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Motivation — Theoretical
m Standard Model (SM):  SU(3)¢c x SU(2)r x U(1)y
m Fermions: 3 families of
Q~ (3,2,+%), ut~(3,1,-2), d°~(3,1,+3), (1)
L~(1,2,-3), e~ (1,1,+1). (2)
m Scalars: H ~ (1,2,4%).
m 19 real parameters: (g)sx, (Mmf)ox, (CKM)ax, mu, A, 8ocp
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Motivation — Theoretical
m Standard Model (SM):  SU(3)¢c x SU(2)r x U(1)y
m Fermions: 3 families of
Q~(3,2,+1), u® ~(3,1,-2), d°~(3,1,+3), (1)
L~(1,2,-3), e~ (1,1,+1). (2)
m Scalars: H ~ (1,2,+3).
m 19 real parameters: (g)sx, (Mmf)ox, (CKM)ax, mu, A, 8ocp
m Consider SM Yukawa sector:
Ly =Y, Qu°H + Yy Qd° H* + Y, Le“H" + h.c. (3)
Phase redefinitions: 5 fermion irreps, 3 terms (and irrep H, U(1)y) ...

SM preserves 2 (flavor universal) global U(1) charges
(1) Baryon number B: [Qlp =+3, [u]p=—-3, [d)]p=—%
(2) Lepton number L: [L] =41, [e°],=—1
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Motivation — Theoretical

m At low energies: quarks ¢ confined in hadrons, but B still preserved

lgqq]B = +1, [73q) 8 = —1, lgq)p =0.  (4)
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— Proton (lightest baryon) is stable (modulo / instantons in SM)
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Motivation — Theoretical

m At low energies: quarks ¢ confined in hadrons, but B still preserved
— Proton (lightest baryon) is stable (modulo / instantons in SM)
m At high energies much above the electro-weak scale (E > Mgw):

m Global symmetries (B,L) expected to be eventually broken
(by gravity at Mp if nothing else)
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Motivation — Theoretical

m At low energies: quarks ¢ confined in hadrons, but B still preserved
— Proton (lightest baryon) is stable (modulo / instantons in SM)
m At high energies much above the electro-weak scale (E > Mgw):

m Global symmetries (B,L) expected to be eventually broken
(by gravity at Mp if nothing else)

m Non-renormalizable operators in SM effective theory (SMEFT):

d=5: % LiLyH? L neutrino masses (beyond SM!)
A ~ 10 GeV for k = O(1)

d=6: <% qqql (multiple) B, L induce proton decay
not observed (yet?)
preserve B — L
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Motivation — Theoretical

m /3 and [ operators in SMEFT more generally: credit: [1]
NZ Vv
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Motivation — Experimental

o~

m Experimental search for J:

decay of p or 2 (in a nucleus) B
baryon — meson + anti-lepton ‘ —
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m Extreme experimental sensitivity to
super-high energies: for C' = O(1)

7, 2103y — A >4-10"° GeV
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— Observe 1 proton for 10%V years
<+ observe 10V protons for 1 year
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Motivation — Experimental

m Experimental search for J:

decay of p or 2 (in a nucleus)

baryon — meson + anti-lepton ‘

m Extreme experimental sensitivity to
super-high energies: for C' = O(1)

7, 2103y — A >4-10"° GeV

m For intuition:

— Observe 1 proton for 10V years
+ observe 10V protons for 1 year

— 1kg ~ 6-10%¢ p (Avogadro)

a e [ TS S S \
32 3 B J
— 1kt ~6-10%p ~ (10m)* water The 22.5kt tank of Super-K [flickr]
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Experimental bounds and prospects

m Main current experiment: Super-K
— running for almost 30 years
— exposure £: now > 450kt -y
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Experimental bounds and prospects

m Main current experiment: Super-K m Bounds from Super-K (90 % CL):

