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#® Origin of R-parity
= SO(10) - SU3)c x SU(2), x SU2)r x U(1)p—_1
— SUB)e x SUR2), xU1)g xU((1)p_r,
= SU3)e xSUR2)L xU(1)y xU(1)y
or E(8) x E(8) = SUB)e x SU2), xU(1l)y x U(1)p_p,
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#® Origin of R-parity
= SO(10) - SU3)c x SU(2), x SU2)r x U(1)p—_1
— SUB)e x SUR2), xU1)g xU((1)p_r,
= SU3)e xSUR2)L xU(1)y xU(1)y
or E(8) x E(8) = SUB)e x SU2), xU(1l)y x U(1)p_p,

® Neutrino masses

B — L anomaly free = vp
usual seesaw, inverse seesaw
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® Oirigin of R-parity
= SO(10) - SU3)e x SU(2), x SU2)p x U(1)p—_r
— SUB)e x SUR2), xU1)g xU((1)p_r,
= SU3)e xSUR2)L xU(1)y xU(1)y
or E(8) x E(8) = SUB)e x SU2), xU(1l)y x U(1)p_p,
#® Neutrino masses

B — L anomaly free = vp
usual seesaw, inverse seesaw

® Hints for an SM-like Higgs boson at 125 GeV

in SUSY: additional D-term contributions to m 0
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» Gauge kinetic mixing
» S50(10)/E(6) based model
$ model building
® 7' physics
» SUSY cascade decays
®» [ x Eg based model
® 7’ physics
® [searchesat 14 TeV

in this talk:
gauge kinetic mixing effects neutrino masses

SO(10)/E(6) small inverse seesaw
Es x Eg large low scale seesaw |
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U(1l), x U(1), models allow for (B. Holdom, PLB 166 (1986) 196)

LD —XabFa’”VFﬁy
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U(1l), x U(1), models allow for (B. Holdom, PLB 166 (1986) 196)

LD —XabFa’“’VFﬁV

A¢ AP
H A = Yab = 152 Tr(QuQs)

T2
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U(1l), x U(1), models allow for

LD —XabFa’p“VFﬁy

b
A 1

s > 'Yab — 1671'2

equivalent
a aa a Aa
Dy = 0 — i Q g Gab Z
Qb Gba  Gbb A,

both U (1) unbroken =- chose basis with e.g. gy, = 0

affects also RGE running of soft SUSY parameters:
R. Fonseca, M. Malinsky, W.P., F. Staub, NPB 854 (2012) 28

(B. Holdom, PLB 166 (1986) 196)

Tr(QaQp)
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Superfield SUB)e x SUR2) xU(l)r xU(l)p_1, Generations

Q (3,2,0,+%) 3

de (3,1,+3,—3%) 3

. uc (3,1,—3,-3%) 3
§ I (1,2,0,—2) 3
ec (1,1,4+2,+1) 3

jc (1,1,-%,43) 3

S (1,1,0,0) 3

H, (1,2,+3,0) 1

% H, (1,2,-1,0) 1
T XR (1,1,+1,-1) 1
XR (1,1,—3,+3) 1

Y=Tpr+B—-LandQ =T} +Y.

W = Y,ucQH, — Yyd°QHy + Y, veLH, — Yee¢LHy + pH,Hy — prXrXR + YsV°XRS

based on M. Hirsch et al., arXiv:1110.3037
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1 _ _ 1 .
XR = E(UR—I_ZSOR_I_UXR) , XRZE(UR-HSOR-F’UXR)
HY = L(a + ipg + vg) Ho—i(a + iy + V)

pseudo scalars, basis (¢4, Yu, PR, PR)

2
M2, = MG AL 0
0 M3,g
tan 3 1 tan ORr 1
2 2
M3 a1, = Bu ) cot 3 , M3ar=DBugr . cot 3
R

tan 8 = vy /vg and tan Br = vy /Vxp
two physical states

m? = B, (tan 8 + cot 3), miR = B (tan Br + cot BRr)

independent of gauge kinetic mixing!
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neglecting gauge kinetic mixing

