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®» general MSSM, "natural SUSY"

» dark matter
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SUSY and extended gauge groups
® implications for SUSY cascade decays
® ZOphysics
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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
$ inSUB):1= §,5=(d% ; :lL),10=(u,L ;uk ;d,L ;IR)
$ inSO(10): 16 = (u - ;uC;R ;d L ;dC;R IRy Ly R)
However there are two problems in the SM but not in SUSY:
® proton decay (also in SUSY SU(5) a problem)
$ gauge coupling uni cation
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» \What is the nature of dark matter ?

Supernova Cosmology Project
Suzuki, et al., Ap.J. (2011)
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» \What is the origin of the observed baryon asymmetry?
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® SM&my =125:1 GeV: potentially meta-stable (G. Degrassi et al., arXiv:1205.6497)
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® "Why does electroweak symmetry break?” or "Why is 2 < 0 in the SM?”

® Hierarchy problem
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Standard Model MSSM

matter: ;
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Wnssum = Halu + HalYE® + HyQYqD® B, QY,0°¢
Wy = -C-Iiib+ ijk I’_\il'_\jéfj+ ”kll_\éj[sk
Wg = ) 0°DfDy

W; + Wg ) protondecay) R-parity
R ( 1)3(B L)+2 s or ( 1)SB+L+28
soft SUSY breaking terms

1
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general MSSM: more than 100 parameters
reduction assuming correlations between various parameters

$ mMSUGRA/CMSSM: Mgyt

Mo, = M1=M2= M3
mg = m{, = my, ; mg 3:mé:mé:mg:mﬁ,:mé
Te = AoYs (f = u;d;e)
NUHM1/NHUM2: mZ, ;mZ 6 m3
d
® GMSB, M > 100TeV
Mi = Q(X;n)xi
mZ2 = f(xn) Cy(R) ? 2
[
T ' 0

n # of messenger elds, x = =M, = 0O(100TeV) <M
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radiative electroweak symmetry breaking
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® after EWSB:

neutral CP-even: h, H neutral CP-odd: A charged: H* , H
® Higgs masses:
at tree level Ellis et al; Okada et al; Haber,Hemp ing;
Mma,tan = Vy=vy Hoang et al; Carena et al; Heinemeyer et al;
My Mz Zhang et al; Brignole et al; Harlander et al;
at higher order: Kant,Harlander,Mihaila,Steinhauser;. . .
n | |#
2 2 t S t t
m m2 cos’(2 )+ n — + — 1
h z 2% 13,2 : 2 12M 2
ME = Mg, M, 5 Xt = Ay cot
My ;Ma;My+ . O(v):::0(TeV)
2 _ 2 2
My« = Ma+ My
Vi = Vi + vi=4mG =g

decoupling limit: ma Vv, tan 1
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large corrections within MSSM
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production at hadron colliders

W. 7 & ---Hh

t/b 9 ~rsse—e— L0
\\®0 “_____(bo
g ) )\ )
t/b g TETo———1/b
0= h;H;A

Lima, 5 April 2016 W. Porod, Uni. Wirzburg — p. 14



julius-Maximitlans-

UNIVERSITAT
N nE R b EUNSUS PO HE i»TFz’

K
K

) g9 P 7 i
p:%UT g q—c—ftac?@g § —— e G
Gs
) i g ——AAFo X
g TEEY----- i q¢——p--- q »
| d g%ﬁ : i
g TETL - q G—<7 ————— q 97000 1
9s
~ ~
q—p—c ————— ] 1 ('77)Z X 1 :Cj X
g _ . _ : -
d ) q (W) X  §——2AA X
g ——L-—--- q
-l
q (77)Z ’/’/
¢ ——FF§ @ —>p--- g 7 W) "7
' 4 it
g BTTL - i g-ove g

Lima, 5 April 2016 W. Porod, Uni. Wirzburg — p. 15



julius-Maximitlans-

UNIVERSITAT
N INE R SUS YI@\LHE }»TFZ’
6] +2 + ET

Lima, 5 April 2016 W. Porod, Uni. Wirzburg — p. 16



fuljus-Maximillans-

UNIVERSITAT
WURZBURG BSM searches, so far hardly anything ...

