ONE U(1) To RULE THEM ALL:
IN THE REALM OF LEPTOQUARKS,
THE AXION SHINES

FERNANDO ARIAS ARAGON

Based on 2206.09810 in collaboration with Christopher Smith e



MOTIVATION



The Strong CP Problem — The Axion Mechanism

* Purely gauge terms proportional to total derivatives can be added to the SM Lagrangian

QQOD—GW G,

z—;(Xa“”Xﬁy = 9,K"; KM= Z: ghvop (Xaa X5+ fach ‘IXQXE)



The Strong CP Problem — The Axion Mechanism

* Purely gauge terms proportional to total derivatives can be added to the SM Lagrangian

baop =G G,

z—;(Xa“”Xﬁy = 9,K"; KM= Z: ghvop (Xaa X5+ fach ‘IXQXE)

« The GG term is related to quark masses through the chiral anomaly

_______ v é — QQCD -+ Al"g (Det (MuMd))




The Strong CP Problem — The Axion Mechanism

* Purely gauge terms proportional to total derivatives can be added to the SM Lagrangian
0"

S auV ya
9QOD8_7TG GHV
~ 1
(;—;(X““”Xﬁy = §,K"; KF = j_:guvaﬁ (Xﬁ@an + BbeCXﬁXgXE)

« The GG term is related to quark masses through the chiral anomaly

_______ v é — QQCD -+ Arg (Det (MuMd))

 The observable parameter, 0 is bound by its relation to the neutron EDM, d,,

Crewther, Di Vecchia, Veneziano & Witten, 1980 Baker et al., 0602020 Afach et al., 1509.04411

d, ~0x10"%e.cm, 6 <0(10719)



The Strong CP Problem — The Axion Mechanism

Purely gauge terms proportional to total derivatives can be added to the SM Lagrangian
0"

S auV ya
9QOD8_7TG GHV
~ 1
(;—;(X““”Xﬁy = §,K"; KF = j_:guvaﬁ (Xﬁ@an + 3fachﬁX§X§)

The GG term is related to quark masses through the chiral anomaly

_______ v é — QQCD -+ Arg (Det (MuMd))

The observable parameter, 0 is bound by its relation to the neutron EDM, d,,
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d, ~0x10"%e.cm, 6 <0(10719)

Why is a dimensionless parameter so small?
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Non-perturbative QCD creates a potential that ensures CP conservation
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The original model, the PQWW axion broke U(1)p, with two Higgs doublets

As a consequence, the axion scale was too low and should have been observed
already

o~V = 246 GeV

* More elusive axions are required! 3
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» Axion-gluon coupling implies a scale-mass relation shared by all these axions

10° GeV
m, = 5.691(51) f— meV
a
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 However, what happens with fermions?



B and L 1n Axion Models

* Fermion charges present some freedom

KSVZ v, Up g, UR dp {; ep vp

Ul)pg o a—-1 f B B Y Y 0
Ul)y Y Y 1/3 4/3 —2/3 -1 -2 0

DFSZ qr. upr dR fL CR Vp

Ulpg B ,S—l—.:r: B—1/x ~ ~v—-1/xz ~+=x
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B and L 1n Axion Models

 Fermion charges present some freedom

KSVZ Vv, Up g, UR dp {; ep vp

Ul)pg o« a—-1 J o] 8 Y v x
Uy Y Y 1/3 4/3 —-2/3 -1 -2 0

DFSZ qr Up dp 133 epn VR
Ul)pg B B+z p-1/z ~v ~y-1/z ~v+=z
Uy 1/3 4/3  -2/3 -1 - 0

« Should we just fix all free parameters to 0?  Quevillon and Smith, 2006.06778

1,
y=0=~ (¢¢HT)(H,£,) forbidden by U(1)p, in DFSZ
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EW instantons — L, ¢f ~ (£.q2)3=>3+y =0
 How could B and £ entangle with the axion symmetry?
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« Explicit B and/or £ violation fixes the free parameters

_C
Lysyz + QTVgvg =y = >

+=C 1 3x
Lppsz + ¢TVRVR =>V=E—T

EW instantons — L.rr ~ (£,q7)* 238 +y =0

 How could B and £ entangle with the axion symmetry?

