/O/Lysics Aegonc{ the Standard Wodel and Proton S)tabi/ity
-

ileviez Pef%

PIK)

-
NNN14, Paris, 2014

< i )
57 st

. o A > =
it Gl S 3
A I3 ¥
Asanitt S
LoDk

QPP
RN ),
T S
S SR ”'""0", \




References

, Physics Reports (2015), in prep.

P. Nath, , Physics Reports 441 (2007) 191

B. Bajc, , G. Senjanovic (2002)
I. Dorsner, , Nucl. Phys. B723 (2005) 53.
I. Dorsner, , Phys. Lett. B 642 (2006) 2438.

, 2007 & 2004.

, M. B. Wise, 2009, 2013.

P. Fileviez Perez




B and L Violation: 3 !I

Seesaw Camel

%QQQL (Tp SR s — A > 10™° GeV)

D — 6+")/ P. Fileviez Perez

Kl
e {

= el
5};.5 ¥+
‘v. 1 ..--l.

P o 0 Sl

Standard Model GUTs, Strings ?
Awear ~ 100 GeV [T ° GeV




Georgi-Glashow Model SU(5)

Vorume 32, NUMHBER 8 PHYSICAL REVIEW LETTERS 25 FEBRUARY 1974

Unity of All Elementary-Particle Forces

Howard Georgi* and S. L. Glashow
Lyman Labovatory of Physics, Havvard Universily, Cambridge, Massachusetls 02138
(Received 10 January 1974)

Strong, electromagnetic, and weak forces are conjectured to arise from a single funda-
mental interaction based on the gauge group SU(5).

We present a series of hypotheses and spec- of the GIM mechanism with the notion of colored
ulations leading inescapably to the conclusion quarks® keeps the successes of the quark model
that SU(5) is the gauge group of the world—that and gives an important bonus: Lepton and hadron
all elementary particle forces (strong, weak, anomalies cancel so that the theory of weak and
and electromagnetic) are different manifestations electromagnetic interactions is renormalizable.”
of the same fundamental interaction involving a The next step is to include strong interactions.
single coupling strength, the fine-structure con- We assume that strong intevactions ave medialed
stant. Our hypotheses may be wrong and our by an octet of nentval vector gauge gluons as-
speculations idle, but the uniqueness and sim- sociated with local color SU(3 swmetr
plicity of our scheme are reasons enough that it —
be taken seriously.

Our starting point is the assumption that weak
and electvomagnelic forces ave wmedialed by lhe
vector bosons of a gauge-invayviant theovy wilh
spontaneous svmmelyry breaking. A model de-
scribing the interactions of leptons using the
gauge group SU(2) @ U(1) was first proposed by
Glashow, and was improved by Weinberg and
Salam who incorporated spontaneous symmetry

(] SS50C1d
breaking." This scheme can also describe had- they may be asymptotically free.”
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Unification of Gauge Couplings !
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Running of the gauge couplings in the MSSM

Dimpolous, Raby, Wilczek, 1981; Ibanez, Ross, 1981; Marciano, Senjanovic, 1982; Einhorn, Jones, 1982.

Evolution in the Minimal Supersymmetric Standard Model

75 10 125 15
log;o(/1GeV)
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Scenario I: Scenario II:

Main focus of this talk !
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Introduction
Grand Unification vs. Proton Decay
Nucleon Decay in Supersymmetry

Summary
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Introduction




Proton Stability

SM: In the renormalizable SM the proton is stable !
Baryon number 1s a global symmetry broken at the quantum

level by SU(2) instanton processes in 3 units (AB = 3)

Matter Unification: In theories where quarks and leptons are unified one

can have B violating interactions which mediate proton decay
(Pat1, Salam, 1973)

D . e e SEARTE

GUTs: In grand unified theories ( SU(5), SO(10),..) B is explicitly broken
at the high scale and generically one predicts proton decay.

