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o "Why supersymmetry” or

"Why do we want to extend the Standard Model”
Neutrinos & lepton flavour violation

Signals in models with

s Dirac neutrinos

s Majorana neutrinos

» Neutrino masses via R-parity violation

® Conclusions
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# How to combine gravity with the SM?
= local Supersymmetry (SUSY) implies gravity

# SM particles can be put in multiplets of larger gauge
groups
s INSUB):1=0%,5=(d g vrlL),
10 = (uOé,L,u&R,da,L, IR)
s 1IN 50(10): 16 = (UQ’L, ug,R, dOé’L, dg,R7 l1,lR, VI.L V%)
However there are two problems in the SM but not in

SUSY:
s proton decay (also in SUSY SU(5) a problem)

» gauge coupling unification
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Evolution of gauge couplings: SM versus SUSY
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® What is the nature of dark matter ?

o What is the origin of the observed baryon asymmetry?

o Why three generations ?
Why do have neutrinos so tiny masses?

# "Why does electroweak symmetry break?” or
"Why is ;* < 0 in the SM?”

# Hierarchy problem
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Standard Model MSSM

matter: .- RN . -
v [l Il

ve [l -
gauge sector: ..-. ....
By RS Rt

Higgs sector: . . . .

assume for the moment conserved R-Parity: (—1)3(B=L)+2s)
(3,2, R, 1) — X0, (@, %) — %5

-

=
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® Mass bounds from LEP/Tevatron:
s Higgs: > 100 GeV

s charginos/sleptons > 100 GeV
s squarks (except £,b), gluinos: > 300 GeV

# rare decays:
bounds on flavour violation beyond CKM

» Cold dark matter: Qn? < 0.12

# high precision measurments of gauge couplings
= unification if SUSY is present
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Neutrinos: tiny masses Neutrinos: large mixings
Am2, ~3-1073 eV? | tan Oqtm|? ~ 1
Am?  ~7-107° eV? |tan O 0;|% ~ 0.4
3H decay: m, < 2eV Ues|? < 0.05

strong bounds for charged leptons

BR(p — ey) < 1.2-107 1 BR(p~™ — e~ ete) < 10712
BR(T — ey) <1.1-1077 BR(T — py) < 6.8-1078
BR(T — ') < O(1078) (I,I' = e, p)

lde] < 10727 ecm, |dy| < 1.5-10718 eem, |dr| < 1.5-1071% e cm

SUSY contributions to anomalous magnetic moments

|Aae| <1072, 0 < Aay, <43-10719, |Aar| < 0.058
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analog to leptons or quarks

Y Hvj v — Y, v, VR = My VL, VR
requires Y, < Y,

=- no impact for future collider experiments

Exception: vy is LSP and thus a candidate for dark matter
= long lived NLSP, e.g. t; — ITbig

Remark: m;, hardly runs = e.g. mg, >~ mgin mSUGRA
0in GMSB

2
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Neutrino masses due to

i(HL)(HL)
A

e e \\ /

S . 0,
\Y/ @ \\\ /I

[ \ > )
A Yy Yy
|
|
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Supersymmetry
W = Yejlizﬁdﬁj + Yl)ﬂizﬁuﬁ; + MRZN'LCNzC

neutrino masses

174

convenient parameterizationt:

Y,,:\/iﬁ Mg - R/, - Ut

RGE running
(AMZ)i; = —5=(3md+ AD(YSLY,)s;
(AADi; = —g= Ay, (YJLY,)i;
(AMZ)i; = 0
Ly = log (%—);)5kl

_TJ. A Casas and A. lbarra, Nucl. Phys. B618, 171 (2001), [hep-ph/0103065]).
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(AM?2);5 and (A4;);; induce

L — Ly, LT

Xo — Ll
Neglecting L-R mixing:

om?2);q|?
Br(l; —1;v) o a’m} ( A,Lg)wl tan? 3
¢ m

Br(7z — e+ xY) N ((AM%>13)2

Br(72 — 1+ x9) (AM?)23
Moreover, in most of the parameter space
Br(l; — 3l;) o (1 (mi ) 11)
~ o) - —
Br(l; = 1l; +~v) 37 5 m? 4
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take all parameters real

