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The bottom-up approach has received a lot of attention recently
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If we saw proton decay, how could we pin down the underlying model?
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We use a ladder of EFTs to calculate decay rates
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Just a handful of two-body decays could be leading signals
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Leading signals predicted by operators are fixed by symmetries
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Some LEFT operators are only generated above dimension-/ at tree level
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We calculate decay rates using BxPT ok, e an T
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We package the decay rates into numerical matrices that are available online
https://zenodo.org/records/12664776
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Running can lead to large enhancements in the limits derived

AB = AL =1
qqq, = (Q'Q)(Q'LMeye;
W = (Q'Q)\@'e"e,

= (d'a"(ia'e" * Running dominated by gauge interactions,
! T~ b can be large
@duql — (dTuT)(QlL])Gij

e Assume single-operator dominance

or P2 With RGEs
810"

= 6105 Pt e o K J=6 o Expressions look like
< = d
r UM 2
S 16— = —4g5¢; +
= 4-10" dc;

5 e 1.6 - 2.5 factor enhancement
2.10

e Strongest lower limit

Al > 210" GeV

Without
RGEs




The effect Is milder at dimension 7/ because of an accidental cancellation
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Pairs of non-zero Wilson coefficients show how different decay modes provide
complementary constraints
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Several positive signals may allow us to exclude or determine if a single operator
dominates
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Several positive signals may allow us to exclude or determine if a single operator
dominates

Recall uncertainties in a, f!
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Decays to (anti-)leptons are generated at
dimension (6) 7 in the SMEFT




Example UV model shows flavour is important

Introduce scalar LO and vector-like fermion
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Model generates two d = '/ operators at tree
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Example UV model shows flavour is important
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Example UV model shows flavour is important

Introduce scalar LO and vector-like fermion

0 ~3,1,3) 0 +0]~@32,<

Model generates two d = 7 operators at tree
level
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Conclusions

» Depending on symmetries, dominant contributions from eitherd =6 (B— L =0)ord =7 (B — L = 2)

 RG corrections are important, limits enhanced by up to factor of 2.3

« Complementary constraints exclude flat directions

e Several positive signals may allow us to determine the origin of baryon-number violation

e Caution: Uncertainty on hadronic inputs is large
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Name Operator

Permutation symmetry

Dimension 6

Oqqql (Q;Qg)(QiLg)Ezkegl D D
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O e (dyuy)(utel)

Odugi (d;r?dz) (@ ;L;Lg)ew —
Dimension 7

Oldaddr (Lpdg)(drds)H )
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Oéqddﬁ (—PQg]) ( Iy CE)H ! €ij

Oarr (Lpdy)(wrdi)H
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Some two-body decays proceed through dimension-/ LEFT operators

Decay mode  Limit [10°* yr] Hyper-K [10°* yr] AT AS AL Name Ref. |56] Operator Flavour Indices AI AS
Proton channels 11r1 % 0
<=
p — w0t 2.4 3.2 -+ 0 -1 OB s 05 o0 (dYiDal)(viatds)  (3,6)  21rl 0 1
p— mout 1.6 7.7 —1 0 -1 1172 0 1 w
0,4+ 1
p—ne 1.0 4.3 —35 0 -1 1
V,LL " = _ 11r1 5 0
p — 770/~L+ 047 49 _% 0 — [Oddu ]{pQ}"’S Oul/le (deD“dq)(l/;[U“us) (10’ 1) 12,,,,1 8 1
p— mty, 0.039 — 0 &£1 1
0,+ o _ _ V,RL N = _ 11r1 - 0
P Koe + 010 ! ! ! [Oddu ]{PQ}"‘S OquDZ (@ZDHJCE)(VIO#US) (37 6) 1271 (2) 1 d=6 =7
p— K 0.16 — -1 1 -1 of ~ CSMEFT . GFX
p— Ktu, 0.59 3.2 0 1 41 VLI TT] ) — ) 111 2 0
_ [Odc’ld ]pqrs Odele (dpzDﬂdQ)(elaﬂdS) (107 1) 121 i 1
p— KV 0.10 — 0 -1 -1 r
p— Kou™ 0.16 — 0 -1 -1 - 11r1 20
V,RL « . _
Neutron channels Oadi Vpayrs  Odeans (dyiDudy)(eratds)  (3,6) 1271 1 1
n — v, 0.11 — L0 41 Hrz 11
n — v, 0.016 — s 0 =1 - 1171 20
n—n et 0.53 2.0 I g OV s Oheaps (4piD,dy) (&0 dl) — (6,3)  12r1 1 1
n—m pt 0.35 1.8 -z 0 -1 12 1 1
n— e 0.0065 — 50 1 3
V,RR\ [ 1] « = _ 111r = 0
n—wtp” 0.0049 - 30 1 05t Toars Oleaps (dhiDydy)(e,otdl) (1,10 1917 i ]
n— Kte™ 0.0032 1.0 1 1 1 ﬂd=7 ~ Cd=7 E
n— Ktp~ 0.0057 — 11 1 AB=—-—AL =—-—1 SMEFT A
n — KO, 0.013 - 0 1 =1
n— K et 0.0017 E g0 -1 -1 . .
n — K, 0.013 — 1 -1 1 Dimension-7 LEFT operators generated at

dimension-7 in the SMEFT

Or,apa = (L'6,0)(d"iD*d")

