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Outline of the talk   

1.  Motivation: Is everything OK with lepton Universality? 
2.  Parity violation with muons in Neutral currents. (History) 

3.  Options:     a) scattering  
  b) muonic atoms 
  c) optical activity 
  d) particle decays (e.g. eta factory) 

 
4.   Conclusion: opportunities for Fermilab. 
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“Accumulation” of anomalies for muons  
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FIG. 2: Extracted values for gP as a function of the poorly
known molecular transition rate λop [12, 13, 28]. In con-
trast to earlier experiments (OMC [11], RMC [14]), MuCap
is rather insensitive to this parameter.

are obtained in recent analyses [29, 30] of an earlier 0.3%
measurement of muon capture on 3He [31], with uncer-
tainties limited by theory. MuCap provides the most
precise determination of gP in the theoretically clean µp
atom and verifies a fundamental prediction of low-energy
QCD.

We are grateful to the technical staff of the collabo-
rating institutions, in particular of the host laboratory
PSI. We thank M. Barnes, G. Wait, and A. Gafarov for
the design and development of the kicker, the Demon
collaboration for providing neutron detectors, the AMS
team at the ETH Zürich for the deuterium measure-
ments, and A. Adamczak, N. Bondar, D.B. Chitwood,
P.T. Debevec, T. Ferguson, J. Govaerts, S. Kizilgul, M.
Levchenko, and C.S. Özben for their contributions. This
work was supported in part by the U.S. NSF, the U.S.
DOE and CRDF, PSI, the Russian Academy of Sciences
and the Grants of the President of the Russian Federa-
tion. NCSA provided essential computing resources.
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May be something happens with muonic “neutral” channels at low 
energy. We do not know – therefore it would be quite foolish not to 
explore additional possibilities of testing “NC-like” signatures in muons 
at low energy. 

Resolution of current puzzles (rp, g-2 etc) may come not necessarily from 
trying to re-measure same quantities again (also important), but from 
searches of new phenomena associated with muons. 
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More problems recently in B-decays 
 

§  Angular correlations in muon semileptonic B decays. 3σ-ish 
discrepancy  

§  e/µ [non]-universality in K+lepton pair bound states. 2.5σ-ish 
discrepancy  

§  Possible LFV in Higgs decays (talk to Roni Harnik!)  

Can be result of New Physics at the  
TeV scale 
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If New Physics, heavy or light? 
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Can result from  

New Physics at      IF it is NP, it can only be light 

100 GeV scale or MeV 

scale 



“Stronger than weak” New Physics 
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If you see new effects like e.g. µàeee, EDM etc it’ll be here (can be 
1000 TeV, difficult to access, and no pressing need for UV completion) 

If you see NP effects in muon-H LS, it has to exist at O(104 GF) level, 
deep inside the SM corner (e.g. Swiss cheese picture) You have to 
specify how this NP fits into SM. Real chance to check in other exp 
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Sometimes New Physics hypotheses can be 
ruled out faster than origin for discrepancy is 

found 
 

 

          MP, 2008     aggregate exclusion plot, 2015 
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Since 2010 – rp puzzle, Pohl et al, Nature2010 
(   just 75 years after Uehling & Serber   ) 

 

 
 
 
 
After ~ 20 years of efforts the PSI experiment have worked, and we now 

have the most precise measurement of the [rather important for 
hadronic physics] observable 

rp  = 0.84087(39) fm  
This is A. much more precise than previous e-p determinations 

  B. it is now ~7σ below the normal H LS and scattering results. 
After ~5yr of collective efforts [to check, find source of errors etc] the 
issue remains unresolved.  



Current status	
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Results on muonic hydrogen
ν(2SF=1

1/2 → 2PF=2
3/2 ) = 49881.88(76)GHz R. Pohl et al., Nature 466, 213 (2010)

49881.35(64)GHz preliminary

ν(2SF=0
1/2 → 2PF=1

3/2 ) = 54611.16(1.04)GHz preliminary

Proton charge radius: rp = 0.84089 (26)exp (29)th = 0.84089 (39) fm (prel.)

µp theory: A. Antogini et al., arXiv :1208.2637 (atom-ph)

0.8 0.82 0.84 0.86 0.88 0.9

µp 2010
H spectr.

dispersion
e-p scatt.

Mainz 2010

µp 2012
CODATA 2010

proton rms charge radius rp  (fm)
Randolf Pohl ECT* Trento, 28.10.2012 p. 15Importantly, Zeemach radius extracted from 2 lines is perfectly consistent with 

previous (normal hydrogen) determinations 



10 

Discrepancy in rp 

The following pattern for the discrepancy emerges: 
 
 

On one hand it is a tiny number, especially compared to the atomic 
physics scales. On the other hand, it is a gigantic number if 
compared to the particle physics scales where traditionally you 
would expect new physics.  0.06 fm2e2 is four orders of magnitude 
larger than Fermi constant.  

 
	

 
 



Arrington, Sick, 1505.02680, Lee, Arrington, Hill, 
1505.01489   

11 

5

Source rE rM
[fm] [fm]

Published results
µH [9] 0.8409(4) 0.870(60)
eH [8] 0.8758(77) -
Mainz A1 [7, 45] 0.8790(110) 0.777(19)
Zhan [3] 0.8750(100) 0.867(20)
Sick [5, 6] 0.8870(80) 0.855(35)
CODATA12 average [8] 0.8775(51) -
New updates
Mainz updated 0.8750(150) 0.799(28)
world updated 0.8810(110) 0.867(20)
naive global average 0.8790(90) 0.844(16)
suggested global average 0.8790(110) 0.844(38)

TABLE I: Charge and magnetic radii from various published extractions and from the averaging procedures described above. For ease of
comparison, all charge (magnetic) radii are quoted to 4 (3) significant digits.

This work was supported in part by the U.S. Department of Energy, Office of Science, Office of Nuclear Physics, under
contract DE-AC-06CH11357
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What are the possible origins of discrepancy?  
1.  Problems with experiments: either with µH, or with scattering and 

normal H. ?? 
2.  Problems with QED calculations, either in µH or eH ?? 
3.  A completely miscalculated “hadronic effect” in the two-photon 

proton polarization diagram ??  
… 
4.   May be some very new forces (= new physics) are at play that would 
have to be much weaker than EM and much stronger than EW ?? 

	


More info on the whole issue can be found in the slides from workshops: 
http://www.mpq.mpg.de/~rnp/wiki/pmwiki.php/Workshop/Talks 
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Why should we care about rp problem? 
g-2 experiment “migrated” from BNL to Fermilab. Cost of new exp is 

substantial. 
 
 
 
 
rp problem is a huge challenge: if by any chance the muon-proton 
interaction is “large”: either the two-photon strong interaction diagram or 
“light new physics”, then g-2 is not really calculable with required 
precision!  

         
 
 
 
Shift is much larger than hadronic LBL error! Larger than discrepancy… 
 

2

4. Finally, it is also possible that some “intermedi-
ate range” force is responsible for the discrepancy.
Should such a new force carrier exist in the MeV-
100 MeV mass range, it could potentially affect the
µH Lamb shift directly. Constructing a model that
would be not immediately ruled out by the existing
constraints on dark forces in this range is a difficult
challenge [12–14].

Further background information and discussion can be
found in the recent review [16].

