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Motivation

e The Standard Model of Particle Physics is great but we
need to look for hints beyond it, especially because of the
current LHC bounds on supersymmetric searches

e A new era of large underground detectors are scheduled to
operate in the near future

e These detectors are both aimed at studying neutrino

properties and as proton decay experiments.
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Current and future discovery/exclusion values (in units of 103

years) will help us to exclude/constraint models

Decay Mode

Current (90% CL)

Future (Discovery)

Future (90% CL)

p— K+ | 666 JUNO: 12 (20) [3] | JUNO: 19 (40) [1]
DUNE: 30 (50) [3] | DUNE: 33 (65) [2]
Hyper-K: 20 (30) [3] | Hyper-K: 32 (50) [3]

p— 7ty 0.39 [29]

p— et 16 [40] DUNE: 15 (25) [3] DUNE: 20 (40) [3]
Hyper-K: 63 (100) [3] | Hyper-K: 78 (130) [3]

p— ptnl 7.7 [40] Hyper-K: 69 [3] Hyper-K: 77 [3]

n— K3 0.26 [25]

n — 7'y 1.1 [29]

n—etr 5.3 [48] Hyper-K: 13 [3] Hyper-K: 20 [3]

n—ptr™ | 3.5 [48] Hyper-K: 11 [3] Hyper-K: 18 [3]




The two prominent decay modes are
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Thes two modes have been traditionally used to exclude and further
construct models
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Being optimistic about the discovery we can have a better idea from

the following sensitivity plots for discovery
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Introduction to GUT



+40 years of Grand Unified Theories

* Georgi- Glashow Model 1974, SU(5)

* 1980-1990 Matching to MSSM fields developed, use of numerical 1-loop beta
functions for the CMSSM

e 1990-2000: Computation of 2-loops beta functions, matching at EW Scale
developed

* 2000-2010: Computation of Higgs Observables, development of tools for probing
SUSY at the LHC

e 2010: Adding of running above the GUT scale, use of supergravity: no- scale
supergravity

* 2013: Code development of no-scale supergravity models
¢ 2015: Lattice calculation reduced to 30% uncertainty in hadronic parameters
e 2017: Lattice calculation reduced to 10% uncertainty in hadronic parameters

* 2019: Refinements in the theory and precision in calculations for PD



Super-GUTS

mSUGRA (4)

CMSSM (5)
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Basic Motivations of GUTs

e Gauge Coupling Unification (one step in supersymmetry,
multi-step in non-supersymmetric models)

e Sound predictions: Proton Decay, explain charge
quantization, anomaly cancellation, neutrino masses, B-L

e Relations among the masses of quarks and leptons simply
because they are in the same multiplet, e.g. in SU(5)

D, 0 Us -U, U' D!
52 1 763 0 ﬁ1 U? D?
5=| Dj 10 = v Uz -U; o U® D3 (1)
E -yl —yz -Us o E
—-N -D' —-p2 —_p3 E 0

In SO(10) all particles are in the 16 representation.
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Gauge Coupling Unification

Supersymmetric (low-scale susy) vs. non-supersymmetric
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1010 102 Scale (GeV)
Scale (GeV)

High — scale Low — scale
Mg =102 TeV Mg = 200 GeV
My =3 TeV My =1 TeV
M3 /My =9 M; /My = 3.5
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Basics of Proton Decay

Computation
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Non-Supersymmetric Models: Dimension-6 Operator

Example with the gauge group SU(4) ® SU(2) ® SU(2): In non-SUSY
GUTs, proton decay is induced by gauge interactions. The relevant
interactions are written as

»Cint = g?/%T [(Q)arxaiTPR(LC)i + (@)aixaiTPL (Lc)r + EijErsEabc(@)aTXbiSPLQCj + hCJ
(2)

) ()

where
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After integrating out the SO(10) gauge fields X, we obtain the
dimension-six proton decay operator. The operator is expressed in a
form that respects the intermediate gauge symmetry,

SU(4) ® SU(2) ® SU(2):

Leg = C(MGUT) - €ijerseagqys(¥C)* PLTPAI (WC)I" Prwds | (4)
where a, 3,... denote the SU(4) indices
eijeri€apys (WC) ¥ PLUAI (WC) T PLudl = e e pys (WC) T PRUPS (UC) T PRUO = 0.

