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The aim:

Study the properties of the axion in SU(5)/SO(10) GUTS, extended with a global
U(1) symmetry so as to solve the strong CP problem. Account for constraints from
unification, proton decay, star cooling, black hole superradiance, fermion mass fits.

The novelty:

Properties of GUT axions had not been studied systematically

Our formalism bridges the gap between the simple UV symmetries and the low-
energy description, and clarifies subtleties about fermion field redefinitions

Minimal SU(5) axion model can be ruled out by upcoming experiments

The plan:

Motivation of GUTs and the axion solution to the strong CP problem
The guts of the axion solution to the strong CP problem

The GUTs of the axion solution to the strong CP problem



Motivation



Why unification?

Group structure

Matter content in each generation
Anomaly cancellation, charge quantization
Hierarchies of masses and mixing angles

Can the SM model be a low energy effective description of a more predictive
theory with a simple gauge group, and fewer representations?

B and L are accidental symmetries in the SM: expect B violation, proton decay!



Bird’s eye view of GUT models

® O O U1 SM group is of rank 4: Embed into simple groups of rank 4 or more.

R SU(5)  Each generationa 10 and 5 (without RH neutrino)

Minimal non-SUSY model ruled out by sin? O

Q—Q—‘<: SO(10) Each generation a single 16 irrep! (with RH neutrino)

Anomaly cancellation automatic

Larger rank allows for multi-step symmetry breakig with
different chains

0—0—:—0—0 E6

A single generation plus Higgses fits in 27 irrep

Anomaly cancellation automatic

Multi-step breaking, multiple chains



Minimal, non-SUSY SU(5)

Minimal SU(5) [Georgi, Glasgow] ruled out by neutrino masses and unification

proton decay




Rescueing SU(5)

SU(5) unification and nu masses can be solved by adding a 24 [Bajc, Senjanovic]

a :
. proton decay

>

13

~10

10~ u(Gev)

Proton decay and unification constraints require a triplet scalar at energies accessible

for LHC [Di Luzio, Mihaila]



SO(10) models

proton decay

Minimality and anomaly freedom of matter representations
RH neutrinos automatically included, allowing for light neutrino masses and leptogenesis
Rich Higgs sector can accommodate axion, inflaton

Multi-step breaking suggests intermediate mass scales which could be tied to leptogenesis and
the axion, while playing a role in unification.



The axion

Pseudo-Goldstone of U(1) “Peccei-Quinn” symmetry broken by a QCD anomaly, which makes
the axion behave like a dynamical 8 term with a potential stabilizing it at zero, solving the
strong CP problem.

The axion is a combination of scalar phases, with shift symmetry broken by anomaly into a
discrete subset.

Modding by trivial 27t rotations of scalars and center of gauge group gives a finite group
whose dimension is the domain wall number (number of physically inequivalent vacua). This
implies domain walls in the early universe!

Axion models classified by

. . . 1
Coupling to gauge bosons (nonderivative, from anomalies) oc —
Ak
1

Ja,5U(3)

Axion mass (from QCD effects, fixed by coupling to gluons)
Coupling to fermions, nucleons (derivative)

Domain wall number



Axion mass and axion dark matter

Axion mass: Axion enters QCD partition function through the combination
A(z)
fa

thys =0+

' !
ZQCD[thys] generates an axion mass!

1 11
ma = 57.0(7) (O—GeV) ueV.
fa

[Borsanyi et al, di Cortona et al]

Axion dark matter: Axion field oscillating around its minimum behaves as dark matter
[Preskill et all, Abbott and Sikivie, Dine and Fischler].

Post-inflationary PQ restoration: [Borsanyi et al, Gorghetto et al] For N =1

Qah? ~012=3x10""GeV < f4 <1.2x 10" GeV ; (25)50 eV < my < 200(?) ueV

01 2 fA 1.54
-inflati ing: Quh?~0.35
Pre-inflationary PQ breaking: A (0.001) <3 1017 Gev

A very light axion can only be DM in pre-inflationary scenario

See Hardy’s talk!



Putting it together

Both GUT theories and the axion solution to the strong CP problem require intermediate
thresholds on the way to the Planck mass

Can GUT and axion scales be correlated?

Aside from solving the strong CP problem, the axion provides a dark matter candidate
which is otherwise usually absent in non-SUSY GUT theories

Non-SUSY GUTs can then solve the strong CP problem and explain neutrino masses,
inflation, dark matter, baryogenesis



What has been done for the axion in GUTs

U(1)PQ extensions of SU(5) and SO(10) GUTs have been proposed a long time ago [Wise
et al, Lazarides, Kim, Bacj et al, Babu et al, Altarelli et al].

