A Common Origin for the QCD Axion and Sterile
Neutrinos from SU(5) Strong Dynamics

arXiv:2310.08557 [hep-ph] *

Arpon Paul
University of Minnesota

May 13, 2024

140i:10.1007/JHEP12(2023) 180

1/25



Outline

Strong CP problem

PQ Solution

Axion Quality Problem

Origin of Neutrino Mass

Common Origin for QCD axion and neutrino mass
Conclusion

References

2/25



Strong CP problem

» In principle, the QCD Lagrangian can contain the following
term:

2

L5605

G e, (1

camy — 1 pvoBca
where, G = 5€ Gaﬁ.

» This term - (i) is Lorentz-invariant  (ii) gauge-invariant
(ii) has mass dimension-4 (hence, renormalizable)

» The 0-term breaks CP (charge conjugation + parity)
symmetry.

GG — -GG (2)
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Strong CP problem

» A non-zero neutron electric dipole moment (EDM) also breaks

CP: o
Figure 1: C, P and T e A @
transformations of ' n
the neutron EDM (d) @ c
and magnetic ty
moment (u). »

d
» The neutron EDM is proportional to the 6 parameter:

dy =10 x2.4-107%e.cm.

» The current experimental bound on the neutron EDM
d, <0.18 x 10725 e - cm.

» This sets an upper bound:
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Strong CP Problem

>[o<107 ]

» Why is 6 so small?

» This is known as the strong CP problem.
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PQ Solution - Overview
» Add a dynamical real scalar field field a(x) :

2 -
Lo %(@Ha) (03) + 52, <9+ S)) G2,Gom . (4)

» The effective axion potential induced by QCD is obtained -

Vesi(2) ~ —m2f2 cos (9 i ag)) , (5)

Figure 2: QCD \ //

induced effective -
potential Vg(a) of \ /

the axion as a \\/
a(x

function of + 6.

a/f.+0

» Veg(a) has a minimum at ( ) 19 = 0 , hence dynamically
fixing the CP-violating term to zero.
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PQ Mechanism - few important points

» Introduce a global, chiral U(1)pq symmetry.
» U(1)pq transformations of a PQ-charged complex scalar & :

d e, v (6)
> Spontaneous breaking of U(1)pq
with the VEV of the potential:

2
V(®) = A (¢T¢ - ff)

= (P) =1,
» Reparametrize ©:

d(x) = f, e )% (7)
» PQ symmetry of the NG boson a(x):
a) _,ald (8)
fa fa
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Axion Quality Problem

» Recall that U(1)pq is a global symmetry.

» U(1)pq needs to be anomalous under SU(3). to generate the
QCD induced effective potential, hence cannot be gauged.

» Quantum gravity should explicitly break the global U(1)pq
symmetry. Generically,

. on
LD ]c\e"s-ﬁ—i—h.c., (9)
MPl

» The above Planck suppressed operator modifies the axion
potential:

f'n
Vei(a) ~ —m3f2 cos <9 + . > + |c| Mf:_4 cos (; + 6>
PI a
(10)
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Axion Quality Problem
» The potential minimum is shifted by,

wes(@) G o

> <1070 = (assuming f, > 108 GeV)

~

» Why is the global symmetry of U(1)pq protected from
quantum gravity corrections up to n 2> 87
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Origin

of Neutrino Mass

In the Standard Model, gauge invariance does not allow a
mass term for the left-handed (active) neutrino.

However, neutrino oscillation experiments set a bound on the
neutrino mass m, = 0.05eV.

Introduce right-handed sterile neutrinos with a heavy
Majorana mass, mg.

This allows a Dirac mass (mp) term in the Lagrangian,
+ 1
LD mprjvg + 5MRVRVR + h.c., (12)
1 0 m vl
_ (1 ) D L
> <V,_ VR <mD mR> <1/R> +h.c (13)
Eigenvalues: sz/mR . Mg (assume: mg > mp)

Assuming mp ~ me = .51 MeV/, we obtain mg < 1012 GeV.
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Common Origin for QCD axion and neutrino mass

» The axion decay constant, f, 2 108 GeV (SN1987A
observations)

» Majorana mass of neutrino, mg < 10'? GeV.

» Consider an SU(5) strong dynamics to naturally relate f; and
mpg.

» The SU(5) gauge invariance will protect PQ symmetry from
quantum gravity up to a higher dimensional operator.
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SU(5) Chiral Gauge Theory 2

Table 1: Representations of the SU(5) chiral fermions under gauge

symmetry
Gauge Global
SUB) SUB). U(l)eq
s O Ry -3/5
Y0 H Ry +1/5

» This PQ charge assignment sets U(1)pq symmetry
SU(5)-anomaly free.