The search for a resolution to the rp discrepancy is
important because it caries strong implications for the
precision of theoretical evaluation of the muon g − 2.
Suppose, for example, that either “unexpected” effects
of strong interactions (solution 2 above), or some new
physics (solution 4) is responsible for inducing, e.g., a
large proton-muon interaction term,

∆L � C(ψ̄µψµ)(ψ̄pψp), (1)

where coefficient the C needs to be ∼ (4πα) × 0.01 fm2

in order to explain the discrepancy in rp measurements.
This effective interaction is shown on the left of Fig. 1.
One can then estimate the typical shift to the muon g−2
that this interaction would imply by integrating out the
proton, leading to the two-loop effect on the right of
Fig. 1. (Other charged hadrons presumably would con-
tribute as well.) Using (1) as a starting point, we perform
a simple estimate by rescaling the well-known perturba-
tive formula for the two-loop Higgs/heavy quark contri-
butions to the muon g − 2 found in, e.g., [15]. Since
we are converting a dimension-6 operator in (1) into the
dimension-5 g − 2 operator, the result is linearly diver-
gent and presumably is stabilized by some hadronic scale
Λhad, where neither the coefficient C nor the proton-
photon vertex can be considered local. Taking a wide
range for Λhad, from a proton mass scale mp to a very
light dynamical scale ∼ mπ, one arrives at the follow-
ing estimates of a typical expected shift for the muon
anomalous magnetic moment,

∆(aµ) ∼ −C × αmµmp

8π3
×
�

1.7; Λhad ∼ mp

0.08; Λhad ∼ mπ
, (2)

which, after inputing the value of C implied by the rp
discrepancy results in

5× 10−9 <∼ |∆(aµ)| <∼ 10−7. (3)

Clearly, the upper range of this possible shift is enor-
mous while the lower range is still large, on the order
of the existing discrepancy in muon g − 2. It is three
times the size of the current estimates for the hadronic
light-by-light contributions, and one order of magnitude
larger than the uncertainty claimed for that contribution.
These estimates show that if indeed large muon-proton
interactions are responsible for the rp discrepancy, one
can no longer insist that theoretical calculations of the
muon g−2 are under control. Thus, a resolution of the rp

µ

µµ

µ

p

p

p

γ

γ

FIG. 1. Left:the effective proton-muon interaction resulting
from unexpectedly large QCD effects or new physics that is
responsible for the rp discrepancy. Right: the two-loop con-
tribution to the muon g − 2 that results from the interaction
on the left after integrating out the proton.

problem is urgently needed in light of the new significant
investments made in the continuation of the experimental
g − 2 program.
In this paper, we entertain the possibility (solution 4)

that a new vector force is responsible for the discrep-
ancy. Our goal is to investigate the status of this vec-
tor force in light of the g − 2 results for the electron
and muon and to derive additional constraints from the
hyperfine structure of muonium. As we will show, the
presence of a parity-violating coupling to the muon is a
very likely consequence of such models, and in light of
that we calculate the two-loop constraint on the parity
violating muon-nucleon forces imposed by ultra-precise
tests of parity in the electron sector. We believe that
our analysis is timely, given the new experimental infor-
mation that will soon emerge from the measurement of
the Lamb shift in muonic deuterium and helium and the
new efforts at making the ordinary hydrogen measure-
ments more precise.
Our approach to the new force is purely phenomeno-

logical. At the same time it is important to realize that
the embedding of such new force into the structure of the
SM is very difficult and so far no fully consistent models
of such new interaction have been proposed. (The clos-
est attempt, the gauged µR model of Ref. [14], suffers
from a gauge anomaly and thus must be regarded as an
effective model up to some ultraviolet scale, close to the
weak scale.) Therefore, even a phenomenologically suc-
cessful model that would explain the rp discrepancy and
pass through all additional constraints should be viewed
at this point as an exercise which can be taken more seri-
ously only if a credible SM embedding is found, or if the
new force hypothesis finds further experimental support.
We illustrate the need for the consistent SM em-

bedding explicitly, by considering the high-energy con-
straints on the muon-specific vector force. We show that
normally not-so-precise observables such as W -boson de-
cay branching fractions become extremely constraining,
since they are affected by the muon-specific force because
of the breaking of the full SM gauge invariance. We ob-
serve that ∼ (E/mµ)2 enhancement of all charged cur-
rent effects is a generic price for the absence of a consis-
tent SM embedding, which strongly disfavors such mod-
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our analysis is timely, given the new experimental infor-
mation that will soon emerge from the measurement of
the Lamb shift in muonic deuterium and helium and the
new efforts at making the ordinary hydrogen measure-
ments more precise.
Our approach to the new force is purely phenomeno-

logical. At the same time it is important to realize that
the embedding of such new force into the structure of the
SM is very difficult and so far no fully consistent models
of such new interaction have been proposed. (The clos-
est attempt, the gauged µR model of Ref. [14], suffers
from a gauge anomaly and thus must be regarded as an
effective model up to some ultraviolet scale, close to the
weak scale.) Therefore, even a phenomenologically suc-
cessful model that would explain the rp discrepancy and
pass through all additional constraints should be viewed
at this point as an exercise which can be taken more seri-
ously only if a credible SM embedding is found, or if the
new force hypothesis finds further experimental support.
We illustrate the need for the consistent SM em-

bedding explicitly, by considering the high-energy con-
straints on the muon-specific vector force. We show that
normally not-so-precise observables such as W -boson de-
cay branching fractions become extremely constraining,
since they are affected by the muon-specific force because
of the breaking of the full SM gauge invariance. We ob-
serve that ∼ (E/mµ)2 enhancement of all charged cur-
rent effects is a generic price for the absence of a consis-
tent SM embedding, which strongly disfavors such mod-
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4. Finally, it is also possible that some “intermedi-
ate range” force is responsible for the discrepancy.
Should such a new force carrier exist in the MeV-
100 MeV mass range, it could potentially affect the
µH Lamb shift directly. Constructing a model that
would be not immediately ruled out by the existing
constraints on dark forces in this range is a difficult
challenge [12–14].

Further background information and discussion can be
found in the recent review [16].

The search for a resolution to the rp discrepancy is
important because it caries strong implications for the
precision of theoretical evaluation of the muon g − 2.
Suppose, for example, that either “unexpected” effects
of strong interactions (solution 2 above), or some new
physics (solution 4) is responsible for inducing, e.g., a
large proton-muon interaction term,

∆L � C(ψ̄µψµ)(ψ̄pψp), (1)

where coefficient the C needs to be ∼ (4πα) × 0.01 fm2

in order to explain the discrepancy in rp measurements.
This effective interaction is shown on the left of Fig. 1.
One can then estimate the typical shift to the muon g−2
that this interaction would imply by integrating out the
proton, leading to the two-loop effect on the right of
Fig. 1. (Other charged hadrons presumably would con-
tribute as well.) Using (1) as a starting point, we perform
a simple estimate by rescaling the well-known perturba-
tive formula for the two-loop Higgs/heavy quark contri-
butions to the muon g − 2 found in, e.g., [15]. Since
we are converting a dimension-6 operator in (1) into the
dimension-5 g − 2 operator, the result is linearly diver-
gent and presumably is stabilized by some hadronic scale
Λhad, where neither the coefficient C nor the proton-
photon vertex can be considered local. Taking a wide
range for Λhad, from a proton mass scale mp to a very
light dynamical scale ∼ mπ, one arrives at the follow-
ing estimates of a typical expected shift for the muon
anomalous magnetic moment,

∆(aµ) ∼ −C × αmµmp
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which, after inputing the value of C implied by the rp
discrepancy results in

5× 10−9 <∼ |∆(aµ)| <∼ 10−7. (3)

Clearly, the upper range of this possible shift is enor-
mous while the lower range is still large, on the order
of the existing discrepancy in muon g − 2. It is three
times the size of the current estimates for the hadronic
light-by-light contributions, and one order of magnitude
larger than the uncertainty claimed for that contribution.
These estimates show that if indeed large muon-proton
interactions are responsible for the rp discrepancy, one
can no longer insist that theoretical calculations of the
muon g−2 are under control. Thus, a resolution of the rp
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that we calculate the two-loop constraint on the parity
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logical. At the same time it is important to realize that
the embedding of such new force into the structure of the
SM is very difficult and so far no fully consistent models
of such new interaction have been proposed. (The clos-
est attempt, the gauged µR model of Ref. [14], suffers
from a gauge anomaly and thus must be regarded as an
effective model up to some ultraviolet scale, close to the
weak scale.) Therefore, even a phenomenologically suc-
cessful model that would explain the rp discrepancy and
pass through all additional constraints should be viewed
at this point as an exercise which can be taken more seri-
ously only if a credible SM embedding is found, or if the
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since they are affected by the muon-specific force because
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New physics attempts 
Barger, Marfatia, Chiang, Keung; Tucker-Smith, Yavin;           

Batell, McKeen, MP; Brax, Burrage; Carlson, Winslow. 
 
Common features of these attempts: 
1.   If all experiments and SM calculations are to be believed, it got 

to be a new force, that differentiates between e-p and µ-p. 
1.  Light, e.g. ~10 MeV in mass, particles are involved as careers.  
2.  Typically one or more of other constraints require additional 

tuning (g-2 of the muon, neutron scattering) – and one has to 
“model-build” yourself out of trouble. 

