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Proton stability in the Standard Model

Accidental symmetries U)p x UML), x UML), xUQd),
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Proton stability in the Standard Model

Accidental symmetries

U)p xU),, xUd), xU(),

T

No gauge-invariant operator with d < 4 violates baryon (B) or lepton (L) number

Fields | SU(3). ® SU(2), ® U(1)y, | B | L
‘r (1,2, -1/2) 0 | 1
Leptons
er (1,1,-1) 0 | 1
qr (3,2,1/6) /31 0
Quarks dr (3,1,—1/3) /31 0
UR (3,1,2/3) 1/3 1 0
Scalar o (1,2,1/2) 0 0

Proton
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Proton stability in the Standard Model

T

Accidental symmetries U)p x UML), x UML), xUQd),

No gauge-invariant operator with d < 4 violates baryon (B) or lepton (L) number

Fields | SU(3). ® SU(2), ® U(1),, | B L
Leptons
w1 (0®
qL (3,2,1/6) /3 0 0
Quarks dp (3,1,—1/3) 1/3 | 0
UR (3,1,2/3) 1/3| 0
Scalar P (1,2,1/2) 0 0 Proton

Non-perturbatively

B and L are anomalous: electroweak instantons/sphalerons
violate B+L (AB = AL = 3) but conserve B-L

't Hooft (1976)
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Proton stability in the Standard Model

Accidental symmetries U)p x UML), x UML), xUQd),

T

No gauge-invariant operator with d < 4 violates baryon (B) or lepton (L) number

Fields | SU(3). ® SU(2), ® U(1),, | B L
(r, (1,2,-1/2) 0 1
Leptons
oyl (oo
qL (3,2,1/6) /3 0 0
Quarks dr (3,1,—1/3) /31 0
UR (3,1,2/3) /3 0
Scalar P (1,2,1/2) 0 0 Proton

Non-perturbatively

B and L are anomalous: electroweak instantons/sphalerons
violate B+L (AB = AL = 3) but conserve B-L

't Hooft (1976)

Proton stability is an accident of the renormalizable SM:
B and L are conserved, so the proton cannot decay
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Beyond the Standard Model

P4 P 14
Proton decay LsmerT = Lsm + e )A( L9) + q?\g + -
\ ~ M S
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Beyond the Standard Model

0, ®) (L P 14
Proton decay LsmerT = Lsm + e )A( L9) + q?\g + -
\ ~ M S

d = 5: Weinberg operator
AL=2 = m, ~v?/A

Majorana neutrino masses
Weinberg (1979)
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Beyond the Standard Model

b D)L P 14
Proton decay LsverT = Lsm + ( )A( ) + qig 4+ ...
d=5 d=6
( d = 5: Weinberg operator 1( d = 6: Baryon-number violation )
Majorana neutrino masses B+L violated by two units = nucleon decay
Weinberg (1979) Weinberg (1979); Wilczek, Zee (1979); Abbott, Wise (1980)
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Beyond the Standard Model

(LL®)(L®)  qqql

Proton decay LsverT = LM + A + A2 +---
N ~ 7 \/4
d=>5 d=6
d = 5: Weinberg operator d = 6: Baryon-number violation
Majorana neutrino masses B+L violated by two units = nucleon decay
Weinberg (1979) Weinberg (1979); Wilczek, Zee (1979); Abbott, Wise (1980)

UV completion: Grand Unified Theories

SU(5): heavy gauge bosons X generate

qqqé/M,? operators at tree level
Pati, Salam (1973); Georgi, Glashow (1974)
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Beyond the Standard Model

b D) (LD 14
Proton decay LsverT = LM + ( )A( ) + qig + -
d=>5 d=6
( d = 5: Weinberg operator 1( d = 6: Baryon-number violation )
Majorana neutrino masses B+L violated by two units = nucleon decay
Weinberg (1979) Weinberg (1979); Wilczek, Zee (1979); Abbott, Wise (1980)
UV completion: Grand Unified Theories Golden channel p — e*n®

T(p — et n0) > 2.4 x 10%* yr

Super-Kamiokande (2020), 90% CL

= A~ O(10%%) GeV

SU(5): heavy gauge bosons X generate Next generation:

Hyper-K (about 10x in lifetime),
€/M,? operators at tree level
qqgati, Sa)lgm (1g73); Georgi, Glashow (1974) DUNE, JUNO
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Beyond the Standard Model

b D) (LD 14
Proton decay LsverT = Lsm + ( )A( ) + qig + ...
d=>5 d==6
( d = 5: Weinberg operator 1( d = 6: Baryon-number violation )
Majorana neutrino masses B+L violated by two units = nucleon decay
Weinberg (1979) Weinberg (1979); Wilczek, Zee (1979); Abbott, Wise (1980)
UV completion: Grand Unified Theories Golden channel p — e*n®

T(p — et n0) > 2.4 x 10%* yr

Super-Kamiokande (2020), 90% CL

= A~ O(10%%) GeV

SU(5): heavy gauge bosons X generate Next generation:

Hyper-K (about 10x in lifetime),
€/M,? operators at tree level
qqgati, Sa)lgm (1573); Georgi, Glashow (1974) DUNE, JUNO

In the SMEFT proton decay starts at d = 6, conserving B-L, and probes A ~ 101 GeV
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Beyond the Standard Model

Strong CP problem (P and CP violation in QCD\
Topological EQCD ) ag_;_’ Gé Anomalous chiral rotations
/ //.\\ \\\\ / Strong CP phase
| =+ 6m
/ . O = arg[det (M)] )
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Beyond the Standard Model

Strong CP problem

Topological

- . s .