2M. B. Gavela, M. lbe, P. Quilez, and T. T. Yanagida, Automatic Peccei-Quinn symmetry, Eur. Phys. J. C

79, 542 (2019), arXiv:1812.08174 [hep-ph].
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Composite Axion

» The SU(5) confinement scale As ~ N'f,. (N is the QCD
anomaly coefficient - depends on the QCD rep Ry)

» The lowest dimension SU(5)-singlet operators that carry PQ
charge contain six fermions and are dimension-9:

®pq,1 = V5 5 Y10 Y5 V5 Y10,

S = P o o v vlo vl

®pq,3 = U5 P Y10 Y5 Yio Yo

Spqu = s U5 s s UL ¥lo - (14)

» The explicit PQ-breaking term at Planck scale:

1
Lpe = ‘ﬂqu Vs s Y105 s Yo +he,  (15)
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Composite Axion

» The displacement of axion potential minimum:

|Ae|~|lm(cpq)|N8<A;;)5(fa)z. (16)

ma

Neutron EDM|  The solid (dashed)
| lines correspond to

‘ (e | QCD TEPT
—1 R¢ =333
— 10 _
— 10 E (RT/J - 8)
107 ]
107 168 16” 16“‘ 101

fu (Gev)

P A solution to the axion quality problem requires
108 < f,/GeV < 10°.  [assuming |Im (cpg)| € (0.001, 1) ]
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Composite Neutrino

> QCD singlet 3-fermion bound states which will be realized
as RH neutrino:

Ny = ylylels (17)
N = ylipnoto, (18)
» The EFT operators to generate Dirac mass at EFT scale
AL > As:
E E
Lerr = p5LiH(vsusin), + 35 Ll (Ustiovio); + he.
L

(19)

» Below the SU(5) resonance scale As:

3 -
L= f,kgjk (A ) /3- (L,’H)(LjH)e_z’a/fPQ + h.c., (20)
5
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Composite Neutrino
> After electroweak symmetry breaking, this generates Majorana

masses for the neutrinos,

active 5
! N (/\L (21)

oh
N———
(o)}
) So

Ry=303

108 T

SN1987A
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EFT scale A; versus f, in the heavy sterile neutrino model with

Figure 3:
an active neutrino mass m2%v¢ = 0.05eV.
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UV completion of operator LHy)1)

» Introduce two massive scalar fields ¢ and ¢» with
Mg, Mg, > Ns

Table 2: Representations of the fields in the UV completion of the heavy
sterile neutrino scenario.

SU(5) SUB). SUR)L U@)y U(l)eq
(3 0 Ry 1 0 -3/5
Y0 H Ry 1 0 1/5
¢ 0 R, 1 0 2/5
®2 O Ry O -1/2 2/5
L 1 1 0o 12 1
H 1 1 0 1/2 0
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UV completion of operator LHy)1)

» The interaction Lagrangian in UV

1
L = ysisi100 + 5}’10¢10¢10¢T + Y2L¢§¢£ + m12¢¢£ H' +h.c.,

(22)
N H ‘ H
.9 , .9
Vs myy. P2 Y10 my. P2
Y10 hS L Y10 N L
JIIZX" yzi"
(2) ¥susthrolH (b) YslovdoLH
> Integrating out ¢ and ¢, the effective Lagrangian:
Y5 Y2
Legs = 22 H(Lvy5)(¥5910)
ITI ITI
@ 2
1 yioy2mz
> 22 (L¢5)(¢10¢10) +h.c.. (23)
o2

18/25



Alternative: Light Sterile Neutrino
» Introduce elementary, massless, right-handed neutrinos vg
with PQ charge -1.
» No Majorana mass term for vg in UV (due to PQ symmetry)
» Below EFT scale Ag (assuming As < Ag < Mp)):
*1

i VR/(¢ 1#101#10) +h.c.

Ci

LerT = /\2 VR:(¢T¢ wm) + A2

(24)
» Below scale As, the neutrino mass term becomes:
1
L= yl, \f I/L VRt = mRVR VR, g2/ e, (25)
with

A

ClkCJk( 5> As, (26)
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Alternative: Light Sterile Neutrino

Ry=8

Ry=3@3
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Figure 4: EFT scale Ag versus f, in the light sterile neutrino model with
an active neutrino mass m3%™¢ = 0.05eV.
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Conclusion

» In the light sterile neutrino model, sterile neutrinos of mass
scale ranging from eV to TeV can be generated.

» This model naturally relates axion decay constant f, and
sterile neutrino mass mg.

» Solves axion quality problem since the Planck-scale violation
appears at mass dimension 9.

» A first order SU(5) phase transition could give rise to GW
signal associated with the PQ scale (i.e, ~ 108 GeV)
[Von Harling et al., 2020].

» Predicts a coupling between axion and neutrino = effects in

neutrino oscillations within local DM axion halo
[Gherghetta and Shkerin, 2023].

21/25



Thank you!
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Backup slide: UV completion of gy

SU(5) SUB). SUQR). U(l)y U(l)eq
vs O Ry 1 0 ~3/5
Y0 H Ry, 1 0 1/5
¢ m Ry 1 0 2/5
VR 1 1 1 0 1
L 1 1 0o -1/2 -1
H 1 1 O 1/2 0
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Backup slide: UV completion of gy

» Interaction term in the UV Lagrangian:

1
L =y, L' Hwg + ysogibrod + 5)’10¢10¢10<lST + yrRVRYLp + hec.

(27)
R VR Y10 VR
A N ¢ __
Ys YR Y10 YR
10 U P10 U
(a) pivlviowe (b) ¥itrotrovr

P Integrating out the massive scalar ¢,

Lefr = M( wT)(w ¥lo)
¢

1 Y1o)/R

( RQ/) )(¥10¢10) + hec., (28)
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