Spontaneous

U1)s@ULs®@U1)e B U)o UQ)e ~U1)po®U1)x T U(1)x
Ul)x =U1)p@UQ)z, Ul)B+e ,U(1)s , U(1)z, U(1)3B+c ,---

 May answer a cosmological question: DM relic density related to the barionic one?
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Setup

* Leptoquarks can induce a variety of B and/or £ violating operators

AB AL Dim. Operators (no vg)

+0 +2 5 H™0;

+1 +1 6 qiffL 'H?_ﬁdﬂﬁﬁ qrurdrly qiuHﬁH
+1 -1 7 H1d%(¢ Hd%qLe$ Hdifuﬂﬁg Hq? dpt§
+2 40 9 dpur dpurqs  d%q;

+1 43 9 ubhqrl;  uhlier

+1 -3 10 H&HP

AB AL Dim. Operators (one vg)

+0 +2 D HiQEHIJH

+1 +1 6 qidﬁ_yﬁ d%{TLHUH

+1 -1 7 Hidfquug HquLuHuS Hgivg

+2 40 9 -

+1 +3 9 dﬁuifiyﬁ dﬁqLuHP’Lyﬁ uief{uﬁ ?L?_ﬁQLfLEHVH qLuR{Luﬁ
+1 -3 10  HduCeSv$ Hd%qulivs
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Setup

* Depending on implementation, different scenarios are possible

One state with only LLQ or DQ — Exact U(1)g X U(1),

One state with both LQ and DQ — Exact U(1)5_, 4 4 |
| \ | dﬁ:a”fe!qf
(‘f) ® G / |

One state with only LQ or DQ + Seesaw — Exact U(1)4

Up,q,

(Xf. y VH

Two states with different B — L - No exact U(1)
Two states with mixing but some LQ/DQ forbidden — Exact U(1)g,
Two states with mixing with only DQ — Exact U(1),

Two states with mixing with only LQ — Exact U(1);5_,
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Setup

* Depending on implementation, different scenarios are possible

One state with only LLQ or DQ — Exact U(1)g X U(1),

One state with both LQ and DQ — Exact U(1)5_, H: @\ < dy

One state with only LQ or DQ + Seesaw — Exact U(1)g Vi

Two states with different B — L — No exact U(1) b e -i.?; \ f ‘s g<,dS

Two states with mixing but some LQ/DQ forbidden — Exact U (1)73+ £\ fo(‘r{xf.
| d,

Two states with mixing with only LQ — Exact U(1);5_,

Two states with mixing with only DQ — Exact U(1), <
(/) & / Vi

Three states —» Exact U(1)354,
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Example in the KSVZ model

* Choose some couplings of LLQs to SM fermions and to ¢ while preserving B and L

8/3 7 ~8/3 — 8/3T1T &8/3
ﬁKSVZ+LQ = Lxsvz + Sl/ dRB% + Sl/ u%uR + gbzsl/ Tsl/ + h.c.
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Example in the KSVZ model

* Choose some couplings of LLQs to SM fermions and to ¢ while preserving B and L
8/3 7 58/3 — 2 8/371 &8/3
ﬁstz+LQ — Lksvyz + Sl/ dRB% = Sl/ ’UJ%UR + ¢ Sl/ J[Sl/ + h.c.

* Solve the system for the charges

o S)° S W Wy g up dr lp ep

Ul 0 0 0 1 1 0 0 0 0 0
U(l)g 1/2 1/3 -2/3 —-1/2 0 1/3 1/3 1/3 0 0
U(l); 1/2 1 0o -1/2 0 0 0 0 1 1

+—t<:a<:v.;§
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8/3 7 58/3 — 2 8/371 &8/3
ﬁstz+LQ — Lksvyz + 51/ CZRB% = Sl/ ’UJ%UR + ¢ Sl/ J[Sl/ + h.c.

