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e Strong CP problem
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Motivation

e Strong CP problem
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e Strong CP problem:
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Motivation

e Strong CP problem:
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Motivation

e Strong CP problem: Why does QQCD seem to conserve CP?
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Motivation
e Strong CP problem: Why does QQCD seem to conserve CP?
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Motivation

e Strong CP problem: Why does QCD seem to conserve CP?
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Motivation

e Strong CP problem: Why does QQCD seem to conserve CP?
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Axions

e Hypothetical pseudoscalar particle:

1 5 a gg -1 - Oua,
Ea — 5(((9“0,) + fa 39712 GW/GM + Za’ga’Y’YFMVF’u T zﬁ}a (qu,‘yuf}%q)




Axions

e Hypothetical pseudoscalar particle:

1 a gg ~N LV 1 RINY% a a —
‘Ca — 5((9#&)2 + fa 39712 GW/GM + ZagCW’YFNVF’u T ZIL}CL (qu’y'u’)%q)
e Axion mass:
1012 GeV
V(a) = mg = 5.70(6)(4) ueV ( 7 ° )




Axions

e Hypothetical pseudoscalar particle:

1 2 a gg S 111% 1 Rl Opa —
['a — 5(&“01) + fa 39712 GW/GM + Zaga’Y’YFNVF'u T ZA}Q (qu’y'u’)%q)

e Axion mass:

V(a) = my = 5.70(6)(4) ueV (1012 GGV)

Ja
e Axion origin:

SU(3). @ SU(2), © U(1)y @ U(1)4
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global

Peccei-Quinn (PQ) symmetry

Axion: Pseudo-Nambu-Goldstone boson



Original PQ Axion

e Relevant Lagrangian:

Ly DY, Qr f{u UR + Yd@Hd dr + h.c.

e PQ) symmetry:
H, — e« H, up — eXvup
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Original PQ Axion

e Relevant Lagrangian:

Ly DY, Qr f{u UR + YdEHd dr + h.c.

e PQ) symmetry:
H, — e« H, up — eXvup

H; — €_iXde dR — eideR

e Scalar potential:
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Original PQ Axion
e Axion coupling to matter:
Ly D Yu@f{u UR T+ Yd@Hd dr + h.c.
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Original PQ Axion

e Axion coupling to matter:

Ly D Y, QL f{u UR + Yded dr + h.c.
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e P(Q) rotation on fermions:
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Original PQ Axion

e Axion coupling to matter:

Ly D Yu@f{u UR + Yd@Hd dr + h.c.
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e Experimental bounds:

KEK bound
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Original PQ Axion

e Axion coupling to matter:

Ly D Yu@ﬁu UR + Yd@Hd dr + h.c.

o))
15
.
5
|Q
5

v

e P(Q) rotation on fermions:
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Invisible Axions: DFSZ

“Simple generalisation of the P(Q) scheme with a harmless axion”

Ly D Yu@ﬁu UR T Yd@Hd dr + h.c.

S~ (1,1,0)
e PQ) charges: /

H, = e*“H, Hy—e “H,; §—e*xs8
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“Simple generalisation of the P(Q) scheme with a harmless axion”
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e P(Q) charges:
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Invisible Axions: DFSZ

“Simple generalisation of the P(Q) scheme with a harmless axion”

CYDYQL uR+YdQLHddR—|—hC

e P(Q) charges:

H, = e*“H, Hy—e “H,; §—e*xs8

e Scalar potential:

v 2y HTHu,HTHd,]S\

VDOAHIH,S? +he. = Xy+ Xa+2Xs=0



Invisible Axions: DFSZ

e Axion coupling to matter:

Ly DO Y, QL ]:Iu UR T+ Yd@Hd dr + h.c.
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Invisible Axions: DFSZ

e Axion coupling to matter:
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e P(Q) rotation on fermions:
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Invisible Axions: DFSZ

e Axion coupling to matter:

Ly DO Y, QL [:Iu UR T+ Yd@Hd dr + h.c.
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Invisible Axions: KSVZ

e “The U(1)4 is spontaneously broken and is realized by the existence

of the axion @ that does not couple to ordinary quarks at tree level.”

Ly D LM +Y, Grqr S+ M,qr qr + h.c.
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Invisible Axions: KSVZ

e “The U(1)4 is spontaneously broken and is realized by the existence

of the axion @ that does not couple to ordinary quarks at tree level.”

