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Why do we consider R-parity violation at NLO?

Motivation for R-parity violation —- Use L-violating terms to explain current
neutrino data (via NLO corrected Neutralino mass matrix).

But:

In R-parity violating models the incomplete NLO correction

x A, e??

doesn’t necessarily show the correlation to neutrino mixing angles as pre-
dicted on tree-level! We will discuss the following points:

@ Introduction of the uvSSM: Explanation of neutrino data

@ Features of LSP decays

@ Relation between decay modes and neutrino mixing angles at NLO
@ Examples in the NMSSM
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Superpotential W in R-parity violating SUSY
All considered models have in common:

Wai = (Yu),; @zﬁuaj + (Ya),; ﬁd@id\; + (Ye),; ﬁdiigj
The superpotentials of the MSSM and NMSSM are then given by:

no bilinear (WMSSM = War—puHaH.

coupling! = A{(P)

after EWSB
Starting with the bilinear model (¢;-term), one can use a similar ansatz:

Wimssm = Wai— A H, H,, + %mf@&) 2N

linal PPN -~ = . ~ccce
coupling Wivssm = War— AV HaHu+ (Yo); LiHu V" + %m/ v

& p=A0°), e = (Y,), (7°) after EWSB

no bilinear (WBRPV = Wau—uﬁ oH,—eLiH,

uvSSM: Proposal by D.E. Lopéz-Fogliani and C. Mufioz, 2005

Use right-handed neutrino superfield ¢ with ;. = —1 to solve
p-problem and to generate effective ¢;-terms!
Since L;c = —1 R-parity already broken before EWSB!

Stefan Liebler = 3/12



UN'\J;E}Mg'Tl-Iﬁ Neutrino physics in models with broken R-parity
WURZBURG Generating neutrino masses in SSM

Why do these L-violating terms explain neutrino physics?

In the basis
(1/10)T = (B7 W307 -E{t(i)a -Hga VC7 Vi, V2, 7/3)
one can write £72%%, = —1 (4°)" M,v° + h.c. with

M, m
Mo = (mT O)'

@ M, mixes the 5 heavy states
@ m mixes the heavy states with the neutrinos
This leads to an effective neutrino mass matrix m.g, which is at NLO given by
(meff)ij = — (mTM,flm) = aAiAj + b(AiGj + GZ‘AJ‘) + cei€;
i
with A, = pv; + vae;
including w= (@ and e = (Vo) (0°9)
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Remark: Present neutrino data

From neutrino oszillations: mass differences Am;; = m7 — mj between the
different mass eigenstates and mixing angles:

| parameter [ bestfit | 20 |
Am3,[10~"eV?] 7.6570 %5 [ 7.25 —8.11
|AmZ |[10~%eV?] 2407512 | 2,18 — 2.64
tan® 05,1 0.43875-025 1 0.37 — 0.54
tan® Quem 1.00755% | 0.64 — 1.70
tan® Or 0.010T0015 | < 0.042

Schwetz, 2008, arXiv:0808.2016

Example for fitting the neutrino data with the parameters of (m.f):

tan? Ouim ~ (AZ)Q , tan? Oso1 =~ <€~1>2, tan? Or ~ <A1>2,
As €2 VA22 + A32

= Alignment parameter A; fits atmoshperic and ¢; solar scale.
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What features do these R-parity violating models have?

@ Neutrino data is explainable (R via L-violating terms).

@ Lightest supersymmetric particle (LSP) is not stable any more.
—> Decay length of mm up to several km <> Displaced vertices

@ Decay modes of LSP are correlated with the neutrino mixing angles.

