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Plan 
1.  Intro: similar looking operators, different physics.  
2.  Why EDMs? EDMs and New Physics. BAU and EDMs. 
3.  Pre-LHC expectations: lots of super-partners near weak scale 

– EDM constraints on their properties. Hard realities for New 
Physics in 2016. EDM constraints on CP properties of the new 
Higgs-like resonance. EDMs from 100 TeV SUSY.  

4.  Muon g-2 at a glance. What is the origin of current 
discrepancy? Interpreting the discrepancy as New Physics: 
either un-colored NP around the EW scale, or a  very light 
new vectors and/or scalars around the muon mass. 
Implications for intensity frontier physics.  

5.  Conclusions: importance of multitude of probes, and of new 
experimental initiatives.  
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Anomalous magnetic moment:      Electric dipole moment: 
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•  Induced by “any” interactions. 

•  The leading effect is large 
(~O(1) for hadrons, O(10-3) 
for leptons) 

•  Can be made into a precision 
tool if the accuracy of 
measurements is matched by 
accuracy of calculations 

•  Tilde flips E and B. 

•  Only CP-violating 
interactions induce it; very 
special, not common.  

•  Is a precision tool 
“automatically” as SM (apart 
from strong CP caveat) does 
not induce large EDMs 

Anomalous magnetic moment and EDM of an elementary fermion 
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Electric Dipole Moments

Purcell and Ramsey (1949) (“How do we know that strong in-
teractions conserve parity?” −→ |dn| < 3 × 10−18ecm.)

H = −µB · S
S
− dE · S

S
d $= 0 means that both P and T are broken. If CPT holds then
CP is broken as well.

CPT is based on locality, Lorentz invariance and spin-statistics
= very safe assumption.

search for EDM = search for CP violation, if CPT holds

Relativistic generalization

HT,P−odd = −dE · S
S
→ LCP−odd = −d

i

2
ψσµνγ5ψFµν,

corresponds to dimension five effective operator and naively sug-
gests 1/Mnew physics scaling. Due to SU (2) × U (1) invariance,
however, it scales as mf/M 2.

Maxim Pospelov, GGI workshop, Florence 03/23/2010
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Current Experimental Limits

”paramagnetic EDM”, Berkeley experiment

|dTl| < 9 × 10−25e cm

”diamagnetic EDM”, U of Washington experiment

|dHg| < 2 × 10−28e cm

factor of 7 improvement in 2009!

|dHg| < 3 × 10−29e cm

neutron EDM, ILL experiment

|dn| < 3 × 10−26e cm

Despite widely different numebrs, the interplay of atomic and
nuclear physics leads to the approximately the same level of
sensitivity to constituents, dq ∼ O(10−26)ecm. With 2009
result, Hg EDM looks as a serious winner in many
models.

(In addition, there are valuable but less sensitive results from
Michigan (Xe), Leningrad (n), Amherst College (Cs), ...)

Maxim Pospelov, GGI workshop, Florence 03/23/2010

Notice that Thallium EDM is usually quoted as de < 1.6 10-27 cm  

bound, and in 2011 it was improved to 1.0 10-27 cm. 

2013 ThO result by Harvard-Yale collaboration: |de| < 8.7 × 10-29 

7.4 × 10-30 



Dedicated experiments to measure EDMs at CERN? 	
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•  Nuclear EDMs (apart from from neutrons) are screened inside the 
atoms (Schiff theorem) resulting in a huge penalty in sensitivity. 
Mercury EDM at 10-25 cm results in ~ 10-25 cm bound on dp,n. Not so 
for charged particles in the [future dedicated] storage rings. 

•  Opportunity for CERN to pursue the EDM projects (proton, 
deuteron, and in the future possibly more complicated nuclei). The 
method has been developed by Y. Semerdzidis and collaborators. A 
breakthrough down to 10-29 e cm sensitivity level has been claimed 
possible. See T. Bowcock talk tomorrow.  

•   Muon EDMs are poorly constrained [we know constraints on 
WIMP EDMs better than muon EDMs!]. Room for improvement.  
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Why bother with EDMs?

Is the accuracy sufficient to probe TeV scale and beyond?

Typical energy resoultion in modern EDM experiments

∆Energy ∼ 10−6Hz ∼ 10−21eV

translates to limits on EDMs

|d| <
∆Energy

Electric field
∼ 10−25e × cm

Comparing with theoretically inferred scaling,

d ∼ 10−2 × 1 MeV

Λ2
CP

,

we get sensitivity to

ΛCP ∼ 1 TeV

Comparable with the LHC reach! EDMs are one of
the very few low-energy measurements sensitive to
the fundamental particle physics.

Maxim Pospelov, GGI workshop, Florence 03/23/2010
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An improvement from 
10-25 to 10-29 would 
scale up the sensitivity 
to ΛCP to 100 TeV !  



CKM model	
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CP violation via in CKM matrix

There are two possible sources of CP violation at the renormal-
izable level: δKM and θQCD.

δKM is the form of CP violation that appears only in the charged
current interactions of quarks.

Lcc =
g√
2

(
ŪLW/ +V DL + (H.c.)

)
.

CP violation is closely related to flavour changing interactions.




dI

sI

bI




=





Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb









d
s
b




≡ VCKM





d
s
b




.

CKM model of CP violation is independenly checked using nu-
tral K and B systems. No other sources of CP are needed to
describe observables!

CP violation disappear if any pair of the same charge quarks is
degenerate or some mxing angles vanish.

JCP = Im(VtbV
∗
tdVcdV

∗
cb)×

(y2
t − y2

c )(y
2
t − y2

u)(y
2
c − y2

u)(y
2
b − y2

s)(y
2
b − y2

d)(y
2
s − y2

d)

< 10−15

Maxim Pospelov, GGI workshop, Florence 03/23/2010



EDMs from CKM	
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Why EDMs are important

! !

d d

gluon

t cb

CKM phase generates tiny EDMs:

dd ∼ Im(VtbV
∗
tdVcdV

∗
cb)αsmdG

2
Fm2

c × loop suppression

< 10−33ecm

EDMs do not have δKM-induced background. On a
flip-side, δCKM cannot source baryogenesis.

EDMs test

1. Extra amount of CP violation in many models beyond SM

2. Some (but not all!) theories of baryogenesis

3. Mostly scalar-fermion interactions in the theory

4. EDMs are one of the very few low-energy probes that are
sensitive to energy scale of new physics beyond 1 TeV

Maxim Pospelov, GGI workshop, Florence 03/23/2010

Direct quark EDMs identically vanish at 1 and 2 loop levels  
(Shabalin, 1981). 3-loop EDMs are calculated by Khriplovich.  

de first appears at 4 loops (Khriplovich, MP, 1991) < 10-37 cm 

dn is dominated by long distance effects but does not exceed 10-31.  



CP violation from the Theta term	


§  If CKM gave too small an EDM, there is a much bigger source of 

CP violation in the flavor conserving channel  - theta term	
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Strong CP problem

Energy of QCD vacuum depends on θ-angle:

E(θ̄) = −1

2
θ̄2m∗〈qq〉 + O(θ̄4,m2

∗)

where 〈qq〉 is the quark vacuum condensate and m∗ is the re-
duced quark mass, m∗ = mumd

mu+md
. In CP-odd channel,

dn ∼ e
θ̄m∗

Λ2
had

∼ θ̄ · (6 × 10−17) e cm

Strong CP problem = naturalness problem = Why |θ̄| < 10−9

when it could have been θ̄ ∼ O(1)? θ̄ can keep ”memory” of
CP violation at Planck scale and beyond. Suggested solutions

• Minimal solution mu = 0 ← apparently can be ruled out
by the chiral theory analysis of other hadronic (CP-even)
observables.

• θ̄ = 0 by construction, requiring either exact P or CP at high
energies + their spontaneous breaking. Tightly constrained
scenario.

• Axion, θ̄ ≡ a(x)/fa, relaxes to E = 0, eliminating theta
term. a(x) is a very light field. Not found so far.

Maxim Pospelov, GGI workshop, Florence 03/23/2010

Axions or clever symmetry for keeping theta=0; mu=0… 	
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Baryon asymmetry of the Universe

Basic facts that are known about observable Universe:
1. nB ! nB̄

2. ηB ≡ nB/nγ = 6.1± 0.1× 10−10 (Any baryogenesis scenario
would have mostly theoretical uncertainties. )
3. Fluctuations in the CMB spectrum give a strong support
to an inflationary paradigm. The initial state of the Universe
according to inflation was vacuum-like, and therefore B-B̄ sym-
metric. Baryogenesis is needed!

Baryogenesis ≡ a process that transfers intial baryo-symmetric
state of the universe to a state with nB − nB̄ > 0.

Baryons can be generated dynamically ! (Sakharov, 1967)
Three Sakharov’s conditions for baryogensis
1. Baryon number violation
2. C and CP violation
3. Departure from thermal equilibrium

First three conditions are in principle satisfied within Standard
Model at T ∼ 100 GeV.

Maxim Pospelov, GGI workshop, Florence 03/23/2010

Cosmological reasoning for extra CP violation:  Baryogenesis  



SM by itself doesn’t seem to work for BAU	
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Could SM generate observed ηB?

No.

Objection 1. There is not enough CP violation. ηB(δCKM)
is suppressed by JCP < 10−15. ηB(θQCD) is suppressed by
mumdmsmcmbmt/T 6.

Objection 2. The departure from equilibrium is very small be-
cause the cosntraint from LEPII, mh > 114 GeV necessarily
implies the absence of the first order electroweak phase transi-
tion.

New Physics is required
50+ scenarios have been put forward

Model of Axion EDMs are New Physics 2β0ν proton
Baryogenesis required measurable below TeV decay decay

GUT + − − ± +
Electroweak + + + − −
Leptogenesis − − − + −

Maxim Pospelov, GGI workshop, Florence 03/23/2010

Notice that not everyone gave up on BAU(CKM) – from time to time weird scenarios emerge 
that may have some hope, (e.g. initial conditions with vev=0, T=0 etc.) 

Now, we know that mh = 125 GeV 

EDMs, hand-in-hand with the LHC, could soon close out the 
electroweak baryogenesis scenario, where new resonances and new 
sources of CP violation are required close to electroweak scale.  



14 

From SUSY to an atomic/nuclear EDM
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Hadronic scale, 1 GeV, is the normalization point where pertur-
bative calculations stop.

Maxim Pospelov, GGI workshop, Florence 03/23/2010

My old slide from the pre-LHC time, in line with “common” 
expectations of super-partners below a TeV.  

There are many 
potential sources 
of CP breaking: 
leptonic, semi-
leptonic, hadronic 
– many probes are 
required   
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Anatomy of SUSY EDMs

All one-loop and most important (tan β-enhanced) two-loop di-
agrams have been computed.

d g̃d g̃

γ

d̃R d̃R

d d

d̃L d̃L

de

eκe
=

g2
1

12
sin θA +




5g2

2

24
+

g2
1

24



 sin θµ tan β,

dq

eqκq
=

2g2
3

9
( sin θµ[tan β]±1 − sin θA) + O(g2

2, g
2
1), (1)

d̃q

κq
=

5g2
3

18
( sin θµ[tan β]±1 − sin θA) + O(g2

2, g
2
1).

The notation [tan β]±1 implies that one uses the plus(minus)
sign for d(u) quarks, gi are the gauge couplings, and eu = 2e/3,
ed = −e/3. All these contributions to di are proportional to κi,

κi =
mi

16π2M 2
SUSY

= 1.3 × 10−25cm × mi

1MeV




1TeV

MSUSY





2

.
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Combining constraints together

In the model where at the weak scale all superpartners have one
and the same mass, MSUSY, both CP-odd phases of the MSSM
are tightly constrained

!!"