Ly D £§/M +Y, 90 qr S + M, ¥ qr + h.c.
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Motivation

“The only requirement is the existence of an anomalous U(1)

symmetry broken at a large energy scale”

Strength of

axion couplings
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Motivation

Laboratory

Yy—rays

Telescopes

Haloscopes
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mq(eV)

Irastorza, Redondo, 2018



Motivation

“The only requirement is the existence of an anomalous U(1)

symmetry broken at a large energy scale”

Strength of

axion couplings

e Astrophysical constraints:  f, > 10" GeV
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Experimental Status

FPOM >0t — 1012 GeV
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Astro: SN19874, White Dwarfs
Lab: Collider & Laser experiments, ALPS, CAST
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Experimental Status

1 5 a gg -1 - Lo dua,
ﬁa — 5((9“&) + fa 39772 GW/GM 1 ZCLQQV’YFMVFM + 2/}a (qu,y,u,%q)

e Axion halosopes: exploit coherent effects to detect axion DM
Axions highly non-relativistic =» monochromatic photons
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Experimental Status

1 5 a gg -1 - Lo dua,
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e Axion halosopes: exploit coherent effects to detect axion DM
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And what if we decouple the detector V from the axion wg?



ABRACADABRA

A Broadband / Resonant Approach to Cosmic Axion Detection with an Amplifying B-field Ring Apparatus

And what if we decouple the detector V from the axion wg?

— —

sources a B, 1 By oscillating magnetic flux

() = 9uy By™ /2001 cos(mat)V

Pick-up coil (Lp)

No external B-field - l
in the center of N¥ _

the toroid N\

SQUID

——>»B dg ~ O(1) L£c1>

By generates an through Ampere’s circuit law



Enhance the
signal by O

10—11 ,
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ABRACADABRA

v=mg,/2nr
Hz kHz MHz GHz

—— Broad: Byux =5 T,Vg=1m?3
— -Broad: Byux =20 T, Vg =1m?

L |~ -Res:Byax =20 T,Vg=1m?

10—15 .

---- Broad: By;x =5 T, Vg = 100 m 3

---- Res: Bpax = 5T, Vg =100 m 3
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CASPEr

Cosmic Axion Precession Experiment

1 5 a g? -1 - 1oua,
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Detecting an oscillating nuclear-spin-dependent
energy shift using NMR techniques
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CASPEr

Cosmic Axion Precession Expel‘iment
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energy shift using NMR techniques



-— —
o o
- -
(&)} o

axion QCD coupling g4 (GeV?)
o

CASPEr

Cosmic Axion Precession EXperiment
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Motivation

Wise, Georgi, Glashow, 1981




Grand Unified Theories (GUTs)

e Rank 4

SU(5)
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Grand Unified Theories (GUTS)

SU(5) e Rank 4

® 15 Weyl d.o.f. fit perfectly in 5 and 10

€L
/d‘j\ / 0 us —us u; dp \
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Grand Unified Theories (GUTS)

SU(5) e Rank 4

® 15 Weyl d.o.f. fit perfectly in 5 and 10

e Charge quantisation

Matter content

1
Q =Ths(= 5%) + 4/ =124 5.10



Grand Unified Theories (GUTS)

SU(5) e Rank 4

® 15 Weyl d.o.f. fit perfectly in 5 and 10

e Charge quantisation

Scalar content Matter content
S, 24 5 5, 10
5, — (g ) «sU(5) 24 s P sU(3)e @ U(1)o”
1

ol 2.8 — \/%Zo 21(3,2)
e 2.(3,2 Y3+ =X
(3,2) /30



Grand Unified Theories (GUTS)

G, W, Ve v, AL

SU(5) Vag ~ (87 170) 8% (17370) S5 (372, —5/6) S, (3,2,5/6) ® (1, 1,0)

H, T
241 ~ (8,1,0)®(1,3,0)® (3,2, —5/6) @ (3,2,5/6) & (1,1,0)
——— S— N ~ L S
28 23 2(3,2) 2(3,2) Yoy
Scalar content Gauge bosons Matter content
517, 241 2/ 5,10
5 — T A,LL — (G'LL B \/__ V'u )
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Grand Unified Theories (GUTS)

G, W, Ve v, AL

SU(5) Vag ~ (87 170) 8% (17370) S5 (372, —5/6) S, (3,2,5/6) ® (1, 1,0)