@ Special phenomenology in uvSSM due to singlets states

= Testable at future colliders (LHC and ILC)!
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Where does the correlation come from?
Consider the lightest neutralino ¥? = W2 as LSP in the uSSM.
Two-body decay: At tree level the left-handed W-%?-1;-coupling reads:

L= f’Y” (OLiPL + ORriPR) YW, + h.c.
g | ghi €, gPuul\ >
Opi ~ L Nip— (& ) Nus — ST N6
Li~ 5 dots 12 (M + 2udet+) 13 Jz:; 1585

2 2
A-
= ( 2) ~ tan? Ogm

Br(x} > W-ut) |Ors

Br(x§ - W-r7) *|0rs Az

The branching ratios of ¥} — W¥I; with the Singlino ¥ = »° should on
tree-level be proportinal to A;, but they aren’t after the incomplete one-loop
correction:

Wzi

<0 -0
X Xi
! . Ay, €77

I
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Electroweak contributions:

Self energies: Vertex corrections:
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Electroweak contributions:

Self energies: Vertex corrections:

:9‘ |4 F
TN 4>—©—» MAQAA M? P
WENGS T eV v BT s T
IR-givergence due to vanighing photon fags ‘

/
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LSP properties in models with broken R-parity

Neutrino mixing angles - —1tw—

Finally we can compare the ratios of decay widths ¥ — [TW ™ with the neu-

trino mixing angles:

Bino ¥{ = B Singlino % = v¢

10%g

E[r@=uw)
Lli—h)
ARGER versus tan’ 9,,,,,7 .

10's

[ T: LO decay with NLO N,U,V
10'E I 1O decay with NLO N
E Do+ Iy + I NLO decay
t To: LO decay

10°F

107 10!
1071 10*2
E s
: i e —uW)
[ e tan20,, ‘g;:%;ﬂ” versus tan0,, tan?0,,
S . YT B TTY T B i T R TT R P R i i
1072 107! 10° 10 10? 102 107! 10° 10! 10?

= The full NLO corrections show the desired behaviour!

B
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Example in the NMSSM
NLO corrections to X3 — X7 W~
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Summary:

@ Electroweak corrections using an on-shell scheme become very impor-
tant in R-parity violating supersymmetry. (This doesn’t imply that the per-
turbation series is senseless!)

@ They preserve the correlations between decay modes and neutrino mix-
ing angles as predicted on tree-level.

@ They typcially provide corrections of up to 20% to the decays of Neutrali-
nos and Charginos in the MSSM or NMSSM.

@ Electroweak corrections using an on-shell scheme show the same tech-
nical behaviour as in the Standard Model.

Thank you for your attention!
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Why not adding the following terms W = Wussmnmssm + WR?

1 TaTb~c Ta Ab e Ta 17b 1 ~c ¢ e
Wp = ¢€a (EAijkL?Lge;; + A;jkLil ; r— €iL; HL) + 5/\£;kuid]‘dk‘

All terms of Wp, are invariant under SUSY- and gauge transformations.
— Strong restrictions fromi.e. p — 7 / 7°:

Uy ——- U

. . - Msp )2
P gt = S )
d Sk v,e

<= All terms in Wp, are forbidden by R-parity Pr = (—1)*"~")*2* which is
Pr = +1 for SM particles and Pr = —1 for SUSY partners.

But allowing only L-violating terms explains neutrino physics.
My work focuses on models with (effective) ¢;-terms.
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Particle content of the uvSSM

MSSM + right-handed neutrino superfield 7¢ with Lye = —1

The new, R-parity violating terms induce a mixing of the following flavor eigen-
states to mass eigenstates:

@ Neutralinos (B,W;?,Hg,ﬁgyl/c,vl,l/g,ug)
= 5 heavy states including Singlino »~“ and three light states
e Scalars/Pseudoscalars (Hg, Hy, 7", i1, U2, 73)
— Singlet scalar/pseudoscalar state ¢

Similar to BRPV and SRPV:
@ Charginos (W*,fl;,e,p, )
€

@ Charged Scalars (H, , H,f , &, fi, 7, &%, ji°, 7°)
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Definition of the matrix ¢ = m™ M !
The complete diagonalization of the neutral fermion mass matrix reads

