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ATLAS SUSY bounds from SUSY 2013 Conference
Most involve missing ET, stable charged particle, or LFV



Summary of CMS SUSY Results* in SMS framework SUSY 2013
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*Observed limits, theory uncertainties not included
Only a selection of available mass limits
Probe *up to* the quoted mass limit

CMS SUSY bounds from SUSY 2013 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



RPV in SUSY

°In my last talk here ~ 2 years ago showed an
Interesting scenario where

 RPV related to Yukawa couplings. Use existing
small couplings. Very simple and predictive
frameworks possible: MFV SUSY

(C.C., Grossman, Heidenreich '11-"13
+Berger)

*This talk: RPV broken in hidden sector only. RPV
operators automatically suppressed by F/M? .
Operators can originate from Kahler potential - some

not even catalogued till now!

(C.C., Kuflik, Volansky 13
+Slone)



RPV in SUSY

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.



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...



Recap of MFV SUSY

.S|mp|e observation: (C.C., Grossman, Heidenreich '11-"13

+Berger)

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)

Simplest model expect (Yuﬂ) (Ydd) (Ydd)

single chiral invariant



LHC phenomenology of MFV SUSY
Depends on who is LSP

Vall

eSimplest possibility: stop LSP A
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Gluino bounds

eSame sign dilepton via gluino production
(Berger, Perelstein, Saelim, Tanedo)

95% c.l. exclusion limits: CMS SSDL+b jets+MET search
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*Mgiuino> 800 GeV, squarks could still be ~ 300 GeV



Dynamical RPY (c.c. kufik, Volansky, "13)

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 be induced via
Kahler potential and may or may not be present in
superpotential

eOften Wgrpyv = \LLe + N'QLd + \'udd + ©'LH,
NOT leading source for RPV!



Dvnamical RPV (C.C. Kufiik, Volansky, '13)

e Assumptions:

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
= liiéinHi
OnhBL = fffiL;-r Hyg



Dxn.amis.aLBPJ ( C.C., Kuflik, Volansky, ’13)
eExpectation: when coupled to SUSY breaking

spurion X = M + 62Fx

*\Will show up in Kahler potential

X

1
Karpv = ﬁonhRPV + M—PlonhBL

eCan give new non-holomorphic (and often SUSY
breaking) RPV terms

SUSY breaking terms suppressed by

ex = Fx/M? O(1) to O(101°)
SUSY preserving derivative coupling even more
suppressed explains smallness of RPV terms!



Dynamical RPV (c.C. Kufii, Volansky *13)
eAssumptions:
1. Dynamical RPV
2. RPV is related to SUSY breaking

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

E.g. 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. Could also use partial
compositeness...



Hol hi -hol hic?
*\/Vhich operator will dominate?

1 _ _
Owrpv = 5)\ijkLiLj€_k —|—>\;jkLindk + — )\'jkuzd dj.

OnhRPV = nz]kuzede + mijzugLT + T}z]kQ diT
*Depends on dynamics, often non-holo will!

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

*B-L charge of Oynrpv + Onnpr, +1, While for
Onrpv + OnsL -1: will appear differently



o|/f B-L charge of X -1

1 X
Karpv = FOHhRPV + M—PlonhBL
X
+W (Owrpv + OuBL) + h.c.,
Pl
X , o
Warpv = ViR (Pijk HaQiQ;Qr + piin HaQitijer)
Pl

*Non-holomorphic will dominate!



*For B-L charge +1: 3+Onrpv VS. +Onnrpv

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

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

For n even: (X/XT)HOthV'/Mpl VS. (XT/X)”Onth_v/Mpz
equally suppressed

eFor n odd: depending on sign of n holo or non-
holo will dominate



Structure of dRPV operators

eAssume non-holomorphic operators dominate

1

Karpv = X7 OnhrpPVv

*\Will get terms of the form

Fx

dQHW <77mkuzede + nkaZU]L}; + 777,ng deT)

eStrange SUSY structure (e.g. scalar must come
from the operators with dagger), does NOT have to
be flavor antisymmetric (additional SU(2) €)

*\Will also get ordinary Kahler terms
/d‘leﬁ( m]kuzede + nkazujL}; + nka Q]dT )



Structure of dRPV operators

e The structure of the ordinary Kahler terms:

5%@%@*%‘ = <q;>;(> [i(¢j¢k + ¢k¢j)0“au¢“ — Y0 F* + ¢ 010,0"d*" + (pp Fj + ¢ij)F*i}
(F'%)
(9% )?

