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Standard Model MSSM

matter: &
v v [l o [l

gauge sector: . . - .
Higgs sector: . . . .

assume conserved R-Parity: (—1)B3(B=L1)+2s)
(3,20, B, 1) — 0, (%, ) — 53
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® SM: Higgs doublet + Yukawa couplings
= after EWSB, CKM- and PMNS matrices
= excellent agreement with data, e.g.

® BR(b — sv),BR(BY — 71v), BR(Bs — ptu~), BR(B — Drv),

BR(b — sutu™),BR(Bg — putp~), BR(Bg — putu~), AMp,, AMp,
BR(Ds — 7v), BR(Ds — pv), AMp

BR(K — pv), BR(KY — n%w), BR(K' — ntwr), Amg, ex

BR(t — ev), BR(t — wvy), BR(t — Ul") (I,lI'! = e, )

BR(u — ev), BR(u~ — e etTe™)

electric dipolemoments, e.g. d,,, de

L 2 B B

However: no clue what determines sizes of masses and mixing angles

® Supersymmetry, e.g. MSSM

Wyssy = HgLY.EC + HiQYyDC + H,QY, U — pHyH,
Viogt = HgLTee* + HyQTyd* + H,QT,a*
+ > PMEf 4 ME |H? + M3, |Ha|? — BuHaH.,

f=L,&,Q,d,u
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® Pragmatic approach, Minimal Flavour ViolationT
express all additional flavour structures in terms of ’known’ Yukawas

e.g. at some (high) scale

Ty = Ao sYy , M3 = Mg 15+ aY]Y;

where Ao ; and Mg . are scalars
generic prediction for squarks*: FV decays are governed by |Ve e ar.i51%, €.9.

BR(t — X{s) =~ |Vorxwmis|?BR(E — X]s)
BR(t—X}2c) < 1077

Sleptons: depend on mechanism for neutrino masses

T A.J. Buras et al., PLB 500 (2001) 161; G. D’Ambrosio et al., NPB 645 (2002) 155
* E. Lunghi, W.P,, O. Vives, PRD 74 (2006) 075003
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® more ambitious: new symmetries, e.g. Abelian or non-Abelian, gauge or discrete . ..
SU(3) flavour example*

Wy = Hpl [egeg + 04,07, (9353) + €*19,3 1,035,602, (92353) F. ] ,
0 accliQ g3 a;clig g3 0 1o g3 s g3
Yo « a;cliQ g3 g2 mgg g2 , Yy xls g3 g2 T, g2 ,
a;cliB g3 acg3 g2 1 s g3 s g2 1
a2y, = mi(o

1 .~ 4 S : R

"‘W {9;,7;9% + 93,'&'9; + 9;‘37;9%3 + 923,@'933 + 91237;9{23 + 9123,@'9123

f

1 ) _Tk_T b imnpy n

_I_W(Ezkle?, 923 )(E 93,m923,n) + « o

f

LHC: similar to MFV approach although somewhat larger effects

* G.G. Ross, L. Velasco-Sevilla, O. Vives, NPB 692, 50 (2004); L. Calibbi, J. Jones-Perez,
O. Vives, PRD 78 (2008) 075007; L. Calibbi et al., NPB 831 (2010) 26
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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 Hvpvgp — Y, v vp = my UV, 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
Mpp = 0 in GMSB

S. Gopalakrishna, A. de Gouvea and W. P., JCAP 0605 (2006) 005, JHEP 0611 (2006) 050
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100 T T T T ] AR EEEns na e e e I ma R B
] ~ L tanB: 10 ) le+14 F M=250 GeV — - letld m\~i=100 GeV — -
1 g || =300 GeV - - =200 GeV - -
z , & G ! T e ey 1
g mo = 100 GeV - Y / - i
) : S lesl0 / - Qe+
o \ A() = 100 GeV 8 / 8
~ — \ ) \
& ‘ < Lo 1 Tt
g £ &
""""""" 10000 | 1 e 10000
0oF - 100 F
f R T B 00 150 W0 250 0 30
600 800 1000 1200 1400

general signature: two long lived particles + multi jets and/or multi lepton

S. K. Gupta, B. Mukhopadhyaya, S. K. Rai, PRD 75 (2007) 075007
D. Choudhury, S. K. Gupta, B. Mukhopadhyaya, PRD 78 (2008) 015023
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Neutrino masses due to

i(HL)(HL)
A

e e \\ /

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

[ \ > )
A Yy Yy
|
|

* P. Minkowski, Phys. Lett. B 67 (1977) 421; T. Yanagida, KEK-report 79-18 (1979);

