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And the cosmic baryon symmetry 

Two Numbers
Drive new physics searches 

Why is the cosmic  
energy budget in  
baryons so small? 
(and what is  
the everything  
else?!) 

⌘ = n
baryon

/n
photon

= (5.96± 0.28)⇥ 10�10

so large?

[NASA]



The Puzzle of the Missing Antimatter 

The particle physics of the early universe can explain this 
asymmetry if B, C, and CP violation exists in a non-equilibrium 
environment. [Sakharov, 1967]

But estimates of the baryon excess in the Standard Model have 
always been much too small, [Farrar and Shaposhnikov, 1993; Gavela et al., 1994; 
Huet and Sather, 1995.]

⌘ = n
baryon

/n
photon

= (5.96± 0.28)⇥ 10�10

⌘ < 10�26

But with a 125 GeV Higgs there is no EWPT [Aoki et al.,1999]

So that the SM mechanism fails altogether 

The observed cosmic 2H abundance in context of big-bang 
nucleosynthesis yields a baryon asymmetry:

[Steigman, 2012]



Our dark-dominated universe and its baryon 
asymmetry speaks to possible hidden (or visible?!)  
particles, interactions, symmetries and more that 

we may yet discover 
Such new physics could arise at either

i) high energies with        couplings to SM particles

– or –
ii) low energies with very weak couplings 

to SM particles
 
 

O(1)

Largely unexplored! Low energy studies 
have unique discovery potential! 

Here low energy & collider studies are complementary

Perspective



Flavor Physics Snapshot 

13. CP violation in the quark sector 13

VtdVtb*

VcdVcb*

α=ϕ2 β=ϕ1

γ=ϕ3

VudVub*

Figure 13.1: Graphical representation of the unitarity constraint VudV
∗
ub +VcdV ∗

cb +
VtdV

∗
tb = 0 as a triangle in the complex plane.
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Here λ ≈ 0.23 (not to be confused with λf ), the sine of the Cabibbo angle, plays the role

of an expansion parameter, and η represents the CP -violating phase. Terms of O(λ6)
have been neglected.

The unitarity of the CKM matrix, (V V †)ij = (V †V )ij = δij , leads to twelve distinct
complex relations among the matrix elements. The six relations with i ̸= j can be
represented geometrically as triangles in the complex plane. Two of these,

VudV ∗
ub + VcdV ∗

cb + VtdV ∗
tb = 0

VtdV
∗
ud + VtsV

∗
us + VtbV

∗
ub = 0 ,

have terms of equal order, O(Aλ3), and so have corresponding triangles whose interior
angles are all O(1) physical quantities that can be independently measured. The angles
of the first triangle (see Fig. 13.1) are given by

α ≡ ϕ2 ≡ arg

(

−
VtdV

∗
tb

VudV ∗
ub

)

≃ arg

(

−1 − ρ − iη

ρ + iη

)

,

β ≡ ϕ1 ≡ arg

(

−
VcdV ∗

cb

VtdV ∗
tb

)

≃ arg

(

1

1 − ρ − iη

)

,

γ ≡ ϕ3 ≡ arg

(

−
VudV ∗

ub

VcdV ∗
cb

)

≃ arg (ρ + iη) . (13.52)

The angles of the second triangle are equal to (α, β, γ) up to corrections of O(λ2). The
notations (α, β, γ) and (ϕ1, ϕ2, ϕ3) are both in common usage but, for convenience, we
only use the first convention in the following.
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[Gershon & Nir, PDG 2014]

with a focus on quarks & symmetries 
Heavy Quarks Light Quarks

• Quark Mixing & CPV: CKM?

• Lepton Flavor Universality? (B to τν, …)
• Non-V-A currents? (B to K* ll, …)
• New CPV? (charm, …)
• “Dark” Forces? (D* to D Α΄,…)

• non-CKM CPV? 

(EDMs (d), D)

• non-V-A currents? 

(a, A, B,…)

• n Electric Charge?