N

Lightest neutralino mass, M(¢?) [GeV] . CDF Run Il Preliminary (L=5.8 fb")
a00 120 130 140 150 ° 160 I 1 *
CMS Preliminary, fs =7 TeV, L_ = 4.7 fb" - 3 g JEUGRA shaeite neutites Limits on SUSY o, COF Run  Prefiminary, 015"
= 700f T 1 M, =60 GeVic’, tani=3, A =0, >0 = =
—— NLOWNLL 3 % 320 |
G55 6, m() =500 Gev, me) = 200 GV, mcz) =50 GoV. E™ Zoaf i o o3 310) =
N FF—~i 1, ...m:ssns-v,m% 50 GeV' ® 500 E hand s g
H ++e §F 1 T, m(f) =280 GeV, m() =50 GeV. 8 400l z &wu::;:;m:; haﬂo
—— 55— 5top + 2, m}) =50 GeV £ ol 06— EE:::W Limit = L2500
H o k- Szs0] Simplified Gravity
o ‘?70 M(LSP) = 220 GaV/ic® g
1 é oaf .8 260 BRGC—=7+X) ll > Mez)
——— R
H == - 250
. %60 o 30 0 40180 96 70 180 240
: Chargino Mass (GeVic’)
230 240 250 260 270 280 290
CMS Preliminary, /8 = 7 TeV, L, = 4.7 fb s pmcat a w{l (@evie)
PP— BRI =2 +x 28— Zx sbottom pair oL e
. m(@) >>m@), x = 0.5 it E (V] = e
8, production z'
-3 = oMoaco E MSUGRA/CMSSM: tanp = 10, A = 0, >0
F 173 x oMoOaco T ;ze o e T T T i
1000 | £ ATLAS L™= 1.0416",\s=7 ToV  —— Observed CL, 9% CL
() Gev lepton,combinaton ____ Expecied CL,
aoncen . Expacied CL, £10
Ty o 2SN e

°
»
a

Acceptance x Efficiency

S GMSB: Maness=250 TeV, Ns=3, u>0, Coras=1
200 400 600 800 1000 1200

ATLAS Preliminary
gluino mass [GeV] i

- Lep 95t Gl (1)
LEP9S CL (0,
- OPAL 0% G

500 1000 1500 2000 Theory excl

L, 98% CL it

ons (1 ')

E3

SUCRA/CMSS| T i

s tmen)
i
iR}

it ! 22tus @0")
T T T T T o
" s, LS, HT2500(3V), 85% C.L. Limits:

—— Observed Limit
#4E)= 1500  ——— Median Expected u>0

Expected = 1a exprt m = 1732 Gev

- Observed = 10 theory 3
- Expected = 1a theory 5
%

MSUGRA/CI

()= 1000

Cross section [pb]

1500 2000 2500 3000 3500 400
mylcey 100

200 400 600 800 1000 1200 1400 1600 1800 2000
m, [GeV]

Higgsino-Like Chargino Mass [GeV]

500

amn

W 0oBp 521"
I coF g »Bp2st

2000

21500

m. (GeV/c?)

T
300

T
CMS Preliminary -4
Lat=47m NE=TToV

GGM bino-iike 7° -
m.=375 (G-V}(?)
Aflaast 1 jot roqui 1
NLO Limits |
— obsarved

w210 (theory) 1

1 (theory)

1500 00
m, (GeV/czz'S

T T PRPBA BT i N - 10,A=0,450 |Lat=2.05 1", \E-7 ToV
B prodcton. 50 bz, —— b QosenedLnt (S G 10 » 3z EAT‘_"spreﬂ}"mmy T I o & g G L
CL, Expecid Limit 10 ATLAS liminary Ns=7TeV,L O 4507 2 weu. Exp. CL,95% C.L.mit
3 £10 NLO scale unc. Preliminary 150, =1 ' o 2 - Expoctod limit +10
I COF 2,65 ' 102 £ uitjet plus E7** 1.34 "
ATLAS 1 200 300 400 = e 1

e R o »20L
e I
3 —>1bTi
e’ =107g

snn —2>2b Tl

SUSRNCSS m, - 0 G - 003 My - 205" e/ TeV il
0 . LS ol

tanp

o BE ST

jet

iminary

N e

‘Gross Section Excluded at 95% GL [pb]

