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TLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary
fatus: LP 2013

S L 3 JLdt=(44-229)b" 5=7,8TeV
Model e .7, Y Jets E'T"“ JLati ) Reference
MSUGRA/CMSSM Tep JGots  Ves 203 ATLAS CONF 2013082
MSUGRA/CMSSM L] T10jets  Yes 203 ATUAS-CONF 2013054
33, g--afl 0 26jots  Yes 203 ATLAS CONF 2013047
Y [ 2605 Yes 203 ATUAS CONF-2013-047
RE, B-Q0t] —=qaW i} Tepu IGots Vs 203 ATLAS CONF 2013.082
#E—a0qat((COWIT; 2e9158) Ips Yes 207 ATULAS CONF 2013007
GMSE (F NLSP) 2en 2.4 018 Yos 47 1208 4088
GMSS (/ NLSP) 12¢ 02mts  Yes 207 ATLAS CONF 2013026
GGM (bino NLSP) 2y 0 Yos 40 ol 150 GaV 1200005
GGM (wno NLSP) Tewey 0 Yos 48 50 GaV ATLAS CONF 2012144
GGM (hggeno ind NLSP) Y 16 Yos 48 ot} )>220GeV 12911167
GGM (hggsno NLSP) 2e.uill) 03jpots Yes 58 | M) >200 GV ATLAS CONF 2012142
Gravisno LSP o mono-pt Yes 105 1104 o ATUAS CONF 2012147
: 7 -bbi} o s Yes 200 R 1.2TeV ATLAS CONF 2013081
iz ,7.,353 0 7100 Yes 203 |E 1.94 Tev ATLAS CONF 2013 054
® = PRIy Oten s Yes 2001 i 134 TeV ATLAS CONF 2013061
T 3 -bii, Otep as Yes 200 |& 1.3TeV ATLAS CONF 2013081
bk, by -bi} 0 26 Yes 201 b 100830 GaV ATLAS CONF 2013083
byby, by —th) 2e4(58) 036 Yes 207 | 430 Gev ATLAS CONF 2013007
T iy (WPt By ~bE T2ep 120 Yes 47 ESTGEN 12084306, 12002102
Ty (ght). & Wk} 2ep O2mts Yes 203 IR 220 GeV ATLAS CONF 2013048
Ty By (medium), 2Zep 02pets  Yes 203 |i, 150-440 GeV ATUAS CONF 2013048
i i fy (medum), 0 26 Yes 201 |i 150-500 GeV' ATLAS CONF 2013053
fi iy (heawy), T Tep 1e Yes 207 i 200610 GeV ATUAS CONF 2013037
L T &y (heavy), Ty et} 0 26 Yo 205 | 320-680 GeV (T 10 GaV ATLAS CONF 2013024
1y fy (natural GMSE) 2enld) 16 Yes 207 | 500 GeV mi]1>150 Gav ATLAS CONF 2013025
L -+ 2 3e.pul2) 1 Yes 207 i 520 GeV o(h o] o180 GeV ATLAS CONF-2013-02%
W, T—tE] 2ep 0 Yes 203 |7 £5-315 GeV {1140 Gev ATLAS CONF 2013048
3 Jde(57) 2ep 0 Yes 203 |6 125450 GeV w0 GaV, (7, Ppeld SIMGT] JomiT] ) ATLAS-CONF-2013-049
@ 3 =M(r¥) 2r 0 Yes 207 | & 180330 GeV {7 10 GV, (2, P)eD Simii ] pormihs ATULAS CONF 2013028
vl lr), 6 () Jen 0 Yes 07 R 600 GeV T} Jeen(TS), TS a0, 7, P S} JorT 1) ATUAS CONF-2013-095
W 2R Jep 0 Yes 207 l%é 315 Gev w0, sloptons decoupled | ATLAS CONF 2013038
Divect T ¥y prod., longdived ¥ ] 1jet Yes a7 i)<tons 12002852
Stabie, stopped § R-hadron 0 Sets Yes 29 i 857 Gev (£ )=100 GeV 10 ps<r{@)<1000 % ATLAS CONF 2013087
GMS8, statie ¥ 12u 0 159 Scaang<S0 ATUAS-CONF 2013058
Dwect 1 . stable tor 7 1-2u 0 159 e/ ATLAS CONF 2013058
GMSB, T}~y long-tived T} 2y 0 Yes 47 Dd<r(il)<2 e 12304 6310
T: —=qau (RPV) 1w 0 Yes 44 1 mmaer<t m, § decoupled 1290. 7450
LFV pp—si, + X, ¥ e + 5 Zep 0 46 £y =090, 43000 06 1202.4272
LFV pprsiy ¢ X Fpovefu) ¢ 1 Teper 0 46 g 005 1292.127
Banear RPY CMSSM Tep T ts Yes 47 <! ATLAS CONF 2012140
s N W B veei,, o7, den 0 Yes 207 0 ATLAS-CONF-2013-006
L W erei, orf, Joper 0 Yei 207 (] 180GV, 1y >0 ATLAS CONF 201303
] 6 jots . a6 12904813
he febs 2ep|SS) 036 Yes 207 ATLAS CONF 2013007
Scalar ghuon 0 4 ot - 46 nci it bom 1150.2660 1290 4026
g WIMP ntecacton (D6, Okac y) 0 mono-jet  Yes 105 {1 |80 GaV, bt 0f887 Go'v &r D8 ATLAS CONF 2012147