\/E 1 0
3 V3

_ _ 1 1 1

U = Ursu = V6 V3 V2

1 1 1

Ve o V3 V2

Use 2-loop RGEs and 1-loop corrections including flavour effects
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—
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M. Hirsch et al. Phys. Rev. D 78 (2008) 013006
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M. Hirsch et al. Phys. Rev. D 78 (2008) 013006
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Texture models, hierarchical vr

real textures "complexification” of one texture
E I T T TTTTT0 T T TTTITT T T TTTITI T \HHHE 10_6? I T TTTTTTI T TTTTTTI T T TTTT l \HHHE
10, | _
107 gy = 107
) _12 ~~
?10 N A ?10—10
SRl 3 102
b o]
a8 o a8
10—145
10_18i | N [ | [ A [ \HHE l/ [ [ | I B N W I A
1011 1012 1013 1014 1015 1011 1012 1013 1014 1015
s /GeV s /GeV

SPS1a’ (Mo = 70 GeV, M, ;o = 250 GeV, Ag = —300 GeV, tan 8 = 10, p > 0)

F. Deppisch, F. Plentinger, W. P., R. Ruckl, G. Seidl, in preparation
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include SU (2) Triplet Higgs

1 Yy 2D A~ A A~ ~ A~ A A A A A
W = Wwussm + 7 (Yf#7 L;Th"L; + M HgThWHg + )\QHUTQHU) + MpT1Ts
v% A2
m, = —=—Yr
2 My
M 0.05 eV
“T ~ 10%Gev (—e)
)\2 my

Gauge coupling unification = use 15

15 = S+T+Z7
2 1
S ~ (6,1,——), TN(1,3,1), ZN(3,2,—)
3 6
1 N A A ~ ~ A PPN N A A N a A~ N A A
W C S(VPLRL 4 YD SD) + Y, D 2L + YaD QHy + Vul QA + Yo B LH,
1 N A A A~ A A A A A~ ~ o~ A~ A
-+ %(AlHdTlHd + N HToHy) + MpT1 T + Mz Z1Z2 + MgS1S2 + pHgHy,
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b17b27b3 MSSM: — §7 17 —3
5

‘”‘g 5
SEE Y T +T, _ /18
23R (b1, b2, b3) 11712 = (18 4 0)
| A\ T5+15
Q| \ N (b1, b, b3)° T = (7,7,7)
E aQ \ I
— 2 INNTTS
ﬁ‘: ~ ‘\\ “\
o - . \\ \‘
SO Nl Seesaw | (~ MSSM)
SIS 2\ \\“\:\_.: I I
S E N N BRI m2 —m2 m2 —m2
| ~ F e MNZO MwlS
~— \\ M2 — ’ M2 —
s N*E@ e 1 1
S E 18
:’é — L L L L LI L R mQQ—mQU 1 6 mQD—m% 1 55
| 0t 102 1B 10t 10 g0t Mg T T M T

M15 = MT [GGV]
M. Hirsch, S. Kaneko, W. P., Phys. Rev. D 78 (2008) 093004.
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WURZBURG
10 1
10—6 ----- Br(7- py) ) ‘3: 10—1
— Bi(p-ey X ——BiHhone
0 ~- — Bi(roey T 107
?\ / ll:-\] 10_3 —E»r(%2—>)( ,u) /
=10 X ,’ 5
T T/ “ 0
:": 10—12 '." // 0
o /,{ / St / / Excluded by
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G. Polesello

1500 —

Events/1 GeV/100 fo'"
o
o
o

500

L1 I R
(o] 20 40 60 80 100

m(ll) (GeV)

5 kinematical observables depending on 4 SUSY masses

e.g.. m(ll) =77.02 4 0.05 + 0.08
= mass determination within 2-5%

For background suppression
N(ete)+ N(pTp~) = N(etu™) — N(ute™)
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Seesaw | + Il, signal at LHC

o(pp — X3) X BR(x3 — 32, ; lilj — pErFxY)

— m =100 GeV
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=500 GeV
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.........................................................................

