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Motivation

* gearch for a well-motivated model solving fundamental
problems of the Standard Model

* axion solves Strong CP-problem and is a good candidate
for Cold Park Matter

* can we use GUT fo constrain the axion mass?
* ynification of gauge couplings
* 0ne gauge group instead of 3
*why $0(10)?
* simplest SU(9) wmodels: disfavoured
* neytrinos massive: seesaw mechanism



Status

* SO(10) x U(1)pgo wodels have been studied before
[Lazarides, Kim, Bajc et al, Babu et al, Altarelli et al, ...

* however, a few things were wmissing:

* a systewmatic identification of axion field and decay constant
in the presence of gauge symmetries

* a systematic calculation of the couplings to other particles
* a direct calculation of associated domain wall number

* two-loop analysis of unification constraints including
threshold corrections



GUT model building: non-SUSY SO(10)
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e one generation of SM ferwmions + heavy right-
handed neutrinos fits perfectly info one 16
representation of SO(10)

o wmost general Yukawa coupling:
Ly =16F (Y1010 + Y1201205 + Y1261265) 165 + h.c.



GUT model building: non-SUSY SO(10)

SO(10) | 406212 | 4c211r | 3c211rlB_1
iss e RTn R ey ST AN R BTRG TR 3,2,0, 3)
(172707_1)

4,1,2) | (4,1,3) | (3,1,3,—3)
(1,1,%,13

(41,-3) | 3L, —3,—3)

(1,1,-1,1)

e one generation of SM ferwmions + heavy right-
handed neutrinos fits perfectly info one 16
representation of SO(10)

» most general Yukawa coupling:
Ly =165 (YlolOH + Yqo H == Y126m[{) 167 + h.c.

minimality




Role of PQ-symmetry in GUT model building

* complex 10, representation necessary to
reproduce realistic mass relations
* reduced predictivity in Yukawa sector

ﬁy — 16F (Yl()lOH =E 17101()2, = Y1261—26H) 16F e h.c.
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* broken global symmetry - Goldstone boson!

Color-anomalous symmetry
-» solution to Strong CP -problem



Peccei-Quinn solution

* assume existence of anomalous global U (1)pg
symmetry, spontaneously broken at a scale fa

A A 4 .
: > e BB
e fa
* SU(3)c — SU(3)¢c — U(1) po anomaly induces
effective change in the Lagrangian :

2
1o 9 A apy ,ya
- - T

* can rewrite CP violating term as

2

o 9 A BEE7Y apv a

Lot =t (fA .9)@ G
W

0

% Goldstone boson: U (1)
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* pon-perturbative effects introduce
potential for A !
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* pon-perturbative effects introduce
potential for A!

BaE Ag
* Wminimuwm at i |

Pynawical solution of strong CP problem !
Particle excitation of field A: the axion.

* Axion properties are described by axion decay

Q: Can we use GUT to constrain/a?  A:lt depends..




Higgs seetor of SO(10):
symwmetry breaking chains
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* 126 cannot break SO(10) down to the Standard Model (as it
leaves an SU(%) subgroup unbroken), we need at least one
additional rep

* choosing 210z, obtain the two-step symmetry breaking chain
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Physical PQ symwmetry

U(l)pQ ;
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Physical PQ symwetry

* |inear combination of gauge and
global symmetries

* axion is massless at the
perturbative level

* orthogonal to all gauge
symwetries, in particular B-1

* lower decay constant!

For an explicit construction
of the physical axion, check
out our paper!

U(l)PQ .

16 — 1

10 — 1

OHG

1Y

— 21

1_26H — EGHB—%@

\

visible axion!




Lifting the axion from
the electroweak scale

Model 1 Model 2 Model 2

extend PQ
symmetry

extra scalar
singlet

extra scalar
multiplet




MI: extended PQ symmetry

U(l)PQ g |
16p — 16F€wé
— 21
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* minimal extension: include
in the PQ symwmetry

* axion construction similar
as before, but now obtain

MI: extended PQ symmetry
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* minimal extension: include
in the PQ symwmetry

* axion construction similar
as before, but now obtain

vy (2105
fa (29 B8
fixed by the requirement of
gavge coupling unification!