3.  Each model has its own problems (scalar model – needs to tune 
down neutronYukawa coupling; vector models – have to couple 
to µR) Nobody on this list would ever claim that these are very 
natural or believable models.  
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New U(1) forces for right-handed muons 
Batell, McKeen, MP, arXiv:1103.0721,PRL 2011 – Puts a new force 

into SM. Despite considerable theoretical difficulties to build a 
consistent model of “muonic forces” relevant for rp discrepancy, 
gauged RH muon number could be still alive:  

 
 
Main logical chain leading to this:  
1.  Scalar exchange is disfavored because of the neutron scattering 

constraints, and meson decay constraints. 
 
2. Vector force has to NOT couple to left-handed leptons – 

otherwise huge new effects for neutrinos. Then has to couple to 
RH muons, 
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Other models?? 

§  How about the scalar force – call it S –  that provides e-p 
repulsion and fixes  rp discrepancies at least between normal H 
and µH (Tucker-Smith, Yavin proposal)?  

 
§  Couplings will be very small, and the mass will be small,         

O(200 keV), yeyp /e2~ - 10-8.  
§  This turns out to be somewhat of a blind spot in terms of astro 

and cosmo constraints  
§  Opportunity to study this in meson decays: e.g. decays of eta to 

π0 + new light particle decaying to electrons.  
 
 

2

• For the SOX-type setup we find similarly powerful
sensitivity from the 144Ce −144 Pr(ν̄e) radioactive
source, which can produce a scalar with 2.19 or
1.49 MeV energies from the 144Nd∗ de-excitation
that occurs along the decay chain.

The subsequent detection of a mono-energetic release in
a Borexino-type detector with 6.05, 2.19, or 1.49 MeV
will be free from substantial environmental backgrounds.
The strategy proposed in this Letter is capable of ad-
vancing the sensitivity to such states by many orders of
magnitude, completely covering the parameter space rel-
evant for the rp puzzle.

Scalar particles below 1 MeV. New particles in the MeV
and sub-MeV mass range are motivated by the recent 7σ
discrepancy between the standard determinations of the
proton charge radius, rp, based on e− p interactions [2],
and the recent, most precise determination of rp from
the Lamb shift in muonic Hydrogen [3, 4]. One possible
explanation for this anomaly is a new force between the
electron(muon) and proton [5–7] mediated by a ∼100 fm
range force (scalar- or vector-mediated) that shifts the
binding energies of Hydrogenic systems and skews the
determination of rp. Motivated by this anomaly, we con-
sider a simple model with one light scalar φ that interacts
with protons and leptons,

Lφ =
1

2
(∂µφ)

2 − 1

2
m2

φφ
2 + (gpp̄p+ geēe+ gµµ̄µ)φ , (3)

and define �2 ≡ (gegp)/e2. We assume mass-weighted
couplings to leptons, ge ∝ (me/mµ)gµ, and no couplings
to neutrons. UV completing such a theory is challenging,
so we regard this as a purely phenomenological model.
The apparent corrections to the charge radius of the pro-
ton in regular and muonic hydrogen are [5–7]

∆r2p
��
eH

= −6�2

m2

φ

; ∆r2p
��
µH

= −6�2(gµ/ge)

m2

φ

f(amφ) (4)

where a ≡ (αmµmp)−1(mµ +mp) is the µH Bohr radius
and f(x) = x4(1 + x)−4. Equating ∆r2p

��
µH

− ∆r2p
��
eH

to the current discrepancy of −0.063 ± 0.009 fm2 [4],
one obtains a relation between mφ and �. Thus, for
mφ = 0.5 MeV, the anomaly suggests �2 � 1.3 × 10−8.
For mφ > 2me, the φ → e+e− process is highly con-
strained by searches for light Higgs bosons [1], so we
consider the mφ < 2me region, which is relatively uncon-
strained. Since ge � gp, the φ− e coupling is suppressed
relative to that of a massive photon-like particle, so pre-
cision measurements of α and (g − 2)e do not constrain
this scenario.

The astrophysical and fixed-target constraints depend
on the cross section for eφ → eγ conversion, which for
mφ � me with a stationary electron target is

dσ

dE
=

π(ge/e)2α2(E −me)

meQ4(Q− E +me)2

�
E(Q2 − EQ− 2meQ

− 2m2

e) +me(3Q
2 + 3Qme + 2m2

e)

�
, (5)
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FIG. 2: Sensitivity projections for various experimental se-

tups in terms of �2 = gpge/e
2
and mφ, which parametrize

the NP explanation of the rp anomaly in Eq. (4); the blue

band is the parameter space that resolves the puzzle. The

“LUNA/Borexino” curve assumes a 400 keV proton beam

with 10
25

POT incident on a C3F8 target to induce p+19
F

→ (
16
O

∗ → 16
O+φ)+α reactions 100 m away from Borexino

and yield 10 signal events (> 3σ) above backgrounds [8]. The

Borexino 3 MeV and SuperK 3 MeV lines assume the same

setup with a 3 MeV p-accelerator 10 m away from each detec-

tor. The SuperK projection shows 100 signal events (> 3σ)
above backgrounds at 6.05 MeV [9]. The SOX lines assume

a radioactive
144

Ce −144
Pr source 7.15 m away from Borex-

ino with 50 and 165 events (> 3σ) above backgrounds for

2.19 and 1.49 MeV lines respectively. Shaded in gray are con-

straints from solar production [8], LSND electron-neutrino

scattering [10], and stellar cooling [11], for which we assume

ge = (me/mp)gp.

where E is the electron recoil energy and Q is the φ
energy. At Q � me, this leads to a total cross section of

σeφ � π(ge/e)2α2

2meQ
= 13 mbn× 5 MeV

Q
×

�ge
e

�2

, (6)

which determines the in-medium φ-absorption probabil-
ity. Absorption competes with the φ → γγ decay, pro-
ceeding through loops of fermions f with the width given
by a standard formula,

Γ(φ → γγ) =
α2 m3

φ

512π3

����
�

f

gf
mf

NcQ
2

fA1/2(τf )

����
2

, (7)

where Qf is the fermion charge, τf ≡ m2

φ/4m
2

f , and

A1/2(τ) = 2τ−2[τ + (τ − 1) arcsin
√
τ ]. (8)

An approximate proportionality to particle masses en-
sures that couplings to neutrinos are negligible.
Processes (5), (7) define the gross features of φ-

phenomenology in cosmological and astrophysical set-
tings. The ensuing constraints are summarized as fol-
lows:

• Energy loss in stars via eγ → eφ (red giants,
white dwarfs etc) is exponentially suppressed for
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Neutral Channels (NC) show discrepancies ? New tests?  
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FIG. 2: Extracted values for gP as a function of the poorly
known molecular transition rate λop [12, 13, 28]. In con-
trast to earlier experiments (OMC [11], RMC [14]), MuCap
is rather insensitive to this parameter.

are obtained in recent analyses [29, 30] of an earlier 0.3%
measurement of muon capture on 3He [31], with uncer-
tainties limited by theory. MuCap provides the most
precise determination of gP in the theoretically clean µp
atom and verifies a fundamental prediction of low-energy
QCD.
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May be something happens with muonic “neutral” channels at low 
energy. We do not know – therefore it would be quite foolish not to 
explore additional possibilities of testing “NC-like” signatures in muons 
at low energy. 

Resolution of current puzzles (rp, g-2 etc) may come not necessarily from 
trying to re-measure same quantities again (also important), but from 
searches of new phenomena associated with muons. 

 

Muon PNC in NC 

 ? 
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PNC with electrons 
 

 

Prescott et al 1978. SLAC DIS experiment with electron scattering on 
deuteron clinched the SM. γ - Z interference 

 

 

 

 

 

 

 

Current accuracy in the polarized electron  

scattering can get the error on asymmetry below 10-8 . 
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History of µ PNC  
§  Theoretical µ PNC ideas with muonic atoms predate regular 

atom PNC literature (e.g. Chen and Feinberg, 1974). Despite 
many efforts (Simons), muonic atom PNC is not even close to 
being detected. 

§  Only one successful experiment in muonic scattering: CERN-
NA-004 Collaboration: A. Argento et al., Phys. Lett. B 120 
(1983) 245. Comparison of µ+ and µ-, sensitivity to  

 Vmuons ×Aquarks, but not Amuons × Vquarks .        Q2 ~ 50 GeV2 

§  Perfect agreement of muon pair-production at Z-peak with the 
SM (LEP and SLC).  

