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�TP2General MSSM

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

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

sub-class of general MSSM: `natural SUSY'
see e.g. M. Papucci, J. T. Ruderman and A. Weiler, arXiv:1110.6926;
H. Baer, V. Barger, P. Huang, A. Mustafayev, X. Tata, arXiv:1207.3343
keep only SUSY particles light needed for 'natural Higgs':
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BRs depend on the nature of ~t1 and ~b1

Higgsino mass: � + � 0 with soft SUSY breaking parameter: L = � � 0 ~H d ~H u

(G. G. Ross, K. Schmidt-Hoberg and F. Staub, arXiv:1701.03480)
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�TP2LHC bounds on ~t1
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�TP2General Mirrage Mediation

Different sources for soft SUSY breaking: moduli & AMSB
main consequence: gaugino masses unify at a (vastly) different scale then gauge couplings

H. Baer, V. Barger, H. Serce and X. Tata, arXiv:1610.06205

ALPS 2018, Obergurgl, 18 April 2018 W. Porod, Uni. Würzburg – p. 15



�TP2Higgsino LSP: Challenge for LHC

Most challenging case: only higgsinos accessible but nothing else

and � M to small for any leptonic signature

The only way to probe compressed higgsinos is a mono-jet signature:
`Where the Sidewalk Ends? . . . ' Alves, Izaguirre,Wacker 2011

related work C. Han et al., arXiv:1310.4274; P. Schwaller, J. Zurita, arXiv:1312.7350;
Z. Han et al, arXiv:1401.1235; H. Baer et al.,arXiv:1401.1162, . . .

ALPS 2018, Obergurgl, 18 April 2018 W. Porod, Uni. Würzburg – p. 16



�TP2Complementarity: LHC @ 13 TeV versus DM direct detection

exclusion reach discovery reach

D. Barducci, A. Belyaev, A. Bharucha, WP, V. Sanz, arXiv:1504.02472

ALPS 2018, Obergurgl, 18 April 2018 W. Porod, Uni. Würzburg – p. 17



�TP2ATLAS, search for compressed charginos/neutralinos
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�TP2NMSSM in nut-shell

� -problem of the MSSM ) add singlet ) � = � hSi

WMSSM = Ĥ d L̂YeÊ C + Ĥ d Q̂Yd D̂ C + Ĥ u Q̂Yu ÛC � � Ĥ d Ĥ u Ŝ +
�

3
Ŝ3

m2
h = ( m2

h )MSSM + � 2m2
Z sin2 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. Mühlleitner, R. Nevzorov and K. Walz, arXiv:1211.5074; R. Barbieri,
D. Buttazzo, K. Kannike, F. Sala and A. Tesi, arXiv:1304.3670; . . .

ALPS 2018, Obergurgl, 18 April 2018 W. Porod, Uni. Würzburg – p. 19



�TP2NMSSM phenomenology in a nut-shell

Higgs sector: h0
i (i=1,2,3), a0

i (i=1,2); non-standard Higgs decaysa :

h0
i ! a0

1a0
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! ~� 0
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additional neutralino: higher lepton and jet multiplicities possiblesb

Neutralinos, Singlino LSP j� j � 1 ) displaced vertexc , e.g.

�(~� 1 ! ~� 0
1 � ) / � 2

r
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~� 1
� m2

~� 0
1

� m2
�

singlino as dark matterd

see e.g. a U. Ellwanger, J. F. Gunion and C. Hugonie, hep-ph/0503203; b D. Das,
U. Ellwanger and A. M. Teixeira, arXiv:1202.5244 ; c U. Ellwanger and C. Hugonie,
hep-ph/9712300; S. Hesselbach, F. Franke and H. Fraas, hep-ph/0007310; d C. Hugonie,
G. Belanger and A. Pukhov, arXiv:0707.0628

ALPS 2018, Obergurgl, 18 April 2018 W. Porod, Uni. Würzburg – p. 20



�TP2Extended gauge groups, motivation

additional D-term contributions to mh at tree-level
extra U(1) � : m2

h;tree � m2
Z + 1

4 g2
� v2

Origin of R-parity RP = ( � 1)2s+3( B � L )
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or E (8) � E (8) ! SU(3) C � SU(2) L � U(1) Y � U(1) B � L

