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Overview

m Light Neutralinos? R-Parity Violation? SHiP?
m Effective Meson Interactions in RPV

m SHiP and LHC Sensitivitiy to Benchmark Models
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Neutralinos in Supersymmetry

m Take Standard Model and associate to each boson a fermion with
same quantum numbers and vice versa

m SUSY partners of SM bosons get non-diagonal bilinear terms

MB), W3 (), R Fax) =

M 0 —myz cos [3sin Oy mz sin Bsin Oy
0 Mo mzcosfBcosfy  —mzsin[3cosfw
—mgzcosf3sinOw  mgzcos 5 cosfw 0 —u
mz sin Bsin Oy —myz sin 3 cos Oy — i 0

m tan j3: ratio of Higgs vevs v, vy
m u: SUSY conserving Higgs mass parameter
m M, My: “soft’ SUSY breaking masses for B, W?3

m After diagonalisation — 4 eigenstates {? /2/3/4
m {9 typically the lightest SUSY particle (LSP) and stable with Rp
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[Dreiner, Heinemeyer, Kittel, Langenfeld, Weiglein, hep-ph/0901.3485]

Theoretically, how light can it be?

det M = p {mé sin28 (M1 cos? O + M sin? ew) - Mle}
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[Dreiner, Heinemeyer, Kittel, Langenfeld, Weiglein, hep-ph/0901.3485]

Theoretically, how light can it be?

det M = p {mé sin28 (M1 cos? O + M sin? ew) - Mle}
- 07

m Always possible if parameters are real
m — X9 can be made arbitrarily light
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[Dreiner, Heinemeyer, Kittel, Langenfeld, Weiglein, hep-ph/0901.3485]

Theoretically, how light can it be?

det M = p {mé sin28 (M1 cos? O + M sin? ew) - Mle}
- 07

m Always possible if parameters are real
m — X9 can be made arbitrarily light

Experimentally, how light can it be?

m If other SUSY masses are light (O(few 100 GeV)), constraints can
be set by collider searches and precision observables

m But: Model independently, there is no universal lower mass bound!
m Reason: A light X9 is dominantly B and does not couple to Z and h
m If XY is stable, cosmology excludes 0.7 eV < my < 24 GeV
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Standard Model

m Take all renormalisable, gauge- and Lorentz invariant
combinations of Standard Model fields

Low > —2HH — (Ye’j(EH)Ej + YI(QH)D; + YI(QH)U; + he. )

Daniel Schmeier — R-Parity Violation and Light Neutralinos at SHiP and the LHC 4



L/ ‘\“‘ A
R- Parlty Violation @?Eﬁfﬁiﬁiﬁa un|vers|tatbonn|
Standard Model

m Take all renormalisable, gauge- and Lorentz invariant
combinations of Standard Model fields

Low > —2HH — (Yg(EH)Ej + YI(QH)D; + YI(QH)U; + he. )

Supersymmetry

m Take all renormalisable gauge invariant combinations of left-chiral
superfields

Whssm = ,u(ﬁ/u : Fld) + ng (zl : F’d) Ef + TZ ((A?I : ﬁd) Bf + TZ (F/u : @,) a,c

Z«ma 505
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Standard Model

m Take all renormalisable, gauge- and Lorentz invariant
combinations of Standard Model fields

Low > —2HH — (Yg(EH)Ej + YI(QH)D; + YI(QH)U; + he. )

Supersymmetry

m Take all renormalisable gauge invariant combinations of left-chiral
superfields

Wwssm = N(ﬁu . F/d) + 7 (I, : F’d) ch +7 ((A?: . ﬁd) Bf + 77 (/l‘:’u . 5,) Of

2
ow
1p w + h.c. - ‘ —_—
Z ' 90,00 Z 0%, 5.,
But also: Wkpy = ki <ITIU Z,) + Ak (Z, Y ) Ef + Mo (Z Qs )f)ﬁ + N2, USDEDS
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Standard Model

m Take all renormalisable, gauge- and Lorentz invariant
combinations of Standard Model fields

Low > —2HH — (Yg(EH)Ej + YI(QH)D; + YI(QH)U; + he. )