§  Goal: test lepton universality of PNC, models of light NP with 
enhanced PNC, detect SM Amuons × Vquarks  
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Possible avenues to measure µ PNC 
 
A. Muon Scattering, LR asymmetry 
B. Muon optical activity (q2=0 forward scattering) 
C. Muonic atoms, FB asymmetry for the 2S-1S gamma         
D. Muon pair-production by polarized electron beams or in particle 

 decays.  
… 
 
In SM, the effect is small, GF Q2 , and so to see the SM effect one 
needs some enhancement mechanisms (e.g. close levels of opposite 
parity in muonic atoms) and/or very large intensities.  
 
[In speculative models addressing rp anomaly via a new vector 
force, the effect is ~ 3 orders of magnitude larger than in the SM]  
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A: PNC in muon scattering 

Considering that in e-p 
scattering the accuracy on 
parity asymmetry ~ 10 ppb, 
one would think that 
asymmetry of 10-3 for muons 
can be easily observable? 

Nobody tried: it is difficult 
to reliably reverse muon 
polarization   Th

is
 is

 a
 sp

ec
ul

at
iv

e 
m

od
el

 w
he

re
 

PN
C

 is
 e

nh
an

ce
d 

re
la

tiv
e 

to
 th

e 
SM

 



22 

µ PNC via scattering on quarks (nuclei) 
 
§  Although muons come from pion decays with longitudinal 

polarization, it is difficult to flip this polarization in flight with 
enough reliability.  

§  In the future new sources of muons via intermediate muonium 
states (JPARC) would allow manipulation with muon spin.  

§  Muon storage rings, where dynamics of muon spin is well 
studied could be used for the PNC scattering experiment.  
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Possible schemes: use g-2 ring	

 

CHAPTER 3 75

storage ring magnet is energized by three superconducting coils shown in Fig 3.2(b). The
continuous “C” magnet yoke is built from twelve 30◦ segments of iron, which were designed
to eliminate the end effects present in lumped magnets. This construction eliminates the
large gradients that would make the determination of the average magnetic field, �B�, very
difficult. Furthermore, a small perturbation in the yoke can effect the field at the ppm level
at the opposite side of the ring. Thus every effort is made to minimize holes in the yoke, and
other perturbations. The only penetrations through the yoke are to permit the muon beam
to enter the magnet as shown in Fig 3.2(a), and to connect cryogenic services and power to
the inflector magnet and to the outer radius coil (see Fig. 3.2(b)). Where a hole in the yoke
is necessary, extra steel was placed around the hole on the outside of the yoke to compensate
for the missing material.

(a)

Shim plateThrough bolt

Iron yoke

slot
Outer coil

Spacer Plates

1570 mm

544 mm

Inner upper coil

Poles

Inner lower coil

To ring center

Muon beam

1394 mm

360 mm

“Back-leg”

(b)

Figure 3.2: (a) Plan view of the beam entering the storage ring. (b) Elevation view of the
storage-ring magnet cross section.

The beam enters through a hole in the “back-leg” of the magnet and then crosses into the
inflector magnet, which provides an almost field free region, delivering the beam to the edge
of the storage region. The geometry is rather constrained, as can be seen in Fig. 3.3(a). The
injection geometry is sketched in Fig. 3.3(b). The kick required to put magic momentum
muons onto a stable orbit centered at magic radius is on the order of 10 mrad.

The requirements on the muon kicker are rather severe:

1. Since the magnet is continuous, any kicker device has to be inside of the precision
magnetic field region.

2. The kicker hardware cannot contain magnetic elements such as ferrites, because they
will spoil the uniform magnetic field.

3. Any eddy currents produced in the vacuum chamber, or in the kicker electrodes by the
kicker pulse must be negligible by 10 to 20 µs after injection, or must be well known
and corrected for in the measurement.

4. Any new kicker hardware must fit within the real estate that was occupied by the E821
kicker. The available space consists of three consecutive 1.7 m long spaces; see Fig. 3.5
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Figure 16.2: Top: Monte Carlo data analyzed using the T method with a threshold cut at
y = 0.6. Bottom: Same data analyzed using the Q method. Detector acceptance is included.
The asymmetry A is much higher for the T method; however, the Q method has many more
events (N). The ωa Monte-Carlo truth is R = 0 and the uncertainty in R is a measure of
the precision, in ppm. Both methods give a similar statistical uncertainty and acceptable fit
central values.

•  Have a target inside the ring 

•  “Kick” muons into the target after variable number of revolutions. 
15 revolutions flips the spin by 180 degrees. 

•  Measure the scattering with muon tracking detector 

Disadvantage: small statistics due to muon number reductions at the 
injection. Alternatives: either a separate “muon spin rotator”, or 
selection of muons with opposite polarizations 
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Running some numbers	
 
§  To measure PNC asymmetry of size A, you need Nevents > 1/A2. 

In the SM,  ALR ~ (GF Q2)/(4 π α) × (order one numbers)         
ALR ~ 10-4 at Q2 ~ 1 GeV2.   Need more than 108 scattering 
events. 

§  DIS cross sections at Q2 ~ 1 GeV2 are sDIS ~ 4 π α2/Q2 × (order 
one numbers) ~ 10-31 cm2.  

§  After 20 cm of e.g. graphite target the probability to scatter at Q2 
~ 1 GeV2  is Pscatter ~ 10-6. One would need over 1014 muons. Not 
feasible in the muon g-2 ring set up, 104 particles in the bunch, 
108 bunches. (Scatter muons before they enter g-2 ring? How to 
rotate the spin?? Go to higher Q2?) 

§  New Physics at low energy that enhances PNC: For example at 
Q2 ~ 0.01 GeV2 the cross sections are ~ 100 times larger, the 
asymmetry is 10 times larger.  One would need 1010 muons to test 
this type of models. This appear quite feasible. 
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B: variation, muon optical activity	

 
§  Tip the spin 90 degrees relative to momentum – linear 

superposition of L and R longitudinal polarizations. 

§  Send muon inside the unpolarized medium. The angle of the spin 
will rotate in a certain direction due to PNC difference in 
refraction for L and R.  

§  Muon stops then decays, try to measure (θfinish - θstart) 

§  Never tried before.  

§  SM looks too small (10-6 rad angles). NP-enhanced PNC? 
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C: PNC in muonic atoms - revisited 
§  Old (1980s) proposal (Going back to Chen & Feinberg. See 

Missimer & Simons review): 
1.  Start with slowing down muons in cyclotron trap (they loose 

their polarization), send them on Z~5 low density gas target 
2.  Let muon cascade take place; nl->n-1,l-1…. Some 1% reaches 

2S states. Look for one photon decay of 2S which occurs due to 
suppressed M1 amplitude and parity suppressed E1. Beta-decay 
of the muon will provide a correlated direction of beta electron 
and M1(E1) gamma.             Did not work out… 

§  New proposal (MP and McKeen), PRL 2012, arXiv:1205.6525  
1.  Use fast (~50 MeV) polarized muons with high intensity beam, 
2.  Use thin target of Z~30 (perhaps best is Z=36, Kr) does not 

capture muons apart from small fraction that gets into 2S state 
via atomic radiative capture (ARC) , µ- + Atom -> (µAtom) + γ	


3.  The signal is parity-violating forward-backward asymmetry of 
2S-1S gamma.  

 



Level structure (schematically)���
2s is pushed down by QED and up by finite nuclear charge	


§  Z~5      Z~30 
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~50 keV 

Few eV 

~2 MeV 

50 keV 

2S-1S and 2P-1S transitions 
cannot be distinguished on 
event by event basis  

2S-1S and 2P-1S transitions 
can be distinguished (but was 
never observed) 

1S 1S 

2S 
2P 

2S-2P 
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The binding energy in the ground state Eb = α2mµ/2 = 13.6eV (mred
µ/me) 

=  2.5 keV 

2.5 keV excess energy is shed in the cascade 

Muonic cascade is the only known way to make muonic atoms  



Difficulty with cascade: for 2S-1S S/B < 1% 

30 

Much more frequent nP-2S transitions from the cascade bury 
2S-1S transition under their continuum !!.  