7 N .
// f’/,a"” "‘-\\\

(. ] . )
P and CP violation in QCD
_048 P
Locp D 0—GG
Q ST

Strong CP phase

dﬁu P di
— A

0 =6+ 0
L O = arg[det (M)]

Neutron electric dipole moment

Anomalous chiral rotations

|dn| < 3 P4 10—26 e - cm = ‘§| < 10_10 Baker et al (2006),

Pendlebury et al (2015)

Weak sector CP violation

C12€C13
_ 5
Veka = | —8s12¢23 — Cc12523813¢"

5
812823 — C12C23513€"

5~ O(1)

—is
512C13 siz3e” "
5
C12C23 — S12523513€" $23C13

5
—C12823 — $12023513€"°  C23C13
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Beyond the Standard Model

( )
Strong CP problem P and CP violation in QCD

= as ~
Topological EQCD D0 8_7'(' GG Anomalous chiral rotations

— =
AT T

28 RN Strong CP phase

N | =
S R ¥

/ /! —
/ O = arg|det (M)]
- J
Tu Neutron electric dipole moment
_ - _ Baker et al (2006),
- d,| <3 x 10 26e-cm:>‘6’|<10 10, Bakeretlalzno)
—_ Pendlebury et al (2015)
+
dﬂu P ¢ Weak sector CP violation § ~ O(1)
d :
C12€13 _ $12€13 _ s1e” "
(- d Veru = | —s12¢23 — C12503513"  c1acas3 — s12503513€"  sa3013
d ? S12823 — C12C23513€"0  —C12893 — S12C23s13€"°  Coscis
+
3 \ Why does QCD seem to preserve CP ?
Nelson, Barr (1984)

Nelson-Barr mechanism

 Axion solution

Peccei,Quinn (1977), Weinberg (1978), Wilczek (1978)

Henrique Brito Camara — DISCRETE — November 16, 2026




Beyond the Standard Model

Dark matter

Astrophysical evidence, for example from:

Galactic rotation curves CMB Anisotropies

rotational velocity
(km/s]

50000 100000
distance frem center [light years)
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Beyond the Standard Model

Dark matter Astrophysical evidence, for example from:

Galactic rotation curves CMB Anisotropies

rotational velocity
(km/s]

measured

Dark Matter

50000 100000
distance frem center [light years)

Cold Dark Matter relic density
Qcpmh? = 0.1200 4 0.0012

Planck Collab. (2018)
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Beyond the Standard Model

Dark matter

Dark Matter

Astrophysical evidence, for example from:

Galactic rotation curves CMB Anisotropies

rotational velocity

[km/s]

50000 100000
distance frem center [light years)

Cold Dark Matter relic density
Qcpmh? = 0.1200 4 0.0012

Planck Collab. (2018)

& | Properties of a particle DM candidate:
cold, neutral, non-baryonic, stable

‘Effective
Field
Theory

Macroscapic Macros)  Other WIMPZilla

Primocdial MaCHOs  Superfluid nteracting

« Dark-sectors featuring weakly interacting massive particle (WIMP) DM  see Kolb & Tumer (1990)
« Axion DM from misalignment mechanism Callan et al. (1978); Gross et al. (1981); Dimopoulos et al. (2008)
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Proton stability
B+L is an accidental symmetry of the

SM: quarks 1/3, leptons 1

Strong CP problem
Axion solution: a global U(1)pq with a

QCD anomaly

Dark matter
The axion is a natural cold dark matter

(DM) candidate
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Proton stability
B+L is an accidental symmetry of the

SM: quarks 1/3, leptons 1

Strong CP problem
Axion solution: a global U(1)pq with a

QCD anomaly

Dark matter
The axion is a natural cold dark matter

(DM) candidate

U(l)PQ = U(l)B+L

(o) Z,

Fields|SU(3). ® SU(2), @ U(1)y |U(1)pg = U(1)B4+1r — Z2

lr (1,2,-1/2) 1=+
Leptons

€R (1,1,-1) 1 — +

qL (3,2,1/6) 1/3 — +
Quarks | dgr (3,1,-1/3) 1/3 =+

UR (3,1,2/3) 1/3 — +

@ (1,2,1/2) 0— +
Scalars

a (1,1,0) 11—+
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Proton stability
B+L is an accidental symmetry of the

SM: quarks 1/3, leptons 1

Strong CP problem
Axion solution: a global U(1)pq with a

QCD anomaly

Dark matter
The axion is a natural cold dark matter

(DM) candidate

This work

U(l)PQ = U(l)B+L

(o) Z,

Fields|SU(3). ® SU(2), @ U(1)y |U(1)pg = U(1)B4+1r — Z2
lr (1,2,-1/2) 1—+
Leptons
€Rr (1, 1, 71) 1 — 4+
qr (3,2,1/6) 1/3 =+
Quarks | dg (3,1,-1/3) 1/3 =+
UR (3,1,2/3) 1/3 — +
@ (1,2,1/2) 0— +
Scalars
o (1,1,0) 1+