ATLAS SUSY bounds from May 2013
Most involve missing ET, stable charged particle, or LFV
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Summary of CMS SUSY Results* in SMS framework LHCP 2013
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CMS SUSY bounds from May 2013 LHCP Conference
Most involve missing ET, stable charged particle, or LFV
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*Bounds usually assume large MET, and/or leptons

*Bounds often assume almost degenerate squarks/gluino

Ways out
1. No MET due to RPV - focus of this talk

2. Spectrum not that degenerate - "Natural SUSY”
can be achieved via compositeness

3. Spectrum more degenerate/decays stealthy

4. Production more suppressed than in MSSM, eqg.
R-symmetric SUSY with Dirac gaugino masses
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RPV in SUSY
*R-parity clearly NOT necessary in MSSM

eCan add very small RPV couplings and all
experimental bounds satisfied, very different pheno

*Not very appealing: why would those very small
numbers show up? Not natural...

*Also, many possibilities, not clear how to organize
them...

*RPYV usually not taken very seriously...
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RPV in SUSY

Show two scenarios where RPV automatically
suppressed

1. RPV related to Yukawa couplings. Use existing
small couplings. Very simple and predictive

frameworks pOSSIble' (C.C., Grossman, Heidenreich "11)

2. RPV broken in hidden sector only. RPV operators
automatically suppressed by F/M? . Operators can
come from Kahler potential - not even catalogued till

now!
(C.C., Kuflik, Volansky '13)
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(Grossman, Heidenreich, C.C."11)

eUsual MSSM assumptions:

R-parity conservation to eliminate large B,L violating
superpotential terms

Wgrpy = ALLe + )\/QLCZ—F N add + /L,LHu
*QOriginal observation:

“Matter parity”
(Qa ?j, CZ) L7 é) — _(Qv ﬂ’v CZ) L7 é)

IS a symmetry of wanted terms, but not of RPV terms

Usually impose this.
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RPYV from Flavor: MFV SUSY

eOur simple observation:

RPV terms are also not invariant under SU(3)° flavor
symmetries

Wgrpy = ALLe + )\/QLCZ-F N add + /L,LHu
o|f not too many sources of flavor violation survive at

low-energies: could expect that RPV related to Yukawas

eSimplest (though not unique) assumption: only source
for flavor breaking are Yukawas (MFV assumption)

eOf course in any theory of flavor this idea can be
pushed through even if not MFV, results very similar
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MFV SUSY

eQur proposal: the MFV assumption is sufficient to
to solve BOTH flavor AND B,L problems of SUSY

Will NOT impose R-parity

e|[nstead IMPOSE MFV - only source of flavor violation
are Yukawa couplings

FCNC obviously OK
eClaim B,L violation OK too
eBut LSP will decay, different LHC phenomenology

eGives predictions for RPV operators
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MFV SUSY

*\Will see R-parity (and thus B,L) emerges as an
ACCIDENTAL APPROXIMATE low-energy symmetry

More similar to SM story where B,L accidental
symmetry

*RPV operators related to Yukawa couplings

eSince Yukawas in superpotential, most reasonable
assumption that spurions chiral superfields

eCan NOT use Y™ in superpotential: very restrictive and
predictive scenario
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MFV SUSY
e|mpose SU(3)° global symmetry (not U(1)’s)