Supersymmetry

m Take all renormalisable gauge invariant combinations of left-chiral
superfields

Wwssm = N(ﬁu . F/d) + 7 (I, : F’d) ch +7 ((A?: . ﬁd) Bf + 77 (/l‘:’u . 5,) Of

—PW
T ——
ZJ: 0%,

i |~

But also: Wkpv = ki <ITIU Z,) + Aijk (Z, Zj> Ekc + Niab (Zl : Q) BE + /\/a/bcaacﬁgﬁg
m Typically forbidden by ad hoc R-parity, but what if it not?
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WRpv = Kj (F/u Z/) + Nijk (/L\/ /L\j) /E\/f + Aiab (Z: : 53) BE + /\la,bCUaC/D\ISBg

R-Parity Violation

Example for A1 Example for \},; Example for A/,
e C u
N >~ —dg 4
e ec. d<
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WRpv = Kj (ﬁu Z/) =+ Aijk (/L\/ /L\j)/E\If + Nab (/L\: . 53) BZ + A;’bCUSf)EﬁE
Example for A1 Example for \},; Example for A/,

e C u

>—>——17L >+—8R >——>——§E
g & de

Phenomenological Consequences

m can couple 1 SUSY scalars to 2 SM fermions (impossible in MSSM)
m —> the lightest SUSY particle is not stable any more!

m — Can avoid cosmological neutralino mass bounds!
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WRpv = Kj (ﬁu Z/) =+ Aijk (/L\/ /L\j)/E\If + Nab (Z: . 53) BZ + )\gch:Bng
Example for A1 Example for \},; Example for A/,

e C u

>——>——17L >+—8R >——>——§E
e ec. de<

Phenomenological Consequences

m can couple 1 SUSY scalars to 2 SM fermions (impossible in MSSM)
— the lightest SUSY particle is not stable any more!

— Can avoid cosmological neutralino mass bounds!

— Typically strong constraints from low energy measurements

m — LSP can be long-lived due to small decay width!
Daniel Schmeier — R-Parity Violation and Light Neutralinos at SHiP and the LHC 5
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SHiP — Search for Hidden Particles ) s umversitatﬂ
What is it?

m proposed fixed target experiment

m uses CERN SPS with E,e,m = 400 GeV (/s =~ 27 GeV)

m can observe long-lived particles which travel for A = O(100m)

Target Active Muon Shield

Muon Magnetic Spectromatar Electromagnetic/Hadronic Calorimeter

Goliath Magnet

HS Vacuum Vessel Spectrometer Timing Detector

HS Spectrometer Magnet

Neutrino Emulsion Target and Target Tracker

‘h Drift Tube Tracker
\0) Upstream Veto Tagger et Tieny
‘ surround Background Tagger

S H . P Spectrometer Straw Tracker

Muan Detector
Search for Hidden Particles
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Bringing the pieces together

m Take Supersymmetry with LQD R-Parity to cosmologically allow
for a light X9 with mass O(GeV)

Daniel Schmeier — R-Parity Violation and Light Neutralinos at SHiP and the LHC 7
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Bringing the pieces together

m Take Supersymmetry with LQD R-Parity to cosmologically allow
for a light X9 with mass O(GeV)

m Take SHiP to produce ~ 4 - 10'® D* mesons within 5 years
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Bringing the pieces together

m Take Supersymmetry with LQD R-Parity to cosmologically allow
for a light X9 with mass O(GeV)

m Take SHiP to produce ~ 4 - 10'® D* mesons within 5 years
m Via small \},; predict small but sufficient branching ratio

Br(D* — y00)
c r
> lr
a X
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Bringing the pieces together

m Take Supersymmetry with LQD R-Parity to cosmologically allow
for a light X9 with mass O(GeV)

m Take SHiP to produce ~ 4 - 10'® D* mesons within 5 years
m Via small \},; predict small but sufficient branching ratio