I.e. too much background 

 



2S-1S line is well-hidden under the nP-1S background 
in the cascade. Simulation for Z=30 by F. Wauters  
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It will be very difficult to see the line in the cascade. But perhaps 
not impossible.  



New way to make muonic atoms 
(1 per 106 gets captured but mostly to 1S and 2S states) 

32 
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Single photon transition in 2S-1S enhances parity violation because: 

•  2S-2P are close and this enhances PNC mixing of atomic levels 

•  Main M1 transition is highly suppressed, E1*M1/(M1)2 is enhanced 
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PNC in muonic atoms - revisited 
§  Old (1980s) proposal  
 
 
§  New proposal (avoid the cascade),  
 

2

2P

......




nP
...

1S

2S

M1, E1

E1

E1

FIG. 1. A diagram of the atomic levels in typical muonic
atoms. Also shown are some of the single photon transitions
between states. The 2S → 1S single photon transition is an
admixture of a suppressed M1 transition and an E1 transition
from 2S-2P mixing induced by parity violation.

the parity-violating asymmetry in M1-E1 interference.
This idea has received a significant amount of theoret-
ical and experimental attention, summarized in the re-
view [11]. The most promising scheme for the detection
of parity violation to date was identified as a slow muon
forming a highly excited atomic state with a nucleus fol-
lowed by a cascade ending with

... → 2S1/2
M1−E1−−−−−→ 1S1/2 + γ; (µ−)1S → e

−
νµν̄e, (4)

with parity violation being encoded in the correlation
between the directions of the outgoing γ and the muon
decay electron. In Fig. 1 we show a level diagram for a
typical muonic atom.

Despite considerable efforts, the single photon 2S–1S
transition itself has never been detected in any muonic
atoms. In light atoms, Z <∼ 10, this transition cannot
be distinguished from the far more dominant 2P–1S, as
the difference between gamma ray energies in this case is
much smaller than the energy resolution of γ-detectors.
Combining this with the tiny branching ratio of the one-
photon decay of the 2S1/2 state in light elements, and the
fact that it gets scarcely populated, O(1%), during the
cascade, makes the measurement of parity violation very
challenging in light muonic atoms, even though the value
of parity-violating asymmetries could be as large as few
percent [11]. Heavier muonic atoms, Z ∼ 30, have been
suggested as promising candidates to test parity [12], be-
cause the 2S–1S and 2P–1S transitions can be easily
resolved, as the energy difference between the 2S and 2P
states reaches

∆E ≡ E2S − E2P =
(Zα)4mµ(mµRc)2

12
(5)

� 210 keV × (Z/36)4 × (Rc/4.2 fm)2,

where we have normalized the nuclear charge, Z, and
the nuclear charge radius, Rc, on the values for kryp-
ton, and suppressed total J indices, effectively neglect-

ing the splitting between 2P3/2 and 2P1/2 states. Unfor-
tunately, as in the case of lighter elements, the 2S–1S
transition was never detected in heavier atoms, because
of the dominance of the background created by quanta
from nP–1S transitions, n ≥ 3, whose energies have
been degraded [11]. To elaborate on this, one can esti-
mate the signal-to- background ratio of the single photon
2S–1S transition during the atomic cascade. The signal,
S ∼ N2SBr1γ , is proportional to the fraction of cascade
muons N2S that end up in the 2S state, where N2S is
typically on the order of 10−2 [13], and the branching
of M1 single photon transition from 2S states, which for
Z ∼ 30 [12] is given by

Br1γ � Γ2S−1S+1γ

Γ2S−2P + Γ2S−1S+2γ + ΓAuger
(6)

� Γ2S−1S+1γ

Γ2S−2P
∼ 2× 10−3

.

For smaller Z, Z < 28, the single photon branching
is strongly suppressed by Auger processes [14] and by
the two photon transitions. The cascade-related back-
ground consists of the number of energy-degraded nP–
1S (n ≥ 3) photons (i.e. those that do not deposit their
full energy in the detector) that fall into the energy res-
olution interval ∆E centered at the energy of the 2S–1S
transition. From experimental studies [15] one can con-
clude that O(20%) of muons undergoing a cascade gen-
erate nP–1S transitions. For realistic γ-detectors, the
number of energy-degraded photons is ∼ 50%, and the
number of photons under the 2S–1S peak within the en-
ergy resolution window of ∆E ∼ 2 keV can be estimated
as B ∼ 0.2×∆E/(2Eγ) ∼ 10−4 for Eγ ∼ 2 MeV. There-
fore, one arrives at the following estimate of signal -to-
background:

�
S

B

�

cascade

≤ 0.2. (7)

The actual ratio is smaller than this upper bound be-
cause of additional photon backgrounds caused by other
sources, which explains why the 2S–1S transition has not
been detected [11].
In addition to these challenges in detecting the 2S–1S

transition in muon cascades, another difficulty in imple-
menting the scheme in (4) lies in the fact that the final
step, muon decay, for these elements is very subdominant
to nuclear muon capture. Because of the combination of
these two factors, parity experiments with Z ∼ 30 ele-
ments were deemed impractical [11].
New proposal for a parity-violation measurement.–Our

proposal is to abandon (4) and use thin targets of Z ≥ 30
elements that only decrease the µ− momentum, but do
not stop the particle completely. This removes most of
the background related to the muonic cascade. A fraction
of the muons undergo ARC directly into the 2S state.
The signal consists of two γ quanta, one from the ARC

3

process (γ1), and the other from the single photon decay
of the 2S state (γ2):

µ
−
→ + Z → (µ−

→Z)2S1/2
+ γ1; 2S1/2

M1−E1−−−−−→ 1S1/2 + γ2.

(8)
Here µ−

→ denotes the longitudinally polarized muon.
While for the relevant range of Z the energy of γ2 is on
the order of 2 MeV, the energy of γ1 is dependent on the
muon momentum, and for muon momentum of 50 MeV
is in the 10 MeV range. The parity-violating signature
is the forward-backward asymmetry of γ2 relative to the
direction of the muon spin.

To calculate the cross section for muonic ARC into the
2S state (the first step in (8)), we note that the analogous
process involving an electron, electron-nucleus photore-
combination, in the dipole approximation with a point-
like nucleus is a standard textbook calculation [16, 17],
as it can be obtained from the standard hydrogen-like

photoelectric ionization cross section σ
(0)
PE . Here we ad-

just this for the muon case, which, besides the substitu-
tion me → mµ, involves accounting for the finite nuclear
charge radius and the departure from the dipole approx-
imation. This can be done by introducing a correction
factor to the standard formula,

σARC =
2ω2

p2
σPE ; σPE = η(p,Rc, Z, n, l)× σ

(0)
PE(nl),

σ
(0)
PE(2S) =

214π2αa2E4
2

3ω4

�
1 +

3E2

ω

�
exp{− 4

pa cot−1 1
2pa}

1− exp(−2π/pa)
.

In these expressions, p is the momentum of the in-
coming muon, a is the Bohr radius, a = (Zαmµ)−1,
E2 = Z2α2mµ/8 is the (uncorrected) binding energy
of the 2S muon, and ω = p2/2mµ + E2 is the (uncor-
rected) energy of the photon emitted in the ARC process.
The correction factor η is calculated by numerically solv-
ing the Schroedinger equation for a muon moving in the
field of the nucleus with uniform charge distribution with
charge radius Rc. The results for the cross sections are
plotted in Fig. 2 for Z = 36 and Rc = 4.2 fm. As one can
see, the corrections to the simple formula are significant,
and mostly come from the finite charge of the nucleus,
suppressing a naive cross section by more than a factor
of ∼ 3 for pµ > 60 MeV. Moreover, at p ∼ mµ, this
formula will need to be further corrected by relativistic
effects that thus far have been ignored in our treatment.

Previously, the ARC process was considered theoret-
ically in Ref. [18] for the case of muonic hydrogen, and
searched for experimentally in Ref. [15] in muonic cas-
cades in Mg and Al. The ARC process was not detected
because in the case of stopped muons the cross section
for forming muonic atoms via electron ejection is several
orders of magnitude larger than σARC. Because of that,
one should not expect that the muon cascade experiments
can be sensitive to the ARC processes.
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FIG. 2. σARC,2S as a function of the incoming muon mo-
mentum, p (solid curve) for a muon scattering on krypton,
Z = 36, with a uniform nuclear charge density and charge
radius of Rc = 4.2 fm while taking the departure from the
dipole approximation into account. Also shown is the cross
section in the dipole approximation with a point-like nucleus
(dashed curve).