SUB)o SU@B). SUB)s SUB), SUB). | U1)s_r UQ)x
Q O 1 1 1 1 1/3 0
U 1 O 1 1 1 —1/3 0
d 1 1 O 1 1 —1/3 0
L 1 1 1 0 1 —1 0
e 1 1 1 1 O 1 0
H, 1 1 1 1 1 0 1
Hy 1 1 1 1 1 0 —1
Yy O O 1 1 1 0 —1
Yy O 1 O 1 1 0 1
Yo 1 1 1 O O 0 1

eAssume only spurions breaking this are Y's
eAssume Y's chiral superfields

o[irst assume no neutrino masses
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MEV SUSY

*The holomorphic invariants of SU(3)°

SUB)e SU2), U()y |UM)s U)r Z7

(QQQ) 1 1T 1/2 1 0 —
(RQ)Q 8 [ 1/2 1 0 -

(Y, u)(Y,u)(Yyd) | 81 1 —1l —1 0 —
(Vo) (Yad)(Yad) | 8@ 1 1 0 —1l 0 -
det 1 1 1 —2 —1 0 —

det d 1 1 1 —1 0 —
QY,u 81 O —1/2 0 0 +
QYud 8@ 1 O 1/2 0 0 +
LY.e 1 O 1/2 0 0 +

H, 1 O 1/2 0 0 +

Hy 1 O —1/2 0 0 +

*No invariant breaking lepton number!

*At renormalizable level single chiral invariant!

(Yyu)(Yad)(Yad)
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MFV SUSY

e|ssue of lepton number:  ZL € SU3). x SU(3).

L—swlL . K e—swle, V.oV

None of the spurions charged under this Z3

*This must be exact, lepton number can only be
broken mod 3

o[ owest Kahler term dim 8, very highly suppressed

e|n absence of neutrino mass lepton number
almost exact

eProton will be stable in this limit
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The B | iolating W
eSingle superpotential term at renormalizable level

1 1" — 7 7
WBNV — 5 w (Yu ’LL) (Yd d) (Yd d)

*Could have Kahler and soft breaking corrections
of form

K = Qf [1 + oYY Yy HT + h.cl Q + a' [1 LY Y YYD Y h.c.] 7
+dt |14 Y] fu(VY], YoV Ya+ hee] d
L1+ fo(VYDT + he] L+ e [1+ f.(Y1Y.) + hele,

*Of course not B,L violating. Small flavor violating
terms suppressed by MFV (GIM mechanism)
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The B ber violating W

*The only allowed term:
Wany = 5

*MFV predicts the size of these couplings:

1o, (), (), (d) oy

"o
Aijkk = WY, Y5 Yp €kl

abc—1 17 7k
ijk€ U, dy

eSuppressed by Yukawa couplings and CKM

angles

o MpM Ty,

"
Ausb ~ lg 3

)\” i~ )\tB

/!
>‘cbd ~

csb
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The B | iolating W
*The numerical values (for tan =45 ~ max values):

sb bd d s

vl 5x1077 6x1079 3 x10712
4x107° 12x10° 1.2x10°8
t12x107* 6x10° 4x10°°

*Due to Yukawa suppression want as many 3rd
generation quarks as possible

eBut for B violating processes need light quarks
for external states - will be strongly suppressed

oE XPLAINS small numbers for RPV couplings in
terms of Yukawa, CKM!
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Constraints from B violati

*Proton in this limit stable (see later when v
masses added)

en-nbar oscillation:
Taen > 2.44 x 10% s
edinucleon decay pp—K*K*
TopsK+K+ = 1.7 X 10% VIS

*Both from SuperK %O decay to various final
states. Other dinucleon channels less constrained
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-l illati

*The leading diagram

Y
( d
%"
' d
n < d i} ) S
g, N d
\ d b _
u )
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-l illati

eNumerical value:

250 MeV\® /1 mg \i/ my 45 \"
tosc ~ (9 109 N : -
(9 x s) ( A ) (100 GeV) (100 GeV) (tanﬁ)

eFor most extreme values of parameters still an
order of magnitude above the bound

eComment: to estimate the magnitude of off-
diagonal squark mass insertions (for LH squarks):

5m2 2
neutral ) U
pne )ETJNZV}L [y;i)} Vi

msoft L

(neutral) 5 (neutral) 3 (neutral) 2
Vds ~ >\ ) ‘/db ~ )\ 3 Vsb -~ )\ ,

V(neutral) -~ yg )\5/2 ) v(neutral) - yg )\3/2 | ‘/»Cssneutral) - yg )\2

uc ut
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Dinucleon decay

| eading diagrams:

(U Uu (U Uu
K+ K+

_x_
Qe Sy Th

=
N
=

o e
@Y

__x_
o :2

e d s} ps u | s}

K+ K+
eEstimate for decay width (following Goity and
Sher):

[~ py—o—7—2
mymsms

198702 A0 /)3 m2 4
o ( MaMmsms; tan45)
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Dinucleon decay
o|_ifetime:

150 MeV\ ™ / mg; N0/ 17 \'°
32 4.9
TNNokK ~ (1.9 X 10 yrs) ( A ) (100 GeV) (taﬂﬁ)

*Applying exp. bound 121.7 1032 yrs yields bound

800

700 -

600 -

A =200 MeV | ]

150 MeV>5/8( Mz ; )5/8

<
tan f 5 17( A 100 GeV

500 -

mgl,g [GeV]

400 -

A =150 MeV | |

300

200

100-. A 7 O
10 20 30 40
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LHC phenomenology
Depends on who is LSP

*No reason for LSP to be neutral since it decays

Could be

esquark: stop or sbottom
eneutralino/chargino
*slepton

*Up-type squark mass matrix

M2 — m%l + anUYJ + bquYdT + DUL AuYu
' A*Y m21 + a,Y]Y, + Dy,

*Most plausible: stop lightest squark (or perhaps
sbottom), others nearly degenerate
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LHC phenomenology

(Berger, C.C., Heidenreich, Grossman)

eDistribution of LSP: tan =10, msot=1TeV, Mstop<d00
GeV

Lightest squark

b

1

[

(0

‘ : : : — Fraction of points
0.2 0.4 0.6 0.8 1.0

°In squark sector most likely stop, or sbottom about
20%
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LHC phenomenology

*Most interesting (and well motivated) scenario:
LSP is stop.

eStop can decay directly via RPV vertex:

o|_ifetime:

e (2 ) (20 * (300 GeV 1
i a tan (3 m; 2 sin® 0;

eBranching: 90% b+s, 8% b+d, 2% d+s fixed by
flavor parameters
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LHC phenomenology

eStop decay length:

8001

700

600 -

500 ¢

m; [GeV]

300

200

100 ¢

*No displaced vertices in most of parameter space

e (2 ) 20 * (300 GeV 1
i 2 tan (3 m; 2 sin” 0;
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LHC phenomenology

eSbottom LSP: first have to get a RH sbottom,
additional Yukawa suppression in rate

800

displaced vertex

700

2 4 6 8 10 12 14 16
tan R
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LHC phenomenology

o|f neutralino or chargino LSP: has to decay via off-
shell stop, 3-body decay increases lifetime

S S

[ L

7 7
7 7
7

Z

\
\ TR
Spal

SO

N, g c
*Get tops in final state for neutralino and yet bigger
region for displaced vertex (gluino would be
similar)

20 \* /300 GeV
rio~ 02 (05 ) (250)
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LHC phenomenology

*The neutralino LSP decay length

800F

700 -
600 -

500

mg [GeV]

400"
300"

200 -

100:
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LHC phenomenology

o/f LSP slepton (stau), need to decay via off-shell
neutralino/chargino AND stop

*4-body decay, almost certainly displaced vertex,
some have tops some missing energy. This should
be easier.

o (44 um) ( 45 )4 (500 Gev>

tan ms
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LHC phenomenology
eStau decay length:

800 [ g

700
600

500 -

m: [GeV]

400 -
300 -

200

100 ===
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Existi |

*For stop LSP: dijet resonance search

eHowever stop production cross section quite low,
Mstop= 200 GeV it is about 200 fb at the Tevatron
and 10 pb at the 7 TeV LHC.

*Dijet sensitivities about 3 orders of magnitude
lower. Perhaps with b-tagging?
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Existi |
CMS: paired dijet resonance search (their
motivation was colorons...)