Lima, 5 April 2016

500 1000 1500 2000 2500 3000 3500
m, [GeV]

150

2
Razor Inclusive
Hybrid CLs 95% C.L. Limits
—— — Median Expected Limit
~——— Expected Limit 10
s Observed Limit
=== HAD Observed Limit
e Leptons Observed Limit

(&) = 1000

e ——

(&) = 500

00 2000 2500 3000
m, [GeV]

bral mocel
T T T T
jiminary —CL, observed fmit (85% C.L)
-G, expected it (95% C.L)
i Expected CL, Imit 21

W. Porod, Uni. Wirzburg — p. 17



julius-Maximitlans-

Ul'\!_WERSITﬂT : . :
WURZBURG LHC data, in particular my,, high scale models ’&TFZ)

mp =125:1 GeV ) large loop contributions
) heavy stops and/or large left-right mixing for stops

® GMSB:mg > 6TeV,
M. A. Ajaib, |. Gogoladze, F. Nasir, Q. Sha , arXiv:1204.285 6

more complicated models based on P. Meade, N. Seiberg and D. Shih,
arXiv:0801.3278) allow additional terms, choice not well motivated ) generic MSSM

» CMSSM, NUHM models: jAgj' 2mo,
H. Baer, V. Barger and A. Mustafayev, arXiv:1112.3017; M. Kadastik et al.,
arXiv:1112.3647; O. Buchmueller et al., arXiv:1112.3564; J. Cao, Z. Heng, D. Li,
J. M. Yang, arXiv:1112.4391; L. Aparicio, D. G. Cerdeno, L. E. Ibanez,
arXiv:1202.0822: J. Ellis, K. A. Olive, arXiv:1202.3262: . ..

® general high scale models: Ag ' (1  3)max(M1=0;Mqg,.GuUT ;MuU,:GUT )
among other cases, details in F. Brimmer, S. Kraml and S. Kulkarni, arXiv:1204.5977
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2 2
mg 6 mg) free parameter

u

J. Ellis, F Luo, K. Olive, P. Sandick, arXiv:1212.4476; m; = 173:2 GeV
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MSUGRA/CMSSM including LHC bounds & my, /&TFZ)

Fitting low energy observables, m;,, BR(h! X)), LHC bounds

— 2D 95% CL 2D 95% CL
SUSY 1D 68% CL Lsusf 1D 68% CL
PRELIMINARY PRELIMINARY
LUV :
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P. Bechtle et al., arXiv:1508.05951

implications for LHC: mg;mg > 2TeV, m. ' 600 GeV, m -0 ' 450 GeV
can be tested at LHC 13 TeV [14 TeV]

so far so good, but . ..
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MSUGRA/CMSSM, charge/color breaking minima /&TFZ)

SUSY models contain many scalars) complicated potential
usually some parameters ( , B) are choosen to obtain correct EWSB

does not exclude the existence of other minima breaking charge and/or color!

] A (1T FT
oo T | y |
i 1 50j ]
, , : 4 ]
200C+ i 40; - 112 \ ]
> /@/ : 2 ]
e o i g 3 :
< , —{12; f ]
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- 400¢| e w' ,
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J.E. Camargo-Molina, B. O'Leary, W.P., F. Staub, arXiv:1309.7212
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How to soften bounds on masses of SUSY particles from LHC i*TFZ)

GMSB, AMSB, CMSSM, ...: hierarchical spectrum ) hard jets, hard leptons, Et

in general MSSM: complete different hierarchies possible
) compressed spectra with (very) soft jets and leptons