Below, we estimate the probability for the ARC pro-
cess in a thin gaseous target of Kr that decreases the
momentum of the muon beam from pmax = 30 MeV to
pmin = 25 MeV:

PARC,2S =

� pmax

pmin

dp
nKrσARC,2S

|dp/dx| ∼ 2× 10−7
, (9)

where the momentum loss, dp/dx, is given by standard
Bethe-Bloch theory. For a target size of ∼ 5 cm, the
number density of the krypton atoms would correspond
to pressure of pKr ∼ 8 atm.
Combining the probability of the ARC process (9) with

the branching ratio of the M1 photons (6), we arrive at
the emission rate of 2S–1S photons as a function of the
incoming muon flux,

dN2S−1S

dt
= PARC×Br1γ×Φµ− ∼ 1

250 s
×

Φµ−

107s−1
. (10)

We can also estimate the intrinsic background created
by the nP–1S transitions in this case. For a trans-
parent target, one source of background consists of the
bremsstrahlung process, µ+Z → µ+Z+γ that degrades
the muon energy enough to trap it inside the target, with
a subsequent muon cascade creating nP–1S photons. To
calculate the yield of nP–1S photons, we estimate the
probability for µ + Z → µ + Z + γ process by taking
the standard cross section [17] and modifying it by the
correction coming from the finite nuclear charge. In this
way we find, for the same parameters of the target,

Pcascade ∼ Pµ+Z→µ+Z+γ ∼ 20× PARC,2S . (11)

Only a small fraction of the cascade photons, ∼ O(10−4),
will be degraded to mimic the 2S–1S transition and we
can conclude that the ratio of signal to irreducible back-
ground is

�
S

B

�

ARC

=
PARC,2S × Br1γ
Pcascade × 10−4

∼ O(1), (12)

•   Single (M1) 2S-1S transition in muonic atoms have never been 
observed 

•  Atomic radiative capture (ARC),                                                          
µ- (in flight)+ Atom à (µAtom) + γ, have never being observed 
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Atomic radiative capture  
  

§  Probability for ARC capture into the 2S state in a thin target 
approaches 10-6.  

3

process (γ1), and the other from the single photon decay
of the 2S state (γ2):

µ
−
→ + Z → (µ−

→Z)2S1/2
+ γ1; 2S1/2

M1−E1−−−−−→ 1S1/2 + γ2.

(8)
Here µ−

→ denotes the longitudinally polarized muon.
While for the relevant range of Z the energy of γ2 is on
the order of 2 MeV, the energy of γ1 is dependent on the
muon momentum, and for muon momentum of 50 MeV
is in the 10 MeV range. The parity-violating signature
is the forward-backward asymmetry of γ2 relative to the
direction of the muon spin.

To calculate the cross section for muonic ARC into the
2S state (the first step in (8)), we note that the analogous
process involving an electron, electron-nucleus photore-
combination, in the dipole approximation with a point-
like nucleus is a standard textbook calculation [16, 17],
as it can be obtained from the standard hydrogen-like

photoelectric ionization cross section σ
(0)
PE . Here we ad-

just this for the muon case, which, besides the substitu-
tion me → mµ, involves accounting for the finite nuclear
charge radius and the departure from the dipole approx-
imation. This can be done by introducing a correction
factor to the standard formula,

σARC =
2ω2

p2
σPE ; σPE = η(p,Rc, Z, n, l)× σ

(0)
PE(nl),

σ
(0)
PE(2S) =

214π2αa2E4
2

3ω4

�
1 +

3E2

ω

�
exp{− 4

pa cot−1 1
2pa}

1− exp(−2π/pa)
.

In these expressions, p is the momentum of the in-
coming muon, a is the Bohr radius, a = (Zαmµ)−1,
E2 = Z2α2mµ/8 is the (uncorrected) binding energy
of the 2S muon, and ω = p2/2mµ + E2 is the (uncor-
rected) energy of the photon emitted in the ARC process.
The correction factor η is calculated by numerically solv-
ing the Schroedinger equation for a muon moving in the
field of the nucleus with uniform charge distribution with
charge radius Rc. The results for the cross sections are
plotted in Fig. 2 for Z = 36 and Rc = 4.2 fm. As one can
see, the corrections to the simple formula are significant,
and mostly come from the finite charge of the nucleus,
suppressing a naive cross section by more than a factor
of ∼ 3 for pµ > 60 MeV. Moreover, at p ∼ mµ, this
formula will need to be further corrected by relativistic
effects that thus far have been ignored in our treatment.

Previously, the ARC process was considered theoret-
ically in Ref. [18] for the case of muonic hydrogen, and
searched for experimentally in Ref. [15] in muonic cas-
cades in Mg and Al. The ARC process was not detected
because in the case of stopped muons the cross section
for forming muonic atoms via electron ejection is several
orders of magnitude larger than σARC. Because of that,
one should not expect that the muon cascade experiments
can be sensitive to the ARC processes.
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FIG. 2. σARC,2S as a function of the incoming muon mo-
mentum, p (solid curve) for a muon scattering on krypton,
Z = 36, with a uniform nuclear charge density and charge
radius of Rc = 4.2 fm while taking the departure from the
dipole approximation into account. Also shown is the cross
section in the dipole approximation with a point-like nucleus
(dashed curve).

Below, we estimate the probability for the ARC pro-
cess in a thin gaseous target of Kr that decreases the
momentum of the muon beam from pmax = 30 MeV to
pmin = 25 MeV:

PARC,2S =

� pmax

pmin

dp
nKrσARC,2S

|dp/dx| ∼ 2× 10−7
, (9)

where the momentum loss, dp/dx, is given by standard
Bethe-Bloch theory. For a target size of ∼ 5 cm, the
number density of the krypton atoms would correspond
to pressure of pKr ∼ 8 atm.
Combining the probability of the ARC process (9) with

the branching ratio of the M1 photons (6), we arrive at
the emission rate of 2S–1S photons as a function of the
incoming muon flux,

dN2S−1S

dt
= PARC×Br1γ×Φµ− ∼ 1
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×

Φµ−
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. (10)

We can also estimate the intrinsic background created
by the nP–1S transitions in this case. For a trans-
parent target, one source of background consists of the
bremsstrahlung process, µ+Z → µ+Z+γ that degrades
the muon energy enough to trap it inside the target, with
a subsequent muon cascade creating nP–1S photons. To
calculate the yield of nP–1S photons, we estimate the
probability for µ + Z → µ + Z + γ process by taking
the standard cross section [17] and modifying it by the
correction coming from the finite nuclear charge. In this
way we find, for the same parameters of the target,

Pcascade ∼ Pµ+Z→µ+Z+γ ∼ 20× PARC,2S . (11)

Only a small fraction of the cascade photons, ∼ O(10−4),
will be degraded to mimic the 2S–1S transition and we
can conclude that the ratio of signal to irreducible back-
ground is
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Pcascade × 10−4

∼ O(1), (12)
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FIG. 2. σARC,2S as a function of the incoming muon mo-
mentum, p (solid curve) for a muon scattering on krypton,
Z = 36, with a uniform nuclear charge density and charge
radius of Rc = 4.2 fm while taking the departure from the
dipole approximation into account. Also shown is the cross
section in the dipole approximation with a point-like nucleus
(dashed curve).