+

[@bﬂ#k(b*i — (¢ F% + ¢ij)¢*i] + total derivatives

* From EOM proportional to Yukawas:

?(Z ~ yi(h)
e[ ike dim. 5 superpotential term
W = z (PijeYa, HaQiQ;Qr + pijrye, HaQitijer)

X



Elavor structure

oExpectation in a F-N-type model:

e ~ l9Q; T4q; —d4; |
°qg's are F-N charges of the various SM fields
e ¢ ~ (.2 small flavor parameter

*Or g's can correspond to parameters describing
partial compositeness...

*Will give additional suppression in addition to



en-nbar oscillation and dinucleon decay
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. . 5
en-nbar oscillation bound: Aty
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FCNC’s generated at tree-level:

Qiﬁ Q?T Wy uPT
>7-~>--< >->-
dy Ly
Q7 Qt  QF Qo
9%49; — _1(nanb at ABT
*Operators generated: < 2 (QFQ7)(Q5 Q)

Qf" = uyQrQy u)!

eSuppression scales:

7 L / 2
L M5k 2 I 755 2
2 T .9 X 5~ — o3 X
AT U, Alij Mo,



eBounds from neutral meson mixings:

Amg 0 mheex | S 1071,
Amp 7711k77§,§kk€%< < 1073, |7712k€X‘2 < 1077
Amp, | 1napex] S < 1077,
Amp, |53 S <1077,

olf ex ~ O(107°) no additional flavor suppression
needed to satisfy FCNC bounds!



Proton decay to leptons

lf both B and L violated: ~ { ¢ — 9|
¢ KO
Pl @ u
»<
i

| @ e, ut

o ms  \4 10714 \? /1075
oLifetime: 7, ~5x 10% r( dR’“) ( ) ( )

i 7\ Tev | ek 71 €X

eStrong bound on n n” but can be easily satisfied
with FN charges



Proton d to liaht it

Don’t need L violation (0 Q)
- ot
>K+
ps @ d |
>
d
[ Q G
o[ ifetime:

s (Mgt M \'[1078\? [/ F\°
w2107 (78 (5eer) () (Fx>
o|/f Fx the only source of SUSY breaking F drops
out from expression, depends only on M and

couplings. Can be reduced by Fx<F.



Proton decay via Bl RPV
*BL RPV term generate Q Q
electron/chargino mixing > |

py @ a |
>‘?-<
d ¢
| @ et

. . . 4 —20\ 2 —5\ 2
e[ ifetime: Tp:3x1033yr<mdm) (3 tffl(z/ ) (10 )
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where k5 = kp3t + Krex



LHC phenomenology

eDepends crucially on who the LSP is

el HC searches have to be modified! r

. /
b
1. SbottomLsp <
b b b

Can decay - b — t+ b unusual mode, not there
in usual RPV.

2
—1 _ ‘77333‘
T - me

*These sbottom decays expected to be prompt



LHC phenomenology

2. Stop LSP

More subtle: decay amplitude chirally suppressed

0.0, -0\ 0. df 1 o

M(QZQJ T Qng) a,ud e /d49XT QZQJCZ &

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

“Might be displaced Ty = Bl (72)*

o1 (300 GeV M O\ 1)’
b mg 103GeV 755a




LHC phenomenology

eStop signal: 4 displaced bottom quarks




LHC phenomenology

3. Sneutrino LSP

Decay through n’ coupling 7;,,Q:a,L]
which contains  upsul, o +driul; €l

eLeading decay: o — ¢t

102

cm:lmm‘

€X

: (10—5)2 165 GeV
1331 (

1 — 22 /m2 — 4m?

eCould give 4 displaced tops



LHC phenomenology

4. Gluino LSP

eDecays off-shell: g — tbb

2( m; )4 350GeV° / M \°
400GeV mg 106GeV

e|f displaced, could be less constrained than
prompt

1

/!
71333

CTg =~ 1 mm




Muon+displaced vertex ATLAS-CONF-2013-092

L
Y e 0 N b t
.s .h.
.....
......

eDisplaced vertex to dijets CMS EXO-12-028




Prompt searches

Leptons Jets (b-jets) Missing ET
CMS SUS-13-008 >3 >2 (1) > 50 GeV
"""
psuanE | e
"""
e e | aw | swe |
VRS I B
wscowamson| I



( In progress with Kuflik, Slone,
Volansky)

Introduce Froggatt-Nielsen-type model

eHeavy fields D, D (like messengers, but also
generate flavor hierarchy), + FN field ¢

eOrdinary Yukawas suppressed by FN VEV

%Han?