A global U(1) motivated in SO(10) so as to make the Yukawa sector more predictive. It is
anomalous, so can be used as PQ symmetry to implement axion solution

Axion identified in a few cases, models have been proposed with N =1, arguing in terms

of the UV symmetries.



... and what was missing

A systematic identification of axion field and axion decay constant/mass in relation to
thresholds/VEVs in the theory

A systematic calculation of couplings to gauge bosons, fermions/nucleons, including low
energy effects

An identification of the global symmetry corresponding to the physical axion, which is
orthogonal to the massive gauge bosons

A direct calculation of domain wall number for the above symmetry

Studies of constraints from unification, proton decay, fermion mass fits, stelar cooling,
superradiance.



The guts of the strong CP problem



Ingredients: a global U(1), anomalous, broken

Weyl fermions v,
Complex scalars ¢;

Global U(1) ha — €92,
qu — eija¢j

1 A s
Symmetry breaking ¢; = —=(v; + ,Oj)GZAJ/Uj.

V2

. U3 . .
The axion/Goldstone: A, = ;]Z * A + orthogonal excitations, frq = Z quvf-
PQ \/ ;
J
q;v; A
fPQ Z Y1



Ingredients: a global U(1), anomalous, broken

Physical PQ symmetry is different from naive one!

Axion must be orthogonal to unphysical modes (massive gauge bosons)



The axion hunting flow

B = scalar PQ  charges

. C.
A = E CiAf,; Orth . qi ——
, rthogonality .
[/ Masslessness fPQ Ui

Canonical normalization

Special basis in which axion couples to axial currents
(fermion PQ charges related to scalar ones)

fermion PQ _, charges
phys NDWJfA' fA,EM,

.« LS })
in “symmetry basis Fermion/nucleon

couplings in axial basis

qCL

fP Solve for g in terms
Q i
of symmetries of the
theory . . .
fur F. gy S@me as in axial basis Axial basis can hide
f | changes symmetries of the theory
A,SU(2)



What to expect from GUT symmetry

One fundamental 6 angle, which is inherited by the low energy groups
The GUT axion must solve the CP problem in all subgroups!

With GUT symmetry explicit, all §, and all f, will be equal for all subgroups, but this can
change after performing field redefinitions that explicitly break the GUT symmetry.

E.g.: Field redefinitions to go to axial basis. [fa,su(2) # fa,su(3)

PQ,,,, should be a combination of symmetries of GUT theory!



Minimal viable SU(5)



Relevant SU(5) representations

Fach generation has 10 and 5 Extra fermions in 24
SU(5) 30211y SU(5) 3021y
5r | (1,2,—3) =1 245 (8,1,0):=0
(3,1,%) =d (1,3,0) ;=T
105 (3,2,5) ==4¢ (3,2,-3) =X
(1,1,1) :=e (3,2,2) =X
(3,1,—2) :=u (1,1,0) := S

SU(5) breaking by scalar 24, ordinary Higgses in 55 55

To fix unification (delay meeting of SU(2) and U(1))

1A
04

proton decay

Y




Axion mass meets proton decay

PQ charge assignments (fixed by Yukawas) give axion scale f, ~GUT scale

5p | 107 | 24p | by | By | 245
1] 1| 1 |—2]2] 2

Proton decay rate from heavy gauge boson exchange goes as 1/M¢yr ~ 1/f4 ~my,

Dpovmter = (16 109 yr) ™ (i) () 083 (45) + 017 (43p)’]

Proton decay experiments can constrain axion mass
Decay rate prediction relaxed by an order of magnitude if flavour structure is tuned
[Dorsner, Fileviez-Perez]



SU(5) unification and proton decay constraints

2000f------ L A _ T ]
HL-LHC {,
| m3 = (m%FmTH)1/5
< 1000} l
(] I
O, |
ém 500/ LHC 4 | mg € {4.8,6.6} neV
200 I : : - . L . . . . . .
4 6 8 10
m, [neV]

3 loop RG+two-loop threshold corrections [Di Luzio, Mihaila]
Threshold structure much more constrained than in SO(10)!