» Vector-like quarks chirally charged under PQ: KSVZ-type axion
« Axion DM in pre and post inflationary cosmology
* Residual Z, forbids tree-level proton decay
* Proton decay generated spontaneously and at one loop

B+L = PQ with tree-level proton decay: Reig, Srivastava (2019); Ohata, Takeuchi, Tsumura (2021)
One-loop proton decay: Helo, Hirsch, Ota (2019); with a residual Z, and WIMP DM: Kumar, Srivastava (2026)

One symmetry links the axion (strong CP + DM) to proton decay
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Fields [SU(3)e |SU(2)L U@y UDpq = U(1)Br — 2
Case A Case B Case C
Vector-like quarks |, . [Vii¥r| Ru n Yo Yy Yo 5/6; =1/6 = —
Fr:Fr| Rr n |—Yy—1/3-Yy —1/3|-Yy —4/3 1/2;-1/2 — —
S Rs n |—Yy+1/3|-Yy —2/3|-Yy —2/3 —1/6 — —
Colored scalars Scalar N R, N Yo —2/3 | Yo—2/3 | Yo +1/3 1/2 5 —
Ry |Rr|Rs|Ry|N/n
13331
313 |1 1
313 |13 2
3,13 /8|3 2
3|6 |8|6 6
6|3 |8|3 6
3|1 8|3 |8 7
3|/8|6|8 7
81 3|3 |3| 7
8 1 3|/3|3 7
6 | 8 3|8 11
8 |6 3|6 11
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Fields |SU(3)e |SU(2)1 Uy <m
o Case A | CaseB | CaseC ~—__ =~~~
Vector-like quarks | . ‘(I’La ‘1’1}’ Ry n Yy Yy Yy 5/6;—1/6 — —
ermmion
\FL; Fg/| Rr n |—Yy—1/3|-Yy —1/3|—Yy —4/3 1/2;—1/2 — —
Rs n |—Yy+1/3|-Ye —2/3|—Yy —2/3 ~1/6 — —
Colored scalars Scalar @ R, n | Yo—2/3 | Yo—2/3 | Yo+1/3 1/2 5 —

Ry |Rr|Rs|Ry | N/n

13331

3|1 3|1 1

313 |13 2

3,13 /8|3 2

3,6 |8|6 6

6|3 |8|3 §

3| 8|3 |8 7

3|8 6|8 7

833 |3| 7

8 3/3|3 7

6 | 8 3|8 11

8 |6 3|6 11
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Vector-like quarks

Colored scalars

Strong CP problem

Dynamical solution

Peccei,Quinn (1977),

Weinberg (1978), Wilczek (1978)

Fields SU(S)C SU(Q)L ( )Y (U(I)PQ EU(I)B+L — Zo
o Case A | CaseB | CaseC ~—__ =~~~
(U o Ry | n Ya Ya Ya 5/6;—1/6 — —
Fermlon‘
\F’L;Fy RF n —Y\p —1/3 —Y\p—l/?} —Y\p—4/3 1/2;—1/2—> —
Rs n —Y\p—l—l/g —Y\I;—Q/?) —Yq;—2/3 —1/6—> —
Scalar
R, n Yo —2/3 | Yo —2/3 | Yo +1/3 1/2 — —
Rq; RF Rs RX N/’I’L
113 [3 3] 1
_ - — — 3 1 |3 |1 1
AR xele = a = e
(fa )SW Octt 9+<fa> 0 3(3|1(3]| 2
3|13 |83 2
3|/ 6|86 §)
6|3 8|3 6
3| 8 3|8 7
3|8 |68 7
81 3 /3|3| 7
8 3/3|3 7
683|811
8|6 |3 |6]|11
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NS




Vector-like quarks

Colored scalars

Strong CP problem

Dynamical solution

Peccei,Quinn (1977),

Weinberg (1978), Wilczek (1978)

Complex scalar singlet

s>,

V2
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U(1)y T
UMrq =UL)B+r = 22
o Case A Case B Case C [~—_
(UL wp) Ya Yo Ya 5/6;—1/6 — —
Fermlon‘
\F: Fi/ ~Yy —1/3|-Yo —1/3| Yy —4/3 1/2;-1/2 — —
Yy +1/3| Yo — 2/3| Yo —2/3 16— —
Scalar
Yo —2/3 | Yo —2/3 | Yo +1/3 1/2 5 —
Rq; RF Rs RX N/’I’L
113 [3 3] 1
_ _ 3 1 3|1 1
_ a\ _ > 12
geﬁ_9+<fa> 0 3(3/1(3]| 2
3|13 |8|3]| 2
3|6 |86 §)
6| 3| 8|3 6
3| 8| 3|8 7
3|8 |68 7
8333|171
8 1 3|33 7
6| 8| 3|8
8| 6 | 3|6