M. Gell-Mann, P. Ramond, R. Slansky, in Supergravity, North Holland (1979), p. 315;

R.N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44 912 (1980); M. Magg and C.Wetterich,
Phys. Lett. B 94 (1980) 61; G. Lazarides, Q. Shafi and C. Wetterich, Nucl. Phys. B 181
(1981) 287; J. Schechter and J. W. F. Valle, Phys. Rev. D25, 774 (1982);

R. Foot, H. Lew, X. G. He and G. C. Joshi, Z. Phys. C 44 (1989) 441.
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Relevant SU(5) invariant parts of the superpotentials at Mgy
$ Type-l

I CE 1 C N\TC
WREN =Yy N 5M-5H—|—§MRNN

» Type-ll

1 _ _ 1. - _ 1 _
WisH :EY% 5ar - 15 -5y + E>\15H 15 -5 + E>\25H 15 -5y

+Mi515 - 15

$ Type-lll

— 1
Woun = 5240 Y 150 + 524MM2424M
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Under SU(3) x SUL(2) x U(1)y

® The 5,10 and 55 contain

— ~ ~ -~ ~ ~ ~ ~ _ _=C
5y = (D, L), 10 = (U, E,Q), 5y = (H®,Hy), 55 = (H , Hy)

® The 15 decomposes as
15 =8(6,1,—2) + T(1,3,1) + Z(3,2, )

® The 24 decomposes as

_ ~ = 5)

—~ _ 5 ~
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Postulate very heavy right-handed neutrinos yielding the following superpotential below

Maur:
Wr =Wnrssym +Wo

~ ~ o~ 1 ~ ~
W, =N°Y, L - H, + §NCMRNC :

Neutrino mass matrix
2

My = —%‘”YVTMlleV
Inverting the seesaw equation gives Y, a la Casas & lbarra
Y, = V2—\/Mp - R-\/f, - U
Vu

., Mg ...diagonal matrices containing the corresponding eigenvalues
U.......... neutrino mixing matrix
R.......... complex orthogonal matrix.

FLASY 2011, 20 July 2011
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Below My the superpotential reads

1 ~~ o~ ~ o~ o~ ~ o~ o~
Wrir = Wanssyv + E(YTLTlL + YsDclec) +Y,DZ1L

+ —WH T Hy+ MoH,ToHy,) + MpTyTo + Mz Z1 Zo + MgS1 S5

N

fields with index 1 (2) originate from the 15-plet (15-plet).

The effective mass matrix is

2
V2 A9
my = —— ——Yr.

2 M~

Note that
Yr=UT .Yy U,
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In the SU(5) broken phase the superpotential becomes

~ o~ 3 ~ ~ ~ ~
Wirr = Wussm + Hi(WuYn — 4/ EBMYB>L + Hy X pYx D€
-|-§BMMBBM + §GMMGGM + §WMMWWM + X Mx Xy
giving
v o 4

2
3 _ 1 _ _
my = ——* (EYBTMBlYB + EY‘}‘F/MwlYW> ~ —quY‘}}MWlYW

last step: valid if Mg ~ My, and Y ~ Y
= Casas-lbarra decomposition for Yy, as in type-1 up to factor 4/5
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MSSM: (bl, ba, bg) = (33/5, 1, —3)
per 15-plet Ab; =7/2 = typellmodel Ab; =7
per 24-plet Ab;, =5 = type lll model Ab; = 15
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MSSM: (bl, ba, bg) = (33/5, 1, —3)
per 15-plet Ab; =7/2 = typellmodel Ab; =7
per 24-plet Ab;, =5 = type lll model Ab; = 15