* Solve the system for the charges

O Sf/S 5"18/3 Uy VYrp q ur dr ¥fr. er VR

Ul)g 0 0 0 1 1 0 0 0 0 0 0
U(l)g 1/2 1/3 -2/3 —-1/2 0 1/3 1/3 1/3 0 0 0
U(l): 1/2 1 o -1/2 0 0 0 0 1 1 1

* Any other coupling is forbidden by these charges
* ¢ 1s neutral under U(1)5_,, which 1s thus an exact symmetry

It breaks however the orthogonal combination U(1)g,
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Example in the KSVZ model

e Choose some couplings of LQs to SM fermions and to qb while preserving B and L
8/3 3 8/35 2 o8/31 &58/3
ﬁstz+LQ Lrsvyz + S dpre R + S R+ 0o S S + h.c

* Broken U(1)g,,; — Spontaneous proton decay

U
/ y2 -
¢>> A N 1S > "Zexp(Zza /vé)sz ”Rd]g Cr
m
C S
w® e df\
T;\:\" < 11
D N :>mS >10"" GeV

C
~ €
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Example in the KSVZ model

 What if we supplement this by a Seesaw?

8/3 7

Lrsvz+Lq = Lksvz + 57 dre$ + S 535

R+ ¢SSP + R + hc
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Lxsvz+1.q = LKsvz + 58/3031% ef + 5] 33 uGup + ¢258/3T58/3 + ¢URVR + h.c.

* B and £ get further entangled and only one U(1)pq survives
]/3 o8/3
P57 9 q; up dp Ll e Vp
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Example in the KSVZ model

 What if we supplement this by a Seesaw?

Lrsvz+Lq = Lksvz + 57

8/3 7

dre$ + S22 uSup + ¢2S2P1 83 4+ ¢uRuR + hec.

* B and £ get further entangled and only one U(1)pq survives

818/ 3

q; up dp U, ep Vp

U()po |2]2/3

—-10/3

5/3 5/3 5/3 -1 -1 -1

* This 1s enough to forbid all other couplings
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Example in the KSVZ model

 What if we supplement this by a Seesaw?
Lxsvz+1.q = LKsvz + 58/3031% ef + 5] 33 uGup + ¢258/3T58/3 + ¢URVR + h.c.

* B and £ get further entangled and only one U(1)pq survives
]/3 o8/3
P57 9 q; up dp Ll e Vp

U()po |2]2/3 ~10/3[5/3 5/3 5/3 -1 -1 -1

* This 1s enough to forbid all other couplings
* The breaking pattern allows for
(AB,AL) = (1,1) - Proton decay

(AB,AL) = (0,2) - Neutrino masses

15



n — n oscillations 1n the KSVZ model

* Let us consider the following Lagrangian

Lxsvzira = Lxsvz + 812 d%dg + S uSur + ¢577°87/25%° + h.c.
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n — n oscillations 1n the KSVZ model

* Let us consider the following Lagrangian

Lxsvzira = Lxsvz + 812 d%dg + S uSur + ¢577°87/25%° + h.c.

 We can add a term like S’ /3QCq. to fix the charges of ¥

373 173
¢ Sg/ 51/ Uy, VYrp q. wur dr ¥ er VR

Ul)g 2 -2/3 —2/3 1/3 —5/3 1/3 1/3 1/3 0 0 0
ULz 0 0 o o 0 0 0 0 1 1 1
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n — n oscillations 1n the KSVZ model

* Let us consider the following Lagrangian

Lxsvzirq = Lxsvz + Si2d%dr + S22 uSug + 51281383 + h.c.

 We can add a term like S’ /3QCq. to fix the charges of ¥

373 173
¢ 52/ 51/ Uy, VYrp q. wur dr ¥ er VR

Ulg 2 -2/3 —2/3 1/3 —-5/3 1/3 1/3 1/3 0 0 O

Ul)s O 0 0 0 0 0 0 0 1 1 1
< 4 exp(ia’ /vy) ¢ dSdpdadruSur
S 4 d, mg, 4/3 mgs /3

mg = 100 TeV

16



n — n oscillations 1n the KSVZ model

* This could again be supplemented with a Seesaw, with just U(1)py remaining

Lxsvzing = Lxsvz + S 2 d%dg + SV aSug + 65125283 1 65SuR + hec.