Mo = N*MNT with an(M; m>
m 0

and can be done approximately with ¢ = m” M,; ! in the form

. (NT 0 [1-Lfe
v= () (L )
resulting in

ane = (5 )08 o) (3 9)
where in the 1-uvSSM the matrix ¢ is given by
€ij = KN — L5jse,
7
with K7 neither proportional to v; nor (Y,,);.
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Decay modes of the lightest neutralino y? as LSP

Most important decay modes:

decay mig < mw mw < mi? <mz mz < mi(lj
& = Zy; °
- WHTF ° °
X! — S%v; | PPy o o )
X1 — ll-ilj-tl/k ° ° °
X1 = qidjly J o o

Also present: X — 3v  or X% — @qivk
Notation:

e < Link to neutrino physics

o <= Masses of scalars and pseudoscalars crucial
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Let's have a look at the dependence
of the UV parameter A and the renor-
malization scale @ for a NMSSM Neu-
tralino decay.

2.0
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Appendix

UV divergence and Renormalization
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A massless photon produces IR di-

Appendix

IR divergence

What is missing?

vergences. Therefore one calculates  We have to take into account the real
with a photon with mass m.. Buthow  corrections coming from the emission
to get rid of this dependence on an  of a photon with mass m., !

unphysical mass scale m~?

1.2

T in GeV versus m., in GeV
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B
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This can either be done by consider-
ing a cut-off energy for the real cor-
rection or by calculating the full hard
photon emission, what was done
here:

0.3

T in GeV versus m., in GeV
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IR divergence

1.0

T in GeV versus m., in GeV H
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= The final decay width is IR finite.
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A last problem, which we want to address, are gauge dependences. As in
electrodynamics the theory is invariant under gauge transformations. A com-
monly used gauge fixing are the so called R¢-gauges:

N N B S " b2
Ly =~ 5 E*r (0" A40)° = 5 » (0" 2, — Mz&5 )
1 . / — . / —
~ %w ("W, —iMw&w ™) (0"W,, +iMwée™)

In the t'Hooft-Feynman-gauge the gauge parameters ¢, and &;, are choosen
equal and appear at several stages in the calculation:

@ propagators of the gauge bosons

g o v
Guu 2 — g —(1— pp
V)= Y ey e

@ masses of the goldstone bosons and the ghosts
ma, = Symis and my, = Symi

@ scalar-ghost-ghost couplings
— The final result should be independent of the parameters &y/!

Stefan Liebler :
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Gauge dependence
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Total decay length and explicit branching ratios?

[m]
5
N

0
1

Focus on {9 = v¢:
@ A€ [0.2,0.5]

K € [0.025,0.2]

€ [110,170]GeV

@ SPS1a’ (v°9)
SPS1a’ (mixture)
SPS3 (v°)
SPS3 (mixture)
SPS4 (mixture)
e {m(SY),m(P)} > m(x?) by i
appropriate choice of T, € 1075

(=20, —0.05]GeV 0 4 6 8 10 10 10
m(xY}) [GeV]

X

Decay length of




Julius-Maximilians-
UNIVERSITAT
WURZBURG

Interesting feature: Decays of the lightest Higgs h°

. 10°

A
I
=
T
Q

10t

102
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m(x))[GeV)

Complex behaviour for several
light singlinos 9 = v¢:
Decays of A% into %Y, Xix3
and X3x3
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Higgs decays
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Considering the possible extension of bilinear R-parity breaking, one can com-
pare displaced vertex signals, completely invisible final state branching ratios
for LSP decays and lightest Higgs decays:

Di\f‘gr'f:fd Comment BR(Invis.) d'ligagyss
BRPV Yes Visible <10 % standard
anti-correlates non-
SRPV || Yes/No with invisible any Sﬁiﬁ“ﬁﬁlf)
pvSSM Yes/No | ith r?gr:i:gtc;rrqurtgsl-liggs <10% st:r?ga-\rd

Combining the NMSSM with BRPV results in the superpotential:

WNMssM+BRPY = Wa—AOH H, —e;LiH, + — 3 KDODD

This model is very hard to distinguish from the pvSSM, since in both a light
singlet scalar/neutralino can be present.
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