#$%

The combination of the three most sensitive EDM constraints,
dn, dTl and dHg, for MSUSY = 500 GeV, and tan β = 3. The
region allowed by EDM constraints is at the intersection of all
three bands around θA = θµ = 0.

Maxim Pospelov, GGI workshop, Florence 03/23/2010

Combining constraints together

In the model where at the weak scale all superpartners have one
and the same mass, MSUSY, both CP-odd phases of the MSSM
are tightly constrained
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The combination of the three most sensitive EDM constraints,
dn, dTl and dHg, for MSUSY = 500 GeV, and tan β = 3. The
region allowed by EDM constraints is at the intersection of all
three bands around θA = θµ = 0.
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From SUSY to an atomic/nuclear EDM
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Hadronic scale, 1 GeV, is the normalization point where pertur-
bative calculations stop.

Maxim Pospelov, GGI workshop, Florence 03/23/2010

In light of the LHC results, is this connection still here?  



EDMs and New Physics	


§  EDM observable   ~	


      ~ [some QCD/atomic/nuclear matrix elements]   ×	


	


                SM mass scale (me, mq)  ×  (CP phase)NP/ΛNP

2	


	



With some amount of work all matrix elements can be fixed. For the 
flavor blind NP, di ~ mi.   Unfortunately, we have no idea where 
actually ΛNP is !!!  	


100 GeV, 1 TeV, 10 TeV, 100 TeV, 1000 TeV … GUT scale … MP	



	


After the LHC did not find the abundance of new states immediately 
above EW scale, “guessing EDMs” became even more difficult. 
What shall we put in the denominator? E.g. (TeV)2 or (PeV)2? 	
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EDMs from 100 TeV SUSY	


§  Measured Higgs mass value, ~126 GeV, may be pointing toward 

very heavy squark mass scale. The Higgs potential must be 
“tuned” to a considerable level. 	



§  Such mass scale, 50 TeV-PeV allows [almost] not to worry about 
SUSY flavor issues [and about producing sfermions at the LHC]. 
Wells, 2003; …. Most recently Arvanitaki et al., Arkani-Hamed 
et al, other groups, 2012-2013. “Mini-split” scenario. 	



§  Gaugino could be around EW scale, giving dark matter and 
allowing many models of SUSY breaking to easily explain such a 
scenario. 	



§  Such a huge mass scale suppresses all EDMs, of course, but the 
absence of flavor-diagonal squark mass matrix can lead to a 
considerable enhancement via di ~ mtop, McKeen, MP, Ritz, 2013. 
See also Altmannshofer et al., 2013. 	
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Naturalness of masses and EDMs	
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(δuLR)33(δQLL)13 (δuRR)31

M3

uL uR

γ (g)

Figure 1: The diagram that generates a contribution to the u quark mass, δmu, in Eq. (1).
Analogous diagrams can be drawn for the d quark and the electron. Additionally, (C)EDMs
are generated by this diagram when a photon (gluon) is attached.
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where we have defined, as in the quark cases, θ2e ≡ (δLLL)13 (δ
e
RR)31. Like the d quark, unless

tan β is somewhat large, this is not likely to account for all of the electron mass, but, like
we saw with the quarks, this does not need to be fine tuned to keep the electron light.

Given the shift in the u quark mass from the gluino-squark loop seen in Fig. 1, a contri-
bution to its (C)EDM arises from attaching a photon (gluon) to this diagram. In this simple
split picture with gauginos much lighter than squarks, the u quark CEDM1 is
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where we call the phase difference between µ and the u squark mass squared terms φũµ. As

1With squarks much heavier than gluinos, the CEDM is logarithmically enhanced relative to the EDM.

2

(δuLR)33(δQLL)13 (δuRR)31

M3

uL uR

γ (g)

Figure 1: The diagram that generates a contribution to the u quark mass, δmu, in Eq. (1).
Analogous diagrams can be drawn for the d quark and the electron. Additionally, (C)EDMs
are generated by this diagram when a photon (gluon) is attached.

leading contribution to its mass shift is

δme ∼
α1

4π
M1(δ

L
LL)13 (δ

e
LR)33 (δ

e
RR)31 �

α

4π cos2 θW
θ2e
mτM1 tan β

ΛSUSY
(6)

∼ 0.015 MeV

�
tan β

3

��
θ2e
1/3

��
M1

1 TeV

��
100 TeV

ΛSUSY

�
, (7)

where we have defined, as in the quark cases, θ2e ≡ (δLLL)13 (δ
e
RR)31. Like the d quark, unless

tan β is somewhat large, this is not likely to account for all of the electron mass, but, like
we saw with the quarks, this does not need to be fine tuned to keep the electron light.

Given the shift in the u quark mass from the gluino-squark loop seen in Fig. 1, a contri-
bution to its (C)EDM arises from attaching a photon (gluon) to this diagram. In this simple
split picture with gauginos much lighter than squarks, the u quark CEDM1 is

d̃u � αs

4π
M3 (δ

u
LL)13 (δ

u
LR)33 (δ

u
RR)31 ×

3

M2
sc

log

�
M2

sc

M2
3

�
sinφũµ (8)

∼ 3
δmu

Λ2
SUSY

log

�
Λ2

SUSY

M2
3

�
sinφũµ (9)
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2

Common squark, Higgsino mass scale is assumed. Quark mass itself 
is also corrected and we require the tuning in mu not be very large,  

Saturating naturalness in mu allows fixing many free parameter in du.  

Current bounds on dHg limit CEDM of up quark at ~ 5×10-27 cm  

1 Introduction

The discovery of a standard model-like Higgs boson with a mass around 126 GeV combined

with the lack of evidence for super-partners of standard model (SM) particles at the LHC has

cast doubt on supersymmetry (SUSY) providing a natural solution to the hierarchy problem.

Combined with the already strong constraints from flavor- and CP-violating observables, this

points to the possibility that SUSY may be broken at a scale well above the weak scale with

a single fine-tuning allowing for a light Higgs.

Add more descriptions, references, etc. etc.

2 Fermion masses and EDMs

In the scenario described above, the large top mass can potentially seed the mass of the up

quark. In the language of mass insertions (MI), the contribution of a gluino-squark loop,

seen in Fig. 1, to the u-quark mass is

δmu ∼
αs

4π
M3(δ

Q
LL)13 (δ

u
LR)33 (δ

u
RR)31 . (1)

With squarks at the 100-1000 TeV scale, the mixings can potentially be large, θ2u ≡ (δQLL)13 (δ
u
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O (1), which leads to
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where we have labeled the scale of the squark and Higgsino masses ΛSUSY (Msc ∼ µ ∼ ΛSUSY).

Given a moderate tan β and large mixings, this contribution is of the right order of magnitude

to explain the small u quark mass, δmu ∼ mu, and does not requires a large fine tuning to

keep the u quark light.

In the case of the d quark, the shift of its mass is given by a similar expression,

δmd ∼
αs

4π
θ2d
mbM3 tan β

ΛSUSY
(4)

∼ 0.5 MeV

�
tan β

3

��
θ2d
1/3

��
M3

1 TeV

��
100 TeV

ΛSUSY

�
, (5)

defining θ2d ≡ (δQLL)13
�
δdRR

�
31
. Unless the mixing in the down sector is extremely large or

tan β is somewhat larger than the moderate value we have normalized on, this is likely too

small a contribution to account for all of the d quark mass. However, as in the u quark case,

one does not have to fine tune a cancelation of this contribution to obtain a small d mass

because of the splitting between gauginos and squarks.

As for the electron, in this split picture with large mixings in the sleptons as well, the

1



Naturalness estimates for EDMs	
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Currently dHg probes ~ 100 TeV scale in this scenario. So, sub-PeV SUSY  

is not hopeless for EDMs. But we may never learn that it is SUSY… 

mh ~125 GeV 



Constraining properties of 125 GeV Higgs-
like particle with EDMs	



§  New resonance discovered 4 years ago at the LHC may be exactly 
the SM Higgs, or it may be a SM-Higgs-like with some deviations 
of its couplings from what’s expected in the SM.	



§  Its CP-properties are not arbitrary – are being tested at the LHC, and 
are constrained by the absence of large EDMs. (E.g. large, O(10%) 
modifications of branching ratios due to additional CP-violating 
amplitudes are generically not allowed.) 	



§  CP-violating couplings to light quarks and electrons are constrained 
through EDM better than CP-conserving ones directly!	
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New physics thresholds which can modify the diphoton and dilepton Higgs branching ratios sig-

nificantly, may also provide new sources of CP and lepton flavor violation. We find that limits on

electric dipole moments impose strong constraints on any CP -odd contributions to Higgs diphoton

decays, unless there are degeneracies in the Higgs sector that enhance CP -violating mixing. We

exemplify this point in the language of effective operators, and in simple UV-complete models with

vector-like fermions. In contrast, we find that electric dipole moments and lepton flavor violat-

ing observables provide less stringent constraints on new thresholds contributing to Higgs dilepton

decays.

1. INTRODUCTION

The recent discovery of a Higgs-like resonance at the

LHC [1], with a mass of approximately 125 GeV consis-

tent with electroweak precision observables, has solidified

the impressive verification of the Standard Model (SM)

at the electroweak scale. At the present time, the cou-

plings of this resonance agree on average rather well with

those of the SM Higgs boson.

The lack of hints for New Physics (NP) in other chan-

nels has focused attention on the detailed properties of

the Higgs-like resonance, and deviations from the SM

in its decays to various final states. Indeed, while the

LHC now strongly constrains NP that can be produced

either resonantly or in pairs from proton constituents

with well-identifiable final states – e.g. Z
�
bosons decay-

ing to leptons, or squark/gluino decays to jets, leptons

and missing energy – NP produced via electroweak in-

teractions or other weakly coupled hidden sectors is far

less constrained. The latter possibilities are now com-

ing under additional scrutiny as possible explanations for

small 2σ deviations from the SM in certain Higgs pro-

duction/decay channels [1], specifically, the apparent en-

hancement in the diphoton branching Br(h → γγ) [2] and

a possible suppression of decays to dileptons Br(h → ττ).

Although these deviations are small and may well dissi-

pate with more data, they motivate the exploration of

viable models of NP that could provide an explanation.

The recent literature has focused on Br(h → γγ) and

noted that relatively light (typically sub 300 GeV) elec-

tromagnetically charged fields that are vector-like (VL),

i.e. with a contribution to their mass which does not

come form electroweak symmetry breaking, can lead to

the required enhancement while still being accessible

with sufficient statistics at the LHC [3–5].

Exploration of Higgs interactions in this way will be an

important probe of NP in coming years, and thus it is im-

portant to clarify the full range of interactions that allow

for measurable corrections to the Higgs branching rates,

and the interplay with other precision data, particularly

in the Yukawa sector. In this paper, we ask whether new

VL thresholds contributing to sizable deviations from SM

Higgs branching can also provide new sources of CP and

flavor violation [6, 7]. In Sec. 2, building on [7] we focus

on the CP -odd operator hFµν F̃µν , and elucidate the con-

nection between the CP -violating Higgs decay amplitude

and the impressive constraints on electric dipole moments

(EDMs) of elementary particles [8–11]. We find that the

inferred bound on the EDM of the electron [8, 9] does not

allow for significant CP -odd contributions to the Higgs

diphoton decay at the level of this dimension-five oper-

ator. We then consider two UV completions involving

VL fermions and/or singlets, and identify a special case

where the Higgs is nearly degenerate with a singlet scalar

that allows for large CP -odd contributions to the dipho-

ton decay that can escape EDM bounds. In Sec. 3, we

turn our attention to the (H
†
H)L̄

i
LHe

j
R operators con-

tributing to dilepton decays, and consider the benchmark

sensitivity from lepton flavor-violating (LFV) observables

and EDMs. Section 4 contains some concluding remarks.