00800

GeV]

10

M1/2 [

Ao =0, tan 8 = 10, u > 0 (Seesaw II: Ay = 0.02, Ao = 0.5)

J.N. Esteves et al., arXiv:0903.1408
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Seesaw, special kinematics'

mSugra: stau co-annihilation for DM, in particular mz — myo < m,

~0
X1

- - = - o — -

71 life times up to 10* sec

T S. Kaneko et al., arXiv:0811.0703 (hep-ph)

X1

. b )
X . X1
lar TR~ |y 71 lar
NV TR M AM,
@ el L @~ -
1 1 1
2 > 2 °2__ ¢ 2 2_ 2
M]e?T _M]ei’a M&T M[P/T Mle%r Mza
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general problem up to now: m, ~ 0.1 eV = Y?/M fixed
forbid dim-5 operator, e.g. Z3 + NMSSM!

(LH,)*S (LH,)*S?
Mg M7

solves at the same time the p-problem

T 1. Gogoladze, N. Okada, Q. Shafi, Phys. Lett. B 672 (2009) 235
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arbitrary M7

Ik

M7

)093

Al,ij: )Zg 7 Zzl] — lkl])z(l)

BR(x2

— Xje*

TT)
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BR(

~0
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— X1 TT)

0.1}

0.01}

0.001 o 1.+ e TE R L T 0.001 |
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o e v el : .3
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e e ."':’.'.s.'-:.'.‘ F.° .-.‘. p
cp e 0% AR . X
. [} j.l,‘:..- Xy oo, Y.
.3 et Y
. .' -, B Y S K IS * S *
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~0 +7F -0 - -
100 dT(X3—17 17 XY) 100 dL(X3—=1T17X9)
Liot  dm(F17) Ciot  dm(lT17)
% 0.05 A
0.08 etr T i ete (=putu™) [LFC],/ !
g ’ !
S 0.04 o
0.06 4 : , |
| /'/ : /’, '
p ! 0.03 / e
Py
0.04 P
g 0.02
0.02 0.01
0 0

0 20 40 60 80 .
m(l;1T) [GeV] m(I+17) [GeV]

A. Bartl et al., Eur. Phys. J. C 46 (2006) 783
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The most general superpotential allowed by SU(3) x SU(2) x U(1):
W=Wg,+Wg,

= MSSM part:

Wr, = YYHLES +Y,H,Q;D¢ +Y¥IH,QUS — pH,H,

= R-parity violating part:

Wre = XLl B+ N, LiQ; D + N US DS DE + €L H,

p

= Nijk A;jk and ¢; violate lepton number
/7 H
= Ak violate baryon number

= lepton number and baryon number violation shouldn’t be present at the same time,
because...

MPI fir Kernphysik, Heidelberg, 3 May 2010 W. Porod, Uni. Wiirzburg — p. 26



fulius-Madimillans-
I UNIVERSITAT
WURZRURG Proton decay

= Consider, for example:

u €+
) Estimated decay width:
Al12 Yemeaend Mg 200 )2
0\ ~
F(P —eTr ) ~ 111’g7r md:f M>D oton
d U

Given that 7(P — em) > 10°? yr:

~ 2
M <2107 (—dk_)
e M S <1OOGeV

= For this reason the MSSM assumes R-parity:

Rp = (_1)3(B—L)—|—25

MPI fiir Kernphysik, Heidelberg, 3 May 2010 W. Porod, Uni. Warzburg - p. 27
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= An alternative is matter parity (all A\, \’, A\’ and ¢ forbidden):
(L17E17Q17017D1) — _(L’iaE’iaQiaU’iaDi)a (HdaHu) — (HdaHu)-

= Sufficient to forbid baryon number violation, for example via baryon-parity
(all \"" forbidden):

(Qi,Us, D;) — —(Qi,U;,D;), (Li, B, Hq, Hy) — (Ls, Es, Hg, Hy).
= Spontaneous R-parity violation (all A, A" and \”’ forbidden):
W =Wyssn + Y LiH N+ -

= If (°) # 0 explicit bilinear RPV terms are generated effectively:
€; =Y.’ (5)

T complete list of possible discrete symmetries by H. Dreiner et al.
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Basis idea: transfer of SUSY breaking from hidden sector via
messenger fields using gauge interactions

Messenger scale: M;(My;) ~ g(x)a; Ag
M (M) ~ f(x) ¥ Cio?A%
= ANg/Muy, f(z),9(z) = (n5 + 3n10)O(1)
Generic prediction: light gravitino being the LSP
NLSP: Y0 or lg (I = e, ji, 7)
add bilinear R-parity violating terms:

W = Wirssm + € LiHy, Vot = V%tSSM + Bie;L;H,.