S. Martin, talk at 'Implications of LHC results for TeV-scale physics', CERN, March 29, 2012,
update of arXiv:1111.6897
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Interpretation of DM searches in terms of compressed spectr a ,&TFZ)
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General MSSM /&TFZ)

several studies, see e.g. S. Sekmen et al., arXiv:1109.5119; A. Arbey, M. Battaglia,
A. Djouadi and F. Mahmoudi, arXiv:1211.4004; M. Cabhill-Rowley, J. Hewett, A. Ismail and
T. Rizzo, arXiv:1308.0297

generic signatures are well known: multi-lepton, multi-jets + missing E 1

interesting feature of the 'Heavy Higgs case'
production of h® via SUSY cascade decays, e.g. 5! h-~$

sub-class of general MSSM: "natural SUSY"' (see e.g. H. Baer, V. Barger, P. Huang,
A. Mustafayev, X. Tata, arXiv:1207.3343; M. Papucci, J. T. Ruderman and A. Weiler,
arXiv:1110.6926)

keep only SUSY particles light needed for 'natural Higgs': t1, by, g, it %

) 100 MeV < m . mo' Mo m_o<5 10GeV

1 1 2 1
g ! tit: b1b
7 ! '['*'(i;ﬁz;b'*jlr W By
[ b~9;2;t~1 W 171

BRs depend on the nature of t1 and B
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Scalar-top/stop searches ’&TFZ)

#IS " % &H#
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NMSSM in nut-shell /&TFZ)

-problem of the MSSM ) add singlet ) = hSi

Wussm = HalYeE®C + BH4QYyDC + A, QY,0¢  HyH S+ §§3

mZ =(mé)ussm + °m3sin®2 + :::

Higgs physics: J. F. Gunion, Y. Jiang and S. Kraml, arXiv:1201.0982; S. F. King,

M. Muhlleitner and R. Nevzorov, arXiv:1201.2671; U. Ellwanger and C. Hugonie,
arXiv:1203.5048; G. G. Ross, K. Schmidt-Hoberg and F. Staub, arXiv:1205.1509; R. Benbrik,
M. Gomez Bock, S. Heinemeyer, O. Stal, G. Weiglein and L. Zeune, arXiv:1207.1096;

K. Agashe, Y. Cui and R. Franceschini, arXiv:1209.2115; ...

natural SUSY implementation: L. J. Hall, D. Pinner and J. T. Ruderman, arXiv:1112.2703;
S. F King, M. Muhlleitner, R. Nevzorov and K. Walz, arXiv:1211.5074; R. Barbieri,
D. Buttazzo, K. Kannike, F. Sala and A. Tesi, arXiv:1304.3670: . ..
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NMSSM phenomenology in a nut-shell ’&TFZ)

Higgs sector: hiO (i=1,2,3), aiO (i=1,2); non-standard Higgs decays?:

ho | ajad! 4b2bt ;7 *

additional neutralino: higher lepton and jet multiplicities possibles®

Neutralinos, Singlino LSP | | 1) displaced vertex®, e.g.

r

(~1! 1)/ 2 mZ m? m?
1

singlino as dark matterd

a4 see e.g.
b see e.g.
¢ see e.g.

d seee.q.

U. Ellwanger, J. F. Gunion and C. Hugonie, hep-ph/0503203
D. Das, U. Ellwanger and A. M. Teixeira, arXiv:1202.5244
U. Ellwanger and C. Hugonie, hep-ph/9712300

S. Hesselbach, F. Franke and H. Fraas, hep-ph/0007310

C. Hugonie, G. Belanger and A. Pukhov, arXiv:0707.0628
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Extended gauge groups, motivation ’&TFZ)

additional D-term contributions to my, at tree-level
Origin of R-parity Rp = ( 1)2s*3(B L)

) SO(10)! SU@B)c SU@). SU@r UWDs L
I SUB)c SU@). UDr UDs L
= SUR)c SU@)L U@)y UQ)
orE®8) E@)! SUB)c SU@)L UQ)y UDs L

Neutrino masses

B L anomalyfree) g
usual seesaw, inverse seesaw

Lima, 5 April 2016 W. Porod, Uni. Wiirzburg — p. 31



Higgs sector | ,&TFZ)

extra U(1) with new D-term contributions at tree-level: mg.. . m2 + Zg2v2

H.E. Haber, M. Sher, PRD 35 (1987) 2206; M. Drees, PRD 35 (1987) 2910; M. Cvetic et al.,
hep-ph/9703317; E. Ma, arXiv:1108.4029; M. Hirsch et al., arXiv:1110.3037