Proton decay bounds from Super-Kamiokande, projected Hyper-Kamiokande

LHC bounds from [CMS], HL-LHC bounds from [R.E.E Ruiz et al]



Coupling of SU(5) axion to photons

fa (GeV)

|gafy| (GeV_l)




Coupling of SU(5) axion to nucleon EDM

fa (GeV)

1016 1012 1014 1013

Phase |

CASPEr-Electric

Phase II

|gaD| (GGV_2)

me (neV)

Axion-induced nucleon dipole moment from [Pospelov, Ritz]



SO(10)



Relevant SO(10) representations

Each generation comes come in spinorial 16 representation

SO(10) 3c2rly
(17_ 7_1%) =1
A P
9 9 3
(1,1,0) :=n

We consider the following 2 and 3-step breaking chains

Two step
v210 21OH UBL 126[-[ Ui0d126_126H 10m
50(10) 4021 2R 3021 1y — 3¢ lem
Three step
210H vpQ—45H UBL 126H i0d126_126H 10H
50(10) 4021 2R — 4021 1p 3021 1y — 3¢ lem-

GUT scale or intermediate axion depending on whether 210, has nonzero PQ charge or not.



Unification constraints across models

maleV]

107" 107 107 10® 1077 10% 10° 107* 107 107* 107!

| 0™ GeV < gy
| 107 GeV o< gy

107 GeV < wgy,

10% GeV < g

10M GeV < oy, Model 2.1
Npw =3

10" GeV < vp

adel 1
\uu =3

10" GeV < gy,
Model 2.2

10" GeV < v
(i BL Ny = 1

Intermediate scale! GUT scale

- Maodel 3
Npw € {1,3}

0% 10" 10 10" 10" 10" 102 10" 10%  10° 10® 107

f_q [GCV]

Black: Discarded by superradiance
Blue: Discarded by prOtOH decay Green: Discarded’ fermion mass fits NO One-IOOP thl'EShOldS

Gray: Stellar cooling constraint



Unification constraints across models
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1074 10710 107 1078 1077

Black: Discarded by superradiance
Blue: Discarded by proton decay = Green: Discarded, fermion mass fits
Gray: Stellar cooling constraint

10" GeV < v,
10" GeV < vgp,
107 GeV < gy,
102 GeV < vpy,
101 GeV < vgy,
10° GeV < vgp,

108 GeV < vpy,
10" GeV < g,

10? GeV < vpy,

10" GeV < vg,
101 GeV < vgy;

10° GeV < g,

Model 1
J\‘r]')“r =3

Model 2.1
:‘T\'TDW' =3

Model 2.2

Npw =1

Model 3
Npw € { 1, 3}

Random 1-loop thresholds



Summary: Unification constraints

fA[GeV]
1g* (U5 116 10~ 16t 10 10" 10~ 10'° 0’ 10% 16

S0(10) x U(1)pq predictions

Model 1, NDW =3
Model 2.1, Npw = 3

Model 227 NDW =1

Model 3, Npw € {1,3}
Axion dark matter predictions for different PQ breaking scenarios

pre-inflationary
post-inflationary, Npw = 1

post-inflationary, Npw = 3

Predicted sensitivities

_-‘-

TG g 107° 10 1077 g8 16> 10 2 02 107!
maleV]
Orange: Allowed Black: Discarded by superradiance Random 1-loop thresholds

Blue: Discarded by proton decay Gray: Stellar cooling constraint



..If Hyperkamiokande saw proton decay in first 10 years

fa[GeV]
6% 1Y 10*® 10 10 10'* 10 O 10 10° 10° 107

T T T T T T T T T T T 7

I Model 1

Model 2.1
Model 2.2
Model 3
107107 10 10°° 107 10°° 10°° 10°* 102 1072 10!
ma [EBV]
Orange: Allowed Black: Discarded by superradiance Random 1-loop thresholds

Gray: Stellar cooling constraint



Summary of axion couplings

1 1 a Cy ~ 1 Cay —
= 9, A" A — —mAA>+ — 2L AR, F* — Z Z2L 5 A U pH s U
E 2 12 2mA + 87 fA 1 2 fA H ffy V5 I
SU(5) SO(10)
Npw = 11 Npw =1,3
Cay = 2~ 1.92(4 Cpe = = sin? 3 Car == —192(4),  Cac=—
A,-Y—g— . (), Ae—llsln ) 3 ; NDW
6 . _
Cap = ~0.47(3) + 771029 cos? § — 0.15sin” 5 £ 0.02] Cap = —0.4703) + H—

6 3
Can = —0.02(3) + —[~0.14 cos? § + 0.28sin” B+ 0.02], | Can = —0.02(3) +
11 Npw

(5r)

tan 8 = &) tan® 3 = ((v, )"+ (v,7)7)/((

[0.29 cos® B — 0.15sin” B £ 0.02]

[—0.14 cos? B 4 0.28 sin* 3 + 0.02]



Conclusions

We identified the axion field, obtained its couplings to SM fields, and computed N, for the
physical PQ symmetry, in a minimal SU(5) model and several SO(10) models.