Below, we estimate the probability for the ARC pro-
cess in a thin gaseous target of Kr that decreases the
momentum of the muon beam from pmax = 30 MeV to
pmin = 25 MeV:

PARC,2S =

� pmax

pmin

dp
nKrσARC,2S

|dp/dx| ∼ 2× 10−7
, (9)

where the momentum loss, dp/dx, is given by standard
Bethe-Bloch theory. For a target size of ∼ 5 cm, the
number density of the krypton atoms would correspond
to pressure of pKr ∼ 8 atm.
Combining the probability of the ARC process (9) with

the branching ratio of the M1 photons (6), we arrive at
the emission rate of 2S–1S photons as a function of the
incoming muon flux,

dN2S−1S

dt
= PARC×Br1γ×Φµ− ∼ 1

250 s
×

Φµ−

107s−1
. (10)

We can also estimate the intrinsic background created
by the nP–1S transitions in this case. For a trans-
parent target, one source of background consists of the
bremsstrahlung process, µ+Z → µ+Z+γ that degrades
the muon energy enough to trap it inside the target, with
a subsequent muon cascade creating nP–1S photons. To
calculate the yield of nP–1S photons, we estimate the
probability for µ + Z → µ + Z + γ process by taking
the standard cross section [17] and modifying it by the
correction coming from the finite nuclear charge. In this
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Testing Parity with Atomic Radiative Capture of µ−
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The next generation of “intensity frontier” facilities will bring a significant increase in the intensity
of sub-relativistic beams of µ−. We show that the use of these beams in combination with thin targets
of Z ∼ 30 elements opens up the possibility of testing parity-violating interactions of muons with
nuclei via direct radiative capture of muons into atomic 2S orbitals. Since atomic capture preserves
longitudinal muon polarization, the measurement of the gamma ray angular asymmetry in the
single photon 2S1/2–1S1/2 transition will offer a direct test of parity. We calculate the probability of
atomic radiative capture taking into account the finite size of the nucleus to show that this process
can dominate over the usual muonic atom cascade, and that the as yet unobserved single photon
2S1/2–1S1/2 transition in muonic atoms can be detected in this way using current muon facilities.

Introduction.—The standard model of particles and
fields (SM) has shown tremendous vitality under an on-
slaught of new TeV-scale data from the Large Hadron
Collider (LHC). Stringent limits are derived on new hy-
pothetical vector particles Z ′ that mediate interactions
between light quarks and charged leptons. For a sequen-
tial SM Z-like Z ′ particle such limits extend to 2 TeV,
rendering low-energy parity-violating tests not compet-
itive with the LHC in the search for new heavy reso-
nances with large couplings to SM particles. However,
an alternative possibility–light and very weakly coupled
particles–may easily escape the high-energy constraints
while inducing some nontrivial effects at low energy [1].
In recent years the interest in this type of physics has
intensified, largely due to the accumulation of various
anomalous observations that such light particles may
help to explain. (For a possible connection between light
vectors and dark matter physics see, e.g., Ref. [2].) In
parallel with this, attempts to detect such new states at
“intensity frontier” facilities are becoming more frequent
and more systematic [3].
Muon physics, and its study with new high intensity

muon beams, is a natural point of interest because of
the lingering discrepancy between calculations and mea-
surements of the muon anomalous magnetic moment [4]
as well as the recent striking discrepancy of the proton
charge radius extracted from the muonic hydrogen Lamb
shift [5] as compared to other determinations of the same
quantity [6]. While it is far from clear that these discrep-
ancies are not caused by some poorly understood SM
physics or experimental mistakes, it is still important to
investigate models of New Physics (NP) that could cre-
ate such deviations. Models with light vector particles
(see, e.g., [7]) are particularly interesting as they can re-
move the g − 2 discrepancy quite naturally [8], or be re-
sponsible for extra muon-proton interactions that can be
interpreted as a shift of the proton charge radius [9, 10].
As was argued in Ref. [10], a lepton flavor-specific

muon-proton interaction in combination with constraints
in the neutrino sector may imply that right-handed muon
number is gauged, leading to new parity-violating muon-

proton neutral current interactions. We take this model
as a representative example of new physics at the sub-
GeV energy scale that can create stronger-than-weak ef-
fects in the interaction of muons with nuclei. In this
Letter, we revisit the idea of searching for parity viola-
tion in the muon sector using muonic atoms, keeping in
mind that no direct tests of the axial vector muon cou-
pling have been performed at low energy, and that the
NP contribution could dominate over the SM [10]. To be
specific, we consider a low-energy effective neutral cur-
rent Lagrangian, that includes the sum of the SM and
NP contributions,

Lµ = LSM + LNP

LSM = −
GF

2
√
2
µ̄γνγ5µ (gnn̄γνn+ gpp̄γνp) , (1)

LNP = µ̄γνγ5µ
4παgNP

µ

m2
V +!

(

gNP
n n̄γνn+ gNP

p p̄γνp
)

(2)

where the SM vector couplings to nucleons are given by
gVn = − 1

2 , g
V
p = 1

2 − 2 sin2 θW . In the model with gauged
right-handed muon number, the least constrained points
in the parameter space correspond to the mass of the
mediator gauge boson of mV # 30 MeV. In that case,
the fit to the proton charge radius suggests [10]

4παgNP
µ gNP

p

m2
V

#
2× 10−5

(30 MeV)2
% GF , (3)

which should be considered as perhaps the most opti-
mistic value for the strength of the muon-proton interac-
tion. In what follows we suggest a new way to search for
the manifestation of (1) and (2) in muonic atoms using
the process of atomic radiative capture (ARC) to the 2S
state: µ−+Z → (µ−Z)2S+γ. We show that probing LNP

of maximal strength is possible with existing muon line
facilities, while the SM values can eventually be tested
at the next generation of high-intensity muon sources.
It is well-known that the suppressed M1 single photon

2S1/2–1S1/2 transition in combination with the small en-
ergy difference between the 2S and 2P states enhances

4

pmin = 25 MeV. Only a small fraction of the cascade
photons, ∼ O(10−4), will be degraded to mimic the 2S–
1S transition and we can conclude that the ratio of signal
to irreducible background is

[

S

B

]

ARC

=
PARC,2S × Br1γ
Pcascade × 10−4

∼ O(1), (12)

and the gain over (7) is rather significant. The con-
tribution to the background due to direct capture on
n ≥ 3 orbits is even smaller. The background from
bremsstrahlung and cascade photons in (11) is small
enough that Ge detectors with µs response times can
operate with muon fluxes of O(1010 s−1) without pho-
tons from these processes arriving within the lifetime of
the 2S state. We conclude that while the signal rate
is small, Eq. (10), the gain in the S/B can substan-
tial, making the search for the ARC processes and 2S–
1S transitions worth pursuing experimentally. A further
increase in S/B can be achieved by imposing a cut on
the energy of γ1 that can distinguish it from the lower
energy bremsstrahlung γ.
We are now ready to investigate the feasibility of the

parity violation experiment with the use of the ARC
scheme in (8). The forward- backward asymmetry of
the 2S–1S photon is related to the coefficient of 2S–2P
mixing δ and the ratio of E1 and M1 amplitudes [12],

AFB =
Nγ2

(θ > π
2 )−Nγ2

(θ < π
2 )

Nγ2
(θ > π

2 ) +Nγ2
(θ < π

2 )
= 2δ

(E1)2P−1S

(M1)2S−1S

% 680×
(

36

Z

)3

× δ, iδ =
〈2S1/2|HPV |2P1/2〉

∆E
, (13)

where the parity-violating Hamiltonian can be derived
from (1) and (2). The size of the parity-violating admix-
ture in the SM [12] and in the presence of non-standard
interactions [10]is given by

δSM %
3
√
3GF

8
√
2πZαR2

c

(

gp + gn
A− Z

Z

)

, (14)

δNP =
3
√
3gNP

µ

2ZαR2
cm2

µ

mV a

(mV a+ 1)3

(

gNP
p + gNP

n
A− Z

Z

)

.

For the non-standard interaction (2), we normalize its
strength to the possible size of the effect suggested by
the muonic hydrogen Lamb shift discrepancy, following
[10]. This way for Z = 36 we find

AFB[SM] % 0.5× 10−4, AFB[NP] = (0.5− 11)%. (15)

The lower value of the asymmetry AFB[NP] is for small,
∼ 10 MeV, masses of vector mediators, while larger val-
ues are for the scaling regime, mV ) 1/a.
Using these asymmetries and a realistic efficiency fac-

tor of ∼ 0.1 for the detection of a two-photon transition,

we arrive at the following estimate of the time required
to achieve the number of events N ∝ 1/AFB

2:

T [SM] ∼ 108 s×
1011 s−1

Φµ
,

T [NP] ∼ 3× 105 s×
107 s−1

Φµ
×
(

0.1

A

)2

. (16)