S

= sneutrino vevs v;
in the following: take v; as free parameters instead B;
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basis /"7 = (—iX, —iX*, H} HZ ve, vy, vr) We get:

M0 mT
My =
m 0
[ M 0 —Lav Lorn, i 1 1 7
1 29 d 29 U —§g V1 59’01 0 €1
0 Mo lgvd —lgvu
2 2
./\/lXo = L ) , m = —%g’vg %gvg 0 €9
—59'vd 594 0 —
| 9w Lovw - 0 | —39'v3 39vs 0 ez

Approximate diagonalization as in usual seesaw mechanism gives

A2 AjAs ALAY
A1As A5 AgAg| A; = pv; +vge;
A1As AsAs A2

Mig%+Msg'?
m,, —
eff 4det(./\/lxo)
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second v mass via loops

2 2 9 . -
1 m= mz 2 2
milP o~ 3h? sin(20; )my, log 22 + h? sin(20z)m log 5 (& + &)
1672 m; ms (12
1
€ = Vj';ej

mixing angles

Ao\ 2 A &1\ 2

experimental data require:

A

\ /det./\/lio

~ 0(1079), — ~0(107%)
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Two examples of neutrino masses as function of & /|A]
(other parameters fixed):

10’

10

107

107°
1

Myys My sMys [€V]

ex s /(@V

7

02 107" 10° 10" 10® 10°
e /|A

10’

107

10—3 I

107°
1

Myys My sMys [€V]

€2A2/(€3A3) < O

02 107" 10° 10" 10% 10°
/|
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dominant modes R-parity violating modes

A?
deth()

Y (R — WEL)

MY — WHF)

2

LX) — ) Zu)

2
&

F()Z(l) — VT+lZ-_) X =5
v

R-parity conserving mode

~ mgo 57100 eV 2
(0 ~ 12x 10792 () ) ev
(Xl - ny) <10 KJ,Y 100 GeV m3/2 ©

total width

I~ (100%* —107%)eV
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BR(X) — >, W)

0.2 | ) |
0.175
0.15

0.125

0.075

0.05

10_37,“\\\\\\\\\\\\\\\\\\\
100 200 300 400 500

mo [GeV]

—tan B =10, u > 0,--tanf =10, u < 0,—tan B3 =35, 4 >0,--tan3 =35, u <O
mg/o = 100eV,n5 =1

M. Hirsch, W. P. und D. Restrepo, JHEP 0503, 062 (2005)
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Correlations
BR(xY — Wu)/BR(x? — Wr) BR(x? — ver) /IBR(XY — vpur)
10 4 10
5 | 5
2 | 2
/ | 1
05 0.5
0.2 3
0.2 01
0.1+ B o A o -
0102 05 1 2 5 10 0102 05 1 2 5 10

tan? (Qatm) tan? (Qsol)
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9

Mz ~ 1

My Vs
= for n5 > 3 hardly points with y{ LSP
® [; NLSPs: BR(lv) > BR(IG)
® 15 = 2: BR(G~) reduced by a factor 2-3

® G decays via R-parity violating couplings, however:

M eV] mg/ 2 ~

N o ~1 31 :
I'(G) ~3.5-10 0.05¢V 13, = 7(G) ~ O(10°" )Hubbletimes
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® Dirac neutrinos: displaced vertices if 7r LSP, e.g. t; — lbig
(out NMSSM: ¢; — 1bvyY)

®» Seesaw models:
» mMmost promosing: 7, decays
» very difficult to test at LHC, signals of O(10 fb) or below
» in case of Seesaw ll: different mass ratios
® R-parity violation
» interesting correlations between v-physics and LSP decays,
testable at LHC
» displaced vertices
» (Can the model be pinned down?
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WURZBURG
10 1
10—6 ----- Br(7- py) . ‘3: 10—1 :
— Bi(poey) AR et LRI
g = — Bi(roey) . 107
108 . / N B3
NN // : O I A /
- 10-10 . p Y i
1 Az 0
oB (8 R CON
R S /{ ’ S0 iy Excluded by
ST S/ A
. /,// IN 10° / / Br(p - ¢y)
RIS / ‘ i
e 107 /
1011 1012 1013 1014 1015 1016 1011 1012 1013 1014 1015 1016
Mjs = My[GeV] M;s = My[GeV]
A1 = X2 = 0.05