NS




NS

U(1)y T
Fields |SU(3).|SU(2 (U1 =U(1 — Z
o ) 2z Case A | Case B | CaseC \w
Vector-like quarks Fermiou‘@L; ‘1’1}’ Ry n Yo Yo Yy 5/6;—1/6 — —
KSVZ (1979, 1980) \FL; Fg/| Rr n |—Yy—1/3|-Yy —1/3|—Yy —4/3 1/2;—1/2 — —
Seal Rs n |—Yy+1/3|-Yy —2/3|-Yy —2/3 —1/6 — —
calar
Colored scalars R, n Yo —2/3 | Yo —2/3 | Yo +1/3 1/2 - —
Strong CP problem ,qu R)( Rs|Ry|N/n
o A solut (1] 3 \ 3131
ynamical solution
N o= _ — 3|1]3|1] 1
Peccei,Quinn (1977), J._% — 9) o= GG Ooig = 0 + <i> —0 —
Weinberg (1978), Wilczek (1978) fa g g ‘; 2 2
Complex scalar singlet Axion decay constant 3 (E’ 81616
6 |3 (I8 |3 6
_”G+P f_fPQ_ Yo 3181|387
a — — _
V2 N V2N 38|68 7
8| 3 / 33| 7
Color-anomaly factor s | 3 / 313 -
N =2n[T(Ry)+T(Rp)] 6|8/ 3|81l
3 3|6 | 11
\
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Vector-like quarks
KSVZ (1979, 1980)

Colored scalars

A

Strong CP problem

Dynamical solution
Peccei,Quinn (1977),

Weinberg (1978), Wilczek (1978)

Complex scalar singlet

V2

Color-anomaly factor

U(l)y T
Fields [SU(3)¢|SU(2 (U1 =U(1 — Z
- ) 2z Case A | Case B | CaseC \w
(U o Ry | n Ya Ya Ya 5/6;—1/6 — —
Fermlon‘
\F’L;Fy RF n —Y\p—l/S —Y\p—l/3 —Y\p—4/3 1/2;—1/2—)—
Rs n —Y\p—l—l/S —Yq;—2/3 —Y\p—2/3 —1/6—> —
Scalar
R, n | Yo—2/3| Yo—2/3| Yo+1/3 1/2 — —
Rs |RY|Rs|R,|N/n
[ 1 3\ 3131
_ - _ _ 3|1 \3 1] 1
2+ —0) = GG = e = =
(fa )SW Octt 9+<fa> 0 33 ||1]3]2
3131|832
Axion decay constant 3 (E’ 8166
6 |3 (|83 6
fa:fPQ: Yo 38 [3]8] 7
N 2N 3|8ll6|8] 7
_ _ 8 | 3 /3 3| 7
QCD axion mass rle(l)altzlo(r; y 8 3/ 33| 7
e —
m, = 5.70(7) (—) neV 618/ 3|8 11
Cortona et al.(2016) fa 8 3 6 11
A4

N =2n[T(Ryg)+T(Rp)]
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Spontaneous radiative proton decay

LA DY 1d:SVR + Yourx'Vy + Y3uSSTFr + Yaerx Fr + Hee.

L D Y1uSSVR + Yourx 'V + Y3d%STFr + Yaerx FrL + Hec.

Lo DY 1u5S80g + Yodrx'0r + Y3uG,STFr + YaegxFr + He.
Chiral PQ charges: masses from PQ breaking
Lrq=ysV,0Vgr+yrF,oFg+H.c

My r = yv.F frq, Mé,x D AoS,ox fr2>Q
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Spontaneous radiative proton decay

LoD YlﬁS\DR + YgﬁXT\PL + Yg@STFR + Y egrxFr + H.c.
LB D YlﬁS\PR + YzﬁXT\DL + Yg,@STFR + Y egxFr + H.c.
LoD YlﬁS\IJR + Yg@XT\PL + Yg@STFR + YerxFr + H.c.
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Chiral PQ charges: masses from PQ breaking

Lpq :y\p\IJ—LJ\IfR—I—pr_LUFR—I—H.C.

_ 2 2
My r = yu,r frPqQ, Mg, O Aos,ox [5g
o  (o)=fprq
upupdprperp oF s UupUpdpe
“R IErR @v RURURCR

PQ=+2 —2




Spontaneous radiative proton decay

LA DY1d5SVRr + Yourx" ¥ + YsuhS'Fr + YaerxFr + Hee
L D Y1uSSV R + Youry' 'V + Y3d%STFr + YaerxFr + He
Lo DY 1uGSVp 4 Yadrx Wy + Y3uGSTFr + Yaery L + He

Case A (B) [C] Chiral PQ charges: masses from PQ breaking
7 EPQ:y\p\If—LO'\I’R+yFF_LUFR+H.C.
|
A — 2 2
dR(uR)[UR] \IJR I \IJL UR(?LR)[CZR] MQ:F Yo, F fPQ? MS,X ) /\JS,UX fPQ
= ot L = =
: : One-loop box diagram
54 X 2 (o) =fra
| ! URURARER O > UurURdRER
> ' < ; < ' < p e 5 _9
un(di)ler]  Fa o Fu en i
|
|
-
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Spontaneous radiative proton decay

LoD YlﬁS\DR + YgﬁXT\PL + Yg@STFR + Y egrxFr + H.c.
LB D YlﬁS\PR + YzﬁXT\DL + YggsTFR + Y egxFr + H.c.
LoD YlﬁS\IJR + Yg@XT‘PL + Yg@STFR + YerxFr + H.c.