2. EDMS VS DIPHOTON DECAYS

Consider new physics charged under SU(2)×U(1) only,

so that the leading dimension-6 operators which correct

the diphoton branching ratio of the Higgs are

∆L =
g
2
1

e2Λ2
H

†
H

�
ahBµνB

µν
+ ãhBµνB̃

µν
�

+
g
2
2

e2Λ̃2
H

†
H

�
bhWµνW

µν
+ b̃hWµνW̃

µν
�

(1)

→ chv

Λ2
hFµνF

µν
+

c̃hv

Λ̃2
hFµν F̃

µν
+ · · · (2)

Here ch = ah + bh, c̃h = ãh + b̃h, v = 246 GeV and

we have only retained the hγγ operators, disregarding

couplings to Z andW . Since we focus on corrections that

are sizable for loop-induced couplings to the photon, the

associated corrections to the tree-level hZZ and hWW

couplings can be consistently ignored. For thresholds in

the TeV range or above, measurement of the Higgs decay

rate itself probably provides the best sensitivity to Λ.

However, EDMs can provide sensitivity to the CP -odd

threshold Λ̃.
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couplings can be consistently ignored.1 For thresholds in
the TeV range or above, measurement of the Higgs decay
rate itself probably provides the best sensitivity to !.
However, EDMs can provide sensitivity to the CP-odd
threshold ~!.

The ensuing correction to the SM h ! !! width,

"SM
!! ¼ m3

h

4"

!
#

4"

"
2
########
ASM

2v

########
2
’ 9:1 keV; (3)

takes the form

R!! ¼ "!!

"SM
!!

’
########1" ch

v2

!2

8"

#ASM

########
2
þ
########~ch

v2

~!2

8"

#ASM

########
2
;

(4)

where ASMðmh ¼ 125 GeVÞ ’ AW þ At ’ "6:5 is propor-
tional to the SM amplitude [14]. The deviations in thewidth
are of Oð1Þ for !=

ffiffiffiffiffi
ch

p & 5 TeV. Note that since the
CP-odd operator does not interfere with the SM amplitude,
the corresponding correction to the diphoton branching
ratio is necessarily positive and scales as Oð1=~!4Þ.

A. EDM limit on contact operators

Current experiments [8–11] already probe the EDMs of
elementary particles at a level roughly commensurate with
two-loop electroweak diagrams [15], with the chirality of
light particles protected by factors of meðqÞ=v. Thus it is

useful to introduce the auxiliary quantity dð2lÞf that quanti-

fies this two-loop benchmark EDM scale,

dð2lÞf ' jej#mf

16"3v2 ) dð2lÞe ’ 2:5( 10"27e ) cm: (5)

One observes that dð2lÞe has already been surpassed by the
current electron EDM limits [8,9], with the mercury [10]

and neutron [11] EDMs not lagging far behind for dð2lÞq [15].
The CP-odd Higgs operator (2) generates fermionic

EDMs via a Higgs-photon loop (as seen in Fig. 1),

di ¼ ~ch
jejmf

4"2 ~!2
ln
!
!2

UV

m2
h

"
(6)

¼ dð2lÞf ( ~ch
#=ð4"Þ (

v2

~!2
ln
!
!2

UV

m2
h

"
; (7)

with explicit dependence on the UV scale!UV. If this scale
is identified with ~!, then using the current bound on the
electron EDM, jdej< 1:05( 10"27e cm [8], we find

~! * 50
ffiffiffiffiffi
~ch

p
TeV: (8)

Translating this to the Higgs diphoton branching ratio
results in the conclusion that CP-odd corrections are
limited by

#R!!ð~chÞ & 1:6( 10"4: (9)

However, this conclusion can be relaxed in specific UV
completions. As we discuss in the next subsection, the
logarithm lnð~!2=m2

hÞ & 10 cannot generally be stretched
all the way to 50 TeV, as the loops of VL charged particles
provide a much lower cutoff, while certain degeneracies
may provide more significant qualitative changes to the
implications of EDM limits.

B. UV-complete examples with VL fermions

1. Singlet scalar with pseudoscalar coupling
to VL fermions

We will now consider a specific UV completion which
allows the full two-loop function to be taken into account
for the electron EDM. The addition of a (hyper)charged VL
fermion c with mass mc transforming as ð1; 1; Qc Þ under
SUð3Þ ( SUð2Þ ( Uð1Þ, and a singlet Ŝwith a Higgs-portal
interaction with the Higgs doublet H [16], leads to the
following Lagrangian:

LSHc ¼ $c i!$ði@$ " eQcA$Þc
þ $c ½mc þ ŜðYS þ i!5

~YSÞ+c þLHS: (10)

The terms inLHS contain scalar kinetic terms and describe
the Higgs-portal interaction between Ŝ and H via the
following potential:

VHS ¼ "$2
HH

yH þ %HðHyHÞ4 þ 1

2
m̂2

SŜ
2

þ AHyHŜ" BŜþ %S

4
Ŝ4: (11)

CP-odd couplings of the Higgs proportional to the combi-
nation A ~YS are generated, while the term linear in Ŝ can
always be adjusted to ensure that hŜi ¼ 0. We retain only
the photon contribution of the Jc$ vector current, as the Z

FIG. 1. Left: the diagram that gives rise to fermionic EDMs
via the insertion of the operator hF ~F from Eq. (2). Right: the
two-loop diagram that leads to fermion EDMs in the model
involving a VL lepton, c , coupled to a singlet, S, that mixes with
the Higgs. The cross on the scalar line indicates that this
contribution is proportional to the mixing term, A, in the scalar
potential.

1For recent studies of the CP properties of the hZZ and hWW
couplings, see, e.g., Refs. [12,13] and references therein.

DAVID MCKEEN, MAXIM POSPELOV, AND ADAM RITZ PHYSICAL REVIEW D 86, 113004 (2012)

113004-2

ΔRCP-odd
γγ

 < 1.1×10-6 

McKeen, MP, Ritz, 2012 
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Main principles of g-2 measurement  
(I am talking about muon – apologies to electron g-2 people)  

§  Precession of spin relative to the momentum in the storage ring is 
due to g-2 ≠ 0.  

§  The measurement is performed at “magic” γ = 29.3 that 
minimizes the influence of electric field.  

§  Well-measured ratios of muon and proton magnetic moments is 
used as an additional input 

 

 

spin precession frequency. In the presence of both !E and !B fields, and in the case that !β

is perpendicular to both !E and !B, the expression for the anomalous precession frequency

becomes

!ωa = − q

m

[

aµ
!B −

(
aµ − 1

γ2 − 1

) !β × !E

c

]

. (5)

The coefficient of the !β× !E term vanishes at the “magic” momentum of 3.094 GeV/c, where

γ = 29.3. Thus aµ can be determined by a precision measurement of ωa and B. At this

magic momentum, the electric field is used only for muon storage and the magnetic field

alone determines the precession frequency. The finite spread in beam momentum and vertical

betatron oscillations introduce small (sub ppm) corrections to the precession frequency.

The longitudinally polarized muons, which are injected into the storage ring at the magic

momentum, have a time-dilated muon lifetime of 64.4 µs. A measurement period of typically

700 µs follows each injection or “fill.” The net spin precession depends on the integrated

field seen by a muon along its trajectory. The magnetic field used in Eq. 5 refers to an

average over muon trajectories during the course of the experiment. The trajectories of the

muons must be weighted with the magnetic field distribution. To minimize the precision

with which the average particle trajectories must be known, the field should be made as

uniform as possible.

Because of parity violation in the weak decay of the muon, a correlation existsbetween

the muon spin and decay electron direction. This correlation allows the spin direction to

be measured as a function of time. In the rest frame of the muon—indicated by starred

quantities—the differential probability for the electron to emerge with a normalized energy

y = E∗/Emax (Emax = 52.8 MeV) at an angle θ∗ with respect to the muon spin is [11]

dP (y, θ∗)

dy dΩ
= (1/2π)n∗(y)[1 − α∗(y) cos θ∗] with (6)

n∗(y) = y2(3 − 2y) and (7)

α∗(y) =
q

e

2y − 1

3 − 2y
. (8)

Figure 1a shows the quantities n∗(y) and α∗(y). Electrons with y < 0.5 are emitted preferen-

tially along the (negative) muon spin direction and those with y > 0.5 are more likely emitted

opposite to the spin. Because both n∗ and α∗ are larger for y > 0.5, decay electrons tend to

emerge in the direction opposite to the muon spin. Like the muon spin, the angular distribu-

tion of the electrons in the muon rest frame rotates at the angular frequency ωa. Figure 1b

8

FIG. 2: Distribution of electron counts versus time for the 3.6 billion muon decays in the R01 µ−

data-taking period. The data is wrapped around modulo 100 µs.

representative electron decay time histogram is shown in Fig. 2.

To determine aµ , we divide ωa by ω̃p, where ω̃p is the measure of the average magnetic

field seen by the muons. The magnetic field, measured using NMR, is proportional to the

free proton precession frequency, ωp. The muon anomaly is given by:

aµ =
ωa

ωL − ωa
=

ωa/ω̃p

ωL/ω̃p − ωa/ω̃p
=

R
λ −R

, (11)

where ωL is the Larmor precession frequency of the muon. The ratio R = ωa/ω̃p is measured

in our experiment and the muon-to-proton magnetic moment ratio

λ = ωL/ωp = 3.18334539(10) (12)

is determined from muonium hyperfine level structure measurements [12, 13].

The BNL experiment was commissioned in 1997 using the same pion injection technique

employed by the CERN III experiment. Starting in 1998, muons were injected directly

into the ring, resulting in many more stored muons with much less background. Data were

10
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BNL E821 experiment 
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TABLE II: Running periods, total number of electrons recorded 30 µs or more after injection

having E > 1.8 GeV. Separate systematic uncertainties are given for the field (ωp) and precession

(ωa) final uncertainties.

Run Polarity Electrons Systematic Systematic Final Relative

Period [millions] ωp [ppm] ωa [ppm] Precision [ppm]

R97 µ+ 0.8 1.4 2.5 13

R98 µ+ 84 0.5 0.8 5

R99 µ+ 950 0.4 0.3 1.3

R00 µ+ 4000 0.24 0.31 0.73

R01 µ− 3600 0.17 0.21 0.72

obtained in typically 3-4 month annual runs through 2001. In this paper, we indicate the

running periods by the labels R97 - R01. Some facts about each of the runs are included in

Table II.

B. Beamline

Production of the muon beam begins with the extraction of a bunch of 24 GeV/c protons

from the AGS. The protons are focused to a 1 mm spot on a 1-interaction length target,

which is designed to withstand the very high stresses associated with the impact of up to

7× 1012 protons per bunch. The target is composed of twenty-four 150-mm diameter nickel

plates, 6.4-mm thick and separated by 1.6 mm. To facilitate cooling, the disks rotate at

approximately 0.83 Hz through a water bath. The axis of rotation is parallel to the beam.