2500 ! T ! T ! T ! T 2230 ! T ! T ! T ! T
| | | | : : : —>
My | Mal | s
: : | e 2000 A A AN
2000 o e el 3 3 S
| | LT s | Pt % |
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,,,, /‘, § /'/
3 o Q1780 o et P A ]
G150 e e = ) - ‘
s A 1 | s |
= | Z 1500 or T
& -7 L < 3 C | |
21000 o o o = g g
= My 4 | | 1250 [ M e _—
a eI = ; e —————==
: LT : A STt it :
500 F M T T _— e f
i e 1000 M BEEESE IR -
I S A e 1 B | | |
I - | I . | 750 L 1 i i
10'2 10'3 10" 10'° 1016 1012 1013 10" 10'° 108
MSeesaw (GeV) |v'Seesaw (GeV)

Q:].Tev,m():M1/2:1TeV,AO:O,taH/8:103ndM>O

Full lines ...seesaw type |, dashed lines ...type ll, dash-dotted lines ...type lll
degenerate spectrum of the seesaw particles

J. N. Esteves, M. Hirsch, W.P., J. C. Romao, F. Staub, Phys. Rev. D83 (2011) 013003
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mo = My =1TeV, Ag =0,tan3 =10and p > 0

Full lines ...seesaw type |, dashed lines...type Il, dash-dotted lines ...type lll
degenerate spectrum of the seesaw particles

J. N. Esteves, M. Hirsch, W.P,, J. C. Romao, F. Staub, Phys. Rev. D83 (2011) 013003
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1B

2

1

(m% — m3%)/M
L — ) /M7

L
10

7 /M,

— ™
— ™

2
%,
2
I

(m
(m7

1.5

1L
10

ot 0% o 0° 10"
M15 = M24 [G@V]

Seesaw | (~ MSSM)

m -~ —mMmM
Q__E ~9p DL ~ 8
2 — 2 —
M1 ’ JM1
mi—mE g e 2”"2U~155
~ 1.6, ~
Ml Ml

(solution of 1-loop RGES)

M. Hirsch, S. Kaneko, W. P., Phys. Rev. D 78 (2008) 093004
J. Esteves, M.Hirsch, J. Romao, W. P., F. Staub, Phys. Rev. D83 (2011) 013003
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5m
4 1‘1 ‘\l N “
N \ \ SPS3 \ SPS3
‘| ‘\ mo = 0.5] My, = 1 TeV > ‘| mo = 0.5, My, =1 TeV|
~ 3.5 1 my =t Mz =1tTFcV ~tR \ mo =1/ M, =1 TeV
A Voo S 4 Y
\\ \‘ | \
\
| 3 ) ) ‘ > \
\ \ \ \
oy \ \ E \
\ \ ~— 3 \
\ L = U\
= 25 N2 3R

A
|
)
f
E

1.5

|

1013 1014 1015 1016 1 Ll L

M24 [GeV] M24
blue lines ...SPS3

light blue lines ... mo = 500 GeV and M, ,, = 1 TeV
redlines...mo = My, =1 TeV

black line ... analytical approximation

full (dashed) lines . ..2-loop (1-loop) results
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one-step integration of the RGEs assuming mSUGRA boundary

ag k,
AM 5 = = = (3m3 + A7) (Y TLY]@)U
3
Ay = —ap g Ao (YeYR Lv)

AM%M- ~ 0
Lij == ln(MGUT/Mi)(Sij
for ¢ # j with Y. diagonal

9
CL[Zl, a”:6and CL[[[ZE

FLASY 2011, 20 July 2011 W. Porod, Uni. Wirzburg —p. 20



I %"dg_&_gﬁﬁ? LFV in the slepton sector: approximate fofmiRs, |

(AM?2);5 and (A4;);; induce

Neglecting L-R mixing:

om?2);;|?
Br(l; — ljv) oz3m? ( ~L8)ZJ| tan® 3
¢ m

Br(f2 — e+ xY) N ((AM%)lg)Q
Br(f2 = p+x%)