2 2
M2 o mryr, MR
hh = 2T

myp  Mpp
ng C@ + mAs% —% (m?4 + g%vQ) S23
—5 mA—|—gZ’v )32@ g%vQSQ —|—mAc%

s <QR’UUR%%R —gRVVRCESA,

nen _QR'U'URSBCﬁR g%vvRsf;sﬁR 7
mL, = gZRvRCﬁR +m3 s ~1 (miR + g%Rv%i) 241
1 mAR + gZRUR S28p gZRv]Q%s%R + mARC%R
UIQ% = ’UiR—i—’UXR,’U —fud—|—fu
sz = sin(z), ¢z = cos(x) , = _(92 "‘QR) g%R _ i(Q%L —I—g%)

= new D-term contributions at tree-level

H.E. Haber, M. Sher, PRD 35 (1987) 2206; M. Drees, PRD 35 (1987) 2910; M. Cvetic et al.,
PRD 56 (1997) 2861; E. Ma, arXiv:1108.4029; M. Hirsch et al., arXiv:1110.3037,
arXiv:1206:xxxx
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basis (W9, Bg_1,, Br)

, gsv? —929RBLV? 929 RV?
My = 1 —929RBLV? IRV + I5 0% JRIRBLV — GRIBLV%
—929rV?®  9RYRBLV? — GRIBLVR gEv? + gEv%
ger. = (9BL —9rBL), Jr = (9R — YBLR)

det (Mgy,) =0

expanding in v?/v% and setting ggL.r = greL =0

> _  (9pr93 Y 9BLIR T 939R) 2, o (2
my = 5 5 v+ 2
4(9%. +9%) R
1 g4 2
2 2 2 2 R 2 v
my, = —(9Br t 9r)VR + v+ 0 <_>
? 4 g% +9%) Uk

M. Hirsch, W.P,, L. Reichert, F. Staub, arXiv:1206:xxxx
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model implementation via SARAH (F. Staub, arXiv:0909.2863, arXiv:1002.0840)
numerics via Spheno (W.P. CPC 153 (2003) 275; W.P.,, F. Staub arXiv:1104.1573)

MC-studies using wHIZARD (W. Kilian, T. Ohl, and J. Reuter, EPJC 71 (2011) 1742)
model file via Toolbox (F. Staub, T. Ohl, W.P., C. Speckner, arXiv:1109.5147)

® tricky: relations between gauge couplings, e.g.

L I B

gy — 5(9BLIR — YBLRIRBL)?
3(9%; +9BLR) +2(9% + 9%5.) — 2V6(9r9IBLE + YBLIRBL)

2-loop RGEs
tadpoles at 1-loop (+ 2-loop corrections in the MSSM part)

L I B

1-loop mass spectrum (+ 2-loop corrections in the MSSM part of the Higgs sector)
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GUT embedding: g1, = 9gr = 92 = Mgur, Setgrpr = 9gprr = 0at Mgyt

] 5o \/E
Yab — 2 2 8
167 _ \/E 27
8 4

soft breaking parameters:

mglgzm%:m%}:mé:m%:m%:mgc :mQS
M1/2:MBL:MR:M2:M3, Mpr,r =20
Ti:AOY—ia i:€7d7u7’/78