Nickel is used because, as demonstrated in studies for the Fermilab antiproton source [14],

it can withstand the shock of the instantaneous heating from the interaction of the fast beam.

The longitudinal divisions of the target reduce the differential heating. The beam strikes the

outer radius of the large-diameter disks. The only constraint on the target transverse size

is that a mis-steered proton beam does not allow production from a part of the target that

would result in a high flux of pions entering the storage ring during muon injection running.

This region corresponds to the outer edge of the disks. Otherwise, the production target

transverse size is defined by the beam size. With the large radius disks, shock damage of the
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FIG. 3: Plan view of the pion/muon beamline. The pion decay channel is 80 m and the ring

diameter is 14.1 m.

TABLE III: Selected AGS proton beam and secondary pion beamline characteristics

Proton Beam Value Pion Beamline Value

Protons per AGS cycle 5 × 1013 Horizontal emittance 42 πmm-mrad

Cycle repetition rate 0.37 Hz Vertical emittance 56 πmm-mrad

Proton momentum 24 GeV/c Inflector horizontal aperture ±9 mm

Bunches per cycle 6 to 12 Inflector vertical aperture ±28 mm

Bunch width (σ) 25 ns Pions per proton∗ 10−5

Bunch spacing 33 ms Muons per pion decay∗∗ 0.012

∗Captured by the beamline channel; ∗∗Measured at the inflector entrance

tuned 0.5 percent above the magic momentum. However, this small momentum difference

does not provide adequate pion rejection at the K3-K4 slits.

The muon transmission to the storage ring entrance, the pion survival fraction Fπ past

K3-K4 (a figure of merit for pion contamination), and the muon polarization, were cal-

13

aµ
experiment = 116592089(63)×10-11, 

Consistent for positively and 
negatively charged muons 
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Theoretical status of muon g-2, SM 
 

The history of theoretical calculations goes very far in the past. Back 
to Schwinger’s result, aµ

1-loop QED = α / (2 π) 
Currently, the QED calculations are carried out to four-loop order,  
 

Electroweak calculations are also under control,  
 
 

    [the errors are well below the discrepancy] 

The first error, labelled ‘exp’, stems from the statistical and systematic errors of the experimen-
tal data, as used in our combination procedure. The second, additional error, labelled ‘rad’,
is due to uncertainties in the application of radiative corrections to the data. For a detailed

discussion of its estimate see [2]. Note that the value given in (7) slightly differs from the one
quoted in Table 5, for which the 2π data were used from 0.32 GeV to facilitate the comparison

with [6]. For our new prediction (7), the 2π data are used from 0.305 GeV and only below this
chiral perturbation theory is applied.

With the same data compilation we can also determine the higher order VP contributions,
see [2] for details concerning the corresponding dispersion integrals. Our new value is only

slightly changed from our previous prediction and reads

ahad,HOVP
µ = (−9.84± 0.06exp ± 0.04rad) · 10−10 . (8)

Equations (7) and (8) are used for our updated prediction of g − 2. These results, together

with (14), are the main results of this paper.

3 Standard Model Prediction of g − 2

For the Standard Model prediction of (g−2)µ, contributions from all sectors have to be added:

aSMµ = aQED
µ + aEWµ + ahadµ . (9)

In contrast to the hadronic sector, both QED and electro-weak (EW) contributions can be cal-

culated reliably using perturbation theory. After many years’ work the QED contributions are
known to full four-loop accuracy, and estimates for the five-loop contributions are ongoing (see

e.g. the recent works [39, 40, 41]). Below we will use the value aQED
µ = 116584718.08(15) · 10−11

[42, 43], where the error is dominated by the estimate of the unknown five-loop contributions

(for a detailed discussion and more references see e.g. the recent review [44]). The EW correc-
tions are known to two-loop accuracy [45, 46, 47, 48, 49] and amount to aEWµ = (154±2) ·10−11,
where the error estimate is due to the remaining hadronic uncertainties, the unknown Higgs

mass and undetermined higher-order contributions. Clearly, compared with the uncertainties of
the VP contributions discussed above, both the QED and EW corrections are very well under

control. In the hadronic sector, as well as the (LO and HO) VP corrections, we also have to
take into account the light-by-light scattering contributions. They enter at the same order α3

as the HO VP corrections, but can not be determined from data via dispersive methods. All
model-based estimates include the pseudoscalar contributions, i.e. exchanges of π0, η and η′,
which are leading in the large Nc limit. In addition, axial vector exchanges, charged π and

K loops, and (dressed) quark loop diagrams are taken into account, and short-distance con-
straints from pQCD have been applied to enforce a consistent matching at higher virtualities.

Although there are important differences in the treatment of the different contributions, the
recent results ahad, l−by−l

µ = (10.5± 2.6) · 10−10 [50] and ahad, l−by−l
µ = (11.6± 4.0) · 10−10 [51, 44]

turn out to be compatible (see also [52] for a recent short review). Note that the recent results

from [50] and [51] agree fairly well w.r.t. the leading contributions, and that both have can-
cellations in the subleading parts, thus strengthening our confidence in the reliability of these
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model-based estimates include the pseudoscalar contributions, i.e. exchanges of π0, η and η′,
which are leading in the large Nc limit. In addition, axial vector exchanges, charged π and

K loops, and (dressed) quark loop diagrams are taken into account, and short-distance con-
straints from pQCD have been applied to enforce a consistent matching at higher virtualities.

Although there are important differences in the treatment of the different contributions, the
recent results ahad, l−by−l

µ = (10.5± 2.6) · 10−10 [50] and ahad, l−by−l
µ = (11.6± 4.0) · 10−10 [51, 44]

turn out to be compatible (see also [52] for a recent short review). Note that the recent results

from [50] and [51] agree fairly well w.r.t. the leading contributions, and that both have can-
cellations in the subleading parts, thus strengthening our confidence in the reliability of these
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Theoretical status of muon g-2 
 

Hadronic contributions: A. vacuum polarization B. “light-by-light”  
 
For A. unitarity + analyticity comes to rescue:  
 
 

 
For B. some hadronic model calculations are necessary at this points 

(loops of heavy quarks + loops of light mesons, e.g. pions)  
Recent evaluations give    

(c)(b)(a)
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FIG. 41: (a)The lowest order “cut” hadronic vacuum polarization diagram and (b) the electro-

production of hadrons, which is related to (a) through a dispersion relation. (c) The hadronic

light-by-light contribution.

The most precise data entering the dispersion relation at low energies are from the CMD2

experiment at Novosibirsk [47]. The CMD2 experiment measures R(s) by sweeping the

center-of-mass collision energy of the positron and electron beams in the VEPP-II ring. An

alternate way of obtaining R(s) is exploited by the KLOE collaboration at Frascati [48].

They operate at a fixed e+e− collision energy corresponding to resonant φ production. The

hadronic cross sections at lower energies are obtained from events having an initial-state

radiated photon, which reduces the actual center-of-mass collision energy.

The contribution to the dispersion integral from threshold to the τ mass can also be

derived from hadronic τ decays by invoking the conserved vector current hypothesis and by

making necessary isospin corrections. For example, the decay rate for τ− → π−π0ντ can

be related to the e+e− annihilation cross section into π+π− [46, 49, 50, 51]. Because the τ

data only contain an isovector component, the isoscalar piece present in e+e− annihilation

has to be put in “by hand” to evaluate aµ(Had; LO). The τ -data approach is attractive

because a large body of high-precision data exists from the LEP experiments and from

CLEO. Unfortunately, there are significant inconsistencies between these data and those

obtained in direct e+e− annihilation [46]. For example, the τ branching ratios predicted

from the e+e− data do not agree, nor do the shapes of Fπ obtained from either the e+e−

or τ data. Because of this inconsistency, we compared only to the direct e+e− annihilation

data using the two recently published analyses [46, 52] for the aµ(Had; LO) contribution (see

Table XVI). Use of the τ data leads to a higher dispersion integral.
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1 Introduction

The anomalous magnetic moment of the muon, aµ = (g − 2)µ/2, provides one of the strongest
tests of the Standard Model (SM). The discrepancy between the formidable measurement from

BNL [1] and the theoretical prediction of aµ is currently one of the few, if not the only sign
for physics beyond the SM (apart from neutrino masses). At present, the discrepancy stands

at about three standard deviations, with comparable accuracy between experiment and theory.
Clearly, further progress is needed to scrutinize, and possibly firmly establish, this discrepancy.

On the theoretical side, this will require first and foremost the improvement of the hadronic
contributions which dominate the uncertainty of the SM prediction. The hadronic contributions
are usually divided into the leading-order (LO) and higher-order (HO) vacuum polarisation

(VP) contributions, and the so-called light-by-light scattering contributions, which are also
subleading in terms of the power counting in the coupling α:

ahadµ = ahad,LOVP
µ + ahad,HOVP

µ + ahad, l−by−l
µ . (1)

None of these contributions can be calculated reliably using perturbative QCD (pQCD), as

virtual photons with low q2 dominate the loop integrals. For the light-by-light contributions
one relies on model-calculations. A brief discussion of the status of these will be given below

when compiling our complete SM prediction of g−2. Fortunately, the situation is better under
control for the VP contributions which are large compared to the light-by-light corrections;
they can be predicted via dispersion integrals and the experimentally measured hadronic cross

section, σ(e+e− → γ∗ → hadrons). For ahad,LOVP
µ the relation reads

ahad,LOVP
µ =

1

4π3

∫

∞

m2
π

ds σ0
had(s)K(s) , (2)

where σ0
had(s) is the undressed total hadronic cross section (i.e. excluding VP corrections), and

K is a well known kernel function given, e.g., by Eq. (45) in the first reference of [2]. (Note that

the normalisation of K used here differs by the factor m2
µ/(3s).) At present a precision of about

1% is required for the hadronic contributions. So it is mandatory to combine, in the most reliable

and consistent way, the best available measurements from many experiments. Recently, several
new measurements have become available, both from ‘direct scan’ experiments (like CMD-2
and SND at Novosibirsk’s VEPP, and BES at Beijing’s BEPC), and also the radiative return

data obtained in the recent analyses from KLOE [3, 4] and BaBar [5].

The main purpose of this work is to update our calculations [2, 6] of the hadronic vacuum
polarisation (HVP) contributions to g−2 and ∆α(M2

Z). In section 2 we discuss recent changes
in the HVP contributions to g − 2, detailing in subsection 2.1 the progress due to radiative

return analyses in the most important 2π channel. In subsection 2.2 we study improvements in
the important energy region below 2 GeV. In section 3 our updated complete SM prediction of

g − 2 is given and compared to the BNL measurement and other recent calculations of g − 2.
Our updated evaluation of ∆α(M2

Z) is discussed in section 4. Section 5 contains our conclusions

and outlook.

2

The first error, labelled ‘exp’, stems from the statistical and systematic errors of the experimen-
tal data, as used in our combination procedure. The second, additional error, labelled ‘rad’,
is due to uncertainties in the application of radiative corrections to the data. For a detailed

discussion of its estimate see [2]. Note that the value given in (7) slightly differs from the one
quoted in Table 5, for which the 2π data were used from 0.32 GeV to facilitate the comparison

with [6]. For our new prediction (7), the 2π data are used from 0.305 GeV and only below this
chiral perturbation theory is applied.

With the same data compilation we can also determine the higher order VP contributions,
see [2] for details concerning the corresponding dispersion integrals. Our new value is only

slightly changed from our previous prediction and reads

ahad,HOVP
µ = (−9.84± 0.06exp ± 0.04rad) · 10−10 . (8)

Equations (7) and (8) are used for our updated prediction of g − 2. These results, together

with (14), are the main results of this paper.

