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Strong CP problem

QCD allows for a strong CP phase
0 GG

bounds on neutron EDM — f < 1019

Why is € so small?

‘'m,, = 0 (disfavored by Lattice)

Possible explanations { spontaneous £P

.anomalous PQ symmetry — axion



The QCD axion

PQ symmetry is spontaneously broken at scale f,

The resulting (pseudo-)Goldstone boson, the axion, has
its interactions setby 1/f,:

1 o ~ 1
' o F,F, — d,a J"
fa 4m " o

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

PQWW
axion
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The QCD axion

PQWW

axion
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The QCD axion

PQWW

Invisible axion axion
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The QCD axion

PQWW  MeV

Invisible axion axion variants
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Major constraints on the QCD axion with <

» Beam Dumps

» Quarkonia Decays

y
0 R N
c, b Tt a

-
''''''

"mg, = O(MeV)

et
—
ﬂ__l_ --------- -/
0 "y
™ T
HCLT(' a
» Charged Kaon Decays
-’ 7T—|_
Kt e e
1, 7] Tt



"mg, = O(MeV)

Major constraints on the QCD axion with < ,
fu=O(GeV)

For generic QCD axions, these constraints

are very severe and rule out m, > MeV

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

2 X %aﬂ%u + 11X %acZ%d + Qexme

a a fCL

a eyse

and no further couplings to G, G"*, nor to 2" and 3" generations



"mg, = O(MeV)

Major constraints on the QCD axion with < .,
fu=0(GeV)

How are constraints avoided!?

» Beam Dumps

14 . .
€ dominant axion decay mode
L —— e (lifetime is much shorter)
» Quarkonia Decays — 2
+i@
T X {j AN )

trivially avoided by forbidding couplings to charm, bottom, muon



"mg, = O(MeV)

Major constraints on the QCD axion with < ,
fu=O(GeV)

How are constraints avoided!?

» Charged Pion Decays

€—|—
accidental cancellations
LA / V/ suppress this mixing angle
O~~~“~ 90;7’('
n *... very difficult to estimate reliably
a
4 f =1 m
at LO in yPT: O-°  ~ ——W< d -
X a7 3 i ZQ(: 2) My
N (4 T 40) X 10_4
N fa/GeV
compatible with bound: Oor < 10%



: . . . " mg = O(MeV)
Major constraints on the QCD axion with <

Ja= O(GeV)
How are constraints avoided?
» Charged Kaon Decays
. T these mixing angles receive
Kt It / large higher order corrections
n,n \“*f?a’ n/n’ also very difficult to estimate reliably
““a
_ 9 L —3
at NLO in yPT: nvo - (=2 £ 3) x 10
an/m fo/GeV

compatible with bound: 6’@77/77/ < 0.4 X 10~



How to probe this MeV axion!?

QX%aﬂ%u + 1><@acﬁ5d + (). X e

a a fa

a eys€

» Via its hadronic couplings

challenging: 0, , 04, , 04, are difficult to estimate reliably

» Via its coupling to the electron

model dependent (Q. dependence), but calculations are reliable



How to probe this MeV axion!?

Via its hadronic couplings

Look for other, very sensitive probes of 0, , 0, n s 0, n'

E.g.,
7'('0 a e_l_
R Ve _
< o
Oar
“KTeV anomaly”:

measurement high relative to theoretical estimates by ~15% (30)

(0.6 +0.2) x 10~
Qe (GeV/ fo)

Suggests 0, ~



How to probe this MeV axion!

Via its hadronic couplings

Look for other, very sensitive probes of 0, , 0, n s 0, n'

excited 8Be nucleus ((@
A
Resonant

Production \—~, . ’]7, ’)’],
<
.

“8Be” anomaly ”

A.). Krasznahorkay, et al.
PRLI16,042501 (2016)

m=16.6 MeV

18.15 MeV ’h?a n/n’

Discrete

Transitions af ’ _ \‘*\\
Y e S
ground state .. E
€

Counts, Nee [per 0.5 MeV]

I P P & dr-iriril AFEFEFE EFEPE EPEPE BFEPT IPPETE AP S

0
9 10 11 12 13 14 15 16 17 18

adapted from F. Tanedo Invariant Mass, mee [MeV]

1 2
Suggests Mg ~ (16 T 1) MeV ] —(90”7 | \/_(9&77/ ~ (0.5 T 0.2) X 10_3

V3




How to probe this MeV axion!?

Via its electron couplings

Very similar to light dark photons probes

/y
> (g —2)e ; —  important but model dependent

~ .
......

e a €
+ o= idare YT — o

» c¢'e colliders

> fixed target experiments  _ _.--""




How to probe this MeV axion!

Via its electron couplings

Very similar to light dark photons probes
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How to probe this MeV axion!

Via its electron couplings

Very similar to light dark photons probes
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New hadronic states at the GeV scale

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

Yu Py v’ + yg Pgdd® + ye Peee + V(Py, g, D)
(I)e — (I)u,d,other
Enforce via potential 3, =2 , Qs, =1

4 new d.of.at GeV scale;

¢u7¢d a, Tg

AN /
——

real scalars pseudoscalars

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



New hadronic states at the GeV scale

Oy ; @4 couple hadronically and could in principle have

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

( backgrounds from 1n(1295), n(1405), n(1475)

more extremely, it could be identified with

. n(1295) / n(1405) / n(1475) if broad enough

Tq could hide in
1300-1500 MeV range




Completion at the weak scale

Y (IDf f1° isa higher dimensional operator

Can be generated by introducing:

» Heavy scalar doublets or » Heavy vectorlike fermions

/e Yis
,"' I |G xx
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Dy (Hgy) (I)'f (Hgy)