Higgs sector: mo = mpy, = mpy, and either
1. mog =myp = mgy at Mgy OF

2. MAR, ,u’ at Mgirsy as input

LPSC, Grenoble 6 June 2012
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vr = 5000 GeV vr = 8000 GeV
1.08
pr = —200 oo pr = —200 oo
1.1 k| pr=—-500 —— LR = —500 ——
UR = —1000 ---------- /*,.-' 1 06 || UR = —1000 ----------
108 L| #r=-1500 -l ’ pr = —1500 oo
. . 1R = —2000 o pr = —2000
= 106t o 104t
8 E
1.04 -
1.02 t
1.02 +
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
250 500 750 1000 1250 1500 1750 2000 250 500 750 1000 1250 1500 1750 2000
mo [GeV] mo [GeV]
M1/2 = 1000 GeV, tan 8 = 10, Ag=0
1
2 2 2 2
My, = 4 ((QBLR —9gr)° + (9BL — 9RBL) )UR
2 |2+ 5 )+ g% 5 (26)tan612%—|—1 5 2tan612%
~ —2(|UR mz —v“ CcoSs m
XR 4 tan 612% —1 XR tan 612% —1
1 Mgur
Am —m2 —m2 ~ "~ Tr(Y.Y.)(3m?2 + A2) 1o (—
XR XR XR A2 ( sts )( 0 O) g Msisy

LPSC, Grenoble 6 June 2012 W. Porod, Uni. Wirzburg —p. 11



julius-Maximitlans-

UM_WERSIT&T -
WURZBURG Higgs sector lli

250

225 1 I
200 | hy oeoeeeees
175 |
150 |
125 | ]
100 |
75 |

mp, [GeV]
R2.

0.85 0.9 0.95 1

140 1
130
120
110
100
90
80

70 L L 1 O 1 1 1
-1000 -500 0 500 1000 -1000 -500 0 500 1000

pr [GeV] pr [GeV]

mo = 250 GeV, M; ;5 = 800 GeV, tan 8 = 10, A9 =0
vr = 6000 GeV, tan Br = 0.94, ma, = 2350 GeV, ur = —800 GeV
including complete 1-loop + 2-loop in the MSSM part

0.8 [

0.6

R,

0.4

mp, [GeV]

0.2
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1 T
0 —50uY, 0 1 O 0
_ 1 1 gen, s = _ _ 2,,2 2,,2
My = | JsvuY 0 “50xn Ys == my, = \/\Yul v + |Ys[?vf
0 Hva¥s  ns VYoo + ¥ 202
setting us =0and B, =0
M2 =
v2 ot 1 T ) 1 T
m% + TUYV Y, + Dy, EUU(T,/ — Y, cot Bu) §UUUXRY,/ Y,

2 v2
%vu(Ty — Y, cot Bu*) m?2 + UT“Y,/YJ + %Y;YS + Dp %’UXR (Ts — Ys cot Brut,)

2

(Y
%UUUXRYTY %’UXR (T3 — Y] cot Brur) m% + %YJYS
D } 2 2 | 2 2 .2\) 1
L= (9B +9BLR — 9BLIRBL) (v, — vy ) + (97 + 9k + 9BLIRBL) (V] — V)
1
Dr = 3 ( dbr +9%)(vz, —v3i.) + (9% + 9kBL — 9BLIRBL — YRIBLR) (Vg — ’Ui)) 1
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> M%—I— %M%L—I—m% %(vdTl — 1Y7vy,)
l 25 (aT}i — pYivw)  MZ+EM3p+m2 |

2 2 2 2 2,2 2 2 2 2 2 2 2,2 9
Mp =95 (v, Vi) T2 (vy,—vy) and Mpgp = (9r—95L)(Vy, —V5e) IR (Ve —vg)

neglecting gauge kinetic effects; similarly for squarks

, 1500 F
400 F C
E 1450 [
350 F s ~ ]
; Koor T t
300 ¢ 13500 omemmsssmmooomoooooooomnTTTTTTT b
S 2s0b . - 1 % 13000 ~ ]
L - N €L ] r bl q
i v N g
200 j 1 \\\ i 1250 :’
1s0% ] 1200 g |
E ] wsor -
100 | T | L L L | L L L | L L L | L L L | L L L | L L L | L L L [ C L L | L L L L | L L L 1 | 1 1 |
1800 2000 2200 2400 2600 2800 3000 3200 2000 2500 3000
mgy mgz

mo = 100 GeV, my s = 700 GeV, Ag =0,tanB8 =10, u >0
tan Bg = 0.94, ma, = 2 TeV, ugr = —800 GeV
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basis (Agr,A?, kY, hS, AR, XR, XR)