*And need SUSY breaking field X



The essential parts of a FN model

*The couplings needed:

W > XDD + ¢Dd + H;QD + QQD



The essential parts of a FN model

*The couplings needed:

W > XDD + ¢Dd + H;QD + QQD

l

X =M + 6*Fy

*\Will give rise to messenger masses and usual
gauge mediation



The essential parts of a FN model

*The couplings needed:

W > XDD + ¢Dd + H;QD + QQD
|

%Hdch

*\Will give rise via usual FN mixing to ordinary
Yukawas . Y

\

U

-l -
(DD

Q

¢




The essential parts of a FN model

*The couplings needed:

W > XDD + ¢Dd + H;QD + QQD

¢ l -
X700
e X assumed RP odd, QQD is needed for RPV
Q Fx
i
D 1 D ~
- g



The essential parts of a FN model
eThe EOM'’s from
W > XDD + ¢Dd + H;QD + QQD

*Expression for D

oW _
a—D:>Do<—— [¢d+HdQ—I—QQ]

eCross term in Kahler term DTD will contain non-
holomorphic term

Ik |§f|z@wfr | 05 eal




The full set of couplings needed
*The full superpotential:
W = X (DD + 1) + ¢(Dd + L)
+ueD + QQD + Qul

eAfter integrating out messengers get all dRPV
ops:

f _ _
‘ ;’z‘ - (QQd" + eud' + QuL']

eIn SU(5) language all would come from
10-10- 5"



SU(5) SU(5) SU(5)
(Q,u,e) €t; | 10 T, | 10 X
(d,L) € f; | 5 T, |10 P
hy | D F, |5 S
hq | 5 F, |5

*The most general couplings needed:

Waavor = X (T;T; + F; Fy) + ®(T;T; + FiFy) + S(Tit; + f.F;)
WYukawa — hu (TZ + t’i)(Tj -+ tj) =+ hd(T’L =+ ti)(Fj + ?])

Warpv = (T; + ) (T + t;)Fy




(—1) X
ha . | v ' | | * .5
N | 7
\&\ A Y ‘ A /)/
R | | | ' -7 S <¢>k+ (k) 7(5)
- - - ... o — _ hdt f J
TR pl) (kD) F(=3) X A\X
~ haQ"F) d\9)
DGR D) H=k+D) D) ’



The full low-energy Lagrangian

6ququ Sh r
. 0 S
d f + Eq q; _hutztj + equ‘Qj +qk iH
2 X 75 HaQiQ; Qu + e BTk > HiQua

tit; 4+ el9i—a;l

2
fif; + €|Qi+Qj_Qk|

S x

X X
X i




) _ ) S . S
1%.% @dtf + EQqug' Yhutz'tj + q:+9q;5+qk ﬁHdQ'LQJQk + eqz’+qy +qk ﬁHinajék
9 2

S . S _ S'x _
_ ai—aq;| | 2 ¥ lgi —aq;| f* lgi+aq;—ar| X" 4 4 Fx
K = € J ‘ tq,tj + € J fzfj + € J k |X‘2tztjfk

X X

*The FN-suppressed Yukawa couplings



el —hytf + E%Jrqﬂ'é
Rutitd + etitaita e H \
dQiQ;Qp + €T 5 H,Qq0
e

X
X X2
X2

~<| 7 * 4 elita;—axl S £
‘X|2tz‘tjfk /

The dRPV terms (both K and W)



S - S S S
W = eqi+Qj }hdtf + eqri-qg"_h t.t. + 6Qi+Qj+qk — HdQ Qng + ¥ itqi+qr <3 Hszagék
’ S
K lai—a;] < tith + l2i—a;] fzf laita; Qk||X\2tt fi

L.

eSoft scalar masses with wrong sign & flavor
violating

eCan not be leading term, need other sources.

1. GM off U(1)rn with largish coupling
2. More messengers with smaller mass



sSummary

*No hint for SUSY from LHC yet, no MET events
*RPV provides a potential way out (and keep SUSY natural)
*\Why is RPV so small?

*RPV from the hidden sector. Expect couplings suppressed

F

B +4q;5 19k

M2
eDifferent operators could be leading RPV

FX _ T _ 1 7
dQQW (m‘jkuiejd;rg + UffijiujLL + 5772./7'inde;2)



sSummary

eSatisfies low-energy constraints (n-nbar, dinucleon, ...)
*Gives distinct LHC phenomenology

| HC searches have to be modified to take into account
these possibilities

*Not so hard to build (almost) complete models

*Main sticking point negative contributions to scalar masses
need to be overcome by additional contributions