150 -
> n,
.(2, L
10—
g M JEBEMEEESLSS
3 50 - ////// h;
0;(\/\//\\\\\\\\\\\\\\\\\\\\\\\\\
100 101 102 103 104 105
tan g
n=1; =5 10°GeV; M =10 GeVv; tan =30; sign( g) = ; diag(Ys) =

(0:7;0:6:0:6); Y =0:01,vg =7 TeV

M.E. Krauss, W.P,, F Staub, arXiv:1304.0769
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Higgs sector I ,&TFZ)

Ry 0:5 Ry 0:9

my, [GeV]

116} _°ee o e o,
L T 1 . e 9

1000 2000 300C 400C 5000 1000 200C 300C 400C 5000
my, [GeV] m, [GeV]

scan over GMSB parameters: 1 n  4,10° M 102 GeV, 10° Pa 100) GeV,

1:5 tan 40,1< tan r 115 sign( r) 1,sign( )=1,6:5 vg 10TeV,
0:01 Y! 08,10 ° YU 05
blue points: hy ' h, green points: h, ' h

_ [ (pp! h) BR(h! e
[ (pp! h) BR(h! Nsm
M.E. Krauss, W.P,, E. Staub, arXiv:1304.0769

Rhi
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Sfermions }*TFZ)

0 1
M2+ D_ + m?2 L (vgT) Y v
r.. )
Pl—g(Vd'ﬂ Yivu) MZ+ Dgr+m?
. 1 2 2 15 2 - (2 2 52
DL ' ( 5 +sin ymsc ZMZoC2 o and Dr sin,  MzCy + zM50C2
neglecting gauge kinetic effects; similarly for squarks

r 1500 7 7 T T g
400" ST i 1
L er ] 1450; ]
3501 ; o0k e =

300" ¢, T b,
o 250: ~ ; £ 1300; - *
~ e : by |
200} ™ \\\\ E 1250;’ ’;
150; 1200;— ~
i ] wso- .l
100T L | L L L | L L L | L L L | L L L | L L L | L L L | L L L L C I L | L L L L | L L L L | L L |

1800 2000 2200 240C 2600 280C 3000  320cC 2000 250C 3000
mz: my:

mo = 100 GeV, m,-, =700 GeV,Ap =0,tan =10, > O
tan r =0:94, ma, =2 TeV, r = 800GeV
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Example spectra from high scale models

B

BLRSP1 BLRSP2 BLRSP3 BLRSP4 BLRSP5

m-, 105.0 797. 91.6 542. 921.
m-,_. 215.0 797. 92.6 542. 924.
m-, 604. 1120. 253. 585. 940.
Me, 524. 1014. 255. 263. 693.
Me,., 557. 1055. 266. 271. 706.
My, 1436. 1185. 1247. 1111. 1545.
Mg, 1721. 1852. 1527. 1361. 1905.
My, 1799. 2155. 1566. 1392. 2008.
m o 367. 417. 313. 259. hr 412.
m o 718. 780. hr 615. 280. 739. hr
m o 1047. 818. 1087. 549, 804.
m o 1348. (B> ) 1866. 1232. (B> ) 857. 1294.
m o 1802. hr 2018. (B, ) | 1811. (B> ) | 1639. (B, ) | 1688. (B»)
. O'Leary, W.P,, E. Staub, arXiv:1112.4600

Lima, 5 April 2016
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Changes in SUSY cascades )\,TFZ)

CMSSM, GMSB: gr ! g~%

BLRSP1: ~LSPm , ' 100 GeV

e ! 97! gyx=! gjZ~ (k=4;:::;9;] =1,;2;3)
ek ! 97! gg=! g W o~

&R ! a2! gx=s! g W 1719 4

dr ! d20v d ot d S dll = d 10w

BLRSP3: usual cascades similar to CMSSM, but

= L L A ( =1;2,3; k=4;5;6)
~9 I -1 I W ~3! | W ff—

~9 23! 1.23ff—

~9 i«%! jhi2=

90 4t hooffo

) enhanced jet and lepton multiplicities
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LHC 14 TeV: Sleptons via Z9%in BL1, | }TFz)

