ects. The dominant component of BEM at small
m

A

0 comes from meson decays M ! µ+µ�Y , especially
⌘ ! µ+µ��, and is denoted as B

M

(which includes feed-
down contributions from heavier meson decays). There
are also two other important components: final state
radiation (FSR) and Drell-Yan (DY) production. Non-
prompt �⇤ production is small and only considered as a
background.
Beyond BEM, there are other important sources of

backgrounds that contribute to the reconstructed prompt
di-muon sample, ordered by their relative size:

• B⇡⇡

misID: Two pions (and more rarely a kaon and
pion) can be misidentified (misID) as a fake di-
muon pair, including the contribution from in-flight
decays. This background can be deduced and sub-
tracted in a data-driven way using prompt same-

µ+ ! �0e+⌫e⌫̄µ ! e+e�e+⌫e⌫̄µ

Belle II and Mu3E bounds 
translate to leptonic 
photons.

Searching all the hidden Photons



C. Hearty | Dark Photon measurements at Belle II

Projection

• Extrapolating from BaBar preliminary result; correct for 
different angular distribution of signal; improved 
systematic error at low mass. 
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the frequentist profile-likelihood limits [29]. Figure 5
compares our results to other limits on " in channels
where A0 is allowed to decay invisibly, as well as to the
region of parameter space consistent with the (g � 2)µ
anomaly [5]. At each value of mA0 we compute a limit
on " as a square root of the Bayesian limit on "2 from
Fig. 4. Our data rules out the dark-photon coupling as
the explanation for the (g�2)µ anomaly. Our limits place
stringent constraints on dark-sector models over a broad
range of parameter space, and represent a significant im-
provement over previously available results.

We are grateful for the excellent luminosity and ma-
chine conditions provided by our PEP-II colleagues, and

 (GeV)A'm
0 1 2 3 4 5 6 7 8

 U
pp

er
 L

im
it 

at
 9

0%
 C

L
2 ε

0

0.5

1

1.5

2

2.5

3
6−10×

Bayesian limit

Profile-likelihood limit 

FIG. 4: Upper limits at 90% CL on A0 mixing strength
squared "2 as a function of mA0 . Shown are the Bayesian
limit computed with a uniform prior for "2 > 0 (solid red
line) and the profile-likelihood limit (blue dashed line).

 (GeV)  A'm
3−10 2−10 1−10 1 10

   
  

ε

4−10

3−10

2−10

e
(g-2) NA64

ννπ→K

σ 5±
µ

(g-2)
favored BABAR 2017

FIG. 5: Regions of the A0 parameter space (" vs mA0) ex-
cluded by this work (green area) compared to the previous
constraints [7, 18–20] as well as the region preferred by the
(g � 2)µ anomaly [5].

for the substantial dedicated e↵ort from the comput-
ing organizations that support BABAR. The collaborat-
ing institutions wish to thank SLAC for its support and
kind hospitality. This work is supported by DOE and
NSF (USA), NSERC (Canada), CEA and CNRS-IN2P3
(France), BMBF and DFG (Germany), INFN (Italy),
FOM (The Netherlands), NFR (Norway), MES (Russia),
MINECO (Spain), STFC (United Kingdom), BSF (USA-
Israel). Individuals have received support from the Marie
Curie EIF (European Union) and the A. P. Sloan Foun-
dation (USA).
We wish to acknowledge Adrian Down, Zachary Jud-

kins, and Jesse Reiss for initiating the study of the

[BaBar 1702.03327]

Searching all the hidden Photons



Possible, but only non-thermal…and out of reach.
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where ✓W is the Weinberg angle. For later convenience we have also included

the coupling to the electromagnetic current jµ.

As we can see the kinetic mixing and the mass of the new particle are the

only two new parameters. The current constraints are shown in Fig. 1. In the

following sections we will sketch some of these constraints as well as prospects

for future searches.

3 A matter of convenience: a new force or photon–HP oscillations

In Eq. (3) we have introduced the somewhat unusual kinetic mixing term. To

get a better understanding it is convenient to remove this term by a suitable

field re-definition. There are two simple field re-definitions that we can use to

remove the kinetic mixing term1:

(1) Aµ ! Aµ � �Xµ.