H, T
24 ~ (8,1,0)® (1,3,0) 5 (3,2,-5/6) & (3,2,5/6) @ (1, 1,0)
——— S— N ~ L S
28 23 2(3,2) 2(3,2) Yoy
Scalar content Gauge bosons Matter content
517, 241 2/ 5,10
. T A, = (G“ B \/__ VM )

Yo — 2% »
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Grand Unified Theories (GUTSs)

SU(5)
L w
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Scalar content Gauge bosons Matter content
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7, 2 10°* yr = Mgyt ~ 10" GeV




Grand Unified Theories (GUTs)

SU(5)aga

-1
Acut

e Gauge couplings do not unify
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Grand Unified Theories (GUTS)

SU (5)(;(; e Gauge couplings do not unify

e Wrong fermion mass relations

Ly D Y15105% 4+ Y310105€5 + h.c.

B
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(V)



Grand Unified Theories (GUTS)

SU (5)(;(; e Gauge couplings do not unify

e Wrong fermion mass relations

Ly DY 5105% + Y310105¢5 + h.c.

B

U
@ GUT scale | Mg = MZ — Yl;»

(V)




Grand Unified Theories (GUTS)

SU(5)aga

e Gauge couplings do not unify
e Wrong fermion mass relations

e Neutrinos are massless (as in the SM)

LD DD Dy

Not allowed by Gauge Symmetry



Grand Unified Theories (GUTS)

SU (5)(;(; e Gauge couplings do not unify

e Wrong fermion mass relations

e Neutrinos are massless (as in the SM)

Y.#Y; M, #0  Unification
Renorm.
SU(5)

extension?



Grand Unified Theories (GUTS)

SU (5)(;(; e Gauge couplings do not unify
® U (1)]3@ e Wrong fermion mass relations

e Neutrinos are massless (as in the SM)

U((l 1 ia(x)
Do = 24y > —=IZole s

24
7

Y. £ Yy M, #0 Unification U(1)pg
Renorm.
SU(5)

extension?



Grand Unified Theories (GUTS)

SU (5)(;(; e Gauge couplings do not unify
® U (1)]3@ e Wrong fermion mass relations
e Neutrinos are massless (as in the SM)

e Extra content for PQ!
LD Y55105% + Yip10105%; €5 + A 55,24%,5% + h.c.
Y. £ Yy M, #0 Unification U(1)pg

5 v



Grand Unified Theories (GUTS)

SU (5)(;(; e Gauge couplings do not unify
® U (1)]3@ e Wrong fermion mass relations

e Neutrinos are massless (as in the SM)

e Extra content for PQ!
LD Y55105% + Yip10105%; €5 + A 55,24%,5% + h.c.
Y. £ Yy M, #0 Unification U(1)pg

5 X X X v



GUTs and PQ?

Y. #AY, M, # 0 Unification U(1)pg
v

45y

SRNERN

i

455 ~ (8,2,1/2)&(6,1,-1/3)®(3,3,-1/3)® (3,2, -7/6) & (3,1,—1/3) & (3,1,4/3) & (1,2,1/2)

\ J/ \ J/ \ J \ J/ \ J/ \ J/ \ J
TV TV TV TV TV TV TV

D, Do D3 Dy D5 Dg Ho

Ly =510 (Y7 5} + Y2 45%) + 1010 (Y3 55 + Yy 455 )es + h.c.

V D ub5;24545y



GUTs and PQ?
Ye#Ya M,#0  Unification  Ull)rq




GUTs and PQ?

Y. #AY, M, # 0 Unification U(1)pg
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10g v X
15,
ve
ve
H, D b5 /45y
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GUTs and PQ?

Y. #AY, M, # 0 Unification U(1)pg

1, v X
10 v X
45 g
15y ve X
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5CV_C (I) 35 = = % sk
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GUTs and PQ?

Y. #AY, M, # 0 Unification U(1)pg

1; v X
10g v X
455
15y v X
24 v Ve
_ 1 . type-1I type-I11
24 — IO8 \/ﬁpo /0(3,%) ‘\.. "."' _|_ ~.\ ‘.’,..
p(3,2) P3 + mpo / 00 \ / 03 \

L D \NTr{24°245} + h.c.



GUTs and PQ?

L DOYs 5/241{5/



GUTs and PQ?

LD ]\M—I— ATr{24°24 5} + h.c.



GUTs and PQ?

