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R-parity violation

MSSM Superpotential

W=h)Q -HU, +hiQ -H,D; +hiL -H,R, —pH, - H,

additional allowed terms:
. ||ijk A N
W, =A"U,D,D,
- most general gauge-invariant and renormalizable superpotential
What is R-parity?
* B and L violating terms allowed in superpotential (<> SM)

B and L violation never observed

- introduce new symmetry which is a combination of B, L (and S)

P — (_1)BB+L+28 —> SMparticles: P, =+1
R —> SUSY partners: PR =1
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R-parity violation

Consequences of conservation
» AB#0 and AL#0 prohibited

» sparticles can only be produced in pairs

» SUSY decay products contain odd number of LSPs

How to break R-parity?

et
[ d . experimental bounds: e.g. proton decay
R
> ------ « strong bounds on A“:A’
- 112 112 _ * in good approximation:
P A A Y -> only break either B or L
U Uu

* strong R-parity violation: decay topology of SUSY particles completely changes

» weak R-parity violation: only decay of (long-lived) LSP to SM particles
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R-parity violation

Some facts of bilinear R-parity violation

M192 + Mzglz ~|?
.| i level m, = A
argest neutrino mass at tree leve v Adet M
0
« 2 mixing angles at tree level £
* remaining masses/angles at 1-loop-level tang.. — Au tand,, =— Ae
237 2 2
- correct scales of mass differences Am;? r Au + A

How is that connected to colliders?

dominant part of ;?10 —W —1. coupling: OiL =A;- T(M,M,, g, tan B,vy,v,) oc A,
{q;

q;

-> Neutrino physics at collider experiments

€, U, T
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LHC searches

Searches for bRPV supersymmetry in context of mSUGRA (JLdt = 1 fb1)

search for: for bRPV:

*3or4jets model tested for: ¢ < 15 mm (> my, > 240GeV)
* 1 muon or electron

bRPV MSUGRA: tanB = 10, A = 0, u>0

S‘ 500 _I LI | LI | T T I-I | LI | T T T | T T 11 T T T | T al_rlxli\}:j_idgl_édo T I_ .
a . ATLAS L™ =1.04 ", Js=7 TeV __ Observed CL_ 95% CL - » exclusions for small
R B 1 muon, = 4 jets, tight SR  _ Expected CL _ m,,, much harder to
E 450 — ) ] achieve than for RPC
...... Expected CL_ 1o
R ) ] SUSY model
- ~.___ (900 GeV) _
e O semeew 1+ LHC probes colored
- ) T T T T sector of theory
350 — - — “...squark = gluino
" Ga0Ge .. ) ] masses below 760
- T T TN, T s V are excl ”
300 i GeV are excluded
e CT=3mm | . .
w-ram 1 ¢ INcreasing squark
250 L, T 1 mmy mass -> drop of

100 150 200 250 300 350 400 450 500 550 600 Cross section

- first limits on bRPV mSUGRA from LHC m, [GeV]
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LHC searches

Dedicated displaced vertex search (JLdt = 33 pb-1)

®
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ignal region

10

ATLAS
JLdt =33 pb”’

e Data 2010
B signal MC

2 3 4 5678910
Number of tracks in vertex

20 30 40

search for:

* |Zpyl < 300mm, 4mm < rp,, < 180mm
* 1 high-p, muon

background free analysis (Ng5<0.03)

di-squark production - direct decay to LSP

arXiv-1109.2242

—m— 700 GeV §, 494 GeV i:'
—— 700 GeV §, 108 GeV i:‘
—+— 15TeV{, 494 GeV if

—&— 150 GeV §, 108 GeV
PROSPINO: o(m_ = 150 GeV)
q

PROSPINO: o(m_ = 700 GeV)
q

ATLAS _

_[Ldt =33 pb”

assumption:
>-<1(.'!-:5 = 5
16 =10
L
1.4 m
< 10?
G
1 810
0.8 %
' o
0.6 O 1
0.4
107"
0.2
0 10-2

—

10 10?

