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New Physics mass scales probed by Intensity frontier

» =% PROTON DECAY

= y~--> lepton flavar
> - » quark flavor

Unified ; ‘
Theories

028810 0BT GS RN 0108 012 B 0 AR 0 SRR (18
experimental reach [GeV] .
(with significant simplifying assumptions) Ligeti/Murayama

Muon g-2, MUZ2E,
heavy flavor physics, BARYON

lepton flavor violation, NUMBER
rare kaon decays, VIOLATION

dipole moments ...




The Standard Model Lagrangian
conserves Baryon Number

The Standard Model may be part of a blgger plcture...




Grand Unified Theories

assume the Standard Model, SU(3)®SU(2)®U(1),
is part of a larger symmetry group, e.g. SU(5):

2B — _
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q 30
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e /[ 3
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Y, Y, Y, w2
2 /30
representations
generators
Consequences:

¢+ Single (unified) coupling
¢ Charge quantization: Q;=Q./3, Q,=-2Q; = Q,=-Q,
* New gauge interactions (X, Y bosons) = proton decay
¢ Other predictions of SU(5): magnetic monopoles,
value of weak mixing angle (poor), massless neutrinos (oops!)
¢ There are other groups, e.g. SO(10) that accommodate massive neutrinos




Gauge Coupling Unification
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No e*nt? seen?
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Unification scale pushed up ¢/ But new modes now present
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Antilepton + meson nucleon decays (conserves B-L)

p—etno
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Theoretical Outlook

Numerous models exist. Lifetime predictions are not precise:
typically uncertain by 2-3 orders of magnitude. Some
theories suppress or exclude nucleon decay.

There are two favored and benchmark decay modes:
e*n® (gauge mediated) and vK*(SUSY D=5)

There are other modes and processes:

B-L conserving (like the above)

B+L conserving

nucleon decay to 3-body final states, maybe all leptons
dinucleon decay

neutron-antineutron oscillation (AB=2)

There is plenty to look for and we should not assume too much



22.5 kton fiducial volume
7.5x1033 protons + 6x1033 neutrons

Super-Kamiokande

SK-1: 1996 - 2001 (91.7 kt y)
11146 50-cm inner PMTs , 40% coverage
1885 20-cm outer PMTs

SK-II: Jan 2003 - Oct 2005 (49 2 kty)
Recovery from accident =T =
5182 50-cm inner PMTs
Acrylic + FRP protective
Outer detector fully restored

SK-1ll: May 2006 - Aug 2008 (31.9 kt y)

Restored 40% coverage
Outer detector segmented (top | barrel | bottom)

SK-IV: Sep 2008 - now (133.5 kt y)

SK-IV All new electronics— record every photon
Detect neutron capture, better u-decay efficiency

Current total exposure: 306 kty

SK-Gd:

Add gadolinium — increase neutron tag efficiency
Date to be determined — coordinate with J-PARC
schedule for T2K.



e+ T

Good event criteria: Time (as)

Fully contained

Fiducial volume

2 or 3 rings :
All rings are EM showers  : e
n® mass 85-185 MeV/c? - e
No u-decay electrons

Mass range 800-1050 MeV/c?
Dnei< 250 MeV/c

tight cut: p, < 100 MeV/c

SK4 only: absence of neutron capture tag

Times (ns)




Background: Atmospheric Neutrinos

COSMIC

Significant effort goes into modeling
neutrino interactions, especially
intranuclear pion reactions.

—_L'—L, Charge exchange

Scattering

Background rate uncertainty
typically 40-60%, dominated

by hadronic interaction uncertainty. %00 35 400 450 500 550 600



" Nuclear Physics of P

S in 16
roton Decay in *°0O
% sk) — — —
| o 10° | |
z / GC) p-state (E, = 16 MeV) @
= p* n* S 3 S
£ o 10 tate (E. = 39 MeV) e
w Bcin 7.0l ' Scp S 10 2 g
1 o Im 8 nucleon-nucleon correlation
T E e E 10 . .
T e = .
1 400 600 800 1000
ol L4 gy Invariant proton mass
Hole Residual States (k) E, E, E, B (k)
(Prn2); ! g.s. 1 5N 0 0 0 0.25
(P3s2)y 6.32 3 PN 6.32 0 some 0 0.41
9.93 %‘ N 9.93 0 gammas 0 0.03
10.70 -;_‘- - N 0 0.5 0 0.03
(5,2 )‘r,‘l g.s. 1 N 0 0 ~20 0.02
7.03 2+ “N 7.03 0 ~13 0.02
g.s. 3 BC 0 1.6 ~11 0.01
g.8. o* 4C 0 ~21 0 0.02
7.01 2t 4C 7.01 ~14 0 0.02
g.8. % - BC 0 ~11 ~2 0.03
(j),! others many states <3-4 0.16