• B-L violation?
• “Dark” Forces? 

[Lepton Flavor Violation & τ decays… Higgs Physics… ν’s]



On Complementarity 
Can the limits from such searches be related in a  

model independent way? 
Suppose new physics enters at energies beyond a scale  ⇤

Then for we can extend the SM as per

where the new operators have mass dimension D>4

60

in the neutron is needed, and the QCD sum rule calcula-
tion of Ref. [854] has been employed to realize the limits
noted [852]. Stronger limits on the color-blind dipole
moments, however, come from b ! s� and b ! s`+`�

decays [852, 855]. In the face of such constraints, the
new-physics phase space to be explored at the LHC is
significantly reduced [852, 853], and presumably can be
sharpened further, even in the absence of additional ex-
perimental data, if the nonperturbative matrix element
can be more accurately calculated.

4.3. Low-energy framework for the analysis of
BSM e↵ects

The SM leaves many questions unanswered, and the
best-motivated models of new physics are those which
are able to address them. Commonly this is realized so
that the more fundamental theory has the SM as its low-
energy limit. Interestingly we can realize a framework in
which to probe the nature of physics BSM even if we do
not assume a specific theory with a definite ultraviolet
completion. Rather, we need only assume that we work
at some energy E below the scale ⇤ at which new par-
ticles appear. Consequently for E < ⇤ any new degrees
of freedom are “integrated out,” and the SM is amended
by higher-dimension operators written in terms of fields
associated with SM particles [856]. Specifically,

LSM =) LSM +
X

i

ci
⇤D�4

OD
i , (40)

where the new operators OD
i have dimension D with

D > 4. We emphasize that LSM contains a dimension-
four operator, controlled by ✓̄, which can also engender
CP-violating e↵ects, though they have not yet been ob-
served. The higher-dimension operators include terms
which manifestly break SM symmetries and others which
do not. A prominent example of the former is the Wein-
berg operator, which is of dimension five. This opera-
tor gives the neutrino a Majorana mass and can mediate
neutrinoless double � decay [857], a |�L| = 2 process.
Setting such possibilities aside, the remaining higher-
dimension terms can usefully be organized so that they
remain invariant under SM electroweak gauge symme-
try. This emerges from no fundamental principle but
rather follows from experiment, for flavor physics ob-
servables constrain the appearance of non-SM invariant
operators to energies far beyond the weak scale [858–
860]. Upon imposing SM electroweak gauge invariance
the leading order (dimension six) terms in our SM ex-
tension, prior to electroweak symmetry breaking, can be
found in Refs. [847, 848]. Nevertheless, this description
does not capture all the admissible possibilities in dimen-
sion six because of the existence of neutrino mass. The
latter has been established beyond all doubt[1], though
the need for the inclusion of dynamics beyond that in the
SM to explain it has as yet not been established. To wit,
we can use the Higgs mechanism to generate their mass.

Since the neutrinos are all light in mass, to explore the
consequences of this possibility we must include three
right-handed neutrinos explicitly in our description at
low energies [861]. Finally if we evolve our description to
the energies appropriate to the study of the weak decays
of neutrons and nuclei, we recover precisely ten indepen-
dent terms, just as argued long-ago by Lee and Yang
starting from the assumption of Lorentz invariance and
the possibility of parity nonconservation [862].

We now turn to the analysis of particular low-energy
experiments to the end of discovering physics BSM and
the manner in which theoretical control over confinement
physics can support or limit them.

4.4. Permanent EDMs

4.4.1. Overview

The neutron EDM is a measure of the distribution
of positive and negative charge inside the neutron; it is
nonzero if a slight o↵set in the arrangement of the posi-
tive and negative charges exists. Such can exist if inter-
actions are present which break the discrete symmetries
of parity P and time reversal T. In the context of the
CPT theorem, it reflects the existence of CP violation,
i.e., of the product of charge conjugation C and parity P,
as well. Consequently, permanent EDM searches probe
the possibility of new sources of CP violation at the La-
grangian level. The EDM d of a nondegenerate system is
proportional to its spin S, and it is nonzero if the energy
of the system shifts in an external electric field, such that
S · E.