) 1.000} )
= 0.500F == = |
@ 0
'dCS 1
g 0.100r _ . — : -
0.050F .- cctt "“\%\_.}\** s
@ — cclnbbjj = .
> -- cclnjj
S 0.010¢ cc nnjj N
0.005 — cclli ] . ~
: ccjj q Z
L L L L L L L L L L L L L L L L L L r \
2000 2500 3000 3500
0
Mzo [GeV] ~1

M. Krauss, B. O'Leary, W.P,, F. Staub, arXiv:1206.3513

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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LHC 14 TeV: Sleptons via Z%in'BL1', Il /&TFZ)

main dependence on masses ) vary m.and mzo, M| =1:2Mg
100fb 1,P5=14 Tev

m_o = 140 GeV m_o = 280 GeV
1
800 . 800 i
3 ] :
700 ] I ]
[ : 700} ]
3 600, | <
(O ; (y 600 .
, 500+ 5 7 — 5
Pl ] ool :
£ 00" ; £ 500 ]
300 40, . 400 - 3
200} 3 . a00l
2000 2500 3000 3500 2000 2500 3000 3500
Mzo [GeV] Mzo [GeV]

M. Krauss, B. O'Leary, W.P,, F. Staub, arXiv:1206.3513
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CMS excess for eejj , hint for light SUSY? /&TFZ)

CMS caoll., arXiv:1407.3683

2.8 excessinsearchforpp! WOl RgI! eejj nalstate @ myo' 2:2: TeV
interpretationinan SU(2), SU@)r U(1)g L model,

M. Krauss, W.P,, arXiv:1507.04349

2007 N\ M .. = 3Mwo |
\\
10.0- N \ |
) dashed orange line: minimal model, W °
% >0 decays only into qq® and Re € O = OR,
o rR! WOoel g
- 20
= full blue line: allow in addition for decays
_. 10 ; ; . 0 0 _
= in SUSY particles: W*!  ~~; and
2 I 0
black lines: in most part of the parameter
orfocuidy . NN space also
1000 1500 2000 2500 3000 350C R | H e | tbe

Mwo [GeV] ) predicts r, withm . < 200GeV
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Conclusions /&TFZ)

mp = 125:1 GeV & SUSY: either large radiative corrections or additional tree-level
contributions in models beyond MSSM
MSSM particle content
GMSB: beyond LHC reach (minimal version)
CMSSM: expect mg; mg > 2 GeV, excluded with 90% CL if all data combined
natural MSSM: expect t, b, W and Et in the nal states
general MSSM: predictions depend strongly on details
models with large At; Ap: problems with charge/color breaking minima

NMSSM particle content: non-standard Higgs decays, displaced vertices at LHC

models with extended gauge sectors
also motived by -physics) extended (s)neutrino sector
GMSB-like realisation: testable at LHC but heavy g, &
CMSSM-like realisation: different spectrum compared to CMSSM
) substantial changes of cascade decays

W %and Z 2 might look differently than expected & might even serve as SUSY
discovery channel
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Conclusions )*TFZ)

| do not expect signi cant SUSY signals at LHC@13/14TeV beforeL ' 10fb 1
but potentially a Z % W © or another s-channel resonance

SUSY looks most likely different than CMSSM suggested
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Heavy neutrinos )»TFZ)

Constraints from Z-width: m , = mz;
invisible width

B X3 ol
1 Ui Uy < 0:009
ij=1; | k=1

dominant decays

P W
p ! Z
J' hkl

roughly
BR(;! W I ):BR(;! Zi):BR(;! hgi)'" 05:0:25:0:25

in BLRSP4
BR( k! ~-~9)" 003 ;(k=4:56)and(i =1;2;3)
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Gauge kinetic mixing ’&TFZ)

U(l)a U(1)p, models allow for (B. Holdom, PLB 166m0 = 250 (1986) 196)
L ab ﬁa' I-_Ab
A2 AP
0 b = o7 T( QaQp)
equivalent
0 10 1
Aa
D - @ |(Qa, Qb) @ gaa gab A @ i A
Oba  Obb A
| {z }
NG

both U (1) unbroken) chose basis with e.g. gpg =0

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

B

basis (WP?;By ;B )