— running for almost 30 years

decay >7/Bly] Elkt-y] year
— exposure £: now > 450kt -y ot 24.10% 450 2020
p— mout 1.6 - 103 450 2020
p— 7wt 3.9-10%2 173 2013
p— Kto 5.9-10% 260 2014

p— KVt 1.0-10% 92 2005
p— Kut  3.6-10% 370 2022
p—net 1.4-10% 370 2024

p—=nut 7.3-10% 370 2024
p—eetet 3.4.10% 370 2020

n—a'o 1.1-10% 173 2013
n— Koo 1.3-10%2 92 2005
n— et 5.3-10% 316 2017
n—rut  35-10% 316 2017

m Note: ¢, b, 7, c heavier than proton, experiments do not distinguish 7 flavor.
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m Main current experiment: Super-K m Bounds from Super-K (90 % CL):

— running for almost 30 years

decay >7/Bly] Elkt-y] year
— exposure £: now > 450kt -y ot 24.10% 450 2020
p— mout 1.6 - 103 450 2020
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Experimental bounds and prospects

m Main current experiment: Super-K m Bounds from Super-K (90 % CL):

— running for almost 30 years

decay >7/Bly] Elkt-y] year
— exposure £: now > 450kt -y o et 24.10% 450 2020
p— mout 1.6 - 103 450 2020
p—owto 3.9-10%2 173 2013

m Main future experiment: Hyper-K

— fiducial mass (f.m.): 8x Super-K po Kt 5.9.10%3 20 2014
E . ) p— KVt 1.0-10% 92 2005
m Cxperiment summary: p— KOt 3.6.10% 370 2022
- p—net 1.4-10% 370 2024
experiment f.m. [kt] year technology 23
Super-Kamiokand 225 1996 Cherenk Pt 7310 370 2024
uper-Kamiokande . - water erenkov » N efe+e+ 34 . 1034 370 2020
— 27.2  present
Hyper-Kamiokande 187 72027 —  water Cherenkov n—m'o 1.1-10% 173 2013
o n— Koo 1.3-10%2 92 2005
DUNE 40 72030s - liquid Ar TPC _ 33
n—m et 5.3 -10° 316 2017
JUNO 20 72025 - liquid scintillator n—rut 3.5-1033 316 2017

m Note: ¢, b, 7, c heavier than proton, experiments do not distinguish 7 flavor.
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Baryon number violation at dim6 in SMEFT

m There are 4 independent dim6 J3-operators gqql in SMEFT

Orr (du)(QL)  (d**uP)(QVLI?) eqpy €
OLr  (QQ)(ue)  (QQPI®)(u%) €np €
Orr  (QQ)(QL) (Q¥QPI)(Q™ L' eyp. €11 €k

Orr  (du)(ue)  (d**uP)(u%?) enpy

Conventions for table: using Weyl fermions. €15 = 1.
¢ =g, soun~ (3,1,42/3), d~(3,1,—1/3), e ~ (1,1, —1) are right-chiral.

Index types: ijkl — SU(2), afy — SU(3)¢c, abed — generations.

m All we need to know: coefficients Cébcd, where I € {LR,RL,LL, RR}

Ly = ZC’,{bcd osed ol 4z are dimensionful. (5)
I
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Computing the decay rates for different channels — procedure

7/19

Use coefficients C¥) in the following procedure:

(1) At EW scale: match JB-operators Or in SMEFT to Oy in LEFT.
LEFT (“low-energy EFT"): SU(3)¢ x U(1) gar with h, Wi, Z)) and t integrated out.

(2) Rotate flavor indices in O%°¢ to mass eigenbasis
(3) Run operators O via RGE down to proton-mass-scale m,

(4) Insert coefficients of O into expression derived from chiPT

In this step we need hadronic matrix elements from lattice QCD.

Vasja Susi¢ (LNF, INFN) Theory of baryon number violation
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Computing the decay rates for different channels — procedure

m Use coefficients C'(V) in the following procedure:

(1) At EW scale: match JB-operators Or in SMEFT to Oy in LEFT.
LEFT (“low-energy EFT"): SU(3)¢ x U(1) gar with h, Wi, Z)) and t integrated out.

2) Rotate flavor indices in @%¢¢ to mass eigenbasis
J 13
(3) Run operators O via RGE down to proton-mass-scale m,

(4) Insert coefficients of O into expression derived from chiPT

In this step we need hadronic matrix elements from lattice QCD.

=Y
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Computing the decay rates for different channels — procedure

m Use coefficients C(®) in the following procedure:

(1) At EW scale: match JB-operators Or in SMEFT to Oy in LEFT.
LEFT (“low-energy EFT"): SU(3)¢ x U(1) gar with h, Wi, Z)) and t integrated out.