The SM nominally possesses two sources of CP vio-
lation, though the second does not appear to operate.
They are: a single phase � in the Cabibbo-Kobayashi-
Maskawa (CKM) matrix, as well as through the T-odd,
P-odd product of the gluon field strength tensor and its
dual, the latter product being e↵ectively characterized
in the full SM by the parameter ✓̄. The CKM mecha-
nism of CP violation does give rise to nonzero perma-
nent EDMs; however, the first nontrivial contributions
to the quark and charged lepton EDMs come in three-
and four-loop order, respectively, so that for the down
quark |dd| ⇠ 10�34 Ec.m. [863, 864]. The neutron EDM
does possess a well-known, long-distance chiral enhance-
ment; estimates yield estimated to be |dn| ⇠ 10�31–10�33

Ec.m. [865–867], making it several orders of magnitude
below current experimental sensitivity. A table of the
results from various systems is shown in Table 11.

4.4.2. Experiments

The last few years has seen an explosion of interest in
experimental approaches to searches for electric dipole
moments of particles composed of light quarks and lep-
tons. This increased scientific interest has developed

Symmetry guides their construction: impose

E < ⇤

If Λ >> ΛEW,  then heavy & light hadrons can share an EFT 
framework, even if the flavor structure is different 

Otherwise not.                                         

SU(2)⇥ U(1)



• Permanent electric dipole moment 
searches, quantities that break P and T

        – and how these are distinct from –

• Dalitz plot analyses for C and CP violation 

• Rare decays & their interplay in searches 
for hidden forces, to go beyond “dark 
photons”

Today  
New physics searches with light hadrons

[emphasis on accelerator tests]



Permanent Electric Dipole Moments 

Applied electric fields can be enormously enhanced  
in atoms and molecules  

A fundamental EDM points along the particle’s spin,  
breaking both T and P

H = �d ~E ·
~S

S
� µ ~B ·

~S

S

[Purcell and Ramsey, 1950]

Searches in different systems:
paramagnetic & diamagnetic & the neutron 

Hg [Graner et al., 2016]

             Xe [Rosenberry & Chupp, 2001

Ra [Bishof et al., 2016]

ACME (ThO) [Baron et al., 2014]

YbF [Hudson et al., 2011]

Tl [Regan et al., 2002]

n [Pendlebury et al.,
2015]

with many more under development!
[For reviews, see Pospelov and Ritz, 2005; Engel, Ramsey-Musolf, and van Kolck 2013]



Heavy Atom & Molecular EDMs
Naturally involve multiple energy scales

Energy

EDMs of Complex Systems

There is a hierarchy of scales to consider:

[Ginges and Flambaum, 2004]

EDMs in neutrons, nuclei, atoms, and molecules are broadly complementary.

S. Gardner (Univ. of Kentucky) EDMs@Project X PXPS 2012, Fermilab 12



Operator Analysis of EDMs
The flavor-diagonal effective Lagrangian at ~1 GeV 

Many sources: note effective hierarchy imposed by     
gauge invariance (chirality change!)SU(2)⇥ U(1)

[Ritz, CIPANP, 2015]

can appear in the IR even if an axion 
acts [Chien et al., arXiv:1510.00725, JHEP 2016]

Limits on new CPV sources taken “one at a time”



• Start with no higher than dimension six at 
the TeV scale [Buchmuller & Wyler, 1986; Grzadkowski et al.,2010]

• Cf. collider, EDM, flavor CPV constraints

• EDM constraints on new CPV sources can 
weaken but are still strong! 

Operator Analysis of EDMs
Operator mixing & renormalization effects now included

What room is there for other CPV searches? 

