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Strong CP problem

QCD allows for a strong CP phase

✓GG̃

bounds on neutron EDM ✓ . 10�10

Why is     so small?✓

Possible explanations

(disfavored by Lattice)mu = 0

spontaneous CP

anomalous PQ symmetry     axion



The QCD axion

The resulting (pseudo-)Goldstone boson, the axion, has
its interactions set by         :1/fa

PQ symmetry is spontaneously broken at scale  fa

1

fa

↵i

4⇡
aFiF̃i

1

fa
@µa J

µ,

Chiral symmetry breaking and QCD non-perturbative 
effects generate a mass for the axion:

ma / m⇡f⇡
fa
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Figure 6-1. Parameter space for axions (top) and axion-like particles (ALPs) (bottom). In the bottom
plot, the QCD axion models lie within an order of magnitude from the explicitly shown “KSVZ” axion
line. Colored regions are: experimentally excluded regions (dark green), constraints from astronomical
observations (gray) or from astrophysical or cosmological arguments (blue), and sensitivity of planned
experiments (light green). Shown in red are boundaries where ALPs can account for all the dark matter
produced either thermally in the big bang or non-thermally by the misalignment mechanism.
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Figure 6-1. Parameter space for axions (top) and axion-like particles (ALPs) (bottom). In the bottom
plot, the QCD axion models lie within an order of magnitude from the explicitly shown “KSVZ” axion
line. Colored regions are: experimentally excluded regions (dark green), constraints from astronomical
observations (gray) or from astrophysical or cosmological arguments (blue), and sensitivity of planned
experiments (light green). Shown in red are boundaries where ALPs can account for all the dark matter
produced either thermally in the big bang or non-thermally by the misalignment mechanism.
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Figure 6-1. Parameter space for axions (top) and axion-like particles (ALPs) (bottom). In the bottom
plot, the QCD axion models lie within an order of magnitude from the explicitly shown “KSVZ” axion
line. Colored regions are: experimentally excluded regions (dark green), constraints from astronomical
observations (gray) or from astrophysical or cosmological arguments (blue), and sensitivity of planned
experiments (light green). Shown in red are boundaries where ALPs can account for all the dark matter
produced either thermally in the big bang or non-thermally by the misalignment mechanism.
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Figure 6-1. Parameter space for axions (top) and axion-like particles (ALPs) (bottom). In the bottom
plot, the QCD axion models lie within an order of magnitude from the explicitly shown “KSVZ” axion
line. Colored regions are: experimentally excluded regions (dark green), constraints from astronomical
observations (gray) or from astrophysical or cosmological arguments (blue), and sensitivity of planned
experiments (light green). Shown in red are boundaries where ALPs can account for all the dark matter
produced either thermally in the big bang or non-thermally by the misalignment mechanism.
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Figure 6-1. Parameter space for axions (top) and axion-like particles (ALPs) (bottom). In the bottom
plot, the QCD axion models lie within an order of magnitude from the explicitly shown “KSVZ” axion
line. Colored regions are: experimentally excluded regions (dark green), constraints from astronomical
observations (gray) or from astrophysical or cosmological arguments (blue), and sensitivity of planned
experiments (light green). Shown in red are boundaries where ALPs can account for all the dark matter
produced either thermally in the big bang or non-thermally by the misalignment mechanism.
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Major constraints on the QCD axion with
fa = O(GeV)

ma = O(MeV)

Beam Dumps �
a

�

Quarkonia Decays
�

ac , b
J/ , ⌥

(g � 2)µ

a , ⌘a ,�d

�

µ µ

Charged Pion Decays

a✓a⇡

e+
⌫

X
⇡+

⇡0

Charged Kaon Decays

a
X

K+

⇡+

⌘, ⌘0
✓a⌘



Major constraints on the QCD axion with
fa = O(GeV)

ma = O(MeV)

For generic QCD axions, these constraints

are very severe and rule out           ma > MeV

However, a particular realization of
MeV axions might still be viable:

2⇥ mu

fa
a ū�5u + 1⇥ md

fa
a d̄�5d + Qe⇥

me

fa
a ē�5e

and no further couplings to            , nor to 2nd and 3rd generationsGµ⌫G̃
µ⌫



Major constraints on the QCD axion with
fa = O(GeV)

ma = O(MeV)

How are constraints avoided?