2) Rotate flavor indices in @%¢¢ to mass eigenbasis
J 13
(3) Run operators O via RGE down to proton-mass-scale m,

(4) Insert coefficients of O into expression derived from chiPT

In this step we need hadronic matrix elements from lattice QCD.

m Computes steps (3)—(4): Mathematica package ProtonDecay
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Computing the decay rates for different channels — matching

m Matching for step (1):

Lyp= CoeaOf" = 5 Z ed 05" (6)
I

8/ 19

Ore(udue) = (ur®*dr™)(ur e easy o
Opr(udue) = (ur2d ) (ur™erYeas C”«fblz’éudue)
Opr(udue) = (ug,*%d; PP (urerYens, Cv(fbilgudue)
Opn(udue) = (up*dp™)(up epheasy  Coomg' )=
O (uddv) = (up®®ds™) (dy v,) €apy GREGud)
Opr(uddv) = (ur®d ) (dr  v,) €apy L)
O (dduv) = L(dp2ad ™) (up v %) enpy,  CREIW) g

1672 CEL,

=167 (Czﬁ;ljd le:z}c%d)

= 167!' ( Cabc Cacbd Ccabd)
1672 CER,

=16m2CEL,

= 167!' (Cbacd + chad Cbcad)
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Mediation of proton decay

m Simplest way for Oy to arise from BSM physics: tree-level mediation
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Mediation of proton decay

m Simplest way for Oy to arise from BSM physics: tree-level mediation

(a) Mediation by gauge boson X (b) Mediation by scalar T’

q
lyrya|*m) _L
m4 U1
r q
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Mediation of proton decay

m Simplest way for Oy to arise from BSM physics: tree-level mediation

(a) Mediation by gauge boson X (b) Mediation by scalar T’

q
lyrya|*m) _ T
T
T q
X induced O T induced O
(3,2,-2) Orr.rr (3,1,-3) Orr,.LR.LLRR
(3,2,-}-%) OrL (3,1,—%) ORrr
_1
— gauge current: L to R (3,3, —-35) O
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Mediation of proton decay

m Simplest way for Oy to arise from BSM physics: tree-level mediation

(a) Mediation by gauge boson X (b) Mediation by scalar T’

q
lyrya|*m) _ T
m4 Y1
T q
X induced O T induced O
(3,2,-2) Orr.rr (3,1,-3) Orr,.LR.LLRR
(37 23 +%) ORL (3 1 %) ORR
1
— gauge current: L to R (3,3, —-35) O

mIf my =~ mp, g~ 0.5, y <1073 (like 1st/2nd gen Yukawa to H):

gauge contribution dominates!
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Embedding proton decay into a broader framework — GUT

m Paradigm for proton decay: Grand Unified Theories (GUT) in 4D
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Embedding proton decay into a broader framework — GUT

m Paradigm for proton decay: Grand Unified Theories (GUT) in 4D

m Do SM gauge couplings unify at a high scale? 2-loop RGE. ..

e T
60 @' ) log1o("7p"1y)

~ 40 40
2 1
< I
¢ 30 I 30
a3’ (strong) : I
20 1974 —»i 420
[l I
Super-K  —3; '
10 Hyper-K : : =10

I VT P Ot VO O P O U I O VO T TP IO 1 |
2 4 6 8 10 12 14 16 18 20

log1o(p/GeV)
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Embedding proton decay into a broader framework — GUT
m Paradigm for proton decay: Grand Unified Theories (GUT) in 4D
m Do SM gauge couplings unify at a high scale? 2-loop RGE. ..

— For SM factors to be unified in G

26 34 42 50
ogro('%"y) |

T T T T 7T
(1) G is a simple group (one factor) B0E o' (v) i i

(2) SUB)e xSU((2)L xU(l)y C G 50
(3) G has complex irreps (SM chiral) 5 %F

a3’ (strong)

|
'
|
|
1
|
|
I
|
(I | Moy :¢
|
1
|
|
|

20 1974 —»= 1 20
Super-K *:-Pa‘ :
10 Hyper-K *:h‘»: 10
R T OO P P[RR 1., ... LW
2 4 6 8 10 12 14 16 18 20
log1o(p/GeV)
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Embedding proton decay into a broader framework — GUT

m Paradigm for proton decay: Grand Unified Theories (GUT) in 4D

m Do SM gauge couplings unify at a high scale? 2-loop RGE. ..