(5)

At tree level, the coefficient of the effective operator is evaluated as

2
Jcur

C(Mgur) = ] (6)
2M%

with Mx the mass of the heavy gauge field X.
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_as5 __9 _
a4(Mint)i| 4by |:a2L(Mint)i| 4baL, |:a2R(Mint)

C(Mint) = ﬁC(MGUT) .
| ]

aGuT aGguT aGuT

At the intermediate scale, the SU(4) ® SU(2) ® SU(2) theory is
matched onto the SM. The effective Lagrangian is written as

4
Lg=) C10;, (8)
I=1

with the effective operators given by
01 = Eabcfij(u%dbR)(QiiLJI;) ;
Oz = apeeij (QEQY) (uher)
O3 = canccisen(QEQY)NQT L) |
O4 = eape(ufpdy)(ufzer) - 9)
We evaluate the coefficients C as
C1(Mint) = 4C(Mint) ,
Co(Mint) = —4C (Mint)
C3(Mint) = Ca(Ming) = 0. (10)
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9

Culmz) = [Sjﬂfﬂ B [f(gwnft))} - {sfﬂi))} o,
catmz) = | 20| B E - B T

The beta-function coefficients should be appropriately modified when
the number of quark flavors changes. Below the electroweak scale, the
QCD corrections are the dominant contribution. W can compute the
Wilson coefficients at the hadronic scale ppaq as

e (ptnaa) | ] s (1) 1 5 [ @ pmnaa) + 5517
i) = [ttt} el | 2 [0le) 4 7

as(mp) as(my) as(mp) + 528
430
as(mp) + 22X ] ~ 3001
— 93 Ci(mz) , 13
[as(mz) + 22‘% (m2) (13)

with i = 1,2.
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Finally, the decay amplitude is given by

mp
327

I'(p — et 70)

m2 2
(1 - ) AL — et 7)1 + |Ar(p — e* 7%)?],
0

where m,, and mo are the proton and pion masses respectively. The
amplitude at EW is computed from

Ar(p— e"n°) = Crp((ud)gur)(p = 2GeV)(n°|(ud)rur|p),
Ar(p = et 7%) = 2CLr((ud)pur)(u = 2GeV)(x°|(ud)rur|pf14)
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Supersymmetric Models: Dimension-5 Operators

J. Ellis, J. Evans, N. Nagata, K. Olive and L.Velasco-Sevilla

1912.04888
QL Qr (L) dr (Sr) uR
Qr L (Qr) tr o' \ Tr
7N\ VAN
/ \ p) \
W w i, Hy
QL Lr (Qr) st (dr) vr

controlled by the effective operators O2f; and O/}, are defined by
. 1 .
O%fu= [ 0 Sean@ - Q@5 L)

O?ﬁ] = /d2c9 eabcﬁiaﬁjﬁkbﬁlc s (15)
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The effective Lagrangian for this contribution is

8" = G OY + SN + hs., (1)
where the effective operators 0?5 ik and (’)” 1, are defined by

Ol = /d 0 *Eabc(Qa Q@5 - L)

O = / 20 T, ;U Die a7

and the Wilson coefficients C2 kL and ok 5L are given by

hQiQipQle, CEM (Mgyr) =
Hg Hc

The leading-order RG evolutions of the C’” L and C” 5L hetween
Mgyt and the supersymmetry breaking scale are given by

B(CsL") = (4m)* A~ O = (—Sg§ — 695 — gg%) ciM + cgp™ (hphl, + huhl)) -

Céikl(MGUT) = hUiEj hUle . (18)

+oip (wg honh)’ O (hok +honl)” + 8 (hhe)

y 12 '
BCER = (am) A Cit¥! = (—8g§ - gﬁ) ' + ot (2mfho) |
) i . k > !

e (v o)t o)



We write the effective Lagrangian for p — K 7; decay in the
following form:

L(p — KT7;) =Crr(usdv;) [eqpe (uhs%) (A v;)] + Cri(udsv;) [eape(ubhd) (s v;)]

—i—C’LL(usti)[eabc(uastL)(chl/i)] + CLL(udsui)[eabc(u%d%)(siui)] .