1Here and in the following we neglect terms of the order of �2.
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FIG. 1. Previous and planned experimental bounds on dark photons (adapted from [1]) compared to the anticipated LHCb
reach for inclusive A0 production in the di-muon channel (see the text for definitions of prompt, pre-module, and post-module).
The red vertical bands indicate QCD resonances which would have to be masked in a complete analysis. The LHCb D⇤

anticipated limit comes from [48], and Belle-II comes from [49].

where X is any (multiparticle) final state. Ignoring
O(m2

A

0/m2
Z

) and O(↵EM) corrections, this process has
the identical cross section to the prompt SM process
which originates from the EM current

BEM : pp ! X�⇤ ! Xµ+µ�, (7)

up to di↵erences between the A0 and �⇤ propagators and
the kinetic-mixing suppression. Interference between S
and BEM is negligible for a narrow A0 resonance. There-
fore, for any selection criteria on X, µ+, and µ�, the
ratio between the di↵erential cross sections is

d�
pp!XA

0
!Xµ

+
µ

�

d�
pp!X�

⇤
!Xµ

+
µ

�
= ✏4

m4
µµ

(m2
µµ

�m2
A

0)2 + �2
A

0m2
A

0
, (8)

where m
µµ

is the di-muon invariant mass, for the case
�
A

0 ⌧ |m
µµ

�m
A

0 | ⌧ m
A

0 . The ✏4 factor arises because
both the A0 production and decay rates scale like ✏2.
To obtain a signal event count, we integrate over an

invariant-mass range of |m
µµ

� m
A

0 | < 2�
mµµ , where

�
mµµ is the detector resolution on m

µµ

. The ratio of
signal events to prompt EM background events is

S

BEM
⇡ ✏4

⇡

8

m2
A

0

�
A

0�
mµµ

⇡ 3⇡

8

m
A

0

�
mµµ

✏2

↵EM(N
`

+R
µ

)
, (9)

neglecting phase space factors for N
`

leptons lighter
than m

A

0/2. This expression already accounts for the

A0 ! µ+µ� branching-fraction suppression when R
µ

is
large. Despite the factor of ✏4 in (8), the ratio in (9) is
proportional to ✏2 because of the ✏2 scaling of �

A

0 .
We emphasize that (9) holds for any final state X (and

any kinematic selection) in the m
A

0 ⌧ m
Z

limit for tree-
level single-photon processes. In particular, it already in-
cludes µ+µ� production from QCD vector mesons that
mix with the photon. This allows us to perform a fully
data-driven analysis, since the e�ciency and acceptance
for the (measured) prompt SM process is the same as
for the (inferred) signal process, excluding A0 lifetime-
based e↵ects. The dominant component of BEM at small
m

A

0 comes from meson decays M ! µ+µ�Y , especially
⌘ ! µ+µ��, and is denoted as B

M

(which includes feed-
down contributions from heavier meson decays). There
are also two other important components: final state
radiation (FSR) and Drell-Yan (DY) production. Non-
prompt �⇤ production is small and only considered as a
background.
Beyond BEM, there are other important sources of

backgrounds that contribute to the reconstructed prompt
di-muon sample, ordered by their relative size:

• B⇡⇡

misID: Two pions (and more rarely a kaon and
pion) can be misidentified (misID) as a fake di-
muon pair, including the contribution from in-flight
decays. This background can be deduced and sub-
tracted in a data-driven way using prompt same-

Hidden Photon Dark Matter



Goldstone bosons are massless, 
but can acquire masses due to 
explicit breaking.

Goldstone Bosons

Goldstone bosons are the phases of symmetry breaking 
scalars.

V (�) = µ2��† + � (��†)2

� = Re�+ i Im� = h ei'

m2
h = |µ2| m2

' = 0

Im�

µ2 < 0

Re�



Discovering Pseudo-goldstone 
bosons reveals non-trivial 
information about the UV theory.

Goldstone Bosons

They are typically lighter than the scale of the UV 
completion.