CMS.IS=7TeV

507

—_

o x Br? x Acc (pb)
2

—_—
<
N
K4
¢
4

T IIIIII|
¢

10’3

——— Observed Limit (95% CL)
SRETEAEE Expected Limit (95% CL)
EEE + 1o

L1 +t2

—— coloron to qg onl

— = coloron to qq or S;S,
----- stop to qg only

III|IIII
0 400 500

O

3

g N q‘/\\ %
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*A recent analysis based on dijet+b-tagging:
(Franceschini+Torre '12)

25000
MW QCD+1f 500 W QCD+7
20000 B QCD2b2j+1f B QCD2b2j+ff
% m QCD 2b2j % 400 M QCD 2b2j
) ]
2 15000 ‘/_ =8 TeV S 300 \/— =8 TeV
< £=201fb" g £=20fb"!
£ 10000 =
5 m; = 100 GeV © 200 m; = 200 GeV
i) @
5000 100
100 150 v 200 250 300 350
Mpest [GEV] Mpest [GEV]
8000 300
B QCD+7f W QCD+7f
B QCD2b2j+17 250 B QCD2b2j+1f
o Gty m  QCD2b2j S m  QCD 2b2j
e 3 200
= Vs =8TeV S Vs =8TeV
E 4000 -E =20 fb—l = 150 L =20 fb—l
3 m; = 100 GeV S 100 m; = 200 GeV
M 2000 @
50

100 150
Mpest [GeV] Mpese [GeV]

200 250 300 350 400
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Existi |
eSame sign dilepton via gluino production
(Berger, Perelstein, Saelim, Tanedo)

95% c.l. exclusion limits: CMS SSDL+b jets+MET search
700 T T T T T T

600 -

500 -

7 mass (GeV)

400+

300+

*Mgiuino> 800 GeV, squarks could still be ~ 300 GeV

Wednesday, July 10, 2013



*A very recent detailed analysis (Durieux+Smith)

Full MFV Holomorphic MFV
T -

T T~ v T

1000 1000 B :
900 900
800 [ 800
l l
:gm 700 :gm 700
600 600
500 500 . .
400 | ) | | - | 400 | | | |
200 300 400 500 600 700 200 300 400 500 600 700
My My

*Here ) are first two generation squark masses.

*Case of light stop: M; — oo

*Bound in this case: M; > 630 GeV

Wednesday, July 10, 2013



Same sign tops

(Berger, C.C., Heidenreich, Grossman)

*Mesino oscillation ;... P e
g 9
AM
L = T d——L---s--- bt g ———L - by

eFor sbottom find x=1, for stop x<<1.

o|f sbottom LSP expect t b
same sign tops el :
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(Berger, C.C., Heidenreich, Grossman)

The distribution of the sbottom mesino oscillation
times
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e[ arge fraction has x>1, especially for LH sbottom
LSP’s

Wednesday, July 10, 2013



i I (Berger, C.C., Heidenreich, Grossman)

*Get same sign leptons, MET + b jets w

*Bounds on sbottom mass by "
translating CMS bounds same
sign dileptons + b jets + MET "

3.0/ t

2.5}

2.0

& 1.5}

1.0}

0.5

0.0

200 250 300 350
mg/GeV
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Dark matter?

*Ordinary LSP decays quickly in detector, not
WIMP

*Gravitino would be long enough lived if light

o )

v

1 GeV\? /300 GeV\"* /tan B\° ms N4/ 10 \* /100 GeV)?
- > 4 1 39 . 1 22 q
e 5 (Bt yr)(m3/2> < mg ) ( 10 ) 7~ (& X LU ges) (300 Gev> (mﬁ) ( M3/ )

*Depends on thermal history - needs more work
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Mﬂlﬂm ( C.C., Heidenreich 13, see also

Krnjaic & Stolarsky; Franceschini
& Mohapatra)

e To find UV completion need to give a theory of
flavor

*Mixing via heavy RH fermions
W = \qUH, + \gqqDH, + %AmeDD + UMU + DMyD + Up,it + Dpgd,

eEffective Yukawa Y =\, (14 T0I0,) 7 T = M,

MY
M
M
MP
M
------------------- Ud e RERRLDEL o
M)
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UV completion (C.C. Heidenreich)