@ 38/3 54/3 v, VYrp qo wur dr {1 er Vg
Ul)ro 2 —2/3 —2/3 1/3 —5/3 1/3 1/3 1/3 -1 -1 -1

* n — n oscillations and neutrino masses, but no proton decay

(¥
< exp(zao/v¢) ® s—d 15drdedpusur
m54/3m58/3
?.<ZIR
\ |
mg = 100 TeV
< 17



Other Breaking Patterns in the KSVZ model

* Spontaneously broken U(1)g4+3, can be achieved as well
* Both scenarios allow for a Seesaw to be included

* The higher dimensionality allows for m;,~ 100 TeV

Up g, £ r2/3
; H \\\l [ 1 :
|13 < t,,v N < <
" Ly ¥R )7/ H Vk
\

/4 |
Y. /3 _ . ’ v2/3 y1/3 - JC
S / (jf ?HR ’ (/ L f)|_ | k ~l | q ; rdfg
po—d—> po—d <4
I \\ Ve, €r,1; h \@gb Vil
) 1/3 °\ C
X Uy, q ZS\ dy
R Y1 o <
< {/ Vv qa%/Z I | Vi
'L s VR :
H
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DFSZ model and Leptoquarks

* DFSZ models already entangle U(1)p, and U(1)y
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DFSZ model and Leptoquarks

DFSZ models already entangle U(1)po and U(1)y

Further entangling B and £ makes 1t difficult to study the symmetry patterns
SM fermions already carried PQ charge, which included ambiguities, 8 and y
Identifying the SSB symmetry fixes f and y

Fermion PQ charges are no longer fully aligned with a combination of B and £

Scalar PQ charges are fixed to xy = x,xy, = —i,xd, = (1 + i)/Z

19



DFSZ model and Leptoquarks

* Let us consider one example to illustrate

JCDFSZ—FLQ = LDprsz + Sf/gcfﬁe% + 553/3@%&3 -+ QﬁQS?/STgf/g + h.c.

20



DFSZ model and Leptoquarks

* Let us consider one example to illustrate

) ~&8/3 _ &/3T A8/3
Lorsziro = Lorsz + S22 dre$ + SV 2 a%ug + 28 °18Y° + hee.

* The system of charges is underdetermined, with one free parameter &

Sf/g 5’,;3/‘3 qr UR dR I?L €R VR
1 1 1 1
U(l)p@ ;—:E—Qé —233—25 f ZE—|-£ ;‘Ff —5—56—35 —28—35 —5—35
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DFSZ model and Leptoquarks

* Let us consider one example to illustrate

L:DFSZ+LQ = LDprsz + Sf/?’c?Re% + gf/3ﬁ%u3 -+ @28§/3T§f/3 + h.c.

* The system of charges is underdetermined, with one free parameter &

Sf/g S'f/?) qr UR dR I?L €R VR
1 1 1 1
U(l)pQ ;—:E—Qf —233—25 f $—|-£ ;‘Ff —5—56—35 —28—35 —5—35

* The conserved symmetry associated to & = 1/3 1s U(1)g_, 1n this case

8/3  &8/3
81/ 51/ qr  ur dR lr erR VR
1 1 1 1
U(1)pg ik —2r 0 e

Uls_ -2/3 -2/3 1/3 1/3 1/3 -1 =] =]
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Frobidding axion-free B/ L violation

* The presence of v 1n the induced operators pushes m,;, to high values
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Frobidding axion-free B/ L violation

* The presence of v 1n the induced operators pushes m,;, to high values

* This can be avoided by using vector LQ and d¢, couplings

X 1/3, 2/3 2/3, 4/3 4/3,
aﬁqssé/ﬁvg/ ﬁj a‘ugbsl/ Tvl/ ,#j aﬁgbsl/ ]Lvl/ b
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Frobidding axion-free B/ L violation