0
. g5V* g2gWv?
My = Z% g2gv?  g%v?
geg v¢ g% V?
g = 9 8)%
vZ = v§+v5;v§:v2R+v2
expanding in ve=vg
1 4
2 02 2 2
m — + ve 1 —
z ) g 92 55
2
mso §9 VR
4

M. Hirsch, W.P,, L. Reichert, F. Staub, arXiv:1206:3516;
M.E. Krauss, W.P,, E Staub, arXiv:1304.0769

026 V2
g% V2
% g2v2 + g2v2
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Neutralinos |

B

basis ( gL ; ;N3N0 R "R ~R)

M BL 0
0 M
1
59rRBL Vd 592Vd
1
5OrRBL Vu 5>92Vu
MBLR
5 0
Ly 0
2V R OBL
1
2V rOBL 0

1
5OrRBL Vd
1
592Vq
0

%QR Vd
0
0

1
5OrRBL Vu

592Vu

5 9rR Vu

N~

N~

o o o?”*

V R Br

Lima, 5 April 2016
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Higgs sector, | ’&TFZ)

1 .. 1 )
R = E_E(R""R"'VR); RZE_E(R""R"'VR)
0 1 T ) 0 1 [
Hy = p_z(d""d"'vd), Hu=p—§(u+|u+vu)

pseudo scalars, basis (' ¢;' u;' R;' R)

0 1
2
M2, =@ M AaiL 0 A
2
0 M AaR
0 1 0 1
tan 1 tan R 1
2 _ : 2 _
I\/IAA;L = B @ A ’ I\/IAA;R - R@ A
1 cot 1 cot R
tan = vy=vgandtan r =V 5=V ;
two physical states
miz =B (tan +cot ); mj_ =B (tan g +cot Rg)

independent of gauge kinetic mixing!
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Higgs sector, Il ,&TFZ)

0 1
2 2
m m
M2 = @ L LR A
rn2;T m2
LR RR
0 1
21,22 2 o2 1 2 2,2
Mo = 1 M2 21,2 222 2 2 ’
5 Mz +g°ve s g°VvVes® + mscC
0 1
CC C S
2 — R R .
mig = 90§ wg@ A
S C . S S .
0 . 1
2 V22 4+ m2 &2 1 M2 4+ g2 2
2 _ @ gZRVRCR mARS R 2 mAR g RVR 82 R A
Mrr = 1 M2 4+ 92 y2 2 y2&2 4+ m2 2
5 Ma, tO0° VR S2 4 g% VRS“, * Mz C°_
2 _ 2 2 .2 _ 2 2 . _ o : _
VR = Vo Vo Ve = Vit Vg sx =sin(X) 5 Cx = cos(X)
1 25
2 _ 2 02 2y . N2 _ 2 . _
g = —(92+09°+9);9°_.=—=0,9 =0 Oy
42 R 16
) new D-term contributions at tree-level: m2,,. m2 + ig?2v?
h9:tree Z 4

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:1206:3516
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Neutralinos | }*TFZ)

basis ( v ; Ws;hg;ﬁg; , "R ~R)
M _o =
0 0 0 M 1
gv g Vu Y
M1 0 2 ot 2 0 0
goV g2Vu
0 M2 2Vg 2! ( 0 | 0 0
g°v gV g gy Vd
02d 22d 0 ( 5 | 0 0
g%y g2Vy g 9y JVu
Mo 2 ( ) ( . ) i 50 o
y g gy )Vg g gy )Vu g v gV
0 0 0 0 ) R 0 R
0 0 0 0 0 L . 0

neglecting the mixing between the two sectors and settingtan r =1

r !