* A complete model based on gauged SU(3) flavor
plus discrete R-symmetry

SU(B)C SU 2)[, U(l)y SU(3)F le[wﬁ ] —

q O O 1/6 O w3, SUB)r  Zni|wiy]
U 0 1 —2/3 m wh Q.n | [ w2,

d O 1 1/3 O wil D, L[] w11

{ 1 - —1/2 - Wiy D, . w3

c| 1 ! ! 0 ! o,,| OO wi
U O 1 —2/3 0 W 5. an 8

D| O 1 1/3 0 w3, _d - I

= = P 1] w

E 1 1 1 0 w2 e 1
U | 1 2/3 ] w11 QSU 1 wlll
D O 1 -1/3 0 w?, Pd 1 Wi

E 1 1 —1 0 w be 1 w?,
N 1 1 0 O w?
H, 1 O 1/2 1 w3,
Hy| 1 O ~1/2 1 w3,

S 1 1 0 1 W

W = )\quHu o )\dQDHd a )\anHu o AegEHd o )\bUDD S )\hSHqu o )\353
+®,UU + ®,DD + &, EE + ®,N? + ¢,Ut + ¢p4Dd + ¢.Ee
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The mass scales (C.C. Heidenreich)

A~ 10" GeV

(®) ~ Mppg ~ 10° TeV

11g ~ 100 TeV

pu ~ 1 =10 TeV ~ my 5
Msore ~ 300 GeV

Wednesday, July 10, 2013



UV completion (C.C. Heidenreich)

e With these scales the dangerous higher
dimensional operators sufficiently small

: . ] N | o 1 - | 1 _
eDim5: w&, = ~®;NDd+ £¢sNDD + £¢UDE + £SNUU + £ SN?

: | U
eDim6: w9, = FJ\fc1>ec1>§f;+chpucp?pL...

May help EWSB via S-tadpole of the right size
(~300 GeV):

1 _ 1 _
WE()E\)])V — Ks¢dq)dq)e =+ Ks¢dcbeq)u
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DALI].QIIIE.GLBEY ( C.C., Kuflik, Volansky, to appear)

eldea: RP conserved in visible sector

*Only broken in hidden sector where SUSY is
broken. Same dynamics could be responsible for
SUSY breaking and RPV!

*RPV operators may naturally appear in Kahler
potential and may or may not be present in
superpotential

eOften Wgrpyv = \LLe + N'QLd + \'udd + ©'LH,
NOT leading source for RPV!
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DAL[I.Q.IIIE.&LBEY ( C.C., Kuflik, Volansky, to appear)

eAssumptions:

1. Dynamical RPV: RPV is broken dynamically in
hidden sector

2. RPV is related to SUSY breaking: novel non-
holomorphic operators may show up in the Kahler
pot:

OnhRPV — nZ]kuzede T nz]kQZu]LT T nzij Q]dT

1
S Karprv = 57 OnnrPV

where X is SUSY and RP breaking spurion
X = M+ 0°Fx

Wednesday, July 10, 2013



DAL[I.QIIIE.GLBEY ( C.C., Kuflik, Volansky, to appear)
eAssumptions:
1. Dynamical RPV
2. RPV is related to SUSY breaking

3. Dynamical solution to SM flavor hierarchy. Use
flavor mediation to generate additional hierarchies
in the RPV terms.

A Frogatt-Nielsen type gauged U(1) could be
responsible for most of gauge mediation (=flavor
mediation), which will generate the hierarchies in
the RPV terms.
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*\/Vhich operator will dominate?

1 _ _
Ohrpv = §>\¢jkL7;Lj€_k + i LiQjdy + S )\'Jkuzd dy,

Onhrpv = nz]kuzede + mijzugLT + mng diT
*Depends on dynamics, often non-holo will!

°E.g. assume B-L conserved in visible sector,
broken by spurion X X = M + §*Fx

1 X
’If X haS B'L Charge '1: Karpy = —TOnhRPV + =5 ———Oprpv + h.c.
X Mg,
X
Warpv = —5 rijkHaQ:iQ;Qk -

Wednesday, July 10, 2013



*In this case non-holomorphic dominates
*For B-L charge +1: :Onrpv VS. +Onnrpv

*Naively same order, but for non-holo need F-term
from d*« mq. Likely more suppressed...

eFractional charge: assuming no fractional powers
of fields, only B-Lx=1/n can generate RPV terms.