MI: extended PQ symmetry
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MI1: RGE running

- ‘ | ; | | ] ‘ | ‘ ‘ | ‘ : /.L[GQV]
i 100 10? 1012 10

(no threshold corrections)




MI: Matching conditions

* matching conditions depend on the group
structure and the contained particles

* gize of threshold corrections depends on the
masses of heavy scalars (more specifically, the
deviation from the threshold scale)

/ S T A
ary (Mpy) = 5ale(MBL) - 504401(MBL) - %
¢ //_ A2L
ayr, (MpL) = oy (MpL) — o= g 2 A/
7 i\% O‘2R1(MU) = ag (My) — 1;?
a_l(MBL) =y | (MBL) > LC
3E 4C 197 7 y, >\/2/L
Qyr (My) = ag (My) — 19+
o —1(M )—Oé_l(M )_ )‘ZC
0 Y, G . 127




MI: gauge coupling
unification

* in lack of detailed knowledge of the scalar
sector scalar masses have been
randomized in the interval [+ Mr, 10M7]

* imposed limits: S
* proton stability = .
* B-L scale " u i

13__ . : L L L L . I 3 : ; ! , .. ; | .—_

* black hole superradiance 1o ivmicev)



MI: predictions

fA [GGV]
105 10 I 101 THRfe 10 10'? 1O 108 10° 108 107

o relatively sharp prediction of axion mass
o axion decay constant at the GUT scale
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MI: predictions
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S0O(10) X U(1)pq predictions
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allowed region if HyperK excludes proton decay

o relatively sharp prediction of axion mass
o axion decay constant at the GUT scale
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M2: additional multiplet

| U(l)PQ : |
16p — 16F€wé

— 21

* include PQ charged
wwh‘iplef 451

10g — 10ge

* axion decay constant 126 — 126>
e WTQ i <453H> 210y — 210y

45, 45 o




M2: additional multiplet

U(l)PQ : |
16p — 16F€wé

— 21

* include PQ charged
multiplet 455

10g — 10ge

* axion decay constant 126 — 126>
. :@: <42H> 210 — 210g
457 — 45 e*®

\

can we constrain this using gauge coupling unification?



M2: three-step
symwmetry breaking

MPQ > Mpy, :
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M2: three-step symmetry breaking
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M2: three-step
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symwmetry breaking
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M2: predictions

fA [GeV]

e axion mass largely unconstrained
e accommodates a natural PM candidate axion




M3: additional singlet

* inelude PQ charged singlet

* axion decay constant given
by vev of S

* as Sis not charged under
the gavge symwmetry, no
constraints can be placed
on axion mass in this model
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— 21
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M3: additional singlet

* inelude PQ charged singlet

* axion decay constant given
by vev of S

* as Sis not charged under
the gavge symwmetry, no
constraints can be placed
on axion mass in this model

U(l)PQ g |
16p — 16F€wé
—21x

1OH == 10[-[6

m[{ el mﬂe_%o‘

210y — 210y

(SEgRRSa Y e

similar to M2, M3 in its simplest version has domain

wall problem = define M%.2, a model with an extra
singlet and two generations of extra fermions




M3: (no) predictions

10%° 10? 108 107

e aXion mass unconstrained
e accommodates a natural PM candidate axion
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CASPEr wind LarXiv: 1711.08991
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If Hyper-Kamiokande were fo discover
proton decay in the next decade

fA[GeV]
foB 0t ot A0 - 1ot oY 10t 10 A0t oY1 6¢

I Model 1
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Model 3
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Symmetry breaking chains
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Axion properties

* (model dependent) couplings to gluons,
photons and fermions, suppressed by 1/f4

10° T -
sk ‘l'empera.l-ure_, 10° R

dependent ot 3
mass A
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ma(T)fa = v/ x(T) ool
1010 |
10712 §

100 200 500 1000 2000
Borsanyi et al. (2016) T[MeV]
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Axion production:
Misalignment mechanism

* gcalar field in expanding FRW universe

d+3Hp+m2(T)p =0

* at m(Toe) ~ 3H (T,s.): field starts to
oscillate

* oscillating field behaves as cold dark
matter!