3 Standard Model Prediction of g − 2

For the Standard Model prediction of (g−2)µ, contributions from all sectors have to be added:

aSMµ = aQED
µ + aEWµ + ahadµ . (9)

In contrast to the hadronic sector, both QED and electro-weak (EW) contributions can be cal-

culated reliably using perturbation theory. After many years’ work the QED contributions are
known to full four-loop accuracy, and estimates for the five-loop contributions are ongoing (see

e.g. the recent works [39, 40, 41]). Below we will use the value aQED
µ = 116584718.08(15) · 10−11

[42, 43], where the error is dominated by the estimate of the unknown five-loop contributions

(for a detailed discussion and more references see e.g. the recent review [44]). The EW correc-
tions are known to two-loop accuracy [45, 46, 47, 48, 49] and amount to aEWµ = (154±2) ·10−11,
where the error estimate is due to the remaining hadronic uncertainties, the unknown Higgs

mass and undetermined higher-order contributions. Clearly, compared with the uncertainties of
the VP contributions discussed above, both the QED and EW corrections are very well under

control. In the hadronic sector, as well as the (LO and HO) VP corrections, we also have to
take into account the light-by-light scattering contributions. They enter at the same order α3

as the HO VP corrections, but can not be determined from data via dispersive methods. All
model-based estimates include the pseudoscalar contributions, i.e. exchanges of π0, η and η′,
which are leading in the large Nc limit. In addition, axial vector exchanges, charged π and

K loops, and (dressed) quark loop diagrams are taken into account, and short-distance con-
straints from pQCD have been applied to enforce a consistent matching at higher virtualities.

Although there are important differences in the treatment of the different contributions, the
recent results ahad, l−by−l

µ = (10.5± 2.6) · 10−10 [50] and ahad, l−by−l
µ = (11.6± 4.0) · 10−10 [51, 44]

turn out to be compatible (see also [52] for a recent short review). Note that the recent results

from [50] and [51] agree fairly well w.r.t. the leading contributions, and that both have can-
cellations in the subleading parts, thus strengthening our confidence in the reliability of these
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is very poor and pQCD, above the open bottom threshold, is very well justified. Note that, as
in [2, 6], the narrow resonances J/ψ, ψ′ and the Υ(1 − 6S) are added separately as they are
not resolved by the data used in the inclusive compilation.

2.5 ahad,LOVP
µ and ahad,HOVP

µ

Table 5 gives the contributions to the leading order hadronic vacuum polarisation from different
energy ranges, including different options for the region from 1.43 to 2 GeV, and makes the
comparison with our earlier results from [6]. From the fourth column it is clear that the changes

Contribution This work HMNT (06) [6] Difference

2mπ − 0.32GeV (ChPT, 2π) 2.36± 0.05 2.36± 0.05 ±0.00
3mπ − 0.66GeV (ChPT, 3π) 0.01± 0.00 0.01± 0.00 ±0.00
mπ − 0.60GeV (ChPT, π0γ) 0.13± 0.01 0.13± 0.01 ±0.00

mη − 0.69GeV (ChPT, ηγ) 0.00± 0.00 0.00± 0.00 ±0.00
φ → unaccounted modes 0.04± 0.04 0.06± 0.06 −0.02

0.32− 1.43GeV 606.50± 3.35 601.96± 3.19 +4.54

1.43− 2GeV (excl. only) 34.61± 1.11 36.38± 1.66 −1.77

1.43− 2GeV (incl. only) 31.99± 2.43 32.05± 2.43 −0.06
1.43− 2GeV (incl.-excl. avg.) 34.15± 1.10 n/a n/a

2− 11.09GeV 41.19± 0.82 42.75± 1.08 −1.56
J/ψ + ψ′ 7.80± 0.16 7.90± 0.16 −0.10

Υ(1S− 6S) 0.10± 0.00 0.10± 0.00 ±0.00
11.09−∞ (pQCD) 2.11± 0.00 2.11± 0.00 ±0.00

Sum (excl.–excl.–incl.) 694.86± 3.71 693.77± 3.84 +1.09
Sum (excl.–incl.–incl.) 692.25± 4.23 689.44± 4.17 +2.81
Sum (excl.–avg.–incl.) 694.40± 3.67 n/a n/a

Table 5: Contributions to ahad, LOVP
µ obtained in this work compared to the values used in our

analysis [6]. The last column gives the differences. (All values in units of 10−10.) The first four
lines give our predictions of contributions close to threshold where no data are available and
are based on chiral perturbation theory (ChPT), see [2] for details. For 2.6 <

√
s < 3.73 GeV

pQCD with errors comparable to those of the latest BES data is used as default for this work,
see the discussion in the text. The different choices quoted in the last three lines refer to the

energy regions below 1.43 GeV, for 1.43 <
√
s < 2 GeV and above.

w.r.t. our analysis from 2006 partially cancel each other. However, the inclusion of the radiative
return data from KLOE and BaBar, and taking into account the exclusive data in the region

from 1.43 to 2 GeV, dominates the changes and leads to a slightly increased prediction of
ahad, LOVP
µ of

ahad,LOVP
µ = (694.91± 3.72exp ± 2.10rad) · 10−10 . (7)

the charm resonance region but below the bottom threshold would lead to a negligible change in aµ.
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Summary of the current discrepancy 
 

From Hagiwara et al. (2011) 
 

 

estimates. Also note that these predictions of ahad, l−by−l
µ are below the estimated upper bound

ahad, l−by−l
µ < 15.9 · 10−10 based on parton hadron duality [53]. For our prediction of aSMµ we

will use the result from [50], which has been obtained as a ‘best estimate’ for ahad, l−by−l
µ after

reviewing different approaches. In the future it may well be possible to obtain independent con-
straints on, or hopefully even a full prediction of, the light-by-light contributions from lattice

gauge field theory. Such first principles simulations of the required four-current correlator are
very difficult, but work by two groups is underway [54, 55] and the first steps are encouraging.17

In addition, measurements of the meson form factors, which are needed in the modelling of the
light-by-light contributions, may become feasible at several experiments at low energy e+e−

colliders.
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JS (11)
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Figure 16: Standard model predictions of aµ by several groups compared to the measurement
from BNL [1, 59, 60]. The SM predictions are from HMNT (06) [6], JN (09) [44], Davier et al.
[10], JS (11) [18], HLMNT (10) [61], and HLMNT (11) is this work. Note that the value from

Jegerlehner and Szafron includes τ spectral function data, which, in their approach, are fully
consistent with and confirm the e+e− data. HLMNT (10) is a preliminary version of this work,

presented at conferences [61], but before the full updated data set was available.

Adding all the hadronic, QED and EW contributions, we finally arrive at the SM prediction

aSMµ = (11 659 182.8± 4.9) · 10−10 , (10)

where the errors have been added in quadrature. This prediction is now even slightly more

precise than the seminal experimental measurement from BNL [1]. After taking into account

17For first results obtained within an alternative approach based on Dyson-Schwinger methods see Goecke et
al. [56]. They estimate ahad, l−by−l

µ to be largely enhanced by quark loop contributions. However, see [57] for a
counter-argument.
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There is a theoretical “deficit” of 3×10-9, and the tension is ~ 3.5 σ	
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What are the logical possibilities 
behind the discrepancy?  

 

1.  Statistical fluctuation. [happens]. Only one experimental group 
got the result [could be an error].  

2.  SM calculators could be overly optimistic about their error bars. 
After all, HVP is needed to O(1%) accuracy, and HLbL is 
calculated within models, not ab-initio QCD (although lattice is 
making steady progress).   

3.  Yet undiscovered “New Physics” supplies +3×10-9 . What kind of 
new physics could it be? (converting it to “dipole” units, it is 
3×10-22  e cm) 

 
4.  Any combination of the above.  
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Future: new experiment at Fermilab 
 

 
 
Repeat of the BNL experiment with the same storage ring, but much 
enhanced intensities, and improved monitoring of the magnetic field.  
 
Goal: shrink the size of the experimental errors by a factor of ~4.  
 
+ New efforts for the lattice QCD calculations of hadronic 
contributions. 
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What if it is New Physics? 
 

The New Physics contribution could be ~ aµ
NP = (26.1±8)×10-10 . 

This is ~ twice the size of the SM electroweak contribution, and in 
these units not small.  

 

Weak scale solutions. 

Main challenges are to 
create such a large shift 
of aµ and stay undetected 
at LEP, Tevatron and 
LHC experiments 

Sub-GeV scale solutions. 

These must be additional 
electrically neutral states, 
with small couplings to 
normal matter that 
somehow escape detection  

Similar dichotomy exists for neutrino physics where NP effects are real  
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Supersymmetric models to fix g-2 
 

 
1.  Historically, in the last ~ 15 years, the muon g-2 has been an 

important “motivator” for SUSY. However, most of the 2002 
Snowmass “benchmark points” are now excluded! 

2.  The sign of aµ
NP (SUSY) is not fixed – so it is not guaranteed that 

SUSY “helps”. To achieve a large contribution comparable to SM 
EW contribution, a large Yukawa coupling is needed (aka large 
tan β solutions). See works by D. Stockinger et al.  

3.  No superpartners at the LHC + Higgs mass of 125 GeV may be 
pointing towards heavy scale mSUSY ~ O(10 TeV). Solutions to g-2 
are still possible if SUSY is “crafty”: msleptons, EWK-ino << msquarks  

4.  LHC is not finished – stay tuned. ILC or CLIC could do better? 
 

 

 



“Simplified model” of light dark sector 
(Okun’, Holdom,…) 

§  “Effective” charge of the “dark sector” particle χ is Q = e × ε 
(if momentum scale q > mV ). At q < mV one can say that 
particle χ has a non-vanishing EM charge radius,	

 	

    . 	



§  Dark photon can “communicate” interaction between SM and 
dark matter. It represents a simple example of BSM physics.	
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γ

�
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e

χ

Figure 1: The interaction through the exchange by a mixed γ − A� propagator between the
SM particles and particles χ charged under new U(1)� group. In the limit of mA� → 0 the
apparent electromagentioc charge of χ is e�.

In the simplest example, a new fermionic field charged under both U(1)’s will gener-
ate an additional contribution to the mixing angle that scales as ∆� ∼ g�e/(12π2) ×
log(Λ2

UV /M)2. In principle, the two sectors can be ”several loop removed”, so that one
can entertain a wide range of mixing angles.

2. If both groups are unbroken, mV → 0, then χ represent the ”millicharged particles”
with electric charge qχ = e�. For mV �= 0, at |q2| < m2

V , the particles χ can be thought
of as neutral particles with a non-vanishing electric charge radius, r2χ � 6�m−2

V . The
diagram, describing basic interaction between the two sectors is shown in Fig. 1.

3. If there are no states charged under U(1)� (or they are very heavy), and mV is taken to
be zero, then the two sectors decouple even at non-zero �. This leads to the suppression
of all interactions for a dark photon inside a medium, if mV becomes smaller than the
characteristic plasma frequency, and all processes with emission or aborption of dark
photons decouple as ∼ m2

V [8].

4. New vector boson, interacting with the SM via the electromagnetic current, conserves
all discrete symmetries (parity, flavour, CP etc). Also, importaintly, A� does not couple
directly to neutrinos. As a consequence, the interaction strength due to the exchange of
A� can be taken to be stronger than that of weak interactions, (e�)2/m2

A� ; (e�g�)/m2
A� �

GF . This property proves very useful in constructing the light dark matter models with
the use of vector portal.