H. Ejiri Phys. Rev. C48 (1993)

few neutrons




Neutron capture on 'H - 2.2 MeV y

Enabled by SK-1V electronics with deadtime-less DAQ + software trigger

muon 2.2 MeV'Yy
primary decay neutron
trigger electron capture on H
P R i R | ...ILu.I.I...luI. .....II...I.I..... [ T
500 1000 1500 2000 535 us
PMT Hit Times (ns) few us few 100 us

Detection efficiency = 20.5%
Can increase to ~90% with capture on Gd

N T 205.2 + 3.7 > — SK-IV Data
800% =
£ ot — e
700" £ 5 10 _+_
600F- Capture time ¢ &t Atm.nu —+ “‘
s = 3 . e
: ¥ 3 n multiplicity =
4000 g Atmospheric
- g === neutrino background
300F P :
. g ' is frequently
200F S A‘:_._—EFI'_'FK accompanied by
100E - neutron production
0: 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 10-1 111 I 11 1 | I 111 | I 111 | I 11 1 | I 11 11 I 11 1 | I
0 100 200 300 400 500 15 2 25 8 35 4 45 5

dt (MS) Neutrino Interaction Visible Energy Log(Evis MeV)



SK preliminary p % 6+7T0

! Super-Kamiokande I-IV p—e*z° MC Signal MC

1000

(00)

o

o
[

600
400 5

200 [

Total momentum (MeV/c)

Protons in 160

N L L L pay |
0 200 400 600 800 1000 1200
Invariant proton mass (MeV/cz)

Signal Efficiency (%) | __SK1__| Skl SKil__| SKVw.ncap

100 <p,., <200 MeV/c 204 +£3.1 20.2+3.1 20.5+3.2 194+1.2
Do < 100 MeV/c 18.8 £0.9 183+ 1.0 19.6+ 1.3 18.7+1.2
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SK preliminar : 6
1000 ..p,_ L T T T p
Atmospheric
L 800 V bkg MC
(<))
=
= 600
- )
£
()]
£ 400
@]
=
£ 200
I_
‘ .:I_. e '|- o .I B lo o .
0 0 200 400 600 800 1000 1200 t’:jurf;j .

Invariant proton mass (MeV/cz) half by n-tag

Background fevts) | SKi__| Skl | SKIl__| SKVw.ncap

100 <p,,, <200 MeV/e  022+0.06  0.12+0.04  0.06+0.02 0.15 £ 0.05
Drer< 100 MeV/e 0.03+£0.01  0.01+£0.003 0.003+0.001  0.02+0.01

Monte Carlo estimates. Background rate also measured using K2K 1KT near detector.
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SK preliminar % 6
1000 ——————————————————— P
sppéi'-.K,al"rr'\ibl'_'(an'de' -IV. data Su pe r-K Data
g i
e 600 -
>
=
o)
£ 400
o
S
©
= 200 Zero candidate
events
oL

D I T I N B
0 200 400 600 800 1000 1200
Invariant proton mass (MeV/cz)

P(T|s 1 e~ The+b)(T ) e, + b)) P...; fegions combined,
ny, np) = A fﬂ 1! systematic errors incorporated:

(?_(lﬂ/\262+b2)(lq/\2 €) + ])2 )nz 7-

- ”2! — > 1.67x10%y

% P(D)P(5,)P(5,)P(8,)d5.d5,ds, B




p—p 7
“flipped” SU(5)* predicts high branching ratio with 2" generation lepton

SK analysis proceeds as with e*nt® with additional requirement of =1 muon decay

SK preliminary

1000 [ 1000 [ 1000 [ T —
Super-Kamiokande I-IV Signal MC : e _siJRe(-l:(-:a(ﬁi'c:aIZE{n‘t:je'l-!V data-
T 800 T 800 1T 800 | - hi e
> > 1>
() () | D
£ 600 I £ 600 I | 600 f
2 2 |2
c c c
() [ () i () i .
€ 400 € 400 | € 400
o F o 3 o 3
£ £ £
£ 200 | £ 200 | 5 200 |
- r [t 3 = L
00 200 400 600 800 1000 1200 C0 200 400 600 800 1000 1200 C O 200 400 600 800 1000 1200
Invariant proton mass (MeV/cz) Invariant proton mass (MeV/cz) Invariant proton mass (MeV/cz)
Signal efficiency Background estimate: Result: two candidate
31.7% - 38.3% 0.87=0.82 + 0.05 events proton decay events.
Consistent with
T 7 78 1033 background.
* J. Ellis, Nanopoulos, & Walker, B y

Phys. Lett. B 550, 99 (2002).



p—vK™T

Kaon is below Cherenkov threshold. This is a search for kaon decay at rest.