Case A (B) [C] Chiral PQ charges: masses from PQ breaking
7 EPQ:y\p\If—LO'\I’R+yFF_LUFR+H.C.
|
A — 2 2
dR(uR)[uR___‘_IJﬁ___;___\I_JI;__uR(uR)[dR] M\II,F Yo, fPQ? MS,X ) )\JS,JX fPQ
> f < > «
:: | One-loop box diagram
|
S *:X «2  (o)=fpq
:: :: yRuadReng > URURARER
> ! ___:(____l _______ / < P :+2 —2
ur(dp)lur] =~ Fg : £y, eR ?
|
|
=

VLQs and colored scalars in the loops
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Spontaneous radiative proton decay

LoD YlﬁS\DR + Yg@XT\PL + Yg@STFR + Y egrxFr + H.c.
LB D YlﬁS\PR + YzﬁXT\DL + YggsTFR + Y egxFr + H.c.
LoD YlﬁS\IJR + Yg@XT‘PL + Yg@STFR + YerxFr + H.c.

Case A (B) [C] Chiral PQ charges: masses from PQ breaking
(:j Lrqg=ys¥,0Ug+yrFrLoFr+H.ec.
dR(UR)[UR___\_IJﬁ__f___Q_Jé__UR(UR)[CZR] My,r = yuw,r frPqQ; Mg 2 Aesox frg
" i: ) i :\i ) One-loop box diagram
SET TEX upupdper o** o) = Jra > URURARER
— e b— ) PQ = 42 ney
ur(dr)[ur] "~ Fg , CR
: Residual Z, parity
-

SM fields and o even; W, F, S, x odd

VLQs and colored scalars in the loops = No proton decay at tree level
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Spontaneous radiative proton decay

LoD YlﬁSlI!R + Yg@XT\PL + Yg@STFR + Y egrxFr + H.c.
LB D Y1@S\PR + Yz@XT\PL + YggsTFR + Y egxFr + H.c.
LoD YlﬁS\IJR + Yg@XT‘PL + Y3@STFR + YerxFr + H.c.

Case A (B) [C] Chiral PQ charges: masses from PQ breaking
C:T Lrqg=ys¥,0Ug+yrFrLoFr+H.ec.
dR(UR)[uR___\_IJﬁ__f___\IiQ__ up(ug)|dg] My,r = yuw,r frPqQ; Mg 2 Aesox frg
" i: ) i :\i ) One-loop box diagram
SET TEX upupdper o** o) = Jra > URURARER
— e b— ) PQ = 42 ny
ur(dr)ur] =~ Fg , CR
: Residual Z, parity
-

SM fields and o even; W, F, S, x odd

VLQs and colored scalars in the loops = No proton decay at tree level

Proton decay arises spontaneously (PQ breaking) and radiatively (at one loop)
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Radiative nucleon decay processes

Case A (B) [C] 7 /n/ 0 Jw Case C KO
w(w)[d] u(u)[d]
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Radiative nucleon decay processes

Case A (B) [C] 7 /n/ 0 Jw Case C KO
w(w)[d] u(u)[d]

P

Fy, et

- - — -

/7~ All cases A, B and C generate the nucleon decays:
p—>€+MO, €+:€+,/.L+, MO:,}TO,n’pO’w,KO

n— {0t £Tp~
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Radiative nucleon decay processes

Case A (B) [C] 7 /n/ 0 Jw Case C KO
w(w)[d] u(u)[d]

P

Fy, et

- - — -

All cases A, B and C generate the nucleon decays:
p_>€+MO: E—i_:e—l—:u—'—a MO:,ﬂ.Oanij’w’KO

n— {0t £Tp~

« e* modes probe the same Y,Y,Y,Y,as p — e*r®
« u* modes: second generation of Y,
« K° modes: second generation of Y, (A), Y5 (B), Y, (C)

Helo, Hirsch, Ota (2019); Arbelaez, Helo, Hirsch, Ota (2026)
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Proton decay phenomenology
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Decay mode

7 (x1033 yr)

p—etnl /utad > 24 /14
p—en/utny >14/7.3
p—etp /utp° > 0.72 /0.57
p—etw/ ptw >1.6/2.8
p—etKY/utKY >1/3.6
n—etn /uta >5.3/3.5

n—etp” /utp”

> 0.217 /0.228

Super-Kamiokande, 90% CL
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Proton decay phenomenology

Benchmark: Golden channel
CaseA, Yq;:O,Il:]_: R@:RE,‘:S, RF:Rx:]-
2
+.0 myp m?ro 2
I'p—en)=—1[1- Wy C|

- 327 m%

C = —|V1YaY3Yy| My Mp I(My, My, Ms, M,)

1 1
- 1672 6M4

W, = -0.131 GeV?: Aoki et al. (2017); loop function: Helo, Hirsch, Ota (2019)

My rsy=M = I(M)
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Proton decay phenomenology

Benchmark: Golden channel

Decay mode

7 (x1033 yr)