— For SM factors to be unified in G

26

34

42

50

(1) G is a simple group (one factor) B0k o' (v

(2) SUB)e xSU(2)L xU(l)y C G 50
(3) G has complex irreps (SM chiral) 5 o

— Choice of G (minimal): one of

SU(5) € SO(10) C Eq|
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Embedding proton decay into a broader framework — GUT
m Paradigm for proton decay: Grand Unified Theories (GUT) in 4D
m Do SM gauge couplings unify at a high scale? 2-loop RGE. ..

— For SM factors to be unified in G

ogro('%"y) |

(1) G is a simple group (one factor) B0k o' (v
(2) SUB)e xSU((2)L xU(l)y C G 50
(3) G has complex irreps (SM chiral) < “0F

— Choice of G (minimal): one of b @' swon9) e I 1
Super-K *:—>H
’SU(5) C SO(IO) C Eg ‘ 10 Hyper-K — 3 410
/| /| /| /| /| /| /| /| 1 /| I| I I 1 1 1 1 /|
2 4 6 8 10 12 14 16 18 20
log1o(p/GeV)

m Alternatives: X ~ (3,2,Y), so at least SU(3)c and SU(2), unify

— flipped U(1)y embedding: | SU(5)" x U(1)’, SO(10)" x U(1)’

10 / 19 Vasja Susi¢ (LNF, INFN) Theory of baryon number violation



Finanziato Ministero .
dall'Unione europea dell'Universita aliadomani
NextGenerationEU e della Ricerca

Embeddings of irreducible representations in GUT

m Fermions:
— Neat fit of SM to G-irreps
— This feature non-trivial!

L)

sm [Q[u]e
suG) [ 10 | 5 |

S0(10) | 16 |

Es | or ]
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Embeddings of irreducible representations in GUT

m Fermions: m Gauge bosons:
— Neat fit of SM to G-irreps — all GUTs have at least one X
— This feature non-trivial! — B — L is gauged in SO(10), Eg
sm |Q|u|ec|d| L] group (3,2,-3) (3,2, +%)
= SU(5) v
suG)[ 10 | 5 | 50(10) p p
50(10) | 6 | Es A
— SU(5)" x U(1) v
By | 27 0 soqoy x N
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Embeddings of irreducible representations in GUT

m Fermions: m Gauge bosons:
— Neat fit of SM to G-irreps — all GUTs have at least one X
— This feature non-trivial! — B — L is gauged in SO(10), Eg
sm |Q|u|ec|d| L] group (3,2,-3) (3,2, +%)
= SU(5) v
suG)[ 10 | 5 | 50(10) p p
— SU(5)" x U(1) v
By | 27 0 soqoy x N

m Scalars: 7'~ (3,1, —%) always present in true GUTs
— SU(5): Higgs doublet H ~ (1,2,+3) in irreps 5, 45 or 70
— T also present in 5, 45, 70
— Since SU(5) € SO(10) C Eg¢: H comes with 7" in all cases

11 /19 Vasja Susi¢ (LNF, INFN) Theory of baryon number violation



Finanziato Ministero
dall'Unione europea 5 dell’'Universita
NextGenerationEU e della Ricerca

Proton decay in supersymmetric GUT

m Supersymmetry: fermions and bosons come in superpartner-pairs
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— “dim4” proton decay: via direct mediation of SUSY-mass scalar d°
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Proton decay in supersymmetric GUT

m Supersymmetry: fermions and bosons come in superpartner-pairs

m If R-parity violated: £ > =\’ d°d“u® — N d“QL
— “dim4” proton decay: via direct mediation of SUSY-mass scalar d°

m In SUSY with R-parity: “dim 5" contributions typically dominate

— Left: one example diagram

q [/ l
¥ — Enhancement: due to superpartners
T ~ (more generally: extra lighter fields)
___4___q\ ’lf)i,hi
\b\ 1 2 m5
q q q [ <16 2) 2 g (7)
S 4 mrmsysy
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Proton decay in supersymmetric GUT

m Supersymmetry: fermions and bosons come in superpartner-pairs
m If R-parity violated: £ > =\’ d°d“u® — N d“QL