M>~<'O —

0 —29RBLVA
Mo S9LVg
S 9LVd 0
—19Lvu —p
0 — 2 9RVg
0 0
0 0

LPSC, Grenoble
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3000 | p—
2500 e P 5 0.8 0
......... //_/ X(l) e, \ :: X1 -------
— 2000 L Y J— I S
N L X% ____________ . 0.6 S
® - 3 . N P
O 1500 .. NN i a | Y —
= T U & T
O S X5 04 : P —
g 1000 - IV N I R
------------------------------------------------- X(; mrmemememees 02 OO |:: Xg e
500 | oo e '
O | 1 1 1 O $ 1
4 5 6 7 8 5 6 7 8
vgr [TeV] vgr [TeV]

GUT-version: mo = 1000 GeV, M; o = 1000 GeV, tan 8 = 10, Ag = —600, tan Sg = 1.04

3000

2500 | .

2000

1500

m; [GeV]

500

0

1000 [

vg [TeV]

RE.

]l
0.8 -
XE fffffff
ST T T X3 e
06 -,_:-I_i/ Xg ............
¥ Xi
0.4 JI ) Xg ........................
AN B Xg —mm
02 | it N
0 k _fz'/ , e, | |
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vr [TeV]

mo = 630 GeV, M; /5 = 1000 GeV, tan 8 = 10, Ag = 0, tan 8g = 1.05, ug = —1700 GeV,
ma, = 4800 GeV
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BLRSP1 | BLRSP2 | BLRSP3 | BLRSP4 | BLRSP5
mo [GeV] 470 1000 120 165 500
M /5 [GeV] 700 1000 780 700 850
tan 3 20 10 10 10 10
Ao 0 -3000 -300 0 -600
vr [GeV] 4700 6000 6000 5400 5000
tan Bg 1.05 1.025 0.85 1.06 1.023
1 [GeV] -1650 -780 -1270 260 (-905)
ma,, [GeV] 4800 7600 800 2350 (1482)
Yy11 =Y, 0 =Y, 33 | 0.04 0.1 0.1 0.1 0.1
Ys,11 0.04 0.042 0.3 0.3 0.3
Ys 02 = Y33 0.05 0.042 0.3 0.3 0.3

BLRSP1-BLRSP4: ur and m 4, are input
BLRSP5: GUT version

LPSC, Grenoble

6 June 2012
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final state BLRSP1 BLRSP2 BLRSP3 BLRSP4 BLRSP5
BR(dd) 0.31 0.35 0.35 0.37 0.43
BR(uu) 0.06 0.07 0.07 0.07 0.08
BR(Il) 0.12 0.14 0.14 0.14 0.16
BR(vv;) 0.10 0.11 0.12 0.12 0.12
BR(vpvy) 0.27 0.30 0.13 0.11 0.13
BR(vD) 0.05 — 0.05 0.03 —
BR(1l) — — 0.05 0.03 —

BR(X3 X5 ) + BR(X9%?) — — _ 0.04 _

LPSC, Grenoble 6 June 2012 W. Porod, Uni. Wiirzburg —p. 18
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final state BLRSP1 BLRSP2 BLRSP3 BLRSP4 BLRSP5
BR(dd) 0.31 0.35 0.35 0.37 0.43
BR(uu) 0.06 0.07 0.07 0.07 0.08
BR(ll) 0.12 0.14 0.14 0.14 0.16
BR(vv;) 0.10 0.11 0.12 0.12 0.12
BR(vpv) 0.27 0.30 0.13 0.11 0.13
BR(v?) 0.05 — 0.05 0.03 —
BR(1l) — — 0.05 0.03 —
BR(X3 X5 ) + BR(X9x3)  — — — 0.04 —