SPS3 (My = 90 GeV, M, /5 = 400 GeV, Ay = 0 GeV, tan 8 = 10), u > 0
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WURZBURG

107 1
o] N -1
-6 | i - 10 ;
0= a : : Br(7) -
10’8 R 4 [0 U :
2 /) & TR
- 10—10 4/ b 10
J R g
z 10_12 —, a 7 ¢ : /
” S s Br(r - y) v 1075 .
) /44 - — < Bi(1-ey . 10
1016 /7 Uy /
4 g 107
T T ] = / .
1012 1013 1014 1015 1016 1012 1013 1014 1015 1016
Mjs = My[GeV] Mjs = My[GeV]

A1 = X2 =0.5
SPS1a’ (Mo = 70 GeV, M, /5 = 250 GeV, Ap = —300 GeV, tan 8 = 10), u > 0

M. Hirsch, S. Kaneko, W. P.,, Phys. Rev. D 78 (2008) 093004. ===
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07400 600 800

M, , [GeV]

o(pp — X3) X BR(x3 — 32, ; lilj — pErFxY)
mo = 100 GeV Ag = 0, tan 3 = 10, . > 0, A1 = 0.02

J.N. Esteves et al., arXiv:0903.1408
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I l,;,"i-}gggggé'f Bilinear R-parity breaking extension of the MSSM

Connection to trilinear R-parity violation: rotate (H,, L;) such, that
e, = 0; gives in leading order of ¢; /-
/ €i

ijk — 10 5]khdk

and

A231 = 0, Aoz = h, =3

Aijk = —Ajik
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I wirzeure Oolar angle

~ N\ 2
: : : €1
Approximation formula gives : tan®6g ~ (~—>
€2
10° © 10% ¢
101 3 5
tan“ 0
1077 - 10° -
101 ¢ r?ié?*#
=5
10_2 ! L ! L 10_2 ;r.:j:'\.\\\\\u\ Ll Ll L
107 107" 10° 1072 107 10° 10’ 10°
(€1/&2)7 (€1/€2)7

— Left figure: Neutralino LSP, b—b; loop usually dominant
= Right figure: Stau LSP, both, b-b; and 5"—x;f
(1=1,..,7, k=1,..,5), equally important
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Standard thermal history of the universe:

ms /o 100
0 th:O.ll( ) _~ 90 — 140
3/2 100 eV ( 0 ) (g )

Current data:
Qcpah? ~ 0.105 4+ 0.008

= mg/, = 100 eV if DM candidate, warm dark matter

constraints from Lyman-a forest: mypas = 550 eV

(M. Viel et al., arXiv:astro-ph/0501562)

=- assume additional entropy production, e.g. non-standard decays
of messenger particles

(E. Baltz, H. Murayama, astro-ph/0108172; M. Fuijii and T. Yanagida hep-ph/0208191)
does not work in practice: F. Staub, W. P, J. Niemeyer, arXiv:0907.0530
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GMSB signals

X
X
X

il X\ [ I

: = 500 GeV
- m.o = 400 GeV
" m<o = 300 GeV
. meo = 200 GeV
-m<o = 100 GeV

10 20 50

10 20

10°210% 51021082108
mg /o [eV]

ns = 1, tan 8 = 10

50 10%210% 51

02 10% 2108
m3 /o [€V]
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Decay length (e, /1, 7 ) [cm]

L B L B B

; . =¢, /1, T can be separated
107t = - . .

in this model.
107 ¢
1073 Moreover
107 ['(7) Y- \? m=
107 F(ﬁ) Y/L mpg
10°° f ~

: N L D R 4

e b e b b b o & k

100 150 200 250 300 350 400

n@[KEeV]
M. Hirsch, W. Porod, J. C. Romé&o and J. W. F. Valle, Phys. Rev. D66 (2002) 095006.
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BSR(él — pv;) BR(é1 — tv3) BR(i1 — ev;)/ BR(i1 — 7v3) BR(71 — ev;)/ BR(71 — pv;)
1

0
100
10
! 10
05
1 :
04
0.05 01 0.1
005 0f 05 1 5 00 0 | 010 001
(e2/€3)? (€1/€3)?