* The presence of v 1n the induced operators pushes m,;, to high values

* This can be avoided by using vector LQ and d¢, couplings
1/35v-1/3,u 2/31x-2/3,u 4/37vr4/3,1
0,955 ™' Vs , 0,057V} , 0,05V}

* These couplings could arise from GUT theories
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Frobidding axion-free B/ L violation

The presence of vy 1n the induced operators pushes m;, to high values

This can be avoided by using vector LQ and d¢, couplings
1/35v-1/3,u 2/31x-2/3,u 4/37vr4/3,1
0,053 3TV | 5,882y g 453y,
These couplings could arise from GUT theories

Could lead to interesting pheno in astro/cosmo
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Frobidding axion-free B/ L violation

The presence of vy 1n the induced operators pushes m;, to high values

This can be avoided by using vector LQ and d¢, couplings
1/35v-1/3,u 2/31x-2/3,u 4/37vr4/3,1
0,65y 3V 3H 9 0823 RBH g 453y
These couplings could arise from GUT theories
Could lead to interesting pheno in astro/cosmo

New search venue for axions?

Link to DM?

21



Frobidding axion-free B/ L violation
* Let us take the KSVZ framework for an example

Lxsvz+Lq = Lksvz + 52/3(% qr + djug) + V; /SdR’Y”VR + 3u¢552/3TV2/3 "+ hee

22



Frobidding axion-free B/ L violation

* Let us take the KSVZ framework for an example

2/3(_0 7 2

2/3 3t ,2/3,
Lxsvzirnq = Lxsvz + 577 (@F qr + dup) + VL,{L dry"'VR + Quﬁbsl/ TVl 31 4 b

e This leads to conserved U(1)g,, and a U(1)g_, breaking operator

@ 512/3 V3 qr uwr dr {1 er VR

1p

U(l)s -1 -2/3 1/3 1/3 1/3 1/3 0 0 0
Ul) 1 0 -1 0 0 0 1 1 |
q; ,dy

1 S
_ K q, U
0 Cor + dSug)dSyH S A {1 »Ug

m%m% p@(QLQL R R) RV VR FQS

ms = 107 GeV

,
I.’r'j' “1 \\
]



Frobidding axion-free B/ L violation

* Interesting for neutron lifetime anomaly, assuming m, > m, > m,,

10-17
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ottle _rheam

-4 1x10

5x10° =
2

5 g

1 5x10% g
~ e
&
:1:410" -
{5000 B
] 7
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&

1000
e

100 102 10" 1p18
ALP decay constant £, (GeV)
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&

q; ., dy
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Frobidding axion-free B/ L violation

 Axion induced n — 71 oscillations

q, ,dR qr dR
q, U, q,,Upg
q: adf@ q
q;,Up d}g

q; g,

d/e

d,
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Frobidding axion-free B/ L violation

 Axion induced n — 71 oscillations

(][‘ ) dh’

q L Z’[h’

q, ,dy
q L uR
q,
dR

* Oscillations in DM background?

24



Frobidding axion-free B/ L violation

 Axion induced n — 71 oscillations

o q:
. q;

%,
¢ S] q

HQ/V\Yi q:
I/z 1/3

* Oscillations in DM background?

) d/e
u,
.o

) q, ,dy
LS*IH ‘
0 — qr Uy
RN
) -
0p —a_”

* n - 7+ a’(+a’) in a magnetic field? Am,,_5; (1T) =~ 10~ 7eV
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Frobidding axion-free B/ L violation

 Axion induced n — 71 oscillations

q, . d
- (/ [ s (’{R \ 53 / L R
e g, Upg o0 4/ q U
é) r2/3 | 13

< q: dy qr
/ q;,Up dR
\< qr

dR d

1R

* Oscillations in DM background?
 n - 7+ a’(+a) in a magnetic field? Am,,_; (1T) = 10~ 7eV

» Astrophysical and cosmological consequences?

24



Conclusions

 PQ symmetry, B and £ unified

* PQ breaking induces proton decay, neutrino masses and n — n oscillations
» Axion-free processes can be avoided

* Possible solution to the neutron lifetime anomaly

* Connection between DM and baryogenesis?
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