We studied constraints from unification, superradiance, star cooling, fermion masses.

Our formalism bridges the gap between UV and IR symmetries. We identified the physical
PQ symmetry as a combination of UV symmetries.

We clarified issues pertaining to fermion field redefinitions.

Minimal viable SU(5) model highly constrained, predicting axion mass in window of 4.8-6.6 neV
that can be probed at future axion and proton decay searches.

SO(10) models can have axion in wide range of masses due to the possibility of
multi-state breaking and intermediate scale VEVs.









Backup slides



From the anomaly to the effective Lagrangian

o g]%Nlc

Tr Fk Flmv — = fpqUA + Z 7.0, (@bl&“%)

Equivalent to Euler-Lagrange equations from the following effective action [Srednicki]

gk Pk ik, uy
A =3 AOM A A A Tr F, L EH
L[l = 20, AD“A + ), Z +ZfAk16W2r
fA,k:flADQa
k

Alternatively, one can obtain Lagrangian by redefining fermion fields [Kim, Dias et al]

' I i, '
£ yhyditbathy + c.c. D T el A fray, 4 ¢ = Yablle=iltata) A fray, yy 4 c.c.,

V2 V2

Wy — €994/ IPay,  eliminates axion field in phases and gives L|—A]cs

(Not the only way to eliminate phase. One can define physically equivalent Lagrangians that
differ by fermion field redefinitions.)



Hadronic/QCD effects

Axion coupling to nucleons:

Axial basis: Weyl fermions grouped into Dirac spinors:

[ Wiary + 2 Ts “w]a aA‘I1+QQ\IJw5w
frq fPQ 2fprq

PQ invariance: g,+q, is equal to a scalar PQ charge. From chiral perturbation theory at NLO and
lattice results [Villadoro et al]

0Legg = — 0, A Can NA¥vsN — 0,A Car p P~t~s P, Fermion couplings in axial
2fa 2fa basis only depend on scalar PQ
Coan = — 0.02(3) + 0.41(2) LS4 _ ) 559y 9l charges ¢i/fPq.
frq frq
Cap = — 0.47(3) — 0.86(3)QH“f A4 0.44(2)Qde 2y
frq frq

Axion coupling to photons:

Axion field can mix with other pseudo-Goldstones, like the neutral pion. An appropriate field
redefiniton removes the mixing and gives for the physical axion

- 2 (4m,,
0CAyAF F', 0C 4y = —5 <H

6£eff 3

) + higher order = —1.92(4).
7TfA



Wherefore art thou a physical Goldstone?

Axion must be orthogonal to massive gauge bosons: physical PQ symmetry PQ , is

generated by a combination of original PQ and other symmetries S;:

PQphys:PQ+Z)‘ij_>A:ZCiAia ci = B
p i

Vv

Unknown c, giving charges of PQ_.,, can be obtained by solving masslessness and

orthogonality conditions

2
Art thou massless? LDOm (Z dmAm> = Z Codyn =0

Art thou orthogonal to massive gauge bosons?

. . . . . . . . a E—
Avoidance of kinetic mixing with gauge bosons implies Z VUm Ly Cn = 0.

mn

For a massive U(1) boson with associated scalar charges ¢,,, : Z Um{mCm = 0.

m

Need at least 2 scalars charged under massive U(1) for them to contain the axion.
1; of the order of the smallest VEV of fields charged under massive U(1).



Domain wall number

ol AN, ¢?
Leg[Al D A Z <0k 4 2k Tk 2) Tr F/f,/Fk’“” + derivatives
—1 pr 167

Axion-Goldstone shifts under PQphys, A — A+ afpq. The anomalies break this translation
symmetry in the SU(3) sector to a discrete subset (equivalent to translations 03 — 63 + 2m),

2
Sphys(n):A%A—i— ;\i/vanQ, n € Z.

Some of this translations correspond to unphysical rotations of phases A by 27t

2TN;q; V3
Povs(ng) : A— A+ ——, n; €7
phy ( ) ; fPQ
Son 1 N
IV = dim p—yS] — min. integer < — niC;v;, n; € 2 — ———— rational ¢;
v [Pphys ° { fA ; MCD[QZ] 4

Relation to naive UV PQ symmetry (without imposing orthogonality conditions): Have to mod
out by the discrete transformations in the center Z of the gauge group!