Although this model was known to theorists and well-studied over the years (e.g. Refs.
[9,10]), a revival of interest to models based on kinetically-mixed A� occurred in last 10 years,
as a response to various astrophysical anomalies, that this model allows to explain in terms
of weakly-interacting dark matter. Subsequent searches of the dark photon triggered new
analyses of the past or existing experiments [11–20], and generated new dedicated experi-
ments in different stages of implementation [21–24]. In this chapter, we are going to show

3

1.1 Kinetic mixing

Consider a QED-like theory with one (or several) extra vector particle(s), coupled to the
electromagnetic current. A mass term, or in general a mass matrix for the vector states, is
protected against additive renormalization due to the conservation of the electromagnetic
current. If the mass matrix for such vector states has a zero determinant, det(M2

V ) = 0, then
the theory contains one massless vector, to be identified with a photon, and several massive
vector states.

This is the model of ‘paraphotons’, introduced by Okun in early 1980s [6], that can be
reformulated in equivalent language using the kinetic mixing portal. Following Holdom [7],
one writes a QED-like theory with two U(1) groups, supplemented by the cross term in the
kinetic Lagrangian, and a mass term for one of the vector fields.

L = Lψ,A + Lχ,A� − �

2
FµνF

�
µν +

1

2
m2

A�(A�
µ)

2. (1.1)

Lψ,A and Lχ,A� are the standard QED-type Lagrangians,

Lψ,A = −1

4
F 2
µν + ψ̄[γµ(i∂µ − eAµ)−mψ]ψ

Lχ,A� = −1

4
(F �

µν)
2 + χ̄[γµ(i∂µ − g�A�

µ)−mχ]χ, (1.2)

with Fµν and F �
µν standing for the fields strength tensors. States ψ represent the QED

electron fields, and states χ are similar particles, charged under ”dark” U(1)�. In the limit
of � → 0, the two sectors become completely decoupled. In eq. (1.1), the mass term for A�

explicitly breaks the second U(1), but is protected from additive renormalization, and hence
is technically natural. Using the equations of motion, ∂µFµν = eJEM

ν , the interaction term
can be rewritten as

− �

2
FµνF

�
µν = A�

µ × (e�)JEM
µ , (1.3)

showing that the new vector particle couples to the electromagnetic current with strength,
reduced by a small factor �. The generalization of (1.1) to the SM is straightforward, by
subsituting the QED U(1) with the hypercharge U(1) of the SM.

There is a multitude of notations and names referring to one and the same model. We
shall call the A� state as ”dark photon”. It can also be called as V (Y ), a vector state coupled
to the hypercharge current. We choose to call the mixing angle �, and throughout this
chapter assume � � 1. In contrast, one does not have to assume a smallness of g� coupling,
which can be comparable to the gauge couplings of the SM, g� ∼ gSM.

Athough the model of this type is exceedingly simple, one can already learn a number of
instructive features.

1. The mixing parameter � is dimensionless, and therefore can retain information about
the loops of charged particles at some heavy scale M without power-like decoupling.

2
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shall call the A� state as ”dark photon”. It can also be called as V (Y ), a vector state coupled
to the hypercharge current. We choose to call the mixing angle �, and throughout this
chapter assume � � 1. In contrast, one does not have to assume a smallness of g� coupling,
which can be comparable to the gauge couplings of the SM, g� ∼ gSM.

Athough the model of this type is exceedingly simple, one can already learn a number of
instructive features.

1. The mixing parameter � is dimensionless, and therefore can retain information about
the loops of charged particles at some heavy scale M without power-like decoupling.

2

γ

�

γ �

e

χ

Figure 1: The interaction through the exchange by a mixed γ − A� propagator between the
SM particles and particles χ charged under new U(1)� group. In the limit of mA� → 0 the
apparent electromagentioc charge of χ is e�.

In the simplest example, a new fermionic field charged under both U(1)’s will gener-
ate an additional contribution to the mixing angle that scales as ∆� ∼ g�e/(12π2) ×
log(Λ2

UV /M)2. In principle, the two sectors can be ”several loop removed”, so that one
can entertain a wide range of mixing angles.

2. If both groups are unbroken, mV → 0, then χ represent the ”millicharged particles”
with electric charge qχ = e�. For mV �= 0, at |q2| < m2

V , the particles χ can be thought
of as neutral particles with a non-vanishing electric charge radius, r2χ � 6�m−2

V . The
diagram, describing basic interaction between the two sectors is shown in Fig. 1.

3. If there are no states charged under U(1)� (or they are very heavy), and mV is taken to
be zero, then the two sectors decouple even at non-zero �. This leads to the suppression
of all interactions for a dark photon inside a medium, if mV becomes smaller than the
characteristic plasma frequency, and all processes with emission or aborption of dark
photons decouple as ∼ m2

V [8].

4. New vector boson, interacting with the SM via the electromagnetic current, conserves
all discrete symmetries (parity, flavour, CP etc). Also, importaintly, A� does not couple
directly to neutrinos. As a consequence, the interaction strength due to the exchange of
A� can be taken to be stronger than that of weak interactions, (e�)2/m2

A� ; (e�g�)/m2
A� �

GF . This property proves very useful in constructing the light dark matter models with
the use of vector portal.

Although this model was known to theorists and well-studied over the years (e.g. Refs.
[9,10]), a revival of interest to models based on kinetically-mixed A� occurred in last 10 years,
as a response to various astrophysical anomalies, that this model allows to explain in terms
of weakly-interacting dark matter. Subsequent searches of the dark photon triggered new
analyses of the past or existing experiments [11–20], and generated new dedicated experi-
ments in different stages of implementation [21–24]. In this chapter, we are going to show

3

A – photon, A’ – “dark photon”, 
ψ - an electron, χ - a DM state, 
g’ – a “dark” charge 
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Search for dark photons, Snowmass study, 2013  
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FIG. 6. Parameter space for dark photons (A�) with mass mA� > 1 MeV (see Fig. 7 for

mA� < 1 MeV). Shown are existing 90% confidence level limits from the SLAC and Fermilab

beam dump experiments E137, E141, and E774 [116–119] the electron and muon anomalous mag-

netic moment aµ [120–122], KLOE [123] (see also [124]), WASA-at-COSY [125], the test run results

reported by APEX [126] and MAMI [127], an estimate using a BaBar result [116, 128, 129], and a

constraint from supernova cooling [116, 130, 131]. In the green band, the A� can explain the ob-

served discrepancy between the calculated and measured muon anomalous magnetic moment [120]

at 90% confidence level. On the right, we show in more detail the parameter space for larger values

of �. This parameter space can be probed by several proposed experiments, including APEX [132],

HPS [133], DarkLight [134], VEPP-3 [135, 136], MAMI, and MESA [137]. Existing and future

e+e− colliders such as BABAR, BELLE, KLOE, SuperB, BELLE-2, and KLOE-2 can also probe

large parts of the parameter space for � > 10−4 − 10−3; their reach is not explicitly shown.

string theory constructions can generate much smaller �. While there is no clear minimum

for �, values in the 10
−12 − 10

−3
range have been predicted in the literature [140–143].

A dark sector consisting of particles that do not couple to any of the known forces and

containing an A�
is commonplace in many new physics scenarios. Such hidden sectors can

have a rich structure, consisting of, for example, fermions and many other gauge bosons.

The photon coupling to the A�
could provide the only non-gravitational window into their

existence. Hidden sectors are generic, for example, in string theory constructions [144–147].

and recent studies have drawn a very clear picture of the different possibilities obtainable in

type-II compactifications (see dotted contours in Fig. 7). Several portals beyond the kinetic

21

Dark photon models with mass under 1 GeV, and mixing angles ~ 10-3 
represent a “window of opportunity” for the high-intensity experiments, 
not least because of the tantalizing positive ~ (α/π)ε2 correction to the 
muon g - 2. 

“bumps in mll”  



Latest results: A1, Babar, NA48  
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Figure 6. The NA48/2 preliminary upper limits at 90% CL on
the mixing parameter ε2 versus the DPmassmA′ , compared to the
other published exclusion limits from meson decay, beam dump
and e+e− collider experiments [14]. Also shown are the band
where the consistency of theoretical and experimental values of
muon g − 2 improves to ±2σ or less, and the region excluded by
the electron g − 2 measurement [3, 15].

both the kinematic suppression of the π0 → γA′ decay and
the decreasing acceptance.

The assumption of prompt DP decay that is funda-
mental to this analysis is justified a posteriori by the ob-
tained results: all upper limits on ε2m2A′ are above 6 ×
10−5 (MeV/c2)2, corresponding to maximum DP mean
paths in the NA48/2 reference frame below 10 cm (see
Section 1). The corresponding loss of efficiency of the
trigger and event selection (both relying on 3-track vertex
reconstruction) is negligible, as the typical resolution on
the vertex longitudinal coordinate in the forward NA48/2
geometry is ≈ 1 m.

6 Summary and outlook
The NA48/2 experiment at CERN was exposed to about
2 × 1011 K± decays in flight in 2003–2004. The large in-
tegrated kaon flux makes it a precision kaon by also π0
physics facility, and the studies of the π0 decay physics
with the NA48/2 data have started. Preliminary results on
dark photon search in π0 decays are reported: no signal is
observed, and the obtained upper limits on the mixing pa-
rameter ε2 improve over the world data in the mass range
10–60 MeV/c2. In particular, the limits at 90% CL are

ε2 < 10−6 for 12 MeV/c2 < mA′ < 55 MeV/c2, and the
strongest limits reach ε2 = 6 × 10−7 at mA′ ≈ 20 MeV/c2.
Combined with the other available data, this result rules
out the DP as an explanation for the muon (g−2) anomaly,
assuming DP couples to quarks and decays predominantly
into SM fermions.

The performed search for the prompt A′ → e+e− de-
cay is limited by the irreducible π0D background: the ob-
tained upper limits on ε2 in the mass range 10–60 MeV/c2
are about three orders of magnitude higher than the sin-
gle event sensitivity. The sensitivity to ε2 achievable with
the employed method scales as the inverse square root of
the integrated beam flux, and therefore this technique is
unlikely to advance much below ε2 = 10−7 in the near
future, either by improving on the NA48/2 analysis or by
exploiting larger future π0 samples (e.g. the one expected
to be collected by the NA62 experiment at CERN [16]).
On the other hand, a search for a long-lived (i.e. low mA′

and low ε2) DP produced in the π0 decay from high mo-
mentum kaon decay in flight using the displaced vertex
method would be limited by the π0D background to a lesser
extent, and its sensitivity is worth investigating.
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Latest results by NA48 exclude the remainder of parameter space 
relevant for g-2 discrepancy. 	



Only more contrived options for muon g-2 explanation remain,       
e.g. Lµ – Lτ , or dark photons decaying to light dark matter. 