A single TeV scale CPV source may give rise to  
multiple GeV scale sources

First systematic studies for EDMs since HADRON 15!
[Chien et al., arXiv:1510.00725, JHEP 2016; Cirigliano, Dekens, de Vries, Merenghetti, 2016 & 2016
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Pros and cons of Dalitz plots

● Pros

● More observables (B & A
CP

 at each Dalitz plot point)

● Using isobar formalism, can express total amplitude as coherent sum of 
quasi-two-body contributions

– where c
r
 & F

r
 contain the weak and strong physics, respectively

– n.b. each c
r
 is itself a sum of contributions from tree, penguin, etc.

● Interference provides additional sensitivity to CP violation

● Cons

● Need to understand hadronic (F
r
) factors

– lineshapes, angular terms, barrier factors, ...

● Isobar formalism only an approximation

● Model dependence 

Am
12

2
,m

23

2 =∑
r
cr F r m12

2
,m

23

2 

Tim Gershon
Introduction to Dalitz Plot Analysis

Dalitz Studies of CP Violation
Apropos to both heavy and light flavor decays 

[Image Credit: Tom Latham [Tim Gershon]] 

D Ksπ+π-

ss+

Consider population  
asymmetry about  
the mirror line in  
neutral 0-  decay mirror line

ss- = ss+

ss-

If the initial and final states  
are C definite, then mirror  
symmetry is also a CP test

[SG & Tandean, 2004]



• In untagged B                    decay CPV appears in the SM 
• All such dimension six operators can be rewritten as C 

definite combinations, the asymmetry is C and CP odd

Dalitz Studies of CP Violation
For |ΔF|=1 decays

For |ΔF|=0 decays

     π+ π- π0 

To realize C violation in dimension six  
 |ΔF|=1 operators are necessary 

[SG & Jun Shi, 2017, in preparation]

C violation first appears in dimension eight (in SM EFT), 
in distinction to the dimension six operators for EDMs

[Enter η  decays!]

Note old “C odd” papers [TD Lee & L Wolfenstein,1965; Lee, 1965;  Nauenberg, 1965]
                        [ Bernstein, Feinberg, & Lee, 1965; Barshay ,1965]



Hunting Hidden Forces 
 “Early” positron excesses in the gamma-ray sky  

from dark matter annihilation  

[Arkani-Hamed. Finkbeiner, Slatyer, Weiner, 2009; 
also Fox & Poppitz, 2009,…Pospelov 2009 (μ g-2)]

new gauge boson
is a “portal” to
a hidden sector

Circa 2008

Could explain size of  
excesses if new GeV-scale  
gauge bosons exist

Conventional explanations were 
ultimately found, but the possibility 
was opened nonetheless….
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Dark Photons
Hunting new forces in fixed target experiments 

The interactions that generate DM annihilation 
could also be discovered at accelerators: 

But different gauge symmetries (& portals) are possible!

The new gauge boson 
could stem from a 
dark electromagnetism, 
and the photon and 
dark photon could mix

[E.g., Bjorken, Essig, Schuester, Toro, 2009]
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New Gauge Bosons
We may only be able to probe part of a rich dark sector 

E.g., let A′ be the gauge field of a U(1)′ group

But Coulomb-like DM-DM forces do not appear to 
exist, so that the A′ must have mass 

L = LSM +
"

2
FY,µ⌫F 0

µ⌫ � 1

4
F 0µ⌫F 0

µ⌫ +M2
A0A0µA0

µ + . . .

Aµ ! Aµ � "A0
µWith the A′ couples to SM fermions

with strength Qeε
[Holdom, 1986]



Dark Photon Decays to Visibles (Only)
 Exclude a “dark” explanation of the muon g-2 anomaly 

But this may only 
speak to our 

assumptions…

[Pospelov, 2009]



18

Anomaly in IPC in Be-8 Transitions

N.B. Earlier axion searches & more… 

• Resonant selection of  8Be* state via p beam energy
• Select transition to 8Be g.s. via detected e+e- energy            
• Measure e+e- invariant mass & opening angle  

A.J. Krasznahorkay et al., 1504.01527 [nucl-ex]; 
note also 1504.00489 (Gulyas et al., NIM A808 (2016), 21) 

[Treiman & Wilczek, 1978; Donnelly et al., 1978; Savage et al., 1986 & 1988….]