(20)
The operators Cp,p, (usdyy) and Cpp, (udsyy) are mediated by Wino

exchange, and Cgy(usdv;) and Crp(udsv,) are mediated by the

Higgsino.
Q Qu (L1)
Qu Qu(Lr)
\O/ N He To f
-
- SN - s . A AN -
Qw L (@Qu) QL Lu@r)
FARAY e
A \ wow
7w TN Qu Ly(Qr)
Q Ly (@Qr)
dp (sr) ur dn(sr) up

st (de)

22



QL Qr (L)

N

Qu Lr (Qr) Qv *
I/ \\

7 \ wow
a TN\ QL Lr(Qr)
QL Ly
dr (sr)

un dr(sr) ug

su(dr) v

- 7
Y iy {7

st (dp)

Crr(usdvy) = 7thC§I(mz) , Crr(udsv,) = thsCf?(mZ) ,
Crr(usdvy) = Z Vj1Vj2CJ‘-/;Z(mZ) ,  Crr(udsyy) Z Vj1Vj2C; ( z) -
i=2,3 i=2,3

(21)
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where

" _ Ytyr 2 2 #3314
C’L' - (471_)2 F(H'?m{Rvmﬂ'R) C5R ¢ )

W o_ &2 2 2 2 2 jjlk

o= — | F (M- % % F (M- % < 2 . 22
C]k an |: ( 27mQ17mQ_7‘) + ( 27mQj7mLk):| CQL ( )

Here m;_, mz,, mg,; and myg are the masses of the right-handed

stop, the right-handed stau, left-handed squarks, and left-handed
sleptons, respectively, a; = g2 /(4r), and

M m? m? m2 m2
2 2\ — 1 1 2 2
F(M,m7,m3) = % %{ % 2ln(—2)—7% an(—Q)} . (23)

Note that S 1
@ 24
Mo M3 (24)
where
HL He
¢ -2
e He
H=| u3 |, H=| T, |, (25)
Hf H,
J5l3 —H,

where HY, are the components color Higgs triplets and Hy, are the
MSSM Higgs doublets.



Finally, the decay amplitude is given by

2

2

m m _

I'(p— Ktp) = 32—’; (1 = m’;) [A(p — Kti7)|?, (26)
P

where my is the mass of the kaon and the decay amplitude is given
in terms of the Wilson Coefficients effective at the hadronic scale (2

GeV)

Alp = Kti7) = Crp(usdv)(KT|(us)g dp|p) + Crr (udsv;) (K| (ud) g s1,|p)
+  Crp(usdy;)){K|(us)r dr|p) + Crr (udsv; ) (KT |(ud)r, sr.|p).
(27)
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Supersymmetric Models: Dimension-6 Operators

off _ ikl n6(1) | gk 6(2)
L5 = Cg1yOijii + Co(2) Oijrt +hec- s

where
= = — 2 7 o .
0% = /d29d29 cabecas(T1)*(D}) e 39" (205G Q) LY
5(2 w 2/ _ — —
I /d29d296abcea5 QeQYPe39 B (o=2036 T ) E]

and their Wilson coefficients are

Cijkl _ g% i §ik g3l
6(1) — ~pp2 ¢ ’
citkl _ _ 98 i1 5ik (7)1
6@ Mm% '

(28)

(29)

(30)

(31)
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At the one-loop level, the RGEs of these coefficients can easily be
solved. The coeflicients are then matched at the electroweak scale
onto the effective operators

Lp— 'l

where

= Crr(udul;) [eape (uhd®) (wG11;)] + CrLr(udul;) [eape (ubdy ) (ulp)]

(32)

Crr(udul;) = Cégll)z( Z) s

Crr(udul;) = Vj1 [Cgly) (Mz) + Cl ) (Mz)] - (33)
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Using Nihei and Goto hep-ph/9808255 for the QCD RGEs. The
partial decay width for p — et 7¥ is then given by

I( 0,4+ _ Mp _72 ? 2 +1(2
pnte) = 2o (172 ) sl = 0D + lAatp <], (9

with

2
Ap(p — n%*) = 7M72 A1 - (n°|(ud) guLlp) ,
X

Anlp = 1) = =L (14 Vual®) - Ao (Ol purlp) . (35)
X

where A; and Ay are the renormalization factors:

Ay = A - |:a3(MSUSY):| g |:a2(MSUSY):| =5 {QI(MSUSY)} — i

as(Mour) | | ea(Maur) aw)
A | = I e B
[t) [t o)

with Ay, = 1.25 the long-distance QCD renormalization factor.
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Taking into account GUT threshold corrections

1
2 3 1
My = ( /\95) (M3 Ms)3 | (37)

!