Decays to (anti-)leptons are generated at
dimension (6) / in the SMEFT

— (26 VNI iDFT"
'56]: Liao, Ma, Wang 20085.08013 Oeddap = (€0,d")(d'iD"d")




Direct and indirect methods of calculation roughly agree, huge improvement

. . (7" |(ud) dr|p) R g
e Uncertainties have improved Aoki, et al. 0806.1031 " e
a lot over the past decade! (| (ud) pdglp) | R P

a = —0.0112 = 0.0012gat) £ 0.0022(5yst) GeV®
B = 0.0120 £ 0.0013 (stat) & 0.0023(5yst) GeV©.

e Direct method can give
lifetimes 2-5x larger ~ 22 % uncertainty
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Yoo, et al. 2111.01603
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We match onto the BXPT using operator symmetries

SU3), X SUB3)r — SU®3),

Name [42] Operator  Flavour Al AS
7r0 n >0 A° _ _
=+ NG xt K* NG + NG T p 05 (ud)(dy,)  (8,1) L0
([“ral (us)(dv,)  (8,1) 0 1
B LA KY > r AN :Ozsbdg” - (ud)( T) ( | )

M = /A —— 4+ — B = B —— 4+ — n CLad 1112r ua)( Sy, 8.1 0 1
bV vEove [l d 8,1 L

) 4 5 - 0 7 0 Ogu J111r - (du)(uer) —(8,1) =3
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O e (dat)(ue,)  (3,3) -3 0
1 O3 511, (tat)(ue,)  (3,3) -1 1

_ . . y _ - _ °

ng ~ (39 3) [foTyr]l ~ (ql'qj)(qur)el]k T _(qiqj)(qmyr)el]mélk _ngzﬁl;_lllr (dTﬂT)(dl/r) (3,3) % 0
_ Sl o L3L o7 O Jir (S'al)(dr)  (3.3) 0 1
5TB§T ~ (39 3) D [@u;’d ]lllr’ [@u,dd ]121r’ [@u’dd ]112r :03&51121127" (d'a')(svr) (3,3) 0 1
. Oii Npapr (@) (wr)  (3,3) 0 1
Bt~ (3,1) Projection matrix P;; necessary to pick out Oy, 1y (dial)(uler)  (1,8) -3 0
O o, (stal)(@fel)  (1,8) -1 1

E'BE ~ (1,8) component corresponding to single operator —duu




RGEs

. 20
Cduue,prst = (_4&% — 28 12) Cduue,prst _ ?g 12 Cduue,psrt
. 9 11
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. 9 23
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Limits compatible with gauge-coupling unification at the «,, a5 crossing for
c> 1072
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JG, Dutka, arXiv:2211.092854

A model with dim-7 proton decay: Low-scale Pati-Salam (1)

Balanced
antisymmetry

For now, just one generation

e At dimension 5, a set of Weinberg-like operators generate diquark

: Uy, 1y
couplings for y f; = (d ) ~ (4,2,1)
! L €L
) — foi gPj vk lp o ¢
Field content J  Number of operators (©x); 1 x fX A4 Caprsticu Ur LR
L) k= \dy o) ~ G2
O'RlEE 0 ne(ng+1)/2 g o
@TXTfo 0 NeN f g){d 5 my, D)(deR
@T(P&f O ng (ng -T- 1)/2 VR . ~ (49 19 2)
vIxT fr o 0 ng(ng+1)/2 N Z CyVg - dyity 7
'x'frfr 0 ng(ng + 1) V2A
X'X'frfr r(ny XE(LR) E~(1,1,1) @~ (1,2,2)
(DXTfLE 0 NeM f + h.c.
] 4
X' x§¢€ 0 ne(ne +1)/2 £ = cos ON; — sin Qv + O(u/vg)NE SU4) & SUR), ® SU(2)g
xxfrfr 4 ng(ng +1)/2 L
ml/t
xxfrfr 4 ng(ng +1)/2 sin @ ~ SUB3). ® SUQ), ® U(1)y
dDEE 0 ne(ne +1)/2 | Vi




JG, Dutka, arXiv:2211.092854

A model with dim-7 proton decay: Low-scale Pati-Salam (2)

e Integrating out)(d from 3){" gives two B — L = 2 dimension-6 operators in the WET

ZL i D — oy?dy + Z Xk dyity ¥ + h.c '/O(O) Ir

R xe({LRr} V2A Y - m

=== == VRSINU S Yp
: | YrVR |

705y iX sz 4 RAS;: (uydy)@,dg) +h . C. 7

X X v

N CX n, . ( J )(17 d )+ hc — @S,XR WET basis: Jenkins, Manohar, Stoffera,
- \/5 V2 Uxdx)\V1dR i udd arXiv:1769.84486

e Dimension-7 operators generated in the SMEFT: (ZdR)(uRdR)ﬁ and (l_,dR)(QQ)ﬁ

0

e Predict the dominant decay modes:n — #°v, p — v




Proton Decay
(has never been observed)
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Image credit: https://higgstan.com/protondecay/




Proton Decay .
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