• To get the right signal 
strength: ε ≃ 0.011 

• To decay within 1 cm:          

       |ε| ≳ 1.3 × 10-5  

• N.B. no signal in the 
17.64 MeV 8Be to g.s. 
transition; suppressed 
by phase space if it 
were 17 MeV in mass

NA48/2, Raggi (2015)
19
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Figure 4: Obtained upper limits at 90% CL on the mixing parameter ε2 versus the DP mass
mA′ , compared to other published exclusion limits from meson decay, beam dump and e+e−

collider experiments [16–22]. Also shown is the band where the inconsistency of theoretical and
experimental values of muon (g − 2) reduces to less than 2 standard deviations, as well as the
region excluded by the electron (g − 2) measurement [2, 23,24].

the mass range 2me < mA′ < mK − mπ. The expected branching fraction value is B(K± →
π±A′) < 2 · 10−4ε2 over the whole allowed mA′ range [24], in contrast to B(π0 → γA′) ∼ ε2

for mA′ < 100 MeV/c2. In the NA48/2 data sample, the suppression of the DP production
in the K+ decay with respect to its production in the π0 decay is partly compensated by the
favourable K±/π0 production ratio, lower background (mainly from K± → π±ℓ+ℓ− for ℓ = µ
or mA′ > mπ0) and higher acceptance [25,26].

For the A′ → e+e− decay, the expected sensitivity of the NA48/2 data sample to ε2 is
maximum in the mass interval 140 MeV/c2 < mA′ < 2mµ, where the K± → π±A′ decay is not
kinematically suppressed, the π0

D background is absent, and B(A′ → e+e−) ≈ 1 assuming that
the DP decays only into SM fermions. In this mA′ interval, the expected NA48/2 upper limits
have been computed to be in the range ε2 = (0.8 − 1.1) × 10−5 at 90% CL, in agreement with
earlier generic estimates [2, 24]. This sensitivity is not competitive with the existing exclusion
limits.

Conclusions

A search for the dark photon (DP) production in the π0 → γA′ decay followed by the prompt
A′ → e+e− decay has been performed using the data sample collected by the NA48/2 experiment
in 2003–2004. No DP signal is observed, providing new and more stringent upper limits on the
mixing parameter ε2 in the mass range 9–70 MeV/c2. In combination with other experimental
searches, this result rules out the DP as an explanation for the muon (g − 2) measurement
under the assumption that the DP couples to quarks and decays predominantly to SM fermions.
The NA48/2 sensitivity to the dark photon production in the K± → π±A′ decay has also been
evaluated.
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But it cannot be a dark photon…
There are many constraints in the  Be-8 signal region

[Feng, Fornal, Galon, SG, Smolinsky, Tait, Tanedo, 2016]



• The dominant constraints are null results from searches for π0 ! A′ γ 
! e+ e- γ

• Eliminated if QuXu– QdXd ≈ 0 or 2Xu + Xd ≈ 0 or Xp ≈ 0 

• A protophobic gauge boson with couplings to neutrons, but 
suppressed couplings to protons, can explain the 8Be signal without 
violating other constraints

u, d

20

But it cannot be a dark photon…
The solution is to introduce separate fermion couplings 

N.B. The couplings to neutrinos must also be small!
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Lepton Sector 
Coupling Constraints…

|"e| > 2⇥ 10�4

|"e| < 2⇥ 10�3

|"e| < 1.4⇥ 10�3

p
|"e"⌫ | < 7⇥ 10

�5
(const.)

p
|"e"⌫ | < 3⇥ 10�4 (dest.)