CaseA, Y@IO,II:]_: R\I;IRE;:S, RF:RX:]_

p%e_‘_ﬂ'g/y,_'_ﬂ'o > 24 /14
2\ 2 + /T
m m, 5 p—en/uty >14/7.3
I'(p—setn)y=—"L[1-—=C Wy C
p—etw/ ptw >1.6/2.8
C=-NYoYsY,| My MpZ(My, Mg, Mg, M,,) p— et KO/ ut KO >1/36
1 1 n—etn /uta >5.3/3.5
M =M = I(M)~

W, = -0.131 GeV?: Aoki et al. (2017); loop function: Helo, Hirsch, Ota (2019)

n—etp” /utp”

> 0.217 /0.228

Super-Kamiokande, 90% CL

10~
7(p = et %) ~ 10%* years (

g M
Y1YoYsYy 1012 GeV

)4
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Proton decay phenomenology

Benchmark: Golden channel

Decay mode

7 (x1033 yr)

CaseA, Y@IO,nzli R\I;IRE;:S, RF:RX:]_

p—etn® /utrl > 24 /14
2\ 2 + /T
m m, 5 p—en/uty >14/7.3
I'(p—setn)y=—"L[1-—=C Wy C
p—etw/ ptw >1.6/2.8
C=-NYoYsY,| My MpZ(My, Mg, Mg, M,,) p— et KO/ ut KO >1/36
1 1 n—etn /uta >5.3/3.5
M =M = I(M)~

W, = -0.131 GeV?: Aoki et al. (2017); loop function: Helo, Hirsch, Ota (2019)

n—etp” /utp”

> 0.217/0.228

Super-Kamiokande, 90% CL

10~4

7(p = et %) ~ 10%* years (

g M
Y1YoYsYy 1012 GeV

)4

Axion emission in the final state
I'(p— etnla) 1 my
I'(p — etnV) 1672
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) ~ O(1072") = exotic modes e.g. p — e*m%a are negligible




Proton decay phenomenology

Benchmark: Golden channel

Decay mode 7 (x1033 yr)

Case A, Yy =0, n=1: Ry=Rg=3, Rp =R, =1 p—etn® /utrl > 24 /14

m m2, 2 9 p—en/utny >14/7.3

D(p— c*n%) = 22 (1= 222 g o

327 m% p—etp’ /utp > 0.72 /0.57

C = —[V1YyYsYs| My Mp T(Mg, My, Mg, M P etw/ e >16/28

__’ 112143 4‘ U iVE | ( W F, S X) p—>€+KO/M+KO >1/36

1 1 n—etnm /utnT > 5.3/3.5

My psy=M = T(M)~—0 —— [ /
167> 6 M n—etp /utp > 0.217/0.228
W, = -0.131 GeV?: Aoki et al. (2017); loop function: Helo, Hirsch, Ota (2019) Super-Kamiokande, 90% CL
2 4
10—4 M
+_0 34
T(p—> e m )~ 10 ears
(p ) Y <Y1Y2Y3Y4 1012 GeV

Axion emission in the final state
I'(p— etnla) 1 my
I'(p — etnV) 1672

2
) ~ O(1072") = exotic modes e.g. p — e*m%a are negligible

For M = foq = 1072 GeV the Super-K bound requires only Y,Y,Y;Y, < 1074
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Axion dark matter in pre-inflationary scenario

Colored scalars Vector-like quarks
S ~ (RS,I’I,YS) ‘;[}L,R ~ (R\P,H,Y\p)
X ™~ (RX7n7YX) FL,RN (RFanaYF)
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Axion dark matter in pre-inflationary scenario

Colored scalars Vector-like quarks All Z,-odd

Lead to potentially dangerous
S~ (Rs,n,Ys) Vi~ (Ry,n,Yy) > stable colored/baryonic and
X ~ (ij n, Yx) FL,R ~ (RF, n, YF) electrically charged relics ...
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Axion dark matter in pre-inflationary scenario

Colored scalars Vector-like quarks All Z,-odd

Lead to potentially dangerous
S~ (Rs,n,Ys) Vi~ (Ry,n,Yy) stable colored/baryonic and
X ~ (ij n, Yx) FL,R ~ (RF, n, YF) electrically charged relics ...

Axion dark matter via the misalignment
mechanism in pre-inflationary scenario

Callan et al. (1978); Gross et al. (1981); Dimopoulos et al. (2008)

02 f :
Q h? ~ Qcpyh? — u
‘ CPMT 5 152 (2 x 10! GeV)

Di Luzio et al. (2017)
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Axion dark matter in pre-inflationary scenario

Colored scalars Vector-like quarks All Z,-odd

Lead to potentially dangerous
S~ (Rs,n,Ys) Vi~ (Ry,n,Yy) stable colored/baryonic and
X ~ (ij n, Yx) FL,R ~ (RF, n, YF) electrically charged relics ...

Axion dark matter via the misalignment
mechanism in pre-inflationary scenario

Callan et al. (1978); Gross et al. (1981); Dimopoulos et al. (2008)

2 z
Qah2 =~ QCDMhZ 00 ( @ )6

157\2 x 10" GeV

Di Luzio et al. (2017)
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Axion dark matter in pre-inflationary scenario

Colored scalars Vector-like quarks All Z,-odd

Lead to potentially dangerous
S~ (Rs,n,Ys) Vi~ (Ry,n,Yy) > stable colored/baryonic and
X ~ (ij n, Yx) FL,R ~ (RF, n, YF) electrically charged relics ...