Br(D* — y00)
c r
> lr
a X

m Via small \};, predict decay X§ — KT¢* with small width / long
lifetime
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Bringing the pieces together

m Take Supersymmetry with LQD R-Parity to cosmologically allow
for a light X9 with mass O(GeV)

m Take SHiP to produce ~ 4 - 10'® D* mesons within 5 years
m Via small \},; predict small but sufficient branching ratio

Br(D* — y00)
c r
> lr
a X

m Via small \};, predict decay X§ — KT¢* with small width / long
lifetime

m If this decay happens at inside the SHiP decay chamber, it can be
registered
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Bringing the pieces together

m Take Supersymmetry with LQD R-Parity to cosmologically allow
for a light X9 with mass O(GeV)

m Take SHiP to produce ~ 4 - 10'® D* mesons within 5 years
m Via small \},; predict small but sufficient branching ratio

Br(D* — y00)
c r
> lr
a X

m Via small \};, predict decay X§ — KT¢* with small width / long
lifetime

m If this decay happens at inside the SHiP decay chamber, it can be
registered

m Require 3 expected events to claim a significant observation

Daniel Schmeier — R-Parity Violation and Light Neutralinos at SHiP and the LHC 7
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Take Superpotential

Wrev = Aab (Z, . 53) 52

Daniel Schmeier — R-Parity Violation and Light Neutralinos at SHiP and the LHC 8
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Take Superpotential

Wrev = Aab (Z, . 53) BE

Expand Superpotential Lagrangian

L Db [(VifPLda)gE,b + (FbPLVi)EL,a + (CTbPLda)FI/vLJ}

— b [(EPLéi)gE,b + (doPrus)lu; + (dT,PLE,-)'EL,a} +hec .

Daniel Schmeier — R-Parity Violation and Light Neutralinos at SHiP and the LHC 8
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Take Superpotential

Wrev = Aab (Z, . 53) BE

Expand Superpotential Lagrangian

L Db [(VifPLda)gE,b + (FbPLVi)EL,a + (CTbPLda)FI/vLJ}

— b [(EPLéi)gE,b + (doPrus)lu; + (dT,PLE,-)'JL,a} +hec .

Expand Gauge Lagrangian

£ Dga, ,(APLU)UL 2 + 85, (BPLda)d) o + g7, (ROPLL)EL
+8o,,(XPLiYVL i + &5, ,(d6PLi3)dr,6 + hic.

Daniel Schmeier — R-Parity Violation and Light Neutralinos at SHiP and the LHC 8
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Expand Superpotential Lagrangian

L D\ [(VifPLda)g};,b + (FbPLVi)EL,a + (FbPLda);L,i}

N[ (@ PL) T b+ (doPLs) 1 + (@oPuli)ia| + .

Expand Gauge Lagrangian

LD gDL7a()~(7(1)PLUa)EZ,a + gaL’a()zi?PLda)EZ,a +...+ ggR,b(HbPLf(?)ER»b + h.c.

Daniel Schmeier — R-Parity Violation and Light Neutralinos at SHiP and the LHC 9
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Expand Superpotential Lagrangian
L D\ [(VifPLda)g};,b + (FbPLVi)EL,a + (FbPLda);L,i}

_A;ab [(UiacPLgi)g;‘:’,b + (FbPLUa)E,i + (dibPLf,')EL,a} + h.c. .

Expand Gauge Lagrangian

LD gDL7a()~(7(1)PLUa)EZ,a + gaL’a()zi?PLda)EZ,a +...+ ggR,b(HbPLi?)gR»b + h.c.

Find effective interactions for m; > q

1 1 g’“
d, - J— d, -

L DX mzf’b (dsPX1)(VEPLS) — m;'b (dsPLXY)(USPLL) + —5 (X3 PLda) (dbPLi)
dr,b dr,b dL,a

g; =0 T g’/ i (=0 o
mé’a (A PLua)(dsPLti) + m;’ (XAPwvi)(dsPLda) — ) (dsPrus)

ug,a v ZL./'

Daniel Schmeier — R-Parity Violation and Light Neutralinos at SHiP and the LHC 9
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Find effective interactions for m=>> g