— “dim4” proton decay: via direct mediation of SUSY-mass scalar d°
m In SUSY with R-parity: “dim 5" contributions typically dominate

7 — Left: one example diagram
q .
¥ — Enhancement: due to superpartners
T . (more generally: extra lighter fields)
___4___q\ ’lf)i,hi
' 2 5
* 1 m
AY o ( ) L @)
q q q 2 2 )2
— 167 mEMmguey

m If mgusy < my: couplings ¢¢T" and ¢lT must be small (< 1)
— In GUT: yes, they are related to SM Yukawas
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A quick guide to computing dim5 proton decay in SUSY GUT

m Procedure

(1) Integrate T" out of the superpotential at Mgur.

(2) Determine the effective dimb coefficients C°~ and C°F.
(3) Use RGE to run down C%L5% to mgysy.

(4) Dress dimb operators with SUSY particles.

Add this contribution to SM operators O; in LEFT.

(5) Continue as before: run O; down to m,, use chiPT.
m Step (2): the 2 J3-operators superpotential operators are
W D —3Cog QUL QP Q0 e, cijens
— Gt (u)a®(d) 5" () (u)y 2 (8)
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A quick guide to computing dim5 proton decay in SUSY GUT

m Procedure

(1) Integrate T" out of the superpotential at Mgur.

(2) Determine the effective dimb coefficients C°~ and C°F.
(3) Use RGE to run down C%L5% to mgysy.
(4)

4) Dress dimb operators with SUSY particles.

Add this contribution to SM operators O; in LEFT.

(5) Continue as before: run O; down to m,, use chiPT.
m Step (2): the 2 B—operators superpotential operators are
W D —3C0ka QUL QP Q" enp €sjem
Cabcd( Va®(d)5" () (u)5 (8)
m Mathematica tools for this computation
— For steps (3)—(4): SusyTCProton
— For step (5): ProtonDecay
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Predictions for proton decay in GUTs

m Typical dominant decay modes (caveats always possible!):

Non-SUSY GUT  gauge mediated p — %™ (m-modes)
SUSY GUT dim5 p— KT0 (-modes)
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Predictions for proton decay in GUTs

m Typical dominant decay modes (caveats always possible!):

Non-SUSY GUT  gauge mediated p — 7%t  (m-modes)
SUSY GUT dim5 p— KT0 (-modes)

m For a given model: predictions have wide span |1]

10% 10 10% 10% 10% 10% 10¥
Super-K (ruled out)
minimally extended

Future sensitivity [90% C.L.]
DUNE (10 yrs @ 40 kton)
= DUNE (20 yrs @ 40 kton)
= THEIA (10 yrs @ 80 kton)
= THEIA (20 yrs @ 80 kton)
== Hyper-K (10 yrs @ 190 kton)
= Hyper-K (20 yrs @ 190 kton)

Y fipped SU(5)

minimal SO(10): M=

SUSY SO(10) __
SUSY St

Es: Myi=

p > e* n° predictions

2 EEESENE]  Super-K (ruled out) === DUNE (10 yrs @ 40 kion)

‘% SUSY SUG) [CMSSMic=0) === JUNO (10 yrs @ 20 kton)

3 SUSY SUGS) [super-GUT: =0l DUNE (20 yrs @ 40 kton)
S mini-spiit SUSY SO(10) = Hyper-K (10 yrs @ 190 kton)

3 extended SUSY SO(10) (ype- | seesaw] = JUNO (20 yrs @ 20 kton)

Py oreried SUSY SO0 typoscosan | THEIA (10 yrs @ 80 kion)

& SUSY SO(10)xUpa(1) = THEIA (20 yrs @ 80 kton)
10°% 10% 10% 10% 10%° 10% 10%7 | === Hyper-K (20 yrs @ 190 kton)

7p (vears)
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Sources of uncertainty in p decay prediction (in GUT)

m Sources of uncertainty: |17]

(a) Unification scale (via mediator mass):

4 4
Tp XX MX XX MGUT
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Sources of uncertainty in p decay prediction (in GUT)

m Sources of uncertainty:

(a) Unification scale (via mediator mass):