Im�

µ2 < 0

Re�

m2
⇡ =

mu +md

f2
⇡

⇤3
QCD ⇡ (140MeV)2

hq̄LqRi = ⇤3
QCD ⇡ GeV3

LQCD = q̄Li /D qL + q̄Ri /D qR +mq q̄LqR
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Scalar couplings are proportional to masses

Familons

A = (mi +mj)
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Different Regimes: 
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Different Regimes: ' stable

µ e

'

[A. Jodidio et al., Phys. Rev. D 34, 1967 (1986)]

[R. D. Bolton et al., Phys. Rev. D 38, 2077 (1988)]
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Different Regimes: ' stable

µ e

'

[A. Jodidio et al., Phys. Rev. D 34, 1967 (1986)]

[R. D. Bolton et al., Phys. Rev. D 38, 2077 (1988)]

µ e

'
�

BR(µ+ ! e+') < 3⇥ 10�6

BR(µ+ ! e+'�) < 1.1⇥ 10�9

Familons

f > 5.5⇥ 109 aµeGeV

f > 3.1⇥ 109 aµeGeV



Different Regimes: ' stable

[MB, Jaeckel, Foldenauer, Perrevoort, Schoening]
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Different Regimes: 

[MB, Jaeckel, Foldenauer, Perrevoort, Schoening]
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What about couplings to taus?
A = (mi +mj)

0

@
aee aeµ ae⌧
aµe aµµ aµ⌧
a⌧e a⌧µ a⌧⌧

1

A

Constraints are not very strong

ARGUS BR(⌧� ! µ�') < 4.6⇥ 10�3

BR(⌧� ! µ�') < 2.6⇥ 10�3

ARGUS Collaboration, H. Albrecht et al., Z. Phys. 
C 68, 25 (1995).

Familons

f < 3.2⇥ 106 a⌧µ GeV

f < 4.4⇥ 106 a⌧e GeV



µ e

' '

⌧⌧

impossible?

What about couplings to taus?
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Conclusions

Signs of New Physics increase  in observables 
related to muons. 

A new golden age of lepton flavour experiments is 
going to deliver unprecedented precision.

There is a great discovery potential for new light 
gauge bosons and goldstone bosons.
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[Echenard, Essig, Zhong, 1411.1770]

µ+ ! �0e+⌫e⌫̄µ ! e+e�e+⌫e⌫̄µ

Belle II and Mu3E bounds 
translate to leptonic 
photons.

YITP-SB-14-36

Projections for Dark Photon Searches at Mu3e

Bertrand Echenard,1, ⇤ Rouven Essig,2, † and Yi-Ming Zhong2, ‡

1California Institute of Technology, Pasadena, California 91125
2C.N. Yang Institute for Theoretical Physics, Stony Brook University, Stony Brook, NY 11794

We show that dark photons (A0) with masses ⇠ 10 � 80MeV can be probed in the decay µ+ !
e+⌫e⌫̄µA

0, A0 ! e+e�, with the upcoming Mu3e experiment at the Paul Scherrer Institute (PSI)
in Switzerland. With an expected 1015 (5.5⇥ 1016) muon decays in 2015–2016 (2018 and beyond),
Mu3e has the exciting opportunity to probe a substantial fraction of currently unexplored dark
photon parameter space, probing kinetic-mixing parameter, ✏, as low as ✏2 ⇠ 10�7 (10�8). No
modifications of the existing Mu3e setup are required.

I. INTRODUCTION

There are only a few ways in which new particles and
forces below the weak-scale can interact with the stan-
dard model (SM) particles and have remained undetected
thus far. Among the simplest possibilities is the existence
of a light, massive vector boson called a dark photon (A0).
A substantial e↵ort is underway to search for a dark pho-
ton with a variety of experiments. In this paper, we show
that the upcoming Mu3e experiment at the Paul Scher-
rer Institute (PSI) in Switzerland is also sensitive to dark
photons. Using an unprecedented number of muon de-
cays1 in their search for the lepton flavor violating de-
cay µ+ ! e+e�e+, Mu3e can also search for the decay
µ+!e+⌫e⌫̄µA0, A0!e+e� shown in Fig. 1. This allows
them to probe currently unexplored regions of the dark
photon parameter space. We note that while our focus
will be on vector bosons (the dark photon), other parti-
cles that couple to electrons and/or muons and decay to
an e+e� pair could also be probed with Mu3e.