SUSY: In the MSSM B and L are explicitly broken at the renormalizable
level by RpV interactions and generically one predicts proton decay.

e (_1)3(B—L)—|—25

P. Fileviez Perez
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Experimental Results: AB =1, AL = odd

Soudan Frejus Kamiokande IMB

p—>etno
n—etn

p = p*nd
n—p*mT
p—vmt
n—vno
p—>e*n
p—u'n
n—-vn
p—>e*pl
n_,ei‘p-
p—>u*p0
n— u*p-
p—=vp*
n—vpo
p—etw
p—pfo
n—=vow
p—etKoO
n—etK-
n—-ekK?
p— u*KO
n—up*K-
p—=vK™*
n—-vK©0

p — et K*@892)°
p — v K*@892)*
n — v K*@g92)°

J. Raaf @ NNN13
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SK Results and papers on proton decay

+

2014: p— etvr, uvv

2014 p— KTw

2013: M — IO, p— U
2012: P — ,LL+KO

2012: p — 070 0T 0T p, 0T w

2000: p — el ptad

2005: p — K0, umKY et K
1999: p — K1

In my opinion, if SK wants to discover proton decay, more effort is needed !
As | will explain, we have no idea which is the dominant channel.
Therefore, it is important to investigate all possible decay channels !




Kamiokande and the Supernova Discovery

Curtain of SN1987A neutrino drama was raised.

Fax from Sid Bludman to E. Beier

=
y T FEUSENE BEIER

A WENT orF
5o wic

seusm'caNAL NEWS [/ SUPBgNeV
¥~ DAYS AL IN LARS-& Mo-eLLEl|c ct_au:“ é,__
C AwAy . New NWBLE MABNTUEE YT N
F%H MAR I MUM MABMIVOE (=t ) (N A 3
3 v SEE 1T P THIS A COHAT e HAVE

gep yertes R/

QN BLudMA
@15)5¥e- 3083

CAN YO
peen oA 1IN,

Unfortunately, | cannot send a fax to tell you which proton decay channel you will see at SK ;)

| have no idea !

P. Fileviez Perez




Grand Unification vs. Proton Decay




Non-SUSY GUTSs

d=6 gauge: O(eg, dg) = c(eg, dg) €ijk F 7" U, e_C Y Ak,
O(eq, dg) — c(ea, d< ) eijr u& Y u; dkﬁ Y €as
O(vy, da, dg) — C(I/l, da, d ) €ijk U; 7“ djq dkﬂ Yu VI

after integrating out the superheavy gauge bosons.
2 2
cle,d), cle,d) & c(v,d,d°) ~ gaur /My

My > 10171 GeV naive !

in agreement with gauge coupling unification at the high scale.

Unfortunately, the values of the Wilson coefficients can change dramatically in different models !

P. Fileviez Perez




Georgi-Glashow Model

Georgi, Glashow, Phys.Rev.Lett.32:438-441,1974

G = SUB) R SUR)RQU(1) C SU(5)

a3 a9 aq — Ay

Matter Assignment

[ dC (0w —uf w
& e 0 C
d, 1 %3 C 1 e
5 — dg 10 = /2 Uqy —Uq 0 us
e —Uu1 — U2 —Uus 0
_ —d —d —ds —e
\ v ) . \ 1 2 3
Higgs Bosons
(T3
15
2 2
5H — T3 24H = ( _8 (3,2) ) -+ 2
7+ 232 3

C

2 0
w0 5 )=

P. Fileviez Perez




Georgi-Glashow Model
Georgi, Glashow, Phys.Rev.Lett.32:438-441,1974

Xy Y1
G, B v, b Dl
I 123 K X3[.l- Y3M

— New B violating interactions — THE PROTON IS UNSTABLE !!!