KSV7 Adjoint SU(5)

Fileviez Pérez, 2007

e Minimal GUT theory (# of Reps.) where the PQ-symmetry can be realized



Adjoint SU(5)

e P() charges:
5 — e 395 10 — 110, 5y — e 205,

2y — e 0924, 45y — e 2045, 24 — 19024,

e Charged fermion masses:

L D510 (Yl 5?{ + Y5 457-{) + 1010 (Yg Sy + Ya 45]{)65 + h.c.

ek

Mg = _(Y1TU; — 6Y2T’UZ5)7

— DN

Mp = —(Ylvg —+ ZYQUZ5),

DO

1
M= ——(4(Ya + YD) — 8(Yy — Y ) uur).
U 2\/5((3 5 )us — 8(Ya — Yy )uys)



Adjoint SU(5)

e P() charges:

5 — e 395 10 — 110, 5y — e 205,

2y — e 0924, 45y — e 2045, 24 — 19024,

e Neutral fermion masses:

LD hy5;245 + hb5; 2445 + A Tr{24°245} + h.c.

Hi Hy o Hi o Hi o
type-1 ~, typeIIl . <

“.‘ ‘." _|_ ".‘ ‘." —
/ P0 \ / p3 \
1% 1% 1% 1%

M, = M, + M 4 Mc

L.C.[hi,hd]  L.C.[AL, R
Mz T



Adjoint SU(5)

e P() charges:

5 — e 395 10 — 110, 5y — e 205,

2y — e 0924, 45y — e 2045, 24 — 19024,

e Neutral fermion masses:

LD hy5;245 + hb5; 2445 + A Tr{24°245} + h.c.

’
~ 7
~ '

Hi o Hiy o Hio Hiy o Hyo
type-1 “ type-III ~ -

4

- -~
Ve \
/ (I)1 \

) < + ) < —I_ ] \
/po\ /ﬂs\ 5 \ : y
P8
1% 1% 1% 1%

Radiative colored see-saw

M, = M + M 4 Mes



Adjoint SU(5)

e P() charges:

5 — e 395 10 — 110, 5y — e 205,

2y — e 0924, 45y — e 2045, 24 — 19024,

e Neutral fermion masses:

LD hi52455 + hy 524455 + A Tr{24°245} + h.c.

e New fermion masses: MM}

1 2 1

= oMy, Mp =My, My, =My, =M

M P37 P38 3 P37 P(3,2) P(3,2) 6 pP3*

PO

M24 = Mp3



Adjoint SU(H)

2y — —= diag(—1,—1,—1,3/2,3/2)e"*®)/v>

V15

LD NTr{24°(245)} + h.c.

A - 1 3 1
ia(x)/vs -T - 4+ =] + — 2 + h.c.
= _151;2 € ( Tr{psps} + 9 r{p(3,2)P(3,2) } 9 r{psps} 2P0> ¢




Adjoint SU(5)

2y — —= diag(—1,—1,—1,3/2,3/2)e"*®)/v>

V15

‘ﬁ » TI“{DM<24H>TDM<24H>}‘: Tr{(igcur[Au, (24m)])" (igcur[A*, (241)]}
— g?}UT%’U% VJ 4a
N———

2

M
L£ O NTr{24%(245)} + h.c. =

A - 1 3 1
ia(x)/vs -T - 4+ =] + — 2 + h.c.
= _151;;; € ( Tr{psps} + 9 r{p(3,2)P(3,2) } 9 r{psps} 2P0> ¢




Adjoint SU(5)

e Same scalar field to break both theories (SU(5) ® U(1)pq )
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GUT scale window e T Axion mass window

Mgyt ~ (1096 — 101574) GeV Me ~ (3 —13) x 1077 eV
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Collider bounds
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Collider bounds
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Proton Decay
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Proton Decay
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Proton Decay
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Window for GUT Scale
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Axion Mass
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Axion-EDM coupling
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Axion coupling to photons
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Axion coupling to photons
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Axion coupling to photons
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Conclusions

e Most economical renormalizable SU(5) where the PQQ mechanism can be
realized: The Adjoint SU(5): 45u, 24

e 24 representation plays a twofold role:
M, #0
a GG

e GUT and PQ scales connected through the SU(5) SSB (24p)

e The allowed GUT scale window predicts the axion mass range:
Me ~ (3 —13) x 1077 eV

e The theory could be fully tested by the ABRACADABRA and
the CASPEr-Electric experiments.

e Appealing theory!



Thank you for your attention!!



Alpha GUT
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