The dark photon is the mediator of a new, broken
U(1)

D

gauge group and appears in many theoretical sce-
narios, see e.g. [1–3] and references therein. It can inter-
act with ordinary matter through “kinetic mixing” [4–6]
with the SM hypercharge, U(1)

Y

, gauge boson. At low
energies, the dominant e↵ect is a mixing of the U(1)

D

with the SM photon, U(1)
EM

, as described with the La-
grangian

L = L
SM

� ✏

2
F 0

µ⌫Fµ⌫ � 1

4
F 0

µ⌫F 0µ⌫ +
1

2
m2

A0A0
µA0µ . (1)

Here L
SM

is the SM Lagrangian, ✏ is the kinetic mix-
ing parameter, F 0µ⌫ (Fµ⌫) is the U(1)

D

(U(1)
EM

) field
strength, and mA0 is the dark photon mass (the mech-
anism for generating this mass is not important for our
purposes). The mixing between the dark photon and
the SM photon leads to an ✏-suppressed coupling of the
dark photon to the electromagnetic current, Jµ

EM

, i.e., to

⇤
echenard@hep.caltech.edu

†
rouven.essig@stonybrook.edu

‡
yiming.zhong@stonybrook.edu

1
“Muon” refers to µ+

in this paper.
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FIG. 1: Feynman diagrams for (on-shell) dark photon pro-
duction in muon decays, µ+ ! e+⌫e⌫̄µA

0, A0 ! e�e+.

quarks and charged leptons,

L � ✏ e A0
µ Jµ

EM

. (2)

The two relevant parameters of the model are the kinetic
mixing parameter and the dark photon mass. The cou-
pling in Eq. (2) allows the dark photon to be probed with
a wide range of experiments, see e.g. [1–3] for a recent
review and references. We do not consider the addition
of other low-mass particles to this model.

Theoretically, the values of the kinetic mixing and the
dark photon mass can take on a wide range of values.
However, much attention has recently been focused on
the MeV–GeV mass range. In this mass range, the dark
photon could explain the ⇠ 3.6� discrepancy between the
observed and SM value of the muon anomalous magnetic
moment (aµ ⌘ gµ � 2, where gµ is the muon’s gyromag-
netic ratio) [7–9] and o↵er an explanation for various dark
matter related anomalies through dark matter-dark pho-
ton interactions [10–13]. Moreover, a dark photon mass
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We show that dark photons (A0) with masses ⇠ 10 � 80MeV can be probed in the decay µ+ !
e+⌫e⌫̄µA

0, A0 ! e+e�, with the upcoming Mu3e experiment at the Paul Scherrer Institute (PSI)
in Switzerland. With an expected 1015 (5.5⇥ 1016) muon decays in 2015–2016 (2018 and beyond),
Mu3e has the exciting opportunity to probe a substantial fraction of currently unexplored dark
photon parameter space, probing kinetic-mixing parameter, ✏, as low as ✏2 ⇠ 10�7 (10�8). No
modifications of the existing Mu3e setup are required.

I. INTRODUCTION

There are only a few ways in which new particles and
forces below the weak-scale can interact with the stan-
dard model (SM) particles and have remained undetected
thus far. Among the simplest possibilities is the existence
of a light, massive vector boson called a dark photon (A0).
A substantial e↵ort is underway to search for a dark pho-
ton with a variety of experiments. In this paper, we show
that the upcoming Mu3e experiment at the Paul Scher-
rer Institute (PSI) in Switzerland is also sensitive to dark
photons. Using an unprecedented number of muon de-
cays1 in their search for the lepton flavor violating de-
cay µ+ ! e+e�e+, Mu3e can also search for the decay
µ+!e+⌫e⌫̄µA0, A0!e+e� shown in Fig. 1. This allows
them to probe currently unexplored regions of the dark
photon parameter space. We note that while our focus
will be on vector bosons (the dark photon), other parti-
cles that couple to electrons and/or muons and decay to
an e+e� pair could also be probed with Mu3e.