Axion production:
Misalignment mechanism

$V(a) V(o

[Saikawal
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Axion production:
Misalignment mechanism

tV(a) Via)
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Axion production:
Misalignment mechanism

‘ Vi(a)

[Saikawal
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PQ breaking:
before or after inflation [Saikawal

Pre-inflationary PQ symmetry breaking scenario Post-inflationary PQ symmetry breaking scenario

Time

end of
inflation

no PQ symmetry
restoration




PQ breaking: before or after inflation

T

* O isafreeparameter -  JEE e
can be tuned o s
| *  anthropic constraints * axion decay constant
a4 constraints from | fixed
* topological defects

isocurvature perturbations

* .anthropic axion window" | | * .classic axion window”

fA [GGV]
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Axion dark matter predictions for different PQ breaking scenarios
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M2: domain wall number

* this model has Now = 3 which can cavse
cosmological problews if inflation happens before
the PQ symwmetry is broken

* Model 2.2: M2 + two additional generations of
PQ charged fermions in the 105

* this lowers the domain wall number to 1
(Lazarides mechanism)

* additional particles change RGE running



10° GeV < wvpp,

10° GeV < vpL,
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Z
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M2.2: predictions

fA [GeV]
1013

e axion mass largely unconstrained
e accommodates a natural VM candidate axion




Example: Axion construction
in GUT theories

* axion is Goldstone boson of PQ symwmetry
breaking =p must be linear combination of
phases A=) cA,

LA

1 1 ’
* here we have defined ¢: = ﬁ(vi + p;)e’ i

field vev
¢1 = Eu (%]
P2 =g | V2
¢3 == Hu U3
O =Hg | v
Q5= ANp s
e = ¢ Vg




Example: Axion construction
in GUT theories

* gauvge invariance of the axion requires

field vev
¢1 = Eu (%]
P2 =g | V2
¢3 == Hu U3
P4 = V4
O5 1= AR Us
e = ¢ Ve




Example: Axion construction
in GUT theories

* gauvge invariance of the axion requires

* jmposed symmetries allow mass terms:

0 10178 106k T h D (1220122 2 D52 ot h e
DUE N L s s

safds MY oAl ey

D=ty ( ) 4U3 ( ) :

U3 (%] Uy (%5)




Example: Axion construction
in GUT theories

* gavge invariance of the axion requires

* jmposed symwmetries allow mass terms:

105 1051965 126 - ob + Ao D (1.2, 2)(11 2,2, }(15.2. 2)(15. 9 2)[inw I hrc.
SH - HOEH, L B L siGT s  ple
AL A A, A
L (_3 _ _1) A (_4 e _2> |

U3 U1

* axion is perturbatively massless:

V4 (%)




Example: Axion construction
in GUT theories

* solving system of linear equations

(Agvs + Aovg) (v + v7) + (Asvs + Av1) (V5 + v3) 2 Z =
Vv (vF + v3)(v5 + 0f) | :

g=1

* after symmetry breaking, Axion appears in
Yukawa couplings

i ? /IR
£ D yhpditbathy + c.c. D 2L tiAlfray yy 4 cc

V2

* can berotated away - but need to take into
account Fujikawa's anomaly formula: ., . o004

4
A——

Qs . ~ i g ., = W2 | Yem &
ZL(akr) =0 GG ~ L (e qup) — (9 + zk:ak) GG - 3;%(0&3) o FF




Example: Axion construction
in GUT theories

1 a; A - a8 A 8
@ e o bl e
Eae ol St f— ST 3 £
1 2 + v2) (v2 + p? 4
fAzg\/(l 32}2(2 4)N—MZ

* obtain Axion effective Lagrangian

* note: even though B-L breaking vev is higher, Axion decay constant
at the electroweak scale =9 experimentally excluded

* in general, if a vev breaks both PQ symwmetry and a local U(1)
symwmetry, PQ symmetry survives to lower scales ('t Hooft
mechanism)