Several interesting signatures at the LHC



Conclusions

For axion variant coupling only to |5t generation with (), = 2 (Q)q,
0,x (90“70 are suppressed, and their estimation unreliable

Cannot claim definitive exclusion from pion/kaon decays

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

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



Back up slides



Axion-Like Particles, or “ALPs”

ALPs are neutral pseudo-scalars with generic couplings:

a

“ fo

a

Fﬁ‘f
a

C GWéW . C FWZ:W” , cf—fa fysf

The QCD-axion is a special type of ALP

» |t couples to either Guyé“” or (7Ys5q ,or both

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

» It does not get a potential from non-QCD interactions

V(a)non—QCD = (



The Strong CP problem

The QCD interactions can have CP-violating phases:

Q! =L _ ive0
% GG+ Y myl G
q

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

Oocp = HGG Zeq
q

0ocp is know as the strong CP phase



The Strong CP problem

If 0ocp # 0, it would induce an EDM for the neutron

dn U —
Wl oen ™ < 3% 1072 em

2
e M=

—> QQCD 5 10_10

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

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

Is there a dynamical mechanism suppressing 0gcp



The Peccei-Quinn solution of the Strong CP problem

In the PQ mechanism, 0o p is promoted to a dynamical field

a
HQCD — — ( fo is the axion’s decay constant)

a

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

V(a) - 4 m? f2 cos(%)

O(l) model dependent coefficient
V(a) is minimized at {(a) = 0
0

= d, x {(a) =



Useful Formulas

coupling to electron: == m_ g évse
a

VMumg My fr

My, + MMy fa

Mg - fq relation: m, = \Qu + Qd|
\ 4

I —1 1 Qe j isotropic decay in
lifetime: T, = — | ——Me mg o,
STT axion’s rest frame

Mme (e

analogous coupling in dark photon case: €4/ = Joe f
€ Ja
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Completion at the weak scale

2 new doublets H, , Hy
yu Hyuu® + M3y |Hy|? + Ay®, Hi Hy + (u — d)

Integrate out H,, :

A,v

D, uu’ =
SuTu T
H.,
CMS Preliminary 35.9 fb™' (13 TeV)
| I I I I I | I I I I I | ]
~ = Observed & o7 UA2 B
- = Expected o \ == CDFRun 1 R
B + 1 std. deviation “\ =+ CDF Run 2 .

+ 2 std. deviation

Z Width (indirect)

ATLAS13, 15.5fb™" ISR y
ATLAS13, 15.5fb™ ISR jet
CMS8, 18.8 fb™, Scouting
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| | |
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Lo
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b, uu + (u— d)
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SINDRUM collaboration

(Eichler et al. 1986)
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K:

- s 7 (a —eTe)

Only 2 experiments (in the 80’s) searched
for this decay in the m.. < m  region

Deloyed Prompt
$! - Yamazaki et al. (1984)
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isoscalar
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Estimating 60, , 0

aro

Convention for couplings

PQ current

JiQ — fa,au,a + Qu a7u75u + Qd J/Y,ufYSd

4

Axion as a phase of the quark masses

m,, et Qutlta yu® + m, et Rt/ fa dq¢ + m, ss°



£§<0> = Zﬂ Tr[0, U 0*U] + %B Tr[M,(a)U + UTMC}L(CL)]

U = exp

2

iv/2
fr

Estimating 60, , 0

aro

Effective Chiral Lagrangian Framework

2

o
M,(a) =
om0
2 V6 V3
-
o

Qua ]
fa
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mgqge Jfa
ms
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Estimating 60, , 0

aro

(Qumy, — Qama) fr

HC(L(,?T) ~

My, + MMy fa



Estimating 60, , 0

aro

9(0) ~ (Qumy — Qama) fx
o My, + MMy fa

——

Accidental suppression of (96(1(7)2 if Qu,=2,Qq=1

¢/~ WEIGHTED AVERAGE
\. 0.497+0.032 (Error scaled by 1.7)

Values above of weighted average, error, 4
and scale factor are based upon the data in (O) TT mu
this ideogram only. They are not neces- 9 ~ _ 7" O 5
sarily the same as our ‘best’ values, aTT — .
obtained from a least-squares constrained fit 3 f T d
utilizing measurements of other (related) a
quantities as additional information.
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Estimating 60, , 0
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Qama) M2 fr

1 3ma\ (Qumy
4 2 M2 My +

90

mq m%{ Ja

—0.5 x 1072

@110 fo/GeV



Estimating 60, , 0
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0(0) _(1 | 3m%<> (Qumy + Qama) m; fr

4 2 M2 My + My m5 fa

—2
@10 fo/GeV
These estimates are unreliable

Contributions from 2" order chiral expansion
can be as large as |t order



Estimating 60, , 0
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[ L;Tr [0#(2BM,U)9,U' U + h.c. ]

Ls Tr [ (2BM,) U (2BM,) U + h.c.]

E.g., operators such as <

N

give corrections to HC(LO) of order:
1o

32m7%

Ik

L; ~ O(10°)L; ~ O(1)

and partially cancel Qé%)o to | partin 3:

o) —1.7x 1073

Y

. ~
0 3 fa/GeV




Estimating 60, , 0

aro

There are many other, less constrained operators in
the O(p*)expansion of the Chiral Lagrangian, such as

L; Tr[(2BM,)U — U (2BM,)]?
Lig Tr [UTO*U] Tr [0,,(2BM,)U — 8, UT(2BM,)"]

which also contribute to 6,,, . These contributions can be just

as large as ISt order if L7, Ljg,etc., are of similar size as L5, Lg.

In principle, these various contributions could partially cancel.



constraint from (g-2). is very model dependent:

fa suggests new dynamics at GeV scale and extra states contributing to (g-2).
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