ct [mm]
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LHC searches

Dedicated displaced vertex search

3 T T T T TT1T71 T T T 1111 100 ! ! ‘ ‘ praductlon cross section e
210°: arXiv:1109.2242 |nd|rect production @ LHC
é - —=— 700 GeV'§, 494 GeV i
=102 —— 700 GeV g, 108 GeV |
c g —— 15TeVq 494 GeVy, =10 |
-_g - —=— 150 GeV G, 108 GeV i P
O . PROSPINO: 6(m_ = 150 GeV) S
3 106 ! | S
PD R PROSPINO:o(m, =700 GeV) e Q
) 2 0
S K\ S 1
O 15 Sy ol i E °
10 ;— ATLAS —; 0.1 . . | : | ~ Whizard 2.0.5
- = 1] 800 1000 1200 1400
i .[ Lat=33 pb™ 1 squark mass [GeV]
10-2I| | IIIIII| | IIIIII| | [ .
1 10 102 10° extrapolation: 33pbt > 5fb!
ct [mm] > limits drop by a factor of ~v200 (=14)

» consider ILC-friendly case - light neutralino (red curve)
* even with higher statistics LHC sensitive to cT=[1mm;12mm] for mg,,,=700GeV
* not sensitive in case of high squark masses and large ct
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Prospects for bRPV searches at the ILC

Direct production @ ILC

direct production cross section @ILC two orders of magnitudes higher than @LHC

example point: CMSSM: m, = 500 GeV, m,,, = 230 GeV, tan(B) = 10, sign(y) = +, A, = 0 GeV

‘m(%,) = 90 GeV

*CT :.1-8-07mm ;gﬁ:ﬂfj)x BR(Y, — W 1) ]
.gg&%z w r)) _C?;E? % direct production @ ILC &
° 1 o ) & é

beam polarization Vs = 500GeV:

+0.3 -0.8 9
-0.3 -0.8 13
0 0 44 1505050200250 300 350400450500 550600
m, [GeV]
+0.3 +0.8 55 )
expectations for [Ldt = 500 fb-1:
0.3 +0.8 101

up to 12726 displaced (u j ) - vertices
up to 11514 displaced (1 j j) - vertices
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Prospects for bRPV searches at the ILC

Direct production @ ILC

direct production cross section @ILC two orders of magnitudes higher than @LHC

example point: generic model

‘m(X,) = 98.4 GeV
*CT = 4.55mm
*BR(X3> W p) = 0.28
BR(};~> W T) = 0.25

-0 0 ~0
o(X, X,) X BR(X, » W)
%'1000

9200

m;, [G

direct production @ ILC

800

700

beam polarization Vs = 500GeV: 60

400
+0.3 -0.8 35 h

300
-0.3 -0.8 49

200 -

0 0 170 40 60 80 100 120 140 160 180 200 2%27 [é‘é%]
+0.3 +0.8 209 )
expectations for [Ldt = 500 fb-1:

-0.3 +0.8 387

up to 32508 displaced (u j j) - vertices
up to 29025 displaced (1) j) - vertices
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Background study for bRPV search at ILC

Event topology

- 2 displaced vertices

- g or 1 from displaced vertex

- 2 real W bosons

- hadronic W decay: 6 visible final states

polarized e”* > ‘ < polarized e-

Design of analysis

—-> force event into 6 jets

- 2 jets with least number of tracks and N<4 - "leptons”
- 4 jets with N=4 tracks - “quarks”

- find best combination of quark jets to form 2 W bosons ) (mijk - mlmn)2
- add leptons to find best combination to form 2 equal mass objects ¥ =

(5GeV)?
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Background study for bRPV search at ILC

Kinematic cuts

smallest momentum of jets in event biggest |cos(0)| of jets in event
£200— £ |
Q - [+] L
60— B bRPV susy S50 B oRPV susy
- SM 6f bk - SM 6f bk
Il s o1 bio o SV 6ToRS
140~ p > 5GeV Sl |c0S(0)|yax < 0.90
- 250~
120 -
100 — 200:*
80— 150
60— -
- 100
40— -
20 o0r
JL dt=26 fb o il
% 10 20 30 40 50 60 70 80 90 100 % 01 0203 04 05 06 07 08 09 1
p [GeV] |cos(6)] .,

- cos(0) very powerful to reduce background!
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Background study for bRPV search at ILC

Chi2 of equal mass object reconstruction

25 signal 25 background
£
~ & [L dt=26 fb ~§ L dt=26 bl
> L = L
- X%(egm) < 1 i 10
20 20
i i 1
15 15—
10_ 0 10
i l. [ | i
i [ | i
s 1, 10 5 10
Dl:llllI 10 0\|\|\\||\|\‘|\

0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200 10

M., [GeV] M, [GeV]
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Background study for bRPV search at ILC

Cut flow
IL dt=26 fb?