The dark photon is the mediator of a new, broken
U(1)

D

gauge group and appears in many theoretical sce-
narios, see e.g. [1–3] and references therein. It can inter-
act with ordinary matter through “kinetic mixing” [4–6]
with the SM hypercharge, U(1)

Y

, gauge boson. At low
energies, the dominant e↵ect is a mixing of the U(1)

D

with the SM photon, U(1)
EM

, as described with the La-
grangian

L = L
SM

� ✏

2
F 0

µ⌫Fµ⌫ � 1

4
F 0

µ⌫F 0µ⌫ +
1

2
m2

A0A0
µA0µ . (1)

Here L
SM

is the SM Lagrangian, ✏ is the kinetic mix-
ing parameter, F 0µ⌫ (Fµ⌫) is the U(1)

D

(U(1)
EM

) field
strength, and mA0 is the dark photon mass (the mech-
anism for generating this mass is not important for our
purposes). The mixing between the dark photon and
the SM photon leads to an ✏-suppressed coupling of the
dark photon to the electromagnetic current, Jµ

EM

, i.e., to
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FIG. 1: Feynman diagrams for (on-shell) dark photon pro-
duction in muon decays, µ+ ! e+⌫e⌫̄µA

0, A0 ! e�e+.

quarks and charged leptons,

L � ✏ e A0
µ Jµ

EM

. (2)

The two relevant parameters of the model are the kinetic
mixing parameter and the dark photon mass. The cou-
pling in Eq. (2) allows the dark photon to be probed with
a wide range of experiments, see e.g. [1–3] for a recent
review and references. We do not consider the addition
of other low-mass particles to this model.

Theoretically, the values of the kinetic mixing and the
dark photon mass can take on a wide range of values.
However, much attention has recently been focused on
the MeV–GeV mass range. In this mass range, the dark
photon could explain the ⇠ 3.6� discrepancy between the
observed and SM value of the muon anomalous magnetic
moment (aµ ⌘ gµ � 2, where gµ is the muon’s gyromag-
netic ratio) [7–9] and o↵er an explanation for various dark
matter related anomalies through dark matter-dark pho-
ton interactions [10–13]. Moreover, a dark photon mass
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cays1 in their search for the lepton flavor violating de-
cay µ+ ! e+e�e+, Mu3e can also search for the decay
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them to probe currently unexplored regions of the dark
photon parameter space. We note that while our focus
will be on vector bosons (the dark photon), other parti-
cles that couple to electrons and/or muons and decay to
an e+e� pair could also be probed with Mu3e.

The dark photon is the mediator of a new, broken
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gauge group and appears in many theoretical sce-
narios, see e.g. [1–3] and references therein. It can inter-
act with ordinary matter through “kinetic mixing” [4–6]
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energies, the dominant e↵ect is a mixing of the U(1)

D

with the SM photon, U(1)
EM

, as described with the La-
grangian

L = L
SM

� ✏

2
F 0

µ⌫Fµ⌫ � 1

4
F 0

µ⌫F 0µ⌫ +
1

2
m2

A0A0
µA0µ . (1)

Here L
SM

is the SM Lagrangian, ✏ is the kinetic mix-
ing parameter, F 0µ⌫ (Fµ⌫) is the U(1)

D

(U(1)
EM

) field
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FIG. 1: Feynman diagrams for (on-shell) dark photon pro-
duction in muon decays, µ+ ! e+⌫e⌫̄µA
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quarks and charged leptons,

L � ✏ e A0
µ Jµ

EM

. (2)

The two relevant parameters of the model are the kinetic
mixing parameter and the dark photon mass. The cou-
pling in Eq. (2) allows the dark photon to be probed with
a wide range of experiments, see e.g. [1–3] for a recent
review and references. We do not consider the addition
of other low-mass particles to this model.

Theoretically, the values of the kinetic mixing and the
dark photon mass can take on a wide range of values.
However, much attention has recently been focused on
the MeV–GeV mass range. In this mass range, the dark
photon could explain the ⇠ 3.6� discrepancy between the
observed and SM value of the muon anomalous magnetic
moment (aµ ⌘ gµ � 2, where gµ is the muon’s gyromag-
netic ratio) [7–9] and o↵er an explanation for various dark
matter related anomalies through dark matter-dark pho-
ton interactions [10–13]. Moreover, a dark photon mass
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