The error in the hadronic matrix element (7°|(ud)gur|p) gives
approximately 20% uncertainty in the decay rate. On the other hand,
the uncertainty due to the error in the strong gauge coupling constant
can be estimated in the same manner as before

47 A
~ Seta) == ) =2
Tripoetat) X TP et )< 9 )(as(Mz)2)

An 1181 \2
:0.11( o ) ( 0.118 ) T(p — et 70) . (38)
0.0011 ) \ as(Mz)
+.0 35 Mx :
T(p—>e ) ~1.8x 10 x(m) . (39)

This expression shows that p — et 7? can be probed at
Hyper-Kamiokande if My < 10'¢ GeV.
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CURRENT STATUS IN THE CMSSM

‘A0/m0=3,ta‘mﬁ=5,u>0135
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CURRENT STATUS SUPERGUT-SU(5)

Ag/my=3,tanf=5,u<0 Expected Limit from
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p— K0 (c=0)

p— K0 (c#0)

p—etn’ (c£0) [

107 1 ||.||.1.034 L |||‘103d s

In the region of sensitivity to Hyper-Kamiokande
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CMSSM super-GUT

DUNE Ag/my=3,tan B =5,u<0
Ag/mg=3,tanf=5,u>0 2.0x10*

= ap F >

3 LSP i 3

Ee 8 1.0x10%
5.0x10

1.5x10* 5.0x10% 1.0x10* 15x10*
m,,, (GeV)
4 PRESENT
Q h
mp, = 125 GeV
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Table 1: Comparison of changes in hadronic matrix elements.

5 £ 7 B

eﬁi:é;); (23:(\)/)2 Error %] E?{S‘g (2%187\)/2 Stat.[%] Er?&rq %) ErrZ}IrCt
(7°|(ud) rurlp) | —0.103 (23) (34) 40 0.041 | -0.131 (4)(13) 3.0 9.7 0.013
(7% (ud)Lur|p) | 0.133 (29) (28) 30 0.040 | 0.134 (5)(16) 3.4 11.6 0.016
(7| (du)rdz|p) | —0.146 (33) (48) 40 0.058 | -0.186 (6)(18) 3.0 9.7 0.019
(7t |(du)rdplp) | 0.188 (41) (40) 30 0.057 | 0.189 (6)(22) 3.4 11.6 0.023
(K°|(us)puclp) | 0.098 (15) (12) 20 0.019 | 0.103 (3)(11) 2.8 10.4 0.011
(KO|(us)purlp) | 0.042 (13) (8) 36 0.015 | 0.057 (2)(6) 3.5 10.7 0.006
(K*|(us)rdrlp) | —0.054 (11) (9) 26 0.014 | -0.049 (2)(5) 3.7 10.9 0.006
(K*|(us)rdrlp) | 0.036 (12) (7) 39 0.014 | 0.041(2)(5) 44 13.1 0.006
(K*|(ud)gsilp) | —0.093 (24) (18) 32 0.030 | -0.134 (4)(14) 3.2 10.3 0.014
(K*|(ud)sclp) | 0.111 (22) (16) 25 0.027 | 0.139 (4)(15) 3.0 10.9 0.016
(K*|(ds)guclp) | —0.044 (12) (5) 30 0.013 | -0.054 (2)(6) 3.6 10.6 0.006
(K*|(ds)purlp) | —0.076 (14) (9) 22 0.017 | -0.098 (3)(10) 2.8 10.3 0.010
(nl(ud)gurlp) | 0.015 (14) (17) 147 0.022, [ 0.006 (2)(3) 30.0 42.1 0.003
(n(ud)ruzlp) | 0.088 (21) (16) 30 0.026 | 0.113 (3)(12) 3.1 10.2 0.012
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Before we finish, remember the interconnection of scales

No-scale supergravity
SU(5) / 80(10) ]\[SS]\[ SUSY SCALE SA[
Mp > My, > Mg

— s

Matching to MSSM Low Energy
fields Phenomenology

Wilson Coefficients have a different
evolution from each scale to the
other
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We can summarize this section with the simple formula (given in
years)

0.1\2 M 2/ M 2
7~ 4 x 10%% x sin®(28) x (j> ( 5 ) ( s ) : (40)
An 100 TeV 1016 GeV

where My is the colour-triplet Higgs mass, Ag is a hadronic parameter and 3 is
the usual angle determined by the ratio of the vacuum expectation values of the

two Higgs doublets of the MSSM.
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Flavoured Channels
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N. Nagata, S. Shirai 1312.7854*