ET’YO?:’YMDME — g5 (d°) ¥ (Xuer — Yu«’/L)/\/5

Tr10iv*D,10 — g5 (e€); v* (X,dr — Y,ur)/vV2 +

g (T v X + drv* YuuO)) /V2

v

C 2 C L
O(eq,ds) = ki cle,,dp) eijr ul ¥v* uj e vy dig
P. Fileviez Perez




Why the Georgi-Glashow model is ruled out ?

e The unification of gauge couplings in disagreement with the experiments

e Mg = M} at the GUT scale in disagreement with the experiments

o M, =0

What are the simplest realistic extensions of the Georgi-Glashow Model ?

Type 1I-SU(5) I. Dorsner, P. F. P., Nucl. Phys. B723 (2005)53
Type llI-SU(5) B. Bajc, G. Senjanovic, JHEP 0708 (2007) 014
Adjoint-SU(5) P. F. P., Phys. Lett. B654 (2007) 189

P. Fileviez Perez




Minimal Realistic Non-SUSY SU(5)

Type 1I-SU(5) I. Dorsner, P.F.P Nucl.Phys.B723:53-76,2005
Matter: 5 = (d°, e, v), 10 = (u®, Q, €°)
Higgs Sector: 55, 24y, 155

15 =(1,3,1 3,2,1/6 6,1,—2/3
( : ), D ( g/ ), D ( » /3)
b c

Neutrino Mass through the Type |l seesaw mechanism:
Y, 55155 + p 5% 5% 155 + h.c.

M,=Y,<A>=Y, uvy/Mx
Charged Fermion Masses: Yg # Yg higher-dimensional operators

Unification: O.K. The theory predicts a light scalar leptoquark ®,

See also: I. Dorsner, P.F.P, R. Gonzilez Felipe, Nucl.Phys.B747:312-327,2006
I. Dorsner, P.F.P, G. Rodrigo, Phys. Rev. D75 (2007) 125007




I. Dorsner, P.F.P, G. Rodrigo, Phys.Rev.D75:125007,2007

T < 2 X 103 years
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Type lll seesaw and Non-SUSY Unification

B. Bajc, G. Senjanovié, hep-ph/0612029

Matter: 5 = (d, e, v), 10 = (u%, Q, %), 24

Higgs Sector: 55, 244
24 = (8,1,0 1,3,0 3,2,—5/6 3,2,5/6 1,1,0
( ), D ( ), D ( /6) D ( /6) D ( ),
P8 P3 P(3,2) P(3,2) PO
Neutrino Mass:
Yy 5:245 + + 5, x (Y2424 + Y) 24y 24 +
Y Tr(24 24y)) 55

Charged Fermion Masses: Yg # Yg using higher-dimensional operators

Unification: O.K. The theory predicts a light fermionic SU(2) triplet p3

See also: |. Dorsner, P.F.P, JHEP 0706:029,2007.




T < 1036—37 years I. Dorsner, P.F.P, JHEP 0706:029,2007

205 ' ' ' ' '
: A=1.2%10'9 GeV ///

M; =Msur

MP3=7'9 x10° GeV
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Q
S
—
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o
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o
-
o

M01=] 00 GeV
>

105 GeV

M

1555 156 1565 157 1575
Log, (M7 / 1 GeV)

See also: B.Bajc, Nemevsek, Senjanovic, Phys. Rev. D 76 (2007) 055011; L. Di Luzio, L . Mihaila, 1305.7034




Nucleon Decay in Supersymmetry




MSSM Interactlons

WRpC = YuQHuuc P YdQI_IddC ma Y;LHdec a5 /J'Hqu

Wrpv = eLH, + ALLe® + X QLd® + X u°d°d°

Cold Dark Matter !

[1:> Massless Neutrinos !

P. Fileviez Perez




B and L Violation Lin the MSSM

Wiy = eLH, + ALLeS + X QFEdS ¥ X uSd°d°

Ay AR
Wipc = XLLH e -I- QQQL + TucdC

Missing energy at the LHC (DM) vs Neutrino Masses ?