Beam Dumps

dominant axion decay mode
(lifetime is much shorter)a e+

e�

Quarkonia Decays, (g � 2)µ

�

ac , b
J/ , ⌥

a , ⌘a ,�d

�

µ µ

trivially avoided by forbidding couplings to charm, bottom, muon 

X X X



Major constraints on the QCD axion with
fa = O(GeV)

ma = O(MeV)

How are constraints avoided?

accidental cancellations
suppress this mixing angle

Charged Pion Decays

a

e+
⌫

X

⇡+

⇡0 ✓a⇡
very difficult to estimate reliably

✓LO

a⇡ ⇡ 4

3

f⇡
fa

✓
QPQ

d (= 1)

QPQ
u (= 2)

� mu

md

◆

⇡ (4 ± 40)⇥ 10�4

fa/GeV

✓a⇡ . 10�4

at LO in 𝝌PT:

compatible with bound:



Major constraints on the QCD axion with
fa = O(GeV)

ma = O(MeV)

How are constraints avoided?

Charged Kaon Decays

a
X

K+

⇡+

⌘, ⌘0 ✓a ⌘/⌘0

these mixing angles receive
large higher order corrections

also very difficult to estimate reliably

at NLO in 𝝌PT:

✓a⌘/⌘0 . 0.4⇥ 10�3

⇡ (�2 ± 3)⇥ 10�3

fa/GeV
✓NLO

a⌘/⌘0

compatible with bound:



How to probe this MeV axion?

2⇥ mu

fa
a ū�5u + 1⇥ md

fa
a d̄�5d + Qe⇥

me

fa
a ē�5e

Via its hadronic couplings

challenging:                               are difficult to estimate reliably  ✓a⇡ , ✓a ⌘ , ✓a ⌘0

Via its coupling to the electron Qe me

fa
a ē�5e

model dependent (Qe dependence), but calculations are reliable  



How to probe this MeV axion?

Via its hadronic couplings

Look for other, very sensitive probes of ✓a⇡ , ✓a ⌘ , ✓a ⌘0

measurement high relative to theoretical estimates by  ~15%  (    )  3�

a e+

e�x
⇡0

✓a⇡

Suggests ✓a⇡ ⇡ (0.6± 0.2)⇥ 10�4

Qe (GeV/fa)

E.g.,

“KTeV anomaly”:



How to probe this MeV axion?

Event Selection 2
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dN
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m=16.6 MeV
m=17.6 MeV

symmetric e +e -

asymmetric e +e -
÷1.9

background

signal

m=16.6 MeV

A.J. Krasznahorkay, et al. 
PRL116, 042501 (2016)

Fixed Ep = 1.10 MeV

• Note that in the bump region ~14 - 18 MeV, the signal is a pretty large fraction of the total 
number of events (though it is a small fraction of the total integrated over all mee).

“ 8Be* anomaly ”:

Look for other, very sensitive probes of ✓a⇡ , ✓a ⌘ , ✓a ⌘0Be-8 As a New Physics Lab
• Beryllium-8 is composed of four 

protons and four neutrons.

• Its ground state decays into two alpha 
particles.

• It is a somewhat unusual nucleus:

• It has large excitations (~20 MeV) 
with reasonably long lifetimes.

• Relatively easy to make in the lab 
from p + 7Li.

• Transitions from excited to ground 
states probe MeV-scale weakly coupled 
physics, such as an axion.