*For n even: (X/X")"Onrpv/Mpr vs. (XT/X)"Opnrpv /Mp,
equally suppressed

°For n odd: depending on sign of n holo or non-
holo will dominate
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Elavor structure

eExpectation in a F-N-type model:

// . ;=
Nig ~ €l9Qit9Q; a4

°q's are F-N charges of the various SM fields
e € ~ (.2 small flavor parameter

*\Will give additional suppression in addition to

ey = — ~ 1073 —107°
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Low-energy constraints

*Assume non-holomorphic operators dominate

1

Kaqrpv = ~T OnhRPV

*\Will get terms of the form

Fx

2
CO

(nZ]kuze]dT + nkazujLT =+ nka deT>

eStrange SUSY structure (e.g. scalar must come
from the operators with dagger...)
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en-nbar oscillation and dinucleon decay

gRY YCZR

«Dim 9 operator generated 15— (@:Q:Q,Q;d}d})

17k
oS : le: _ 4 Niik55k o
uppression scale. o ) Tl mgm4~ €
tJ d.Rr,k
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en-nbar oscillation bound:

mg. \* /7 m;
o~ 3 108 ( de) ( g
K ~ > TeV TeV

eDinucleon decay (1>1032 yr):
pp = wat(KTK™T)
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FCNC'’s generated at tree-level:

Q! Q?T Wy u?
>->-< >->-
dy Ly
Q7 Qt  QF Qo
%% = _L020P)(QTQPT
eOperators generated: 9 2 (@7 Q) (@7 Q)

Y= ey

eSuppression scales:

"o % / 2
L M5k 2 1 [mil 2
5 T T3 X 5 — o X
AT M Alij Mo,
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eBounds from neutral meson mixings:

AmK .
AmD >
Ade ;

AmBS
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e|f both B and L violated:

ol ifetime:

~

m
~ 5:10%yr (- nk
! "\ Tev
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Proton d to liaht it

eDon’t need L violation (Q _ Q)

pq @ u |
PaR
d
| @ G

r~5- 1032yr (mdi ) M 10 i
TeV 10°TeV 715 | Fx

o|If Fx the only source of SUSY breaking F drops
out from expression, depends only on M and
couplings. Can be reduced by Fx<F.

o|_ifetime:

Wednesday, July 10, 2013



LHC phenomenology

eAgain depends crucially on who the LSP is
°E.g. third generation squarks

1. sbottom LSP

Candecay b — £+p unusual mode, not there
iIn usual RPV.

2
—1 _ ‘77333‘
T 3 me

*These sbottom decays expected to be prompt
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LHC phenomenology

2. stop LSP
More subtle: decay amplitude chirally suppressed

i : ; 1 5
Q00+ QiQ0,d " ¢ [ 0 QiQud

eResulting decay: t — bb again special to dRPV
|2

*Might be displaced  Ti.5 = |"%f (E)Qm&

o1 (300 GeV M O\ 1)’
b mg 103GeV 755a
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sSummary

*No hint for SUSY from LHC yet, no MET events, Higgs at
125 GeV problematic for MSSM

*RPV provides a potential way out
*Why is RPV so small?

1. RPV related to Yukawa couplings. If RPV generated by
same mechanism as flavor in visible sector, expect relations

)\// X Yu Yd Yd

2. RPV from the hidden sector. Expect couplings suppressed

F

4 +q5 +qk
M?
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sSummary

*Both possibilities can satisfy low-energy constraints
*Both give distinct LHC phenomenology

MFV: ¢ — b+ 5§ usually prompt, hard to disentangle from
background

*dRPV: different operators in Lagrangian

d29— (nmkuzede + nkazu]L}; + nka QJdT>

Prompt - b — £+b or chirally suppressed ¢ — bb
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| t tri
Once added can have L violation & proton decay

eAssume mass from heavy RH neutrinos & see-

Saw R o
Wiept = Y LHge +YNLH,N + §MNNN

eSymmetry in lepton sector SU(3)L x SU(3)e X
SU(3)N

*Now we have three spurions Yeyvand M

M is a symmetric, different patterns allowed
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*The table of symmetries:

SUB)y | U sr UMg U

SU(3)e

SU(3);.
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| i tri

e Table of holomorphic invariants:

SU(2)r, Uy | U(), Zf

(LL) (YnMyYy ) (LL) 1 -2 | 4+
(LL) (Y/NMNY/N) (Y.8) 1 0 1
(LL) YyMyN 1 —1 1 -

L (YNMNYN) (Y.e) (YaN) | O 1/2 | -1 -
LYyN o -1/2] 0 +

&Y, Y My N 1 1 —2 4

(Y.2) EY/NMNY/Ng (Y.2) 1 o | -2 4+
L(YyMyYy) L O | 2 +
MyNN 1 0 -2+

~

Y =cof Y =Y 1detY
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J t tri
*Allowed renormalizable superpotential term