——— ]
ATLAS Preliminary

\s =7 TeV
Z —pup

6 B [pb]

107
102

10°

--- Expected limit
[ Expected + 16
Expected* 26

— Observed limit

= Z'sqm
— Z’X
_— Z’w

10»4 L

" m{[TeV]
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Constraints from Z-width: m,, > myz

invisible width
3 3 2
1— > |D_URUSGT| | <0.009
ij=1,i<j k=1

dominant decays

vi — WEF
Vj — Zl/i

Vj — hk V;

roughly
BR(v; — W*IT) : BR(v; — Zv;) : BR(vj — hgvs) ~0.5:0.25 : 0.25

in BLRSP4
BR(vy — ;%)) ~0.03 ,(k=4,56)and (i =1,2,3)

LPSC, Grenoble 6 June 2012 W. Porod, Uni. Wiirzburg —p. 19
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Spectra (in GeV)
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BLRSP1 BLRSP2 BLRSP3 BLRSP4 BLRSP5
Mo, 105.0 797. 91.6 542. 921.
Moy s 215.0 797. 92.6 542. 924.
Mo, 604. 1120. 253. 585. 940.
me, 524. 1014. 255. 263. 693.
me, 557. 1055. 266. 271. 706.
me, 832. 1222. 448. 592. 933.
ma, 1436. 1185. 1247. 1111, 1545.
ma, 1721. 1852. 1527. 1361. 1905.
My 4 1799. 2155. 1566. 1392. 2008.
Mas 6 1871. 2227. 1634. 1449. 2089.
m o 367. 417. 313. 259. hp 412.
Mg 718. 780. hg 615. 280. 739. hg
m o 1047. 818. 1087. 549. 804.
M0 1054. 1866. 1093. 845. 1288.
mo | 1348. (B.) 1866. 1232. (B ) 857. 1294.
m.g 1802. h | 2018. (B,) | 1811.(B,) | 1639. (B.) | 1688. (B.)

LPSC, Grenoble

6 June 2012
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CMSSM, GMSB: G — ¢x?

here: 7 LSP, m,, ~ 100 GeV

~0 ~ ~
qxi1 — qUiV1 — qU; 411

dqr —

ir — qX) — qupin — qIFWTi

ir — X! — qupis — gEWTIT T

drp  — dxX2 — dIFlF — dFITRY — diFFvpo — dFITUVEWT iy

with k£ € {4,5,6,7,8,9} and j € {1, 2, 3}.

BR(dr — dx?) ~ 0.2 = softer jets

LPSC, Grenoble 6 June 2012 W. Porod, Uni. Wirzburg — p. 21
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B

BLRSP3: usual cascades similar to CMSSM, but

X = FIF S FEwTn

X = T S Wy - IFWT f iy
X! — a3 —viesffin

X — v

Xy — v, — vihi2in

)2(1) — VU — l/jhl,gffﬂl

with j = 1,2,3and k = 4,5, 6

= enhancement of multiplicities compared to standard case, e.g.

drp — dx) — dX

BLRSP4: similar to NMSSM with singlino LSP

LPSC, Grenoble 6 June 2012
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Superfield | Generations | U(l)y x SU(2)r x SUB)e x U(1)p_1,
A 1 1
Q 3 (672737 8)
a 1 5} 1
D 3 $,1,3,— 2
U 3 (_%a 1757 _%)
L 3 (—3,2,1,—3)
E 3 (1,1,1,1)
% 3 (0,1,1,1)
H, 1 (—%,2,1,0)
il 1 (3.2,1,0)
N 1 (0,1,1,-1)
il 1 (0,1,1,1)

W:YJj Usz I:Iu —Y;j Bz@g I:Id —Yeij EAz[A/J I:Id —I—IuI:IuI:Id —I—wa [A/iljluﬁj

— W'+ Yy DDy

based on B. O’Leary, W.P,, F. Staub, arXiv:1112.4600

LPSC, Grenoble

6 June 2012
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9 ZB_1L <:)>ZX
1

33
_ 5)
7T T6r2 6@

® upper limit on m,0 increased compared to MSSM but less additional D-term,
only due to U(1) gauge kinetic mixing