Axion dark matter via the misalignment
mechanism in pre-inflationary scenario

Callan et al. (1978); Gross et al. (1981); Dimopoulos et al. (2008)

03 5
Q h NQCDMhz ( @ )(

157\2 x 10! GeVv

Di Luzio et al. (2017)

Isocurvature fluctuations are
constrained by CMB data setting a
bound on the inflationary scale

0.9 x 10’
Hy S — 2 H GeV
Qah /QCDMh O GCV

Di Luzio et al. (2017)
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Axion dark matter in pre-inflationary scenario

Vector-like quarks
Vpr~ (Ry,n,Yy)
Fpr~ (Rp,n,Yp)

Colored scalars
S~ (R37 n, YS)
X ~ (RX7 Il, YX)

All Z,-odd
Lead to potentially dangerous

stable colored/baryonic and

electrically charged relics ...

Batra, HBC, Joaquim, Srivastava, Valle, PRL 132, 051801 (2024)

Axion dark matter via the misalignment e BH Spins
mechanism in pre-inflationary scenario <
10" E
Callan et al. (1978); Gross et al. (1981); Dimopoulos et al. (2008) T
107 F
AV ORI S
Q,h* ~ Qcpmh* (= .
CDM 5
¢ 157\2 x 10! GeVv 10
Di Luzio et al. (2017) o
10" £
Isocurvature fluctuations are vl wels . Vs e e
constrained by CMB data setting a 107 it vt v i i SR
bound on the inflationary scale 107107 107 107 107 10 107 107 107 10°
fog (GeV)
0.9 x 107 For 9¢~0(1), axions account for the full CDM
H; < 0 h2/Q 12 011 GeV GeV budget, provided f, ~ 5x101! GeV, a region
a CDM under scrutiny at haloscopes.

Di Luzio et al. (2017)
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Axion dark matter in post-inflationary scenario

Axion dark matter via the misalignment mechanism
in post-inflationary scenario is more predictive.

02 f C
Q,h* ~ Qcepyh* —2 2
“ COM™ 2152 (2 x 101! GeV)
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Axion dark matter in post-inflationary scenario

Axion dark matter via the misalignment mechanism
in post-inflationary scenario is more predictive.

f. )l 6, is averaged over causal patches, (6,%) ~ 2.152

Q h? ~ Qcpuh?® 5 ( o misalignment alone gives f, < 2x10"" GeV.
2/5 2x 10" GeV Axion strings and domain walls also contribute to Q_h?
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Axion dark matter in post-inflationary scenario

Axion dark matter via the misalignment mechanism
in post-inflationary scenario is more predictive.

f. )l 6, is averaged over causal patches, (6,%) ~ 2.152

Q_h? ~ Qcpvh? misalignment alone gives f, < 2x10" GeV.
‘ OMT 252\ 2 x 101 GeV ;
/ X ¢ Axion strings and domain walls also contribute to Q_h?

Models free of domain walls: Ny, = N =1
R

Model | SMsinglet | Ry | Rr | Rs | Ry E/N « W, F: one color triplet + one singlet = N = 1

M; | ¥~(1,1,0) | 1 3 3 |2/3(32/3)| - ASM-singlet mediator can be the lightest
M, | F~(1,1,0) | 3 1 3 1 | 2/3(32/3) Z,-0dd state: no colored or charged relic
) 3 | 1

M; ~(1,1,0 14/3 (8/3) | ° S~ (1,1, 0) gives Ny, = 2: DW problem

n =1; E/Nfor case A/B (C)

3
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Axion dark matter in post-inflationary scenario

Axion dark matter via the misalignment mechanism
in post-inflationary scenario is more predictive.

f z 6, is averaged over causal patches, (6,2) =~ 2.15%
Q h? ~ Qcpvh? - misalignment alone gives f, < 2x10" GeV.
. 20152 \2 x 10" GeV i ; i~ i
¢ Axion strings and domain walls also contribute to Q_h?

Models free of domain walls: Ny, = N =1
R

Model | SM singlet | Ry | Rr | Rg X E/N

« Y F: one color triplet + one singlet = N = 1
M; | ¥~(1,1,0) | 1 3 3 |2/3(32/3)| - ASM-singlet mediator can be the lightest
M, | F~(1,1,0)| 3 1 3 1 | 2/3(32/3) Z,-0dd state: no colored or charged relic
M ~(1,1,0) | 3 3 1 | 14/3 (3/3) + S~ (1,1,0)gives Np, = 2: DW problem

n =1; E/Nfor case A/B (C)

Simulations (Strings + DWs): fo €[5x10% 3 x10'1] GeV Q_h? = Q,,h?

m 5.7 meV 570 peV 57 peV 5.7 peV 0.57 peV 57 neV
[ T T T

Pre-inflationary, 0.001 < 6, <

Post-inflationary, Npy, = 1

f, (GeV) 109 1010 10"

1 1 ]
1012 1013 1014

Kawasaki, Saikawa, Sekiguchi (2015); Klaer, Moore (2017); Gorghetto, Hardy, Villadoro (2021); Buschmann et al. (2022); Benabou et al. (2025)
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Probing the axion-to-photon coupling