1 . .
WLNV p— m w’ (LL) (YNMNYN) (}/eé)

eDimensionless expansion parameter
1

= —M
HN A N

/AR some heavy scale, usually take Mgut
Since L ~ H; we can now also add

quadratic L violating terms, these will be more
Important! Both superpotential and Kahler
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J t tri
o[ eading bilinear terms:

Winw ) = meonV"LaH,  Kiny = VL H + hec
*Possible contributions:

1 b 1
VI = e [T] AU L V8P

cd
_ ik f
e |V, SV = e (VY]] (Y MY

eSimilar soft breaking masses:

Emix = mgoft [VT]GJ_Z&HC]; -+ h.c.
eAfter EWSB will give small sneutrino VEV and
neutrino gaugino mixing

(Lg) ~ —vy Vg LD —v, AXV'L) +cec
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eAssume structure of neutrino masses (Casas &
Ibarra)

1 . .
Yy = - diag (\/ Mpi,/ Mp2, v/ MR3> R diag (v/Mu1, /M2, /Tyz) U

*R is RH neutrino mixing matrix (unknown), U LH
mixing matrix - O(1) angles, Mr: RH neutrino
masses, my LH light neutrino masses.

eAssume all the Y’s roughly same order, also my’'s

roughly equal (worst case scenario, could even
have one my=0 ...
N \/MR my

Uy

Yn
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Proton decay constraints

*The L violating spurions are then

] M3 m2
eSuperpotential term: Ny o~ kY (€)
17k A 1 Ys.
RU,
eKahler/soft terms:
M%m% M2m M2 m
(1 AR 2 MR 9 2  MrRMv 2
Vi ARvg ’ Ve,,u AR'U2 Yr > VT AR'U2 y,u

*The latter actually dominate:

)\z]k ~ yk V(l)

*\Will neglect superpotential terms
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Proton decay constraints

*The leading diagrams:
K+
dr - e SR} dr - g
7 < £R+ J R ERY
X )
£L+ ZNLLT
o " \C\K\ a ] \]\i\\\
€r M,
n—l-K* p—Vv K*
eStrongest bound from matrix element
A3 2 ()
./\/lp—>K+p ~ md3m3 Ui ( ) Y tan® I5;
2my mg it
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Proton decay constraints

*The experimental bounds:

Tpet k0 = 1.0 X 10% yrs ., Touoe- g+ > 3.2 x 10%! yrs |
Tpsput K0 = 1.3 X 10% yrs Tnospu- K+ = 9.7 X 10°! yrs |
Tpow it > 2.3 X 10% yrs | 7, g0 > 1.3 x 10% yrs |

Bound on quadratic spurion:

Vtan'§ 5 (3% 10_14) (100m(§e\/)2 (10(7)71(];6\/)

Translated into bound on MRg:

7 q,N R
Mg 5 (3107 Gev) (tanﬁ) (100 GeV> (1016 Ge\/)
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Proton decay constraints
eThe bound on Mg in units of 10° GeV:

10000 ] 0 ]
1000 |
| 10000 /,
100 10
r 300 1
800 /
; r 3000
3 600
lE‘, |
S L
400 -
200 il

*ArR=101% GeV and my=0.1 eV fixed
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Proton decay constraints

o[f gravitino very light proton can decay w/o L

violation: - .,
d l 5
P ¥
X
G
*\Width:
i \° 2 ? 16,2, 2, 4
L A A A°mimim, an®
81 \ mg V3msz M 4m?
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*\Will constrain gravitino mass:
300 MeV)2 (tan5)4

g

eGravitino mass bound in units of keV \infty

1000

L 10000 |

] 1000 |

800 - ]

% 600 ;
S , ,
g ﬁ ﬁ
400 [ ]

[ 100000 | |

200 / ]
r1 100 1

tan ,8
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Sources for non-holomorphic terms
*\With SUSY breaking spurion X: additional
superpotential from Kahler term:

Msoft

_ 2
*Will be suppressed by F/M" ~ —~

*Only dangerous terms quadratic superpotential terms
X7
M
e gives a non-holomorphic supersymmetric mass term
~ Msoftl, in the absence of neutrino masses no
relevant term (except W)

— [, D' D7
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Higher di ional I

*For baryon number violation:
1 _
K(BBJ)VV — K(YuYJ + YdeT)QQYdeT
eSubleading as long as A>10"? GeV

*For lepton number violation: subleading to V(?

B and L violating Kahler terms: first show up at
dimension 6, the dangerous R-parity even

Q?L, uude, and uddN

are absent
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