P. Fileviez Perez
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See e.g. P. Nath, P. Fileviez Perez, Physics Reports 441:191,2007

Proton Decay and M-Pa ritg[

X OLEds
X uCdede

Channel : 7, 0.+ > 10°° years

Mj ~ 10° GeV




y

diw oty RS ANAR MY A

=5 operators

p— Kto (1> 2.3 x 10**years)

u 7
X(g <
' PR g } 3 l
d}. A 1'1 '

--—

My > 10'"GeV (NAIVE)

DimopouLos, Ralog, wilezek; Arnowltt,
Chawseddine, Nath; Goto, Nihel; Lucas, Raby;
Bajc, P.F.P., Senjanovic




d=5 contributions Bajc, P.F.P., Senjanovic

o (DTCN)1i.2:(UT D*)13(DT AU )33(U"' D)32,31

~
-

o (DT AU)13.23(U" Y5 D2) 32,31 (Ul Y D*)13(DTCN)3i

x (DTQN)li,zi(UJYJvD )13(DTA{])33([}TY15D;)32,31

contritrution

i

o (U!D*D})11,12(D"YuUe)23.13(U! B* E;)ss(ET YaN)si

o (DT AU )13.93(UY3U. )31 (DY D) 3,13(DTC N5

o (DTCN)y;0:(ULYU*)15(0T AD)33(DY3 D} ) 32,31

o (DTAU)1323(0'U )31 (DTD*)9313(DTCN)3




Minimal Supersymmetric SU(5)

S. Dimopoulos and H. Georgi NPB(1981); N. Sakai Z. Phys. C (1981)

Chiral Superfields: gi, 10, 51, gH, 245

Vector Superfields: 24

0 U3C' - C?C Ul Dl \

10=2| Uy -U7 O Us Dj
-U; -U, —U; 0 E¢
\ -D1 -Dy —-D; —E° 0 /.
( DY (T (T
~ 1 13 . 2
5= Dg 5H = 13 S = Ts
E Hy H;
\ —N )L \ Hg \ —Hf
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e Unification: O.K.
e Mg = M} (b— 7 unification 0.K.)

e M, = 0 if R-parity is conserved

The Minimal Renormalizable SUSY SU (5) is ruled out !!

The non-renormalizable SUSY SU(5) model 1s OK,
see: Bajc, P.F.P., Senjanovic, 0210374; 0204311.

Unfortunately, the proton decay lifetime cannot be
predicted in SUSY because one needs to know the full spectrum of
supersymmetric particles !

In minimal SUSY SU(5), assuming m ;~ 1 TeV: M7 > 10" GeV

Note that in general we do not know (l7T U)jl(ET D)




(JH, Kobayashi, Kuwahara, Nagata (13))
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SO(10) GUTs and proton decay

160105 108 9od0,, .

These theories are considered very appealing because the
fermions are unified in the 16 representation. However, one
has different breaking scales and it is very difficult to predict
the lifetime of the proton.

For recent studies see:

G. Senjanovic, 2012
H. Kolesova, M. Malinsky, 1409.4961
Mohapatra et al, 1202.4012
Babu, Pati, Tavartkiladze, 1003.2625
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The Desert Hypothesis plays a major role in our view
of the relation between the physics at the low and
high scales. Proton decay could tell us if this picture is correct !

There are two realistic SU(5) models which predict a
proton lifetime around 10°36 years.

Proton decay bounds set a severe constraint on SUSY GUTSs
and together with the LHC results one can understand
if they are viable.

More effort is needed in the experimental community.

SK can use the data to constraint all possible decay channels.
They could make the data public and other experimental
groups could make independent analyses.

35




Proton Decay

by David Halliday

A proton once said, "I'll fulfill
My long-term belief 1n free will.
Though theorists (may) say
That I ought to decay
I'm damned 1f I think that I will."

P. Fileviez Perez