Cross check possible: (e1/€3)?/(e1/€2)? = (e2/€3)?
= Measure 2 ratios, 3rd is fixed.
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m,,, (GeV)

3-lepton channel multi-lepton channel displaced vertex

* R conserving trilepton i % R conserving multileptons|i] % displaced vertex search
BRpV trilepton |y &) BRpY multileptons g &) 100 fb_1 [ ]
1200 * : T 1200 4 a0 10" % :
£ 1 & ]
* |
1000 *x % . 1000 * - 1000 EENEENENEEEEEEER -
*x * * Kk % * EEEEEEEEENEEEEEEEER
800 * x ok I x s 800 * % - goo |/ R4 B B3 B9 L RN RS R RN R R RN RS RS Y S
k] DX Ik I I ¢ *x Kk kx K BT R B3 0T R RN R R RN R R RN R R Y RN RS Y
600 X] X DX X * 600 *x * * Kk Kk *x - 600 |/ Raf b DY RT3 R EF R RN EY R N RN R LY RN R LS B
[X] bk bk X DI I G SR SN ¢ RaF R B T R R R R RN R R R R R RN RN R RN
400 k] D QX Dk 400 Y B3 DX X * x ok ok ke 400 (Y B3 Rd K B3 09 LY BN RS R BN EY R N EY B9 RS Y RS b
[X] X i u DO QR B k| BT R B 0T R R R R RN R R R R R R RN R N
111 I 1111 I 1111 I 1111 I 1111 I 1111 I 1111 I 1111 I 1111 I
250 500 750 1000 1250 1500 1750 2000 2250 250 500 750 1000 1250 1500 1750 2000 2250 250 500 750 1000 1250 1500 1750 2000
m, (GeV) m, (GeV) m, (GeV)

L =100fb~1, Ag = —100 GeV, tan 3 = 10, x > 0

F. de Campos et al., JHEP 0805, 048 (2008)
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WURZBURG
3 L B B B T T T 1 T T T 1 T T 1 WIMP_ ype Candidates QXN1
O L L L L L N LA W o L
No Big Bang I -
I | " neutrino v
5 -
20 | neutralino y
210 B | _
Supernovae
~ @
QOp = (4+0.4)% AR = 7
| 0, N
—_ (o] = L . 7]
CMB Qp = (73ﬂ:4) Yo | \% - — 3
g [axion a axino a |
expands forever Y ‘_
O — 8 N T porersosatually N 0 [ ]
20 L i
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K 3 &2 — '-
-1 2, \ i [ _
S, I ]
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R.A. Knopp et al., Astrophys. J. 598 (2003) 102 L. Roszkowski, astro-ph/0404052
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R N S & 5m2:—N(f);—?2A2—|—...

RS - bl b d emPoN(HLAZ- .

exacte SUSY: ém?2 = 0

softly broken SUSY: ém? (m?; —m3) log(mf;/mfc)
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talk by |. Borjanovic at 'Flavour in the era of LHC’, Nov.05, CERN

L=100 fb! | Fit results
Edge Nominal Value Fit Value

m(11) e 77.077 77.024 {ms {}.{}5
m (gl )edee 431.1 431.3

m(gl)=8® 302.1 300.8 311

m (gl )&e 380.3 379.4

m(gll )= 203.0 204.6 2.{]

Mass reconstructlon
5 endpoints measurements, 4 unknown masses

mﬁ)—sfr

e-y-x [

f __ poom i fit i Egeale
E'Jf,- = Ej- + a0 + Hﬂ'j

m(y,") = 96 GeV

m(ly) =143GeV | Am(y,’)=4.8 GeV, Am((,")=4.7 GeV,
m(y,") = 177 GeV

Gjelsten, Lytken, Miller, Osland, Polesello, ATL-PHYS-2004-007
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