2
6\/;
9

neutrino masses via seesaw | = Y, much smaller

o

effect on sfermion masses less pronounced
except 7: Y7 ;7 0; is AL = 2 after symmetry breaking
= large splitting between scalar and pseudoscalar parts of vy
= reduces }_, , BR(Z' — U;U;)
enlarges parameter space with o LSP

® larger mass splitting between sleptons and sneutrinos = harder leptons

LPSC, Grenoble 6 June 2012 W. Porod, Uni. Wirzburg —p. 24
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all masses in GeV

BL1  BL2

mo 600 1000 BL1 BL2 BL1  BL2
M /o 600 1500 || ™=z’ | 2000 2500 met | 4754 12420
Ag 0 -1500 || mzo | 280.7  678.0 m s+ | 7339 18720
tang | 10 20 || mgg | 4794 7352 . | 6037 1002.0
signp |+ || mgg | 7191 12419 . | 759.9 14465
tan 3/ 1.07 1.15 Mo 733.9 1827.0 ma, | 610.8  1094.2
sign u’ + + M0 798.2 1867.5 M, 761.9 1477.4
Yy 042 037 || meo | 1488.7 18715 || mz, | 610.8 10945
Y 043 04 || m_y | 25306 31314 || me, | 7619 14775
Y33 044 0.4

M. Krauss, B. O’Leary, W.P.,, F. Staub, arXiv:1206.yyyy
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Branching ratios
Branching ratios

g g
=) S 100} ]
20| o s =14 Tev ] = so) — s =14 Tev ]
+ - s =8 TeV i - s =8 TeV
N 10} s =7 TeV : N 20 s =7 TeV .
E:ES“_ _______________ - ] ;:10 _________________ [ ]
S < 05} ]
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see also: J. Kang and P. Langacker, PRD 71 (2005) 035014; M. Baumgart, T. Hartman,
C. Kilic, and L.-T. Wang, JHEP 0711 (2007) 084; C.-F. Chang, K. Cheung, and T.-C. Yuan,
JHEP 1109 (2011) 058; G. Corcella and S. Gentile, arXiv:1205.5780
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® invariant mass of the muon pair: M,,,, > 200 GeV
® missing transverse momentum: pr(F) > 200 GeV

® transverse cluster mass

2
Mrp = \/<\/p2T(u+u) + M2, +pT(E)> — (Pr(ptp~) + pr(H))?
M7 > 800 GeV

® for tt suppresssion and squark/gluino cascade decays:

PT . hardest jet < 40 GeV
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® transverse cluster mass
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Mrp = \/<\/p2T(u+u) + M2, +pT(E)> — (Pr(ptp~) + pr(H))?
M7 > 800 GeV

® for tt suppresssion and squark/gluino cascade decays:

PT . hardest jet < 40 GeV
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main dependence on masses = vary my and my,, My = 1.2Mg
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®» ifm,o0 ~ 125 GeV = hint to go beyond (C)MSSM
9o

models with extra U(1): motivated by embedding in SO(10), E(6) etc.
can nicely explain neutrino physics

®» cexira Z’ = additional D-terms for scalars,
e.g. SM-like Higgs with tree-level mass of 110 GeV

direct [ production via Z’

| I

regions with o-LSP and/or additional gauginos
= higher multiplicities, in particular leptons
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9o
9o

| I

if myo0 ~ 125 GeV = hint to go beyond (C)MSSM

models with extra U(1): motivated by embedding in SO(10), E(6) etc.

can nicely explain neutrino

physics

extra Z’ = additional D-terms for scalars,
e.g. SM-like Higgs with tree-level mass of 110 GeV

direct [ production via Z’

regions with o-LSP and/or additional gauginos
= higher multiplicities, in particular leptons
= expect less stringent exclusions depending on m/, and extended Higgs sector

Model dependent CMSSM interpretation
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