4 4
Tp < M5 o< Mayr

for dim6

(b) Flavor uncertainties : from rotating O to mass eigenbasis

— involves right mixing-angles (not an observable in SM)

— can even rotate proton decay away in flipped-SU(5)
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Sources of uncertainty in p decay prediction (in GUT)

m Sources of uncertainty:

(a) Unification scale (via mediator mass): | 7, oc M% oc My | for dim6

(b) Flavor uncertainties : from rotating O to mass eigenbasis
— involves right mixing-angles (not an observable in SM)

— can even rotate proton decay away in flipped-SU(5)

(c) Gravitational smearing/EFT: e.g. nuisance from | F,,, F*Y® /Mp;

— shift in agyT via % ~ 1% — exponential effect in Mguyr

— can be avoided in a model by choice of ®
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Sources of uncertainty in p decay prediction (in GUT)

m Sources of uncertainty:

(a) Unification scale (via mediator mass): | 7, oc M% oc My | for dim6

(b) Flavor uncertainties : from rotating O to mass eigenbasis
— involves right mixing-angles (not an observable in SM)

— can even rotate proton decay away in flipped-SU(5)

(c) Gravitational smearing/EFT: e.g. nuisance from | F,,, F*Y® /Mp;

— shift in agyr via % ~ 1% — exponential effect in Mguyr
— can be avoided in a model by choice of ®
(d) Hadronic matrix elements: parameters «, 3 extracted from lattice

— T B; o |ad; + BAz|?, error in a, 3 estimated at 10-20 %
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Robustness of the calculation (in GUT)

m Controlling flavor uncertainties:
— Flavor fit can control them somewhat

— Decays into © final state:
incoherent sum over flavor states
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Robustness of the calculation (in GUT)

m Controlling flavor uncertainties:
— Flavor fit can control them somewhat

Togio 11/l
s

— Decays into © final state: ey R2E
incoherent sum over flavor states A4 - L =K
- % ponle
m Ratios B;/B; more robust than I'? 1

]
— Relevant when something is observed

— Could distinguish models (1 vs 2)
(“fingerprint” in SUSY GUT [14])
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Robustness of the calculation (in GUT)

m Controlling flavor uncertainties:
— Flavor fit can control them somewhat

Togio 11/l
s

— Decays into v final state: ey R2E
incoherent sum over flavor states T P Y.
= - n-K'v _
m Ratios B;/B; more robust than I'? =

— Relevant when something is observed

— Could distinguish models (1 vs 2)
(“fingerprint” in SUSY GUT [14])

m The problem of the unification scale: ) i
— Each threshold changes angle of RG ) \

— Spectrum — depends on model parameters

107 10° 10t 107 10 107
#GeV]
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Robustness of the calculation (in GUT)

m Controlling flavor uncertainties:

— Flavor fit can control them somewhat g,
— Decays into ¥ final state: ¢ I
incoherent sum over flavor states A4 - e, B8
- K "
m Ratios B;/B; more robust than I'? =
— Relevant when something is observed
— Could distinguish models (1 vs 2) -
(“fingerprint” in SUSY GUT ) »
m The problem of the unification scale: 20
— Each threshold changes angle of RG i i
— Spectrum — depends on model parameters ~ * - e
— Can perturbativity (stability of RGE) o5 -
provide constraints? 0s
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Conclusions

(1) Proton decay can probe very high energy physics (~ 101°716 GeV)

03% years (after 20 years)

(2) Hyper-K will increase 7, bound to ~ 1
— Bulk and time matters

— It seems this will be a “long-distance run”

(3) Many uncertainties in predicting proton lifetime in any (GUT) model
— smaller uncertainty would be preferred

— but may be unattainable without tight constraints
on the spectrum of mediators

— branching ratios more robust, hope to distinguish models
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Conclusions

(1) Proton decay can probe very high energy physics (~ 101°716 GeV)

03% years (after 20 years)

(2) Hyper-K will increase 7, bound to ~ 1
— Bulk and time matters

— It seems this will be a “long-distance run”

(3) Many uncertainties in predicting proton lifetime in any (GUT) model
— smaller uncertainty would be preferred

— but may be unattainable without tight constraints
on the spectrum of mediators

— branching ratios more robust, hope to distinguish models

Thank you for your attention!
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