One can see that, while the test of a muonic parity vi-
olating AFB down to the O(10−4) value of the SM via
the method suggested in this paper is statistically possi-
ble only with future high- intensity muon beams, tests of
some NP models [10] are feasible even at existing facili-
ties.
In conclusion, let us summarize the main advantages of

possible tests of parity using the atomic radiative capture
scheme in Eq. (8):

i. The muon capture onto the 2S orbit proceeds via an
E1 transition and does not depolarize the muons. There-
fore it is possible to capture a fully polarized muon onto
the 2S orbit and study an angular asymmetry of the out-
going γ without the need to observe muon beta decay in
the 1S state.
ii. The gain in S/B is significant, as the nP–1S (n > 3)
transitions of cascade muons that prevented the detec-
tion of the single photon 2S–1S decay in the past are
greatly reduced. The detection of this transition can be
realistically performed even with the existing sources of
µ−.
iii. The use of a transparent target allows one to study
parity with muons in a “parasitic” set-up, when the dom-
inant part of the muon flux is used for other experiments.
It also appears that the ARC-based method (8) can with-
stand the increase of the muon beam intensity more easily
than the cascade-based methods (4).
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inant part of the muon flux is used for other experiments.
It also appears that the ARC-based method (8) can with-
stand the increase of the muon beam intensity more easily
than the cascade-based methods (4).
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and the gain over (7) is rather significant. The con-
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For the non-standard interaction (2), we normalize its
strength to the possible size of the effect suggested by
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One can see that, while the test of a muonic parity vi-
olating AFB down to the O(10−4) value of the SM via
the method suggested in this paper is statistically possi-
ble only with future high- intensity muon beams, tests of
some NP models [10] are feasible even at existing facili-
ties.
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possible tests of parity using the atomic radiative capture
scheme in Eq. (8):
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fore it is possible to capture a fully polarized muon onto
the 2S orbit and study an angular asymmetry of the out-
going γ without the need to observe muon beta decay in
the 1S state.
ii. The gain in S/B is significant, as the nP–1S (n > 3)
transitions of cascade muons that prevented the detec-
tion of the single photon 2S–1S decay in the past are
greatly reduced. The detection of this transition can be
realistically performed even with the existing sources of
µ−.
iii. The use of a transparent target allows one to study
parity with muons in a “parasitic” set-up, when the dom-
inant part of the muon flux is used for other experiments.
It also appears that the ARC-based method (8) can with-
stand the increase of the muon beam intensity more easily
than the cascade-based methods (4).
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Starting to be sensitive to [optimistic] NP within ~ few days, digging 
out Z-boson exchange would require new more powerful beams. 
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A new experimental effort underway (Klaus Kirch, Peter Kammel, 
Andreas Knecht, Frederik Wauters et al): 	

A.  detect ARC process 	


B.  B. try to detect 2S-1S transition either in the cascade or after 
ARC	


C.  Explore the feasibility of the future PNC experiment.	

P. Kammel and F. Wauters idea: detect 2S-1S transition in muonic 
atom cascades by coincidence (detecting nP à 2S transitions + 
2S-1S. I.e. “tag” the 2S states.)  



The REDTOP 
experiment  

 
Rare Eta Decays with a 
Tpc for Optical Photons 

Relevant for today’s discussion because 
it will be a well-controlled source of 

muon pairs.  

Corrado Gatto 
For the REDTOP Collaboration 

(slides are modified by M. Pospelov) 



The Physics Case 
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q  The η  meson is a Goldstone boson: a very nice 
laboratory for physics BSM if you produce > 1010 

q  Largest η meson sample would come from WASA:  

 ~ 108 pp → ηpp 

q  Expected REDTOP  production: 2x1012 - 1013 η 
mesons/year from p+Be → η X 

q  Light new physics in the decays to eeγ, µµγ, π0µµ can 
be tested. Dark photons and baryon current coupled 
vectors etc. Discrete symmetries can be tested, 
including Parity in µ+µ-γ (via muon polarimeter).  D1.8 
GeV 

 

  

 

 

4/27/2016 The REDTOP experiment 



Accelerator complex 
 •  Use g-2 accelerator complex and experimental site 

•  Decelerate 8 GeV beam to 1.8 GeV and debunch in the DR 

•  Required second RF-cavity already existing 

•  Minor adjustment of DR instrumentation 

40 4/27/2016 The REDTOP experiment 



The REDTOP Detector 
•  Need to digest 1 interaction/10nsec  and large pile-up (toward PIP-II era) 
•  Super-fast detector (based on Cerenkov effect) and electronics (ASICS) 
•  Three novel detectors: 

1.  Optical-TPC (R&D from T1059 - UC)  
2.  ADRIANO dual-readout calorimeter (R&D from T1015 a FNAL + INFN Collaboration) 
3.  Active muon polarimeter (R&D for TREK at KEK) 
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CDF 

Solenoid 
ADRIANO 
Calorimeter 

µ-polarizer 

10x Be targets 

Optical TPC 

4/27/2016 The REDTOP experiment 



The Experimental Apparatus 
 Detector 

q  Beryllium or carbon fiber beam pipe, 10 cm dia x 1.5 m long 
q  1 cm dia targets disk inside the pipe, spaced 10 cm apart 
q  Aerogel around the beam pipe, 3cm thick (for most muons and fast pions 

detection) 
q  Optical-TPC 1m diameter x 1.5 m long 
q  γ-polarimeter in the rear section of the Optical-TPC 
q  ADRIANO calorimeter: ~20 Xo (same as ORKA) or 64 cm deep. Inner and 

outer sections to accommodate the µ-polarimeter in between 
q  Total detector dimensions: 2.2 m dia x 2.7 m long 
q  CDF solenoid run at 0.6 T (3 m inner diameter x 4.8 m long) 
q  A0 cryogenics infrastructure close to experiment location (Tevatron 

commissioning transfer tunnel) or existing cryogenics on the muon campus 

q  Potential interest from CERN-Geant4 group on instrumenting the fwd and bkg 
detector regions (for G4 validation of new hadronic models) 

 
42 4/27/2016 The REDTOP experiment 



REDTOP Physics Program (IX) 
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Low energy η physics 
q  Nuclear models 

q  Chiral perturbation theory 

q  Non-perturbative QCD 

q  Isospin breaking due to the u-d quark mass difference 

q  Octet-singlet mixing angle 

q  ππ interactions 

q  Electromagnetic transition form-factors (important input for g-2) 

q  Lots of other bread&butter physics 
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Present η Samples 
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A. Starostin - UCLA 

REDTOP@FNAL  pp → η pp                                      2x1012 

(proposing)        pn → η pp 

GlueX@JLAB  γp → η p → neutrals                      4.5x107/yr 

(proposed) 

4/27/2016 The REDTOP experiment 



The Experimental Apparatus 
 Beam & Target 

q  Ebeam = 1.8 ÷ 2.0 GeV (still under optimization) 
q  Intensity: 1x1011 POT/sec – continuous 
q  Beam power @ 1.8 GeV: 1011 p/sec × 1.8 GeV × 1.6 × 10-10 J/GeV = 30 Watts 
q  Target: 10 x 0.1mm Nb or 10 x 0.33mm Be foils, spaced 10 cm apart 
q  Nb is thinner (better vertex resolution) but makes more primary hadrons (final 

state hadron multiplicity ≈ A1/3) 
q  Prob(p + target -> X) = 0.5%  
q  Power dissipated from target:  

q  150 mW  total 
q  15 mW per target foil 

q  Therefore, no need for target cooling          

q  p-inelastic production: 5 x 107 evt/sec  (1 interaction/20 nsec in any of the 10 
targets) 	


q  η  production: 2 x 105 η /sec  or 2 x 1012 η /yr 
q  Charged mode (2% acceptance) : 1 L0 trigger/1000 nsec or 1 x 1011 trigger/yr 
q  Neutral mode (10% acceptance) : 1 L0 trigger/200 nsec or 5 x 1011 trigger/yr 
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Conclusions 

§  Muons seems to “accumulate anomalies”. g-2, µH, etc.  No 
measurements of PNC with muons (Amuons × Vquarks ) – would be 
interesting to do.  

§  New physics “explanations” of rp discrepancy are problematic 
because of ~104GF size of the effect – difficult to embed in the SM. 
Have to tune many observables (g-2 of the muon, possibly neutron 
scattering)…At the same time, ~104GF size effect gives us a chance to 
look for it in a symmetry-violating channel. 

§  Many possibilities at Fermilab. Muonic scattering, possibly muonic 
atoms. [How to reach SM PNC level of sensitivity?] 

§  It looks like one need some new bright ideas how to test SM size 
asymmetries. Typically 10-4 and smaller. New physics contributions 
can be tested with non-trivial precision.  