Shs . S
NDwdim[ — ] = dim [—]




Example case: axion and couplings in model 2.2

Scalar components getting VEVS, in terms of decompositions under PS=SU(4)xSU(2) xSU(2),..
SM arises from PS as follows:

4 1)p_ 1
SU( ) D) SU(3) X U( )B L Y — U(l)R 4+ §U(1)B—L
SU2)r D U()r

50(10) 402L2R 402L1R 302L1R1B—L 302L1Y SClem scale | VEV
105 | (1,2,2) | (1,2,3) (1,2,3,0) (1,2,5) || (1,0)=:H, | Mz | v’
(1,2,—2) | (1,2,—2,0) | (1,2,—2) | (1,0)=:Hy | Mz | v}’
457 | (1,1,3) | (1,1,0 (1,1,0,0) (1,1,0) (1,0) :==0 | Mpq | vpq
1265 | (10,1,3) | (10,1,1) | (1,1,1,—2) | (1,1,0) |/ (1,0):= Ar | MpL | vBL
(15,2,2) | (15,2, 1) (1,2,3,0) (1,2,3) || (1,0):=3%, | Mz | v.*®
(15,2,—3) | (1,2,—%,0) | (1,2,—2) || (1,0):=%4 | My | v}*S
210 | (1,1,1) | (1,1,0) (1,1,0,0) (1,1,0) (1,0) := My | vy

Axion is a combination of phases of the first 6 scalars (because 210 has no PQ charge):

1 1A /v,
¢1 = ZUJ(/bQ = Ed7¢3 = HU7¢4 = Hd7¢5 = AR7¢6 = 0, ¢] - E(U] +p]>€ I

A= ZCZAZ



Example case: axion and couplings in 2.2

Orthogonality with respect to U(1),, U(1),,and T,

Z V(B = L)mem = 04> ¢ fs = 0 Orthogonality wrt massive

m - - o - nonabelian bosons: satisfied
Z VB Cm = 0 < 12 Ly 32 LA C5V5 — 22 C. 42 : automatically, follows from
m analysis of SO(10) roots and
Z’l}mTLSCm =0+« —6121)1 + 6221}2 + 0421)4 — 6321}3 =0 weights

Masslessness conditions

5 GoTuDg + hec. o (Agvivs + vg (Asvr + A1va)) 2
— o H, Y g+ h.c. x (Agvavs + v (Asvs + Agvs))?
— QoY Hg+ h.c. x (A6U1U4 + ve (A4'Ul T A1U4)) ’

10 x 126 x 126 x 455
210H X 10H X mH X 45H

ceV1V2 + Vg (c2v1 + c1v2) =0
CeV2V3 + Vg (CgUQ + CQU3> =0

ceU1Vg + V6 (cqv1 + c1v4) =0

All equations compatible! (Only need 5 egs. and normalization condition to find axion)

A= _ (A4U4 + AQUQ)(U% + ’U%) (Ag’l)g + Alvl)(vi + ’U%) — A6’U6’U Z v:
Vo2 ((vF +v3)(v3 + v7) + vgv?) i=1




Example case: axion and couplings in 2.2

. q; Ci
From c, to scalar PQphys charges: S

frq v

As expected, PQphys is a combination of original PQ and symmetries in the Cartan of SO(10)!!

PQphys = S1 PQ + S92 U(l)R + S3 U(l)B_L

S1 v S2 v%—v%%—v%—vz
feq 47 +03) (0 +0]) +v2d fea /(0] +0F) (v + o) + 020
Sz vi — 3v3 + v3 — 3v]

frq  4u/(02 + 02) (02 - 02) + 0202
1 T v3)(vy + v 6

From this we can get PQ s of Weyl fermions and

fak fPQ 2Z<fPQ)Tk Pa); fPQ—‘/Zqu, Ne =2 qaTx(pa)

Indeed all £,, are equal modulo hypercharge normalization, as follows from GUT symmetry!

POURUR SN P L TR a C AR G R
A3e = JA2L = gAYy = 2 .




Example case: axion and couplings in 2.2

Domain wall number: from UV arguments we expect 1.
o 1
Npw = min. integer f_ g NiCiV;, Ny € 2
A=
(]

Calling this integer n_. one gets a system of equations (from demanding numerator
proportional to denominator and collecting coefficients of powers of the v))

Nmin + (N1 +n2) =0, nNpin + (N2 + n3)
Nmin T+ (n1 + n4) =0, Nmin + (n3 + n4)

0,
0 Nmin = Npw = 1

Y
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