Signature: “bump” at invariant mass of e+e- pairs = mA’	



Babar: e+e- à γ V à γ l+l-	



A1(+ APEX):  Z e- à Z e- V 
à Z e- e+e-	



NA48: π0 à γ V à γ e+e-	
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Signatures of Z’ of Lµ - Lτ 

 

Experimental results on “trident” 

 

 

Hypothetical Z’ (any Z’ coupled to Lµ) contributes constructively to cross 
section. (Almannshofer et al., 2014)  
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dent cross-section to the SM prediction is given by

σ

σSM

�
1 +

�
1 + 4s2W + 2v2/v2φ

�2

1 + (1 + 4s2W )
2

. (34)

Neutrino trident production has been observed by
three experiments: the first positive results came from
the CHARM-II collaboration [53]; the next measurement
was by the CCFR collaboration [54], further confirmed by
the NuTeV collaboration [55]. Combining the measured
cross sections with the corresponding SM predictions we
find

σCHARM−II/σSM = 1.58± 0.57 , (35)

σCCFR/σSM = 0.82± 0.28 , (36)

σNuTeV/σSM = 0.67± 0.27 . (37)

A weighted average gives

σexp/σSM = 0.83± 0.18 , (38)

which leaves only little room for positive NP contribu-
tions. Combining Eq. (38) with (34) we find

vφ � 750 GeV . (39)

This bound completely excludes an explanation of the
(g − 2)µ anomaly for the mZ� � 10 GeV region we con-
sider in this paper. The constraint coming from Eq. (38)
as well as the individual constraints from Eqs. (35)
and (36) are shown by the red lines in Fig. 3 in the mZ�

- g� plane.

• Final remarks. Fig. 3 is a summary of all the lep-
tonic constraints on Lµ − Lτ discussed in this section.
Remarkably, a major part of the parameter space rel-
evant for the B → K∗µ+µ− anomaly, and all of the
parameter space relevant for the muon g − 2 anomaly,
is probed by the observation of neutrino trident produc-
tion. The enormous potential of this process in providing
full coverage of the parameter space strongly motivates
future experiments looking to measure this process more
precisely.

Finally, using the lower bound on the VEV from the
neutrino tridents, we can predict a minimum effect in
Bs mixing, if the Z � is to explain the B → K∗µ+µ−

anomaly. We find that the mass difference in the Bs

system, ∆Ms is affected by at least 3%, and the effect
grows quadratically with vΦ. While a 3% effect in ∆Ms

is well within the uncertainty of the SM prediction, for
generic values of the Yukawa couplings one should expect
an effect of the same order also in the theoretically clean
Bs mixing phase, which should be detectable with an
LHCb upgrade [56]. The expected effects in Bs mixing
are indicated in the white region of Fig. 3 by the dotted
contours.

effective 4-fermion operator is accurate as long as mZ� � 10 GeV.
A detailed analysis of neutrino trident production in the presence
of a lighter Z� will be presented elsewhere [22].

V. OUTLOOK AND CONCLUSIONS

This work was devoted to a comprehensive study of
a model with a Z � vector-boson that couples to lep-
tons through the Lµ −Lτ portal, and to quarks through
general effective couplings. Our goal was to determine
whether such a model yields a plausible explanation for
the recent discrepancy shown by the LHCb collabora-
tion in angular distributions of the B → K∗µ+µ− de-
cay products. We conclude that such an explanation is
viable, and it is such that future measurements in the
high-energy and high-intensity frontiers may reveal fur-
ther deviations from the SM tied to the manifestations
of this new vector-boson. Unlike models based on a Z �

that couples with full strength to all leptons and quarks,
the model we consider in this paper is well-hidden. In
contradistinction to most of the Z � proposals made in
connection with the LHCb discrepancy, which envision a
Z � above � 3 TeV, the mass of the vector-boson consid-
ered in this work can be very low, possibly well below the
electroweak scale! While a variety of UV-completions are
possible for the coupling of Z � to quarks, we have chosen
one with vector-like quarks in the multi-TeV mass scale.
While this model can hardly be imagined to be the fi-
nal word, it does offer a general and consistent frame-
work within which it is possible to discuss the different
low-energy constraints and structures likely to emerge in
more refined constructions.
Among the leptonic observables, we have identified two

particular processes which result in powerful constraints
on the parameter space of the model: the Z decay to four
muons and the neutrino trident production. In particu-
lar, we find that the tentative explanation of the (g−2)µ
discrepancy in this model is fully ruled out by the latter
process, at least for multi-GeV and heavier Z �. While
in this work we have applied it to the Lµ − Lτ portal,
it is absolutely clear that neutrino trident production is
immediately relevant to other models that appeal to Z �

coupled to leptons via any current that contains Lµ (such
as e.g. total lepton number). Generalizing this constraint
to other models and extending it to a wider range of the
Z � mass is the subject of our upcoming work [22].
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whereKF is a loop function that can be found e.g. in [43].
Out of the three SM neutrinos only the muon-neutrino
and tau-neutrino are affected by Z � loops. Therefore, the
correction to the Z coupling to neutrinos is effectively
given by

gV ν

gSMV ν

=
gAν

gSMAν

=

����1 +
2

3

(g�)2

(4π)2
KF (mZ�)

���� . (33)

In order to obtain constraints on the mass and coupling
of the Z �, we combine the experimental results from LEP
and SLC [44] on the Z couplings to all leptons and neu-
trinos, taking into account the error correlations. We
find the 95% C.L. constraints depicted in gray in Fig. 3.
We note also that the constraint on the parameter space
would be stronger, if we had a sizable kinetic mixing [45].

• Z → 4� searches at the LHC. Both ATLAS and
CMS collaborations have reported the measurement of
the branching ratio of Z decaying into four charged lep-
tons [46, 47]3. In particular, the ATLAS analysis [47] has
been performed with the full 7+8 TeV LHC data set and
it gives BR(Z → 4�) = (4.2 ± 0.4)10−6, to be compared
to the SM prediction BR(Z → 4�) = (4.37 ± 0.03)10−6.
Our model gives a positive NP contribution to the pro-
cess. The most important effect comes from the Feynman
diagram shown in Fig. 5, with an intermediate on-shell
Z � boson dominating the rate formZ� < mZ (see also [19]
for a recent analysis).

We have recast the ATLAS analysis in [47], gener-
ating events using MadGraph 5 [49], interfaced with
Pythia6.4 [50] for parton showering. Events should have
exactly four isolated leptons with the leading three with
pT > 20, 15, 8 GeV, and if the third lepton is an electron
it must have pT > 10 GeV. Lepton identification efficien-
cies have been taken from [51]. The invariant mass of the
opposite sign same flavor (OSSF) lepton pair closest to
the Z mass should be m1 > 20 GeV. The second OSSF
lepton invariant mass should be m2 > 5 GeV. Finally,
the invariant mass of the four lepton system should be
close to the Z mass: 80GeV < m4� < 100GeV.

NP effects arise only in the four muon bin. In this bin,
ATLAS observes 77 events, to be compared to the 78
events expected. To set the bound, we assume a Poisson
distribution for the observed events, and we exclude at
the 95% C.L. the benchmarks that predict more than 94
events in the four muon bin. The region on the left of
the dashed black line in Fig. 3 is excluded by the ATLAS
analysis. As we can note from the figure, the region fa-
vored by (g − 2)µ has been almost fully probed by LHC
measurements of Z to four leptons.

3
Note that LEP performed the measurement of the cross section

of the four-fermion final state arising from the process e+e− →
�+�−ff̄ where � is a charged or neutral lepton and f any charged

fermion [48]. However, as also shown in [15], the constraints on

the g�−mZ� parameter space coming from this measurement are

slightly less stringent than the LHC constraints discussed in the

following.

q

q

Z

µ

µ

Z �
µ

µ

FIG. 5. The main NP contribution to the Z → 4� process at

the LHC.

γ

N N

ν

ν

µ−

µ+

Z �

FIG. 6. The leading order contribution of the Z�
to neutrino

trident production. This diagram interferes constructively

(destructively) with the corresponding SM diagram involving

a W -boson (Z-boson).

• Neutrino trident production. In the last part
of this section, we present a powerful new constraint on
the Lµ − Lτ current coming from measurements of neu-
trino trident production, i.e. the production of a muon
anti-muon pair in the scattering of muon neutrinos in
the Coulomb field of a target nucleus. The leading con-
tribution of the Z � to such a process is shown in Fig. 6.
This diagram interferes with the SM contribution involv-
ing similar diagrams, but with the W and Z bosons in-
stead of the Z �. In the SM, the contribution from the
Z-boson is smaller than the one of the W -boson and
comes with an opposite sign that leads to destructive
interference [52]. The Z � coupling to both muons and
muon-neutrinos has the same sign and the Z � contribu-
tion interferes constructively (destructively) with the W -
boson (Z-boson), leading therefore to an enhancement of
the trident production. Working in the approximation
of a heavy Z �, where the leptonic 4-fermion operator is
(g�)2 (µ̄γαµ) (ν̄γαPLν) /m2

Z�
4, the ratio of the total tri-

4
We estimate that the description of the Z�

contribution by an
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We present a measurement of neutrino tridents, muon pairs induced by neutrino scattering in the
Coulomb field of a target nucleus, in the Columbia-Chicago-Fermilab-Rochester neutrino experiment at
the Fermilab Tevatron. The observed number of tridents after geometric and kinematic corrections,
37.0+ 12.4, supports the standard-model prediction of 45.3+ 2.3 events. This is the first demonstration
of the 8 -Z destructive interference from neutrino tridents, and rules out, at 99% C.L., the V—2 predic-
tion without the interference.

PACS numbers: 13.10.+q, 12.15.3i, 14.80.Er, 25.30.Pt

A neutrino trident is the scattering of a neutrino in the
Coulomb field of a target nucleus (N),

v„(v„)+N~ v„(v„)+p+p +N.
Momentum is balanced by the coherent exchange of a
virtual photon between one of the emergent muons and
the nucleus. The signature is a dimuon event with zero
visible hadron energy. In the standard model this reac-
tion can proceed via two channels (Fig. 1): charged (W)
and neutral (Z) boson exchange. A measurement of this
process determines the interference between 8' and Z
channels providing a crucial test of the gauge structure
of the standard model. We report the first measurement

FIG. 1. Feynman diagram showing the neutrino trident pro-
duction in v„-8 scattering via the 8'and the Z channels.

of this destructive interference in v tridents,
Many theoretical papers discuss v-trident produc-

tion. ' As an almost purely leptonic process, its cross
section can be precisely calculated using the known elec-
tromagnetic form factor of the iron nucleus. Most early
theoretical papers deal only with the V—A theory (W
exchange alone) ignoring the W-Z interference. Howev-
er, in the standard model the neutral-current channel
(Z mode) interferes destructively with the charged-
current channel (W —). Assuming the standard vector
and axial-vector couplings, the interference causes an ap-
proximate 40% suppression of the trident production as
compared to the prediction using 8'exchange only. '

In spite of the elegance of the theoretical prediction,
the experimental study of v tridents has been difficult for
two reasons: (a) the extremely small cross section, about
2.3 && 10 (4.6 x 10 ) of the inclusive v„N(v„N)--
charged-current process at (E,) =160 GeV; and (b) the
relatively low energy of the secondary muon associated
with the trident. These difficulties are overcome in a
high-statistics high-energy neutrino experiment. Early
experimental investigations of v tridents (for a review,
see Ref. 10) failed to conclusively demonstrate their ex-
istence. ' ' ' More recently, the CCFR experiment '

and, notably, the CHARM II experiment' have report-
ed clear evidence for v tridents. Although these data are
consistent with the standard-model prediction, there has
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Full result on MZ’ - g’ parameter space 
 Muon pair production process 

excludes solutions to muon g-2 
discrepancy via gauged muon 
number in the whole range of 

MZ’ > 400 MeV  

In the “contact” regime of 
heavy Z’>5 GeV, the best 
resolution to g-2 overpredicts 
muon trident cross section by a 
factor of ~ 8.  