-“ e
no cut 289.78

p > 5GeV 787 268.16
|coS(0)]max < 0.9 516 39.48

Nin (q jets) = 4 446 33.71

N, (I jets) < 4 188 7.79
x2(equal mass) <1 67 0.41

efficiency 0.084  0.001 \

- even with this simple lepton identification
~8% signal efficiency

- dedicated lepton finder will do much better
- almost background free (0.41 bg events)
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Background study for bRPV search at ILC

Neutralino mass reconstruction

invariant mass (signal)

> anl
(:9: 30_ “— dt:26 fb-l entries: 134
E L x2Indf = 17.44/18
c
9 25 Myeco = 97.95 + 0.40
T 6= 3.79+0.40
20— .
- theoretical value:
15 m(X1) = 98.4 GeV
10 -
5
0

70 80 90 100 110 120 130 140
mreco [GeV]
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Conclusion

Conclusion

> R-parity violation is an interesting alternative to R-
parity conserving SUSY

> some RPV searches ongoing at LHC

> especially in the case of high squark masses:
sensitivity of ILC expected to be better

> signature x X =2 (W+l)+(W+l) almost background free

> interesting interpretation in terms of neutrino
parameters

> other bRPV scenarios with similar experimental
signature, that explain e.g. leptogenesis

> ILC is the perfect machine to study this signatures

Thank you for your attention.
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Backup slides

Benedikt Vormwald | R-parity violation at LHC & ILC | 23.-27.04.2012 | Page 17



Bilinear R-parity violation

Superpotential

A N /\b

. j A1 L1b i AP L] a ijIbB a a
\ J
MSSM supverpotential bRPV term

- Higgs/Slepton-mixing 1=1..3
- Sneutrinos acquire VEV <Vi > =V, _
- corresponding RPV soft SUSY breaking term LE?EV — —Bi EE; Lia HS’

masses and mixings of neutral fermions

Basis of neutral fermions: WOT = (—i/l' ,—iﬁs, H L , Hu2 Vs VH,VT)
. . . 1 T
M he L ; — "~ |y,° 0
ass terms in the Lagrangian are given by |_m — ; (W ) MNW +h.c.
m’

M ,
M, =| ~*
Y lm
Benedikt Vormwald | R-parity violation at LHC & ILC | 23.-27.04.2012 | Page 18



Bilinear R-parity violation

| | - M, m'

Approximate diagonalization of M, MN — X
m 0

MN can be block-diagonalized for small RPV parameters via the Seesaw-like

diagonalization: MN — diag (|\/| o M, )
(A AN, AN
M g2+M g|2 ,
m, =-mM ,m' =2 = A A, A, A,
z 4detM , )
(AA, AN, A

T

where Ai =&V + 1V, ,alignment parameters"

A final diagonalization of M , leads to the neutralino masses M |
Z A

and a diagonalization of M leads to one tree level neutrino mass.
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Cut on number of tracks

‘ min. number of tracks of q jets in event ‘

B bRPV sUSY

- SM 6f bkg

10

107

1072

0 2 4 6 8 10 12 14 16 18 20
Nmm(qjet)

max. number of tracks of | jets in event ‘

10

107"

102

B oRPV susy

0 2 4 6 8 10 12 14

- simple lepton finding has bad efficiency!

16 18 20
Nimax(1 jet)
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Chi2 for W reconstruction

signal
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+‘_ [
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x2 for reconstruction of 2 W

%2 for reconstruction of equal mass objects

2 £10°
c [=
Qo Q
2 B orPV susY 2 B oRPV sUSY
10
SM 6f bk SM 6f bk
I s stk y I s o
1
10"
107

0 5 10 15 20 25 30 35

go_ 55 250 0 5 10 15 20 25 30 35 40 45 50
xzw_xw1+xw2 X2
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jf': decay length [mm]

>1000
2
= 900
E
800
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| [mm]
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lifetime of 7,
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o(%, ) x BR(Z, > W y)
5;500

450

o x BR [fb]
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decay to W+x kinematically forbidden
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BR(X, — W u)

500 o
g 0.22@
= 450 0.2
E 0.18
400 0.16
350 0.14
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300 0.1
0.08
230 0.06
200 0.04
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m, [GeV]
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cross section vs. lifetime
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