Excited state

Ground state

R e s o n a n t  
P ro d u c t i o n

D i s c r e t e
Tr a n s i t i o n s

Treiman & Wilczek, Phys. Lett. B74 (’78); 
Donnelly et al., Phys. Rev. D18 (’78)

excited 8Be nucleus

ground state
e�

a

e+

x
Suggests 

18.15 MeV

1p
3
✓a⌘ +

p
2p
3
✓a⌘0 ⇡ (0.5± 0.2)⇥ 10�3ma ⇡ (16± 1)MeV ,

⌘, ⌘0

✓a ⌘/⌘0

Via its hadronic couplings

adapted from F. Tanedo



How to probe this MeV axion?

a , ⌘a ,�d

�

e e(g � 2)e important but model dependent

Very similar to light dark photons probes

Via its electron couplings

           colliderse+e�

fixed target experiments

�

a e+

e�
e+

e�

e+

e�

e e

a

Be-8 As a New Physics Lab
• Beryllium-8 is composed of four 

protons and four neutrons.

• Its ground state decays into two alpha 
particles.

• It is a somewhat unusual nucleus:

• It has large excitations (~20 MeV) 
with reasonably long lifetimes.

• Relatively easy to make in the lab 
from p + 7Li.

• Transitions from excited to ground 
states probe MeV-scale weakly coupled 
physics, such as an axion.

Excited state

Ground state

R e s o n a n t  
P ro d u c t i o n

D i s c r e t e
Tr a n s i t i o n s

Treiman & Wilczek, Phys. Lett. B74 (’78); 
Donnelly et al., Phys. Rev. D18 (’78)



How to probe this MeV axion?

Via its electron couplings

Very similar to light dark photons probes

16
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BABARKLOE 10�16 s⌧a =

10�15 s⌧a =

10�14 s⌧a =
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Qe = 1

Qe = 2
Qe = 3

Qe = 1/3
Qe = 1/2

Qe

fa
me a ē�5e



How to probe this MeV axion?

Via its electron couplings

Very similar to light dark photons probes

16
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New hadronic states at the GeV scale

yu �u uu
c + yd �d dd

c + ye �e ee
c + V (�u,�d,�e)

Q�u = 2 Q�d = 1

�e = �u,d,other

Since PQ symmetry is being broken at GeV scale,
new light states are needed

Enforce via potential                   ,   

4 new d.o.f. at GeV scale:

 Must be EW singlets: couple to fermions via higher dimension operators

�u , �d a , ⌘a
real scalars pseudoscalars



New hadronic states at the GeV scale

�u , �d                 couple hadronically and could in principle have

not been identified if lying in the 1-2 GeV mass range

⌘a could hide in
backgrounds from 

more extremely, it could be identified with  
                                               if broad enough

 1300-1500 MeV range

⌘(1295) , ⌘(1405) , ⌘(1475)

⌘(1295) / ⌘(1405) / ⌘(1475)



Completion at the weak scale

is a higher dimensional operatoryf �f ff
c

Can be generated by introducing:

Heavy scalar doublets Heavy vectorlike fermionsor

Hf
F cF

f c fL

hHSMi�f

X

X

f c fL

hHSMi�f

X

Several interesting signatures at the LHC



Conclusions

For axion variant coupling only to 1st generation with                  , Qu = 2Qd

,           are suppressed, and their estimation unreliable✓a⇡ ✓a⌘0

Cannot claim definitive exclusion from pion/kaon decays

This axion variant can be probed in the near future dark photon 
searches, and by improving sensitivity on rare meson decays

LHC will explore EW completion of such models

A 16 MeV axion could explain 8Be* and KTeV “anomalies”



Back up slides



Axion-Like Particles, or “ALPs”

ALPs are neutral pseudo-scalars with generic couplings:

c
GG̃

a

fa
Gµ⌫G̃

µ⌫ c
FF̃

a

fa
Fµ⌫ F̃

µ⌫ cf
mf

fa
a f̄�5f, ,

The QCD-axion is a special type of ALP

It couples to either               or            , or bothGµ⌫G̃
µ⌫ q̄�5q

It does not get a potential from non-QCD interactions
V (a)

non-QCD

= 0

It is the pseudo-Goldstone boson of a spontaneously
broken global symmetry (the Peccei-Quinn symmetry) 



The Strong CP problem

The QCD interactions can have CP-violating phases:

↵s

4⇡
✓
GG̃

Gµ⌫G̃
µ⌫ +

X

q

|mq| q̄ ei�5✓qq

While many of these phases can be removed by field
redefinitions, one linear combination of phases is physical:

✓QCD = ✓
GG̃

+
X

q

✓q

is know as the strong CP phase✓QCD



The Strong CP problem

If                   , it would induce an EDM for the neutron✓QCD 6= 0

|dn|
e

⇠ ✓QCD
mu

M2
n

< 3⇥ 10�26 cm

) ✓QCD . 10�10

In fact, the CP-violating phase in the weak sector is large

Is there a dynamical mechanism suppressing           ?✓QCD

The smallness of            is a puzzle,
because CP is not a symmetry of nature

✓QCD



The Peccei-Quinn solution of the Strong CP problem

In the PQ mechanism,           is promoted to a dynamical field✓QCD

✓QCD ! a

fa
fa(      is the axion’s decay constant)

QCD non-perturbative effects + chiral symmetry breaking
generate a periodic potential for the axion: 

V (a) = � # m2
⇡ f

2
⇡ cos

⇣ a

fa

⌘

) dn / hai = 0

V (a) hai = 0is minimized at 

O(1) model dependent coefficient 



Useful Formulas

coupling to electron: 
Qe

fa
me a ē�5e

ma - fa relation: ma = |Qu +Qd|
p
mumd

mu +md

m⇡ f⇡
fa

2+1

⌧�1
a =

1

8⇡

✓
Qe

fa
me

◆2

malifetime: isotropic decay in 
axion’s rest frame

analogous coupling in dark photon case: ✏A0 ' mep
2 e

Qe

fa



Completion at the weak scale

2 new doublets

yuHuuu
c +M2

Hu
|Hu|2 +Au�uH

⇤
SMHu + (u ! d)

Integrate out        : 

Hu , Hd

Hu

2

3

E

v

e

n
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r

e
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o

n
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u
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o

n

,

s

i

m

u

l

a

t

i

o

n

a

n
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s

e

l

e

c

t

i

o

n

QCD scaling sideband method where the events failing the mass and substructure require-

ments are used to predict the jet mass distribution from QCD in the signal region. Standard

model (SM) candles from the W and Z inclusive processes, also produced in association with

a high transverse momentum ISR jet, have a very similar topology to the Z’ signal. They are

used to validate the analysis method as a signal proxy and further constrain systematic effects

related to a potential signal. Section 5 describes the systematic uncertainties for the background

and signal contributions. This includes a validation of the Z’ tagging techniques using merged

jets from W bosons in tt̄ events. Finally, in Section 6, limits are set in the gB coupling-mass

plane in the 100-300 GeV mass range.

Z�

q

q̄

g

q̄

q

1

Figure 1: An example Feynman diagram of a Z0 ! qq̄ resonance production with an initial-

state radiation gluon.
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The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-

eter, providing a magnetic field of 3.8 T. Within the superconducting solenoid volume are a

silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and

a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two end-

cap sections. Forward calorimeters extend the pseudorapidity [38] coverage provided by the

barrel and endcap detectors. Muons are measured in gas-ionization detectors embedded in the

steel flux-return yoke outside the solenoid. A more detailed description of the CMS detector,

together with a definition of the coordinate system used and the relevant kinematic variables,

can be found in Ref. [38].
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This study uses proton-proton collision events from the 2015 Run 2 dataset corresponding to

2.7 fb�1 at
p

s = 13 TeV. Events are selected using a two-tier trigger system. Events satisfying

loose jet requirements at the first level (L1) are examined by the high-level trigger (HLT). We use

a logical ”OR” of the following HLT trigger requirements which make a selection on the total

hadronic transverse energy in the event (HT) and, in some cases, in conjunction with a selection

on the mass of the jet after cleaning it of soft radiation with the jet trimming technique [39]

(mtrimmed):

Hu

u

ū
j
j

y0u�u uu
c =

✓
yu

Auv

M2
Hu

◆
�u uu

c + (u ! d)
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Figure 6: (a) 95% CL upper limits on the Z0 production cross section compared to the theoretical
cross section and (b) translation of the upper limits to limits on gq as a function of the Z0 mass.
Limits from other relevant searches are also shown. An indirect constraint on a potential Z0

signal from the SM Z boson width [68] is also shown.