& > &,
£ Xy | (PN Puck) - XD (UPLL) + 7 (XPuds) (o Purr)
dr.b dr.b dL,a
g;L,.; =~ - g:L,f =~ — gffL,
2 (X} Prua)(dsPot;) + p (X} Pvi)(dpPrdy) — (XQPLL:)(dbPrus)
[ VL @L,

Daniel Schmeier — R-Parity Violation and Light Neutralinos at SHiP and the LHC 10
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Derive Neutralino Meson Interactions @

Find effective interactions for m=>> g

/ ngb by ~0\/—¢ ggRb b gv
L D)\iab Ian(dbPLXﬂ(V,-CPLda) — - )(ua P ¢; ) + — (X PLda)(dbPLl/,')
dr.b dr.b dL,a
g;"L a /~0 5 g:L i [~0 7 0,
—— = (X1PLua)(ds Pli) + —= (X1 Puvi)(dbPrds) — i)(dbPrus)
ZL;

m2

U, Vii

Apply Fierz identities to separate (gl'q’) currents

_ 1 18 7
(doPrua)(X XOP¢; i) X )\,ab( g;L + = dR - gfL ) +(l = v, us < da)
2 m, 2 m? m3
L,a dr.b Ly
=63
- _po =0 MV ’ 8, gsR ieMV/JU
(dbO' Ua)()( o Z,) X )\iab 5 + Bup8voe — —~ — + (6 — VU, Uy <> da)
4ms 4m? 2
L,a dr.,b
EGL;I{

Daniel Schmeier — R-Parity Violation and Light Neutralinos at SHiP and the LHC
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Apply Fierz identities to separate (gl'q’) Currents

— = 1 g, 18 g
(doPrua)(XOPLE) % Aﬁab(* 7 ts 5 T ) +(l = v,u; — ds)
2 my, | 2 m8R7b m; :
EGZI”Z

*

o _po =0 MV ’ 8 ga i€uvpo
(o7 us) (R0 x N (25— + 78— ) (Entio = 52 )  + (= vis = )

UL,a dr,b

Tt
— Tiab

Daniel Schmeier — R-Parity Violation and Light Neutralinos at SHiP and the LHC 11
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Apply Fierz identities to separate (gl'q’) Currents

—_ = 1 g 1 gi; 87
(doPrua)(XOPLE) % Aﬁab(* 7 ts 5 T ) +(l = v,u; — ds)
2 my, | 2 m8R7b m; :
=6t

Ia;?
- __po =~0 __puv / ] gg i€ vopo
(o7 us) (R0 x N (25— + 78— ) (Entio = 52 )  + (= vis = )

UL,a dR,b

N N

— Tiab

How to evaluate (d,o*°u,) and (dpPLu,)?

Pseudoscalar M(q1q>) : Vector M*(q1q2) :
(0]g1g2|M(p)) =0 M is pseudoscalar (0|g1g2|M™(p,€)y =0 M is vector
(0@ a2 M(p) = i—™__fy, 01y’ @lM"(p.€) =0 M is vector
Mg, + Mg, <O‘Eho_w/q2‘M*(p7 ()> = ’fl\;* (p;\zﬂ(u o p;\/ﬂC“),

(0|g10"” g2|M(p)) = 0 no 2 Lorentz vectors

Daniel Schmeier — R-Parity Violation and Light Neutralinos at SHiP and the LHC 11
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Decay Widths

)\2 m2, , m> m2
( Map> 7597

64w m3
Map

)
M(Map — 30 = Gy P(fiy, )2 (g, — mfz(E —m?),

%0 m
MM, = %30) = a[’—IG

F(%) — Maply) =

S 2 2 2 2
|Grab (fMab) (mi‘f +mj — mMab)’

~ T,f2
rgl — M3 l) = 3 |G:ab | (f,\%b)2 {2(’”32? — n‘l,2l)2 — mM* (mM* +m? @ +m; )}

Daniel Schmeier — R-Parity Violation and Light Neutralinos at SHiP and the LHC 12
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Decay Widths

)\Z(mﬁﬂab mf_(o,m2) st
M(Map — 30 = : 1GL;

S V2002
(fl\/lab) (ml\/lab - >'<‘f - m,)