1
m: r; = M + Qg Zm§o+(M R)?
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B

Neutralinos Il

I :%‘: [inieigeie EEC T EEE U R

3T S —
;1000— =TT
> . L
.(2, 500 .._8
o 0
i 1
£

100+
50
0 200 400 600 800 1000 1200 1400
r [GeV] ;
M.E. Krauss, W.P,, E Staub, arXiv:1304.0769
1 T ‘_‘.‘_.‘_‘.‘_‘.‘_‘.‘_.‘: “““““““““ 1.00"
h RG I ____________ G __________
. 01 | 7G AO.SO*
Pt X
0.201
— 0.01r S
9~ U 0.10t
x 4 i
o 0.001 5 005
10 4 hG 0.02-
NN b/l il 0.01

n=1, =3 :8 10°GeV,M =9 10 GeV, tan

0 200 400 600 800 1000 1200 1400

r [GeV]

=30 vg =6:7 GeV, tan R varied
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Neutrinos and sneutrinos }*TFZ)

0 1 0 1
0 PV YT 0
1 : =0
= % RV 0 PV o Vs § P55 m % g Y 12v2+ iYsj2v2 §
0 pl—Ev A S jY j2vE + jYsjv2
setting s =0 andB ( =0
M2 =
0 , 1
mZ + ZLYYY + D pl—Evu(Ty YYcot ) Ivuv o YYYs

2
1 2, 2y vy, Ve vy 1
p—EVu (T Y cot ) m< + TY Y’ + 5 YS YS + DR p—EV R (Ts YS cot R R)

2
Lugv o YOY v (¢ Ydcot g Rr) mg +
1
D=2 8¢°+ggr +2g+g”+gv ) Ve 59 (3g +20v )Vécz < 1
g

O
Py
I

32 2(9 Oy )V2C2 +5¢ VI%CZ r 1
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Z % physics, effect of gauge kinetic mixing |

0 ; .
Z couplings: Qg L 98 L ! Q L OB
BL1
0.500
8
® 0.100;
o, 0.050"
£ )
S 0010/
© 0.005"
m
0.001 e ~clic’
-020 -015 -010 -005 00C c* c*
8]
e}
=
~
>
+
o
N
o 5l--_._ . T
S e
2*\ e [ il S C L L L L L L 13
-0.20 - 0.15 - 0.10 - 0.05 0.00
&

L+ Qv ¢

aud,
— Q4 qd

&
S 10.0¢ ]
—~ - s =14 TeV
pod 50r 7
+ - s =8 TeV
o
N 205 s =7 TeV I
— 10" T
o or_ .. -
o
~ 05 1
1 i 1-°-=5-°° 1 L 1 L L 1
-0.20 - 0.15 - 0.10 - 0.05 0.00
&
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Z % physics, effect of gauge kinetic mixing I

I"1") [pb]

(z9 BR(Z°!

0.100
0.050

0.010
0.005

0.001

“ 104

“ 104

BL1

Hl
[
[
[
no U H1L1I mixing

with U HLL- mixing !
|

500

1000 1500 2000 2500

M 70 [GeV]

BL2
Q'
& "
—  0.100 ! :
_ 00s0 | :
= ! \ no UHLL1I mixing
_. 0010f ~_\ | ]
Ry 0.005; N : :
E:’ N7 \\/ SO I )
m 0.001+ T U ON T ]
-— 5710°F with U HLL- mixing: 1
N I
~ 1 10-4 S RS S RR
500 1000 1500 2000 2500
Mzo [GeV]

Z % couplings:

Qe L 98 L! Qs L 98 L +Qv ¢

No. g60 g=0

BL1 | 1680 GeV 1840 GeV

BL2 | 1700 GeV 1910 GeV
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LHC 14 TeV: Sleptons via Z%in BL1, Il ’&TFZ)

invariant mass of the muon pair: M > 200 GeV
missing transverse momentum: pt (E) > 200 GeV

transverse cluster mass
S

q 2
Mr = pE(* )+ M2 +pr(B)  (pr(* )+ pr(E)°

Mt > 800 GeV

for tt suppresssion and squark/gluino cascade decays:

PT: hardest jet < 40 GeV
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SU(@2)L SU@R)r U(@)g L, r decays ff*TFz)

XX (X))

BR( re !

myo=2:2TeV,tan g =1:02and =150 GeV
M. Krauss, W.P,, arXiv:1507.04349
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