Z' mass (GeV)
50 100 150 200 250 300

Lo
ca

l p
-v

al
ue

5−10

4−10

3−10

2−10

1−10

1
CMS Preliminary  (13 TeV)-135.9 fb

Observed

Figure 7: The p-value as a function of Z’ mass. The maximum local p-value, at 115 GeV, is
1.72 ⇥ 10�3 and the global p-value corresponds to 0.0138.
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Estimating        ,✓a⇡ ✓a⌘0

Convention for couplings

PQ current

JPQ
µ = fa@µa+Qu ū�µ�5u+Qd d̄�µ�5d

)

mu e
iQua/fa uuc + md e

iQda/fa ddc + ms ss
c

Axion as a phase of the quark masses



Estimating        ,✓a⇡ ✓a⌘0

Effective Chiral Lagrangian Framework
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These estimates are unreliable

Contributions from 2nd order chiral expansion
can be as large as 1st order



E.g., operators such as

and partially cancel          to 1 part in 3:

Estimating        ,✓a⇡ ✓a⌘0

C. Axion-Eta mixing

The last source of uncertainty in predicting the rare decay K+ ! ⇡+a, namely, the mixing

angles ✓a⌘8 and ✓a⌘0 , has been the least critically examined in the axion literature.

It is well known that the leading order expansion in �PT does not adquately describe the

⌘ and ⌘0 masses and mixing angles [? ]. Indeed, the second order expansion of the Chiral

Lagrangian provides important corrections to masses, decay constants and mixing angles of

singlet and octet mesons, which typically scale as:

32m2

K

f 2

⇡

Li ⇠ O(103)Li . (4.23)

Above, Li are the dimensionless coe�cients of the O(p4) operators in the chiral expansion,

and are commonly known as Low Energy Constants (LECs) [? ]. Many LECs are reasonably

well-determined from experimental and/or lattice data, their typical size being Li ⇠ O(10�3).

From (4.23) it is then evident that these encode O(1) e↵ects in ⌘-⌘0 mixing, and may very

well have comparable importance in describing a-⌘ and a-⌘0 mixing.

In order to illustrate the uncertainties involved in obtaining ✓a ⌘,⌘0 , we consider Leutwyler’s

study of ⌘-⌘0 mixing in [? ], which, based on 1/Nc-expansion counting rules, retained only

the following operators9:
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4
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2
M2

0

⌘2

0

(4.24)
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⇥
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† U + h.c.
⇤
+ L

8

Tr [ (2BMq)U (2BMq)U + h.c. ]

+ OZI violating terms.

Loop corrections do not contribute at this order, and [? ] obtains F = 90.6 MeV, L
5

=

2.2⇥ 10�3, L
8

= 1.0⇥ 10�3, and M
0

' 1030 MeV.

Remembering that the axion is formally a phase of the light quark mass matrix Mq (see

(3.3)), we can expand (4.24) to obtain:
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1

2
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a a2 .

9 For simplicity, in this exercise we omit the OZI violating terms in (4.24). Their numerical values obtained

in the fit of [? ] change our results by O(10%).
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⇡

Li ⇠ O(103)Li ⇠ O(1)

give corrections to           of order:✓(0)a⌘0

✓(0)a⌘0

✓a⌘0 ⇡ ✓(0)a⌘0
⇡ �1.7⇥ 10�3

fa/GeV
✓a⌘0 ⇡ ✓(0)a⌘0
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...

which also contribute to         .  These contributions can be just✓a⌘0

as large as 1st order if      ,         , etc., are of similar size as      ,       . L7 L18 L5 L8

In principle, these various contributions could partially cancel.

Estimating        ,✓a⇡ ✓a⌘0

L18 Tr [U
†@µU ] Tr [ @µ(2BMq)U � @µU

†(2BMq)
†]

L7 Tr [ (2BMq)U � U†(2BMq)]
2

There are many other, less constrained operators in
the           expansion of the Chiral Lagrangian, such asO(p4)
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