647rmMab

1
A2 (m fwfb’mfio’mQ) T.fp2
MM, — 3h) = T'G

2|2 2 2 2 2 242
:b) [mM:b(mM:b + Mg +mj) — 2(’")20 - mj) ]

1

M0 — Mypl) = |G’ab (f,\f,ab)2(m§zg +mp —my ),

rx9 — M2 1) = |G:a ) {Z(m 0 — m,2[)2 — mM* (mM* +m? @ +m; )}

Requirements for SHiP observation

2
|
B
: 3
Pas I\)
K
=N
—
Ni
Y
S
2N
K

m A meson M,, which is produced lots and which can decay into )2(1)
m A charged meson M=, the ¥9 can decay into
m so m(MZ) < m(%9) < m(M,p)

Daniel Schmeier — R-Parity Violation and Light Neutralinos at SHiP and the LHC 12



Possible Scenarios

Coupling  Which (gq)

Relevant Mesons

A (“‘__!)
(dd)
Nio (us)
(ds)
)‘§13 (Ulj)
(db)
Ao (cd)
(sd)
Xy (c3)
(s3)
N3 (cb)
(sh)
Aia1 (bd)
>‘§32 (sé)
)\§33 (bb)

Daniel Schmeier — R-Parity Violation and Light Neutralinos at SHiP and the LHC

/) Bethe Center for

Z4 Theoretical Physics universitét

bonnl

13



Possible Scenarios

Coupling  Which (gq)

Relevant Mesons

!
>\f11

’
)‘i12

’
’\i13

i
)‘i2l

/
/\i22

!
>\f23

’
A;’Bl
>‘532
)‘i33

(ud)
(dd)
(us)
(ds)
(ub)
(db)
(cd)
(sd)
(c3)
(s9)
(cb)
(sb)
(bd)
(sb)
(bb)

Bethe Center for . oy ee
Theoretical Physics N iversitatbonn

Conclusion at this stage

m No combination with

m(Mz) < m(X3) < m(Map)
SHiP can not be sensitive to
single X, couplings!

Need one coupling Ap for

production and another
coupling Ap for decay

Find all possible decays
induced by Ap, A\p but
multiply final event numbers
with branching ratio into
charged final states only

Many possible scenarios, we
investigated some benchmarks

Daniel Schmeier — R-Parity Violation and Light Neutralinos at SHiP and the LHC 13
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m Use Pythia8 to simulate collisions which produce meson M,, = M
m Let all mesons M decay into ¥9

m Find probability P(%? in d.r.) of ¥9 to decay in detector region
(depends on boost and angle)

Targe!

Li_.g=68.8m,Ly =55m,Ry=25mand Rg = 5m.

Daniel Schmeier — R-Parity Violation and Light Neutralinos at SHiP and the LHC 14



Simulation N) Theometcl Phpecs universitéttw'nrl
m Use Pythia8 to simulate collisions which produce meson M,, = M
m Let all mesons M decay into ¥9

m Find probability P(%? in d.r.) of ¥9 to decay in detector region
(depends on boost and angle)

Targe!

Li_.g=68.8m,Ly =55m,Ry=25mand Rg = 5m.
m Normalise, use Ny from SHiP proposal and Pythia8

/Vgg& =Ny -T(M— >”<(1J/) R P()Z? ind.r.) - Br(;}? — charged)
1

Daniel Schmeier — R-Parity Violation and Light Neutralinos at SHiP and the LHC 14



Bl: D* —

Ke* 11— Kre™

Property Value
/ /
i N
D 112
Mproduced D i
T KEte¥ K*EeF
decay ’
Mgecay Via Xp K, K, K*©
Mgecay Via A K, KS, K*©
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Bl: D* — Ye*, Y — K*e™

1075
T 107%F
Pro %
perty Value 3
£ 107
i% i;l21 “:r«-t\,
D 112 =18
Mproduced Di Il 10-8 o
= g7 KEeF K*EeT s ‘
decay ) \_r‘E IIIT y
Mgecay Via Xp K, K, K*© . Fidsént : 5
My vVia Ay KD, K, K0 L1077 e Sanitivity Fleach
0 500 1000 1500 2000
my in MeV

m Colours show 3, 3k, 3M expected events

m Existing bounds are on single operators (weak) and the operator
product (strong, but model dependent)

m SHiP could set very tight constraints for this model if the product
bound does not apply