.
'
'
! .
! .
! ’
o .
’ .

iV Qbk K7 i
+ T+ & > C°
Y
Qres
v-tag plus 7t*m® SK1 (20% coverage) (new electronics)
SK2 SK4 — w. n-cap
Efficiency 15.7 % 13.0 % 15,6 % +89% — 17.5%
Background rate (ev/100 kty) 0.28 0.63 0.38 64 — 0.19 %
No candidates, 306 kton yr (SK 1+2+3+4 w. n-cap): SK preliminary
T

= > 6.61 x 10°° y

18



INPUT
VARIABLES

Boosted

Dinucleon Decay: pn—m*n®

Multivariate Output

Decision Tree

~
-~

1

signal-like

o e T |

-06 04 -0.2 0

g B 1 BDT Output

Mode Frejus limit (*°Fe) This analysis ('°0)
g pp = nx" 7.0 x 10% yrs 7.22 x 10°! yrs
S pn — nta° 2.0 x 10°° yrs 1.70 x 10°? yrs
nn — n'n’ 3.4 x 10% yrs 4.04 x 103 yrs

J. Gustafson ef al. Phys.Rev. D91 (2015) 7, 072009



Spectral Search for Baryon Number Violation

1200———
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B T T T T ' T T ] 1200 I T T T T T ]
- 1-ring e-like —] 1000 1-ring u-like -
B 4+ Data (SK I-1V) ] B + Data (SK I-1V) ]
— — Atm. Nu. (fit) ] 800_— — Atm. Nu. (fit) ]
B signal spectra: ] B signal spectra: ]
— Op —eX ] 600_— p—> uX ]
- gn - VY ] | m]]np — u\/ ]
B ([inp — ev _ L i
— = Sinp — t(evv)v —| 400— Elnp — twvvy —
- 1L .
L RSy = > B
e ! | 0

- . . - 100 -
— 4 so0E E
- I -
: e E
= . . . . . . = -100 = . . . . . . o
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400

Momentum [MeV/c]

Momentum distribution of single rings is well modeled by atmospheric neutrinos

Lifetime limits: 3 x 103! years to 8 x 1032 years

V. Takhistov et al. Phys.Rev.Lett. 113 (2014) 10, 101801 + to be submitted



pp — K*K*
pp — wrw*
pn — 0
nn — 70x0
p—=etvyv
p—=utvv
p—etX
p—=utX
n—vy
np — etv
np — utv

np — ttv

Summary of Recent Exotic Searches

Frejus Super-K
-
B
‘-
i i i il i i i il R S
30 31 32 33
10 10 10 10

/B (years)

Generally more than an order of magnitude improvement
Some searches are entirely new



Current Benchmark Searches
are in Interesting Territory

Soudan Frejus IMB

p—etrd

p—etrd

predictions

p— et KY
p—>,LL+K0
n — vKY
p— KT

p— KT
predictions
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e ——
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fllppedSU()

| susv SO(10) |
non- SUSY SO(10) G224D R

6D SO(10)

| : KamLAND S
“
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o O
<>
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Benchmark Searches
will be in Interesting Territory

Soudan Frejus IMB Super-K Hyper-K

poretnll L ymm—

mnalSUS)

~ minimal SUSY SU(5)

+ 0 S
-~ flipped SUE)

p—e T
predictions :

© SUSY SO(10)
- - 6D SO(10)

 non-SUSY SO(10) Gezio

n— PKO| @ —r— i AND

JUNO . DUNE (40 kt)
p— pKT|  ¢rmmey—

minimal SUSYSU(5) IR - Hyper-K
p— KT B _non-minimal SUSY SU(5)

predictions Conon :
- SUSY SO(10)

32 33 34 35
10" 10 10 10 10

/B (years)



Conclusion

Testing Baryon Number Violation is an essential
and high priority objective of particle physics

In this talk | have presented updated (preliminary)
search results (negative unfortunately) in the
key benchmark modes

We are also searching many other modes, some novel,
to cover many possible sources of baryon number violation

Neutron capture is being established as a valuable
technique for background reduction — and will
become a major initiative in the next few years
when SK-Gd is implemented
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