*** This is the prime example of an old measurement “reprocessed” to 
kill a significant part of the “dark force” parameter space ***  

Can it be improved in the future at LBNE   (O(50) events /yr ) ??? 
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solid angle Ω�, � < t < s, and 4m2 < � < s. The inte-
gration over phase-space is best done first over the solid
angle, then over t and � (see also ref. [23]). Keeping only
leading order terms in the muon mass we find the follow-
ing expression for the inclusive SM cross-section,

σ(SM) � 1

2

�
C2

V
+ C2

A

� 2G2

F
α s

9π2

�
log

� s

m2

�
− 19

6

�
. (9)

The destructive interference between the charged and
neutral vector-boson contributions leads to a reduction
of about 40% of the SM cross-section compared to the
pure V-A theory. Our results corrects a missing factor of
2 in the corresponding expression in ref. [16].

We can obtain a similarly concise expression for the Z�

contribution in the heavy mass limit, mZ� �
√
s [13],

σ(SM+Z
�
)

σ(SM)
�

1 +
�
1 + 4 sin2 θW + 2v2

SM
/v2

Z�

�2

1 +
�
1 + 4 sin2 θW

�2 . (10)

This expression also holds for the differential cross-
section in this limit, up to muon mass corrections.

In the limit of light Z�, mZ� �
√
s, we write

σ(SM+Z
�
) = σ(SM) + σ(inter) + σ(Z

�
) , (11)

where the second term stands for the interference be-
tween the SM and the Z� contributions. In the leading
log approximation, this contribution is given by

σ(inter) � GF√
2

g�2CVα

3π2
log2

� s

m2

�
. (12)

The Z� contribution alone, for m � mZ� �
√
s, is

σ(Z
�
) � 1

m2

Z�

g�4α

6π2
log

�
m2

Z�

m2

�
, (13)

while for mZ� � m �
√
s it is

σ(Z
�
) � 1

m2

7g�4α

72π2
log

�
m2

m2

Z�

�
. (14)

As can be expected, at highmZ� the Z� contribution is ad-
ditive with respect to the SM one (as shown in Eq. (10))
and decouples as m−2

Z� . For light Z�, on the other hand,
the cross-section is only log sensitive to mZ� and the cen-
ter of mass energy of the event.

To get the total νµN → νµNµ+µ− cross-section, the
real-photon contribution can be easily integrated against
the Weizsäcker-Williams probability distribution func-
tion, Eq. (2), in s2/(4E2

ν) < q2 < ∞, where Eν is the
neutrino energy, and 4m2 < s < ∞. Using a simple ex-
ponential form factor, we find good agreement between
our results from the EPA and a direct numerical calcu-
lation of the full process following [19]. As a cross check
we also reproduced the trident cross sections reported
in [19, 22], for V-A theory and for the SM, for various
neutrino energies, using both the EPA and the numeri-
cal calculation. For large mZ� the relative size of the Z�
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FIG. 2. Parameter space for the Z
�
gauge boson. The light-

grey area is excluded at 95% C.L. by the CCFR measurement

of the neutrino trident cross-section. The grey region with

the dotted contour is excluded by measurements of the SM

Z boson decay to four leptons at the LHC [24, 25]. The

purple (dark-grey) region is favored by the discrepancy in the

muon g-2 and corresponds to an additional contribution of

∆aµ = (2.9± 1.8)× 10
−9

to the theoretical value [26].

contribution is independent on the neutrino energy. For
low mZ� on the other hand, lower neutrino energies lead
to an enhanced sensitivity to the Z�. In determining the
sensitivity to the {g�,mZ�} parameter space, we use full
numerical results for the phase-space integration rather
than analytic approximations and keep the full depen-
dence on the muon mass.
Neutrino trident production has been searched for in

several neutrino beam experiments. Both the CHARM-
II collaboration [27] (using a neutrino beam with mean
energy of Eν ∼ 20 GeV and a glass target) and the CCFR
collaboration [28] (using a neutrino beam with mean en-
ergy of Eν ∼ 160 GeV and an iron target) reported detec-
tion of trident events and quoted cross-sections in good
agreement with the SM predictions,

σCHARM−II/σSM = 1.58± 0.57 , (15)

σCCFR/σSM = 0.82± 0.28 . (16)

(Corresponding results from NuTeV can also be used al-
beit with some caution due to a rather large difference
in the background treatment between the initial report
[29] and the publication [30].) These results strongly
constrain the gauged Lµ − Lτ model, and more gen-
erally any new force that couples to both muons and
muon-neutrinos. Implementing the phase space integra-
tions that correspond to the signal selection criteria of
CCFR and CHARM-II, we arrive to the sensitivity plots
in Figs. 2 and 3. Our results show that the parameter

New BaBar (+B. Shuve) analysis also limits Z’ mass range. 
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Ample opportunities to look for light New 
Physics at CERN 

 

§  LHC experiments, including LHCb. 
§  NA62, via rare radiative kaon decays. Sensitive to light scalar 

solutions to muon g-2 puzzle.  
§  Missing momentum signal in NA64: search for light mediators 

decaying to dark matter and/or neutrinos (Lµ – Lτ  model). Very 
relevant for the remaining viable solutions to g-2 with use of light 
particles.  

§  Most importantly, a possibility to discover light new states at SHiP:  
-  Heavy neutral leptons 
-  Dark photons 
-  Produced light dark matter scattering in the ν-detector 
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Conclusions I	


1.  CKM phase gives too small an EDM, and before experimentally 

we cross 10-30 cm, we can be sure that we are probing new physics.  
2.  EDMs generated by theta term is too large – one needs to remove 

theta from the theory by some adjustment mechanism. Neither 
θQCD nor δCKM look as viable sources for BAU. Likely, there are 
more sources of CP breaking but its scale is unknown.  

3.  EDMs are capable of probing scales as high as several 100 TeV. 
(Example = “minimally unnatural SUSY, or mini-split”.) EDM 
bounds become competitive with Kaons (Δm, εK), and EDM 
sensitivity can be further improved.  

4.  If EDMs were to be discovered close to todays bounds, it would 
most generically point to the existence of new SM-charged states 
at scales up to 100 TeV. Light dark sectors cannot generate EDMs.  
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Conclusions II	


1.  G-2 of the muon is a difficult measurement and calculations. A 

long-standing discrepancy by over 3 sigma could be a hint on new 
physics. Unlike the EDMs, this can be a result of new heavy or 
light states (such as dark photon model and its variants).  

2.  CERN is making major contribution to the understanding of the 
muon g-2 discrepancy, via LHC, NA62, NA64, and hopefully 
SHiP. 
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If dark matter particles have EDM...

it also must be small. They will contribute to the elastic scat-
tering on normal nuclei (Pospelov, ter Veldhuis, 2000),

σ = 8πZ2



d

e





2 


α

v




2 S + 1

3S
ln

qmin

qmax
.

For a 100 GeV WIMP this, together with CDMS results, trans-
lates to a decent sensitivity level O(10−22ecm).

Maxim Pospelov, GGI workshop, Florence 03/23/2010

Recent constraints from Xenon 100 experiments would limit an 
EDM of a hypothetical WIMP to better than 10-22 e cm.	



 



Long(er) distance contribution dominate	


§  Combination of ΔS =+1 and ΔS =-1 (and Δ charm = ± 1) gives a larger 

estimate to dn than just dq. Can be as large as 10-31 e cm (Khriplovich, 
Zhitnitskiy; Gavela et al). Charm contribution was recently looked at by 
Mannel, Uraltsev.	



§   EDMs of diamagnetic atomic species (closed e shells, nuclear spin) are 
generated by the CKM contribution to the nuclear Schiff moment. 
(Novosibirsk group; Donoghue, Holstein, Musolf)	



§  Direct contribution of de(CKM) to dAtom is negligible compared to the semi-
leptonic contribution (Schiff moment, nuclear CP-odd polarizability).	
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Fig. 6. A leading contribution to the neutron EDM in the Standard Model, arising via a
four-quark operator generated bya strong penguin, and then a subsequent enhancement
via a chiral π+ loop.

estimated that this mechanism could lead to a KM-generated EDM of the
neutron of order [89],

dKM
n " 10−32e cm. (3.103)

However, this is still six to seven orders of magnitude smaller than the
current experimental limit.

• lepton EDMs

The KM phase in the quark sector can induce a lepton via a diagram
with a closed quark loop, but a non-vanishing result appears first at the
four-loop level [90] and therefore is even more suppressed, below the level
of

dKM
e ≤ 10−38e cm, (3.104)

and so small that the EDMs of paramagnetic atoms and molecules would be
induced more efficiently by e.g. Schiff moments and other CP -odd nuclear
moments.

In this regard, we note that recent data on neutrino oscillations points
toward the existence of neutrino masses, mixing angles, and possibly of
new CKM-like phase(s) in the lepton sector. Under the assumption that
neutrinos are Majorana particles, the presence of these new CP-odd phases
in the lepton sector allows for a non-vanishing two-loop contributions to
de [91], without any further additions to the Standard Model. However,
recent calculations [92] show that a typical see-saw pattern for neutrino
masses and mixings only induces a tiny contribution to the EDMs in this

Bottom line: EDMs(CKM) are ~ 5 orders and more below current limits 
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Effective CP-odd Lagrangian at 1 GeV

in the spirit of Wolfenstein’s superweak interaction,
Khriplovich et al., Weinberg,... Appying EFT, one can classify
all CP-odd operators of dimension 4,5,6,... at µ = 1 GeV.

L1GeV
eff =

g2
s

32π2
θQCDGa

µν
˜Gµν,a

− i

2
∑

i=e,u,d,s
di ψi(Fσ)γ5ψi −

i

2
∑

i=u,d,s

˜di ψigs(Gσ)γ5ψi

+
1

3
w fabcGa

µν
˜Gνβ,bG µ,c

β +
∑

i,j=e,d,s,b
Cij (ψ̄iψi)(ψ̄jiγ5ψj) + · · ·

If the model of new physics is specified, for example, a specific
parameter space point in the SUSY model, Wilson coefficients
di, d̃i, etc. can be calculated.

To get beyond simple estimates, one needs dn, atom as functions
of θ, di, d̃i, w, Cij, which requires non-perturbative calculations.
which I review in the next few transparencies.

Maxim Pospelov, GGI workshop, Florence 03/23/2010
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Synopsis of EDM formulae

Thallium EDM:
The Schiff (EDM screening) theorem is violated by relativistic
(magnetic) effects. Atomic physics to 10 − 20% accuracy gives

dTl = −585de − e 43 GeVC(0)
S

where CS is the coefficient in front of N̄Niēγ5e. Parametric
growth of atomic EDM is de × α2Z3 log Z.

neutron EDM:
∼50-100% level accuracy QCD sum rule evaluation of dn is avail-
able. Ioffe-like approach gives

dn = − em∗θ̄

2π2f 2
π

; dn =
4

3
dd −

1

3
du − e




mn

2πfπ





2 


2

3
d̃d +

1

3
d̃u





(Reproduces naive quark model and comes close to chiral-log
estimates)

Mercury EDM: Screening theorem is avoided by the finite size
of the nucleus

dHg = dHg

(

S(ḡπNN [d̃i, Cq1q2]), CS[Cqe], CP [Ceq], de

)

.

For most models ḡπNN is the most important source. The result
is dominated by d̃u − d̃d but the uncertainty is large:

dHg = 7 × 10−3 e (d̃u − d̃d) + ...

Maxim Pospelov, GGI workshop, Florence 03/23/2010