Daniel Schmeier — R-Parity Violation and Light Neutralinos at SHiP and the LHC 15
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Bl: D* — Ye*, Y — K*e™

1075

10-6
Property Value ™ 10-7 _
Ap Mot > 10-8L--
Ab Ay o )

c 9L i
M produced D i -ﬂ_m - 10
MdiecayFF KteF K*teT XI5 qo-10p Y ,5
Mgecay viaXp KD, Kg, K0 10- 1L
MO via,  KP, K2, K*O
o ? S 10712 i i i i i e
10712107 %1071 1079 1078 1077 1076 107

Y in GeV—2
Illi

Bottom: A\p vs Ap

m Colours show results for three examples m(%?)
m Lower limit on Ap due to sufficiently many D — {3 decays

m Upper limit on \p as a too large [ lets )2(1’ decay to quickly

Daniel Schmeier — R-Parity Violation and Light Neutralinos at SHiP and the LHC 16



B3: B — v, ¥ — K*eT

Property Value
Ap Alag
Ap Al1a
Mproduced BO7 B°
O’bi/O'cE 21x107*
My OF KEeF, K*TeF
ecay
Mgecay viaA},  none
0 i 0 0 je*0
Mdecay viaAp, K[, Kg, K*
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B3: B — v, ¥ — K*eT

Property Value
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m Colours show 3, 3k, 3M expected events

m Much weaker product bound

m SHiP could improve limits on \'/i? by a significant amount
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B3: B — v, ¥ — K*eT

Property Value
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Hli

Bottom: A\p vs Ap

m Lower limit on Ap due to sufficiently many B — {9 decays

m Higher threshold due to much less B mesons

m No upper limit on Ap as it does not affect It
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Property Value
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B5: B — {(7,v), ¥} — KErT

Property Value
%
D 312_
Mproduced 507 BO’ B*
O'bi/ocg 2.1 x 1074
Mz 0F KErF K*£rF
decay ’
M3, Via Ap  mone
ecay
Mgecay via A, KD, K2, K*0
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m Decay into 7 shifts mass thresholds

m Much larger sensitivity if neutral final states could be observed
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Variable Description Value Variable Value

Nz ccinb5yrs 9 x 10'° Nz 1.5 x 10%°
0p5/0cc  cross sections 2.1x 1074 ou5/0cc 8.6 x107°
nh D¥ per ctevent  0.53 ney 0.59

ng‘_’i B* per bbevent 0.83 nt‘;‘;i 0.87

nge B° per bbevent  0.80 n’é% 0.87
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Crude LHC Comparision — 7y
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iP LHC

Variable Description Value Variable Value

Nz ccinb5yrs 9 x 10% Nz 1.5 x 10%°
0pp/0cc  cross sections 21x107* o,5/0cc 8.6 %1073
nh D¥ per ctevent  0.53 ney 0.59

ng‘_’i B* per b_l_a event 0.83 ng?i 0.87

ngg B° per bbevent  0.80 n’é‘g 0.87

\ ATLAS Detector

)
]

/

) = 0.0505m, Rp = 11m, 2L = 43

2y
Sy Cham®

ety Wi

=N

Target

EN i S B
~_ - -

Y

Liyg =68.8m,Ly =55m,Ry/p=25m/5m.

Very Overoptimistic

For the LHC, we also assume that any decay into charged particles would be observed
and that 3 observed events would yield a discovery!
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Comparable, but shamelessly olotimistic for LHC!
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Summary

m Light neutralinos and RPV are an interesting combination

m SHIP is sensitivite to LQD scenarios via decays from and to
mesons

M— % R0 — MEF

m Need two different \’ couplings for observability
m SHiP can improve existing bounds significantly

m LHC shows similar sensitivity for a very rough approximation,
probably orders of magnitude worse

AVa
\/\/
SHIP,
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