Enter flavour, enter more channels

*Thanks to N. Nagata for allowing me to use figures from his paper and

presentations.
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Recall the MSSM content

Names Spin | Pr | Gauge Eigenstates | Mass Eigenstates
Higgs bosons | 0 | +1 | HS HY Hf Hy n0 HO AY H*
Uy, UR (ZL JR (same)
squarks 0 -1 SL Sr €L CR (same)
L tr b br 1ty by by
€1 €R Ve (same)
sleptons 0 -1 [L fiR Uy (same)

TL TR Vr T T2 Ur
neutralinos | 1/2 | =1 | B® WO HY HY Ni Ny N3 Ny
charginos 1/2 | -1 W* Hf PNIJ cf cf

gluino 1/2 | -1 g (same)
(?ﬁ::gi) (é% -1 G (same)
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1+af o, sf,
mi=m | &y 1+a] &y |, (41)
oy o5 144
with f = Q.. g, dr,exr, Lr. In the minimal SU(5) GUT, there are
relations among the sfermion mass matrices at the GUT scale:

md = Vou(m ) Vi, = Var(m2,) 'Vl , and m2 = Vg (m2 )V, (42)

where Vou, Vgr and Vpr, are the GUT “CKM” matrices.

When the flavor violation is small but sizable, e.g., 6%L ~ 0.1, the
contribution is evaluated as

Crr(udsyy,) ~ 77777; €3 (VudVCSVCZ)@?sL*f )

Crr(udsp,) o~ — = 0208 MMy Mg gy, v oy (5@L*)2 43
LL(U SVT) 3 sin 28 MHcm%V m(g) € ( ud Ves cb)( 13 ) ( )
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In particular gluino exchange becomes important when :

[N

O 1
695 2 2x 1073 x ( |k ) : (44)
sin 28 | My

Then proton decay rates are enhanced

My, =10' GeV m%=mg(1+385) my=100 TeV tanf=>5

!
105 :
0% L 10%
109
— 1 [ =1
5 10 E 10
Z g | =
B i
Lo | < 0%
Togm | 5 T
2 o . s 7
S0 o S0 - 5y
102 | o s w— 0, +
o L oo | dEm DU
SK Limit e SK Limit s
1077 L . X
0.01 0.1

0.01 0.1



The scale of supersymmetry can be probed as the decay rates depend

on this scale

et
ne
K*p

KOt

KO

Red: light gaugino

et

Green: heavy gaugino

1090 10%2 10 - 10% 10 10% 1090 10%2 109 - 10%
-1 fycar]
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L ! L
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ST [year] I [year]
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B-L proton decay modes

K. S. Babu and R.N. Mohapatra 1203.5544

Effective baryon number violating d = 7 operators induced by the symmetric
Yukawa couplings of 10y and 1265 of SO(10). Here the SM quantum numbers of the
various fields are w(3,1,—1/3), p(3,2,1/6), and H(1,2,1/2).
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Summary and Outlook

Optimistic view: Supergravity and supersymmetry are very
rich frameworks which are predictive and allow for the
majority of computed observables to be in agreement with
measured quantities

Pessimistic view: PD, EDMs and flavor observables are a

quicker way to exclude models!

Upcoming proton decay experiments will be ruling some

models and
Make accessible flavoured channels

Need to complete our machinery to studied in a unified
way EDM, proton decay and flavour-violation
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Suggested problem

Consider the flavoured decay mode p — 7K T mediated by the gluino as depicted
in the figure of pg. 38. Take into account the two Wilson Coefficients of Eqs. (43)
and set the Wilson Coefficients C'r;, = 0. Then use the formula for the decay
amplitude of Eq. (26). Can you then find a set of values that satisfy Eq. (44) and
such that the flavour decaying mode of the diagram in Fig. of page 38 renders a
smaller life time than the current limit (check the value in the table of pg. 4) 7

For M use 1016 GeV, for the masses of the quarks at Mz you can use
{m¢, mp, me, ms, mg, my } = {171.4,2.87,0.64,0.055,0.0028,0.0015} GeV. (45)
For the CKM matrix values you can use the current values given by the Particle

Data Group. For the gauge coupling values at Mz you can use g% =0.128,

g3 =0.425,g2 =15
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