Axion-to-photon coupling

Cortona et al.(2016)

a, | F
_ Qe 12 1994
Jar = o507 [N 9()]
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Probing the axion-to-photon coupling

Axion-to-photon coupling

Cortona et al.(2016)

Model dependent contribution for
the electromagnetic anomaly factor
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Probing the axion-to-photon coupling

Axion-to-photon coupling

Cortona et al.(2016)

Model dependent contribution for
the electromagnetic anomaly factor

Case A/B (Case C): E/N values for Yoy =0

SU(3)c SU(2)r

Ry |RF 1 2 3

1|3 2/3(32/3) 8/3(38/3) 6(16)
3|1 2/9(32/9) 20/9(50/9) 50/9(80/9)
3|3 1/3(16/3) 11/6 (41/6) 13/3(28/3)
3|6 2/9(32/9) 35/36 (155/36) 20/9 (50/9)

6 | 3 1/9(16/9) 31/36 (91/36) 19/9(34/9)

3 | 8 [16/63(256/63)(131/126(611/126)|148/63 (388/63)
8 | 3 | 2/21(32/21) 37/42(97/42) 46/21(76/21)
6 | 8 [16/99(256/99)| 79/99(29/9) 184/99 (424/99)
8 | 6 | 4/33(64/33) 25/33 (85/33) 20/11(40/11)

Henrique Brito Camara — DISCRETE — November 16, 2026




Probing the axion-to-photon coupling

Pre-inflationary axion dark matter Models free of domain walls (Np, = 1)
£, (GeV) £, (GeV)
" 10" 10% 10" 10" 100 10° 107 10° 0" 10% 107 10" 10 100 10° 107 10° ,

10° ra 10

lOfl() lofl(l

10_Il lo—ll
~  Feeemeeeeeeae- - L LS NS S Feeeeeeeeeeaae- ey
n | §
> 10" g | 107 —
< S - (o)

2 2 -
_g 10" Qha: 012 IE "_: P - 13 Cé.
55 (misalignment)" a = E 10 —
1 M|, M, : E/N=32/3
1™ ‘\!‘—}]-{_-\_ Case A/B 3 ) 10"
10" KSVZ(hadronic): E/N:O_: M :EB" M?m: E/N=2/3 Ji0"
DFSZ 11: E/N=2/3 c, —
_ka < (.12 DFSZI: E/N=8/3 M,: E/N=813
I 0"6 A 1l 1 a 1 Al n ul L1 L ul 11 1 1 1 suul 1 I O‘Iﬁ
10 107 10° 100 10" 10° 10° 10" 1 1010° 107 10° 100 10" 100 100 10" I 10
m_ (eV) m_ (eV)

Axion-to-photon coupling allows to probe the different models at
helioscope and haloscope experiments.
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Conclusion

« Spontaneous radiative proton decay

U(1)pq = U(1)g,, — Z, forbids tree-level proton decay.
The Z,-odd vector-like quarks and colored scalars generate it at one loop after PQ breaking.

With mediators at foq ~ 10'2 GeV, the Super-K bound on p — e*r® only needs Y < 0.1.
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The Z,-odd vector-like quarks and colored scalars generate it at one loop after PQ breaking.

With mediators at foq ~ 10'2 GeV, the Super-K bound on p — e*r® only needs Y < 0.1.

* Axion

The PQ anomaly sector (W, F) gives a KSVZ-type axion that solves the strong CP problem.

Axion can be all of dark matter via misalignment mechanism: pre-inflationary for 6, ~ O(1)
and f, ~ 5x10" GeV and post-inflationary for the Ny, = 1 models f, € [5%x10°, 3x10"] GeV.
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With mediators at foq ~ 10'2 GeV, the Super-K bound on p — e*r® only needs Y < 0.1.

* Axion

The PQ anomaly sector (W, F) gives a KSVZ-type axion that solves the strong CP problem.

Axion can be all of dark matter via misalignment mechanism: pre-inflationary for 6, ~ O(1)
and f, ~ 5x10" GeV and post-inflationary for the Ny, = 1 models f, € [5%x10°, 3x10"] GeV.

« Axion-to-photon coupling

The mediator representations fix E/N, so helioscopes (IAXO) and haloscopes (ADMX,
MADMAX, ALPHA, ABRACADABRA) can discriminate the models.
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Conclusion

« Spontaneous radiative proton decay

U(1)pq = U(1)g,, — Z, forbids tree-level proton decay.
The Z,-odd vector-like quarks and colored scalars generate it at one loop after PQ breaking.

With mediators at foq ~ 10'2 GeV, the Super-K bound on p — e*r® only needs Y < 0.1.

* Axion

The PQ anomaly sector (W, F) gives a KSVZ-type axion that solves the strong CP problem.

Axion can be all of dark matter via misalignment mechanism: pre-inflationary for 6, ~ O(1)
and f, ~ 5x10" GeV and post-inflationary for the Ny, = 1 models f, € [5%x10°, 3x10"] GeV.

« Axion-to-photon coupling

The mediator representations fix E/N, so helioscopes (IAXO) and haloscopes (ADMX,
MADMAX, ALPHA, ABRACADABRA) can discriminate the models.

Thank you !
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