Moreover, in most of the parameter space

Br(l; — 3l;)  a (1 (mi ) 11)
~ 0 - —
Br(l; =1l +~v) 3« 5 m? 4
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take all parameters real

2 1 0

3 /3
_ _ 1 1 1
U=Usn=|-7% 75 7
1 1 1
V6 V3 V2

Use 2-loop RGEs and 1-loop corrections including flavour effects
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A 10'6 5 Q 1 E_ ................. S
™ 107 & 3 [ Brlt-ey)
3 [ OO SRR SO
1o 110" By
i T
A 10'10 m 102 ._ .............................
& 4t L 2 :
~~10 S, g
T - H m 103 i mv1—0 ev .........................
!—: 104 R SRR PR dU EXCIUded by
s F
L I S e Briu—ey)
107 ¢
10'6 -I+—---I--I-I-I-I-I-Hi-----lﬂ--l--l-l-Hlli----- el

1010 1012 1014 1016 1010 1011 1012 1013 1014 1015 1016
M, (GeV) M, (GeV)

degenerate vp
SPS1a’ (Mo = 70 GeV, M, ;5 = 250 GeV, Ag = —300 GeV, tan 8 = 10, p > 0)

M. Hirsch et al. Phys. Rev. D 78 (2008) 013006
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nan

—
o
=

S
Br(t — e %), Br(t — 1 %)
S
g

Br(t — e %), Br(t — 1 %)
S

—
o
o
TR
—
o
o
TR

-I—---I--I-I-I-I-I-I-II-----I---I--I-I-Hlll- --;--|-4-n4-u|----4--4--|-4-|-m|---

10'6 j—---I--I-l-lI-I-I—Ii-----I---I--I-I-Hlli-----l -|-4-n4-ui----4--4--|-4-|-mi--- | 106
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M, (GeV) W, (GeV)

degenerate v hierarchical v
(M1 = M3 = 1010 GeV)

SPS3 (Mo = 90 GeV, M, /5 = 400 GeV, Ag = 0 GeV, tan § = 10, u > 0)

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 T T TTTTTT T T TTTTT1 T T TTTITI T \HHHE 10_6? I T TTTTTTI T TTTTTTI T T TTTT l \HHHE
10, | _
107" P = 10°*
) _12 ~~
AN 107"
SRl 3 102
b b
aa 10—16 aa
107
10_18i | N [ | I B N W [ \HHE 10_16 l/, [ [ | I B N W [
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, G. Seidl, JHEP 1101 (2011) 004
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WURZBURG

10 1
oo Bi(to ) LTSl
10—6 1y . ~ 10 z -
— Bi(u-ey 8 S Bi(%,- y )
0 - — Bi(roey T 107 - o ) /
~ ‘ & — b= XK
P; 10 // : 10_3 g
'T' 10 7 E 4!
ol A o
Z o : /{ / S0 Ay Excluded by
o S 0 . Bi(y ¢y
e S ,
i . /, i
0t 0% 10" 0% 108 10" TS 1SS (USS AS (A (
Ms = My[GeV] Mis = My[GeV]
A1 =2 =0.5

SPS3 (My = 90 GeV, M, ;, = 400 GeV, Ag = 0 GeV, tan 8 = 10, pu > 0)

M. Hirsch, S. Kaneko, W. P., Phys. Rev. D 78 (2008) 093004.
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my=M, ,=1000 (GeV), tanB=10, A;=0 (GeV) my=M, ,=1000 (GeV), tanB=10, A;=0 (GeV)
1078 107 3
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degenerate spectrum of the seesaw particles, Mscesaw = 1014 GeV

J. Esteves, M.Hirsch, J. Romao, W.P,, F. Staub, Phys. Rev. D83 (2011) 013003
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G. Polesello
_T_ ] 1500 — —
lfar g
~() P N N R B
Xl m(ll) (GeV)

5 kinematical observables depending on 4 SUSY masses
e.g.. m(ll) =77.02+0.05+0.08

—- mass determination within 2-5%

For background suppression
N(eTe )+ N(uTp~) = N(eTp™) = N(ute™)
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101 — m=100GeV| : 1 :|— m =100 GeV : _ : :
f— m 2200GeV ..o foo e T ;
ofl— m=300Gev| /51 [ | — m =300 GeV : : : '
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- : O : : : :
- 10 % . .........