� ! ⌘(X ! e+e�)

At MX=16.7 MeV…

(g-2)e :

KLOE 2 (if εd=εs):

E141:

TEXONO (ν-e):



• Gauge the U(1)B-L global symmetry of the SM 

• This is anomaly-free with the addition of 3 sterile neutrinos 

• Generically the B-L boson mixes with the photon: 

• For ε + εB-L ≈ 0, we get both εu ≈ ε/3 and εd ≈ -2ε/3 (protophobia) and εe 
<< εu,d ! 

• The neutrino X-charge is too large. This problem is mitigated if X is 
heavier, then εΒ-L can be smaller. It can be remedied in different ways –
e.g., by mixing with X-charged sterile neutrinos.

22

What’s the model?
There’s no unique choice, but here’s one:

More model possibilities are being developed….

[Feng, Fornal, Galon, SG, Smolinsky, Tait, Tanedo, 2016]



• Also TREK, SHiP, SeaQuest… but should repeat 8Be expt! 23

Future Experiments 
Can confirm or exclude our particle interpretation

N.B. 
(g-2)e

constraint

Future
η decay
studies
also key



Summary  
  We have reviewed new physics searches with 

hadrons, focusing particularly on  
searches for new sources of CP violation  
and new probes of light hidden sectors 

Opportunities for such  studies with η (and η’) 
decays beckon…. 



[Slide Credit: Corrado Gatto]
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[Slide Credit: Corrado Gatto]



Backup Slides  



• a dimension-five operator (Weinberg)

• introducing a right-handed neutrino  and 
using the Higgs mechanism

Consider the ν mass: it can come from…
How can these possibilities be distinguished?  

 

 But which mechanism operates? 
Or do both?

[Le Dall, Pospelov, and Ritz, 2015]

N.B. not “UV complete” — new high E BSM is required!

This in itself is UV complete.

But only the one with B-L violation allows 0 ν ββ decay  

|B � L| violating!         

New Low or High Energy Physics?



We consider an anomaly of 6.8σ significance in 
8Be transitions, namely: 

29

Today

A.J. Krasznahorkay et al., 1504.01527 [nucl-ex]; 
note also 1504.00489 (Gulyas et al., NIM A808 (2016), 21) 



• First “dim 6” lattice QCD matrix elements 
for the neutron EDM [Bhattacharya et al., 2015] 

• Much effort to develop low-energy EFTs 
for nuclei with consistent chiral power 
counting [… de Vries et al., 2011, 2012; Dekens et al., 2014] 

Operator Analysis of EDMs
The effective Lagrangian in hadron and 

nuclear degrees of freedom
There has been much activity, with more ongoing

Outcome is to interpret nucleon and few-body 
nuclei EDMs in terms of a set of LECs, potentially 

determinable via storage ring expts
Still more complicated systems contain enhancements 

that might enable an EDM discovery



The limits anticipated 
in next generation EDM 

experiments give 
 decisive tests of EWB  

in popular models

EDMs: Broader Impacts
Low or high energy physics?  

 
The discovery of the  

electron EDM at  
anticipated sensitivity  
would reveal weak scale  

new physics
[Le Dall, Pospelov, and Ritz, 2015]

[Cirigliano et al., 2010; Chao and Ramsey-Musolf, 2014]



• Vector Portal

• Higgs Portal

• Neutrino Portal

Hidden Sector Portals
Only a Few “Sizeable” Portals Exist  

Ldim4 = Bµ⌫Vµ⌫ �H†H(AS + �S2)� YNLHN
[Batell, Pospelov, and Ritz, 2009; Le Dall, Pospelov, Ritz, 2015]

All deserve systematic study; 
N.B. low E Higgs portal 

constrained by rare B, K decays 
Here we focus on vector portals

Enter the dark photon Α΄and its field strength tensor Vμν

LA0 =
1

2
Bµ⌫Vµ⌫ � 1

4
Vµ⌫V

µ⌫ +
1

2
m2

A0A0µA0
µ

Note “kinetic mixing” of visible & hidden sectors