GV L NG 101?.......; —m

[ e —)
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Ao =0, tan 38 = 10, . > 0 (Seesaw Il: A\; = 0.02, Az = 0.5)

12 [

J.N. Esteves et al., JHEP 0905, 003 (2009)

FLASY 2011, 20 July 2011 W. Porod, Uni. Wirzburg —p. 29



julius-Maximitlans-

UNIVERSITAT
wirzBURg  LOW scale Seesaw

1B

general problem up to now: m, ~ 0.1 eV = Y2 /M fixed
However: dim-5 operator might be forbidden due to symmetries,
® c.g. Z3 + NMSSMT

(LH,)?S (LH,)?S?
M ’ M3

solves at the same time the u-problem

Warssm = HiLY.E€ + HyQY,D® + H,QY, U — NH H, S + gg?’

® flavour symmetries + extra SU(2) doublets + singletts
or linear or inverse seesaw = see talk by M. Krauss

T I. Gogoladze, N. Okada, Q. Shafi, PLB 672 (2009) 235
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® Higgs sector: A (i=1,2,3), a? (i=1,2)
non-standard Higgs decays*:

hg — a?a? — 4b, 2bT+T_,T+T_T+T_

® Neutralinos, Singlino LSP |\| < 1 = displaced vertexT, e.g.

2

(71 — X97) oc A2 mi — m?{o — m2
i

Note: u = Avs

*seee.g. U. Ellwanger, J. F. Gunion and C. Hugonie, JHEP 0507 (2005) 041
T seee.g. U. Ellwanger and C. Hugonie, Eur. Phys. J. C 5 (1998) 723
S. Hesselbach, F. Franke and H. Fraas, Phys. Lett. B 492 (2000) 140
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arbitrary M7
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Squarks, variations around SPS1a’
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MSSM extensions in view of neutrino physics

>
o

SUSY flavour problem orginates in the SM flavour problem

Dirac neutrinos: displaced vertices if op LSP, e.g. t1 — lbir (but NMSSM:
t1 — lbl/f((l))

Seesaw models:

$ most promising: 72 decays

® (difficult to test at LHC, signals of O(10 fb) or below

® in case of seesaw Il or lll: different mass ratios

NMSSM

® potenitally larger LFV signals due to lower seesaw scale

$ modified Higgs/neutralino sector

# modified phenomenology; h{ — a1a1 and/or displace vertices

Squarks: similar techniques for flavour violating signals as for sleptons but technically
more challanging

general MSSM larger effects; require special parameter combinations
= hint of hidden symmetries ?

FLASY 2011, 20 July 2011 W. Porod, Uni. Wirzburg —p. 37




julius-Maximitlans-

UNIVERSITAT
wiirzeurg  Landau Poles ):“3

207

1.4

JgcuT

12}

1.0 -

1Og(A]\4Seesaw/efe\/v)

mo = M9 =1TeV, Ag =0,tan8 =10and p > 0

Moy = 2 x 1016 GeV

black lines ... seesaw type-ll

green lines ... seesaw type-Ill with three 24-plets with degenerate mass spectrum
full (dashed) lines . ..2-loop (1-loop) results

FLASY 2011, 20 July 2011 W. Porod, Uni. Wirzburg —p. 38



Juljus-Maximilians-
I UNIVERSITAT o i -
wiRzBURe  Seesaw, special kinematics' ~Ip

m3ugra: stau co-annihilation for DM, in particular mz —mg < m,

>0

X1

a ~ b)

(a) O < i
TH:ll laR %Rﬁll T, lor,

AMIZ%RQT legﬂ' AMELQ
—————————— R e
1 1 1
M]e?T _M]@m’a M&T _MET Mle%r _Mza
o lo
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