Neutrino masses

B � L anomaly free ) � R

usual seesaw, inverse seesaw
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�TP2Natural SUSY + ~� R : minimal inverse seesaw model

Wef f = WMSSM +
1
2

(M R ) ij �̂ R;i �̂ R;j
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search for sleptons
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�TP2Natural SUSY + ~� R : Higgsino LSP

� = 120 GeV, tan � = 10 m ~L = m ~E , tan � = 10

� excluded, � ambigous, � allowed , via

r =
S � 1:96� S

Sobs

8+13 TeV data (13.9 fb� 1 )
using CheckMATE 2.0 Nh. Cerna-Velazco, Th. Faber, J. Jones, WP arXiv:1705.06583
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�TP2Natural SUSY + ~� R : ~� R -LSP

additional constraint

pp ! ~� +
1 ~� �

1 ! `+ ` � ~� R ~� �
R

8+13 TeV data (13.9 fb� 1 ) � = 25 + m ~� < m ~l ' m ~L = m ~E
using CheckMATE 2.0 M 1 = M 2 = 2 TeV, tan � = 6
m � R = 20 GeV

Nh. Cerna-Velazco, Th. Faber, J. Jones, WP arXiv:1705.06583
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�TP2Natural SUSY + ~� R : ~� R -LSP

additional constraint

pp ! ~� +
1 ~� �

1 ! `+ ` � ~� R ~� �
R

8+13 TeV data (13.9 fb� 1 ) � = 400 GeV, m~l ' m ~L = m ~E
using CheckMATE 2.0 M 1 = M 2 = 2 TeV, tan � = 6
m � R = 20 GeV

Nh. Cerna-Velazco, Th. Faber, J. Jones, WP arXiv:1705.06583
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�TP2Conclusions

LHC: mh ' 125 GeV, no conclusive BSM physics found )

CMSSM, NUHM: m ~g , m ~q >� 2 TeV
GMSB: m ~g , m ~q >� 6 TeV ) Fcc-hh @ 100 TeV

CMSSM, NUHM: large A 0 , danger of color and charge breaking minima

`Natural SUSY': take only those states light which contribute to EWSB: ~h0;� ; ~t1 ; ~g;~b1

disadvantage: a priori cannot explain dark matter relic density
extra soft parameter � 0 ) potential case for ILC @ 1 TeV

extended gauge groups

motived by � -physics ) extended (s)neutrino sector

can easier accommodate mh ' 125 GeV

~� R LSP: compatible with DM, no direct DM constraint apply

`Natural SUSY' + ~� R

m ~h + <� 400 GeV excluded if m ~h + � m ~� R
>� 150 GeV

slepton masses up to 600 GeV excluded
but: in case of m ~L < j� j the bounds seem to be signi�cantly weaker
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�TP2Higgsino LSP: spectrum

limit j� j � j M 1 j ; jM 2 j :

� m0 = m ~� 0
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�TP2Gauge kinetic mixing

U(1) a � U(1) b models allow for (B. Holdom, PLB 166 (1986) 196)

L � � � ab F̂ a;�� F̂ b
��

A a
� A b

� ()  ab = 1
16� 2 Tr( Qa Qb)

equivalent

D � = @� � i

0

@ Qa

Qb

1

A

0

@ gaa gab

gba gbb

1

A

0

@ A a
�

A b
�

1

A

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

affects also RGE running of soft SUSY parameters:
R. Fonseca, M. Malinsky, W.P., F. Staub, arXiv:1107.2670
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�TP2A SUSY Z 0-model

Super�eld Generations U(1) Y � SU(2) L � SU(3) C � U(1) B � L

Q̂ 3 ( 1
6 ; 2; 3; 1

6 )

D̂ 3 ( 1
3 ; 1; 3; � 1

6 )

Û 3 (� 2
3 ; 1; 3; � 1

6 )

L̂ 3 (� 1
2 ; 2; 1; � 1

2 )

Ê 3 (1; 1; 1; 1
2 )

�̂ 3 (0; 1; 1; 1
2 )

Ĥ d 1 (� 1
2 ; 2; 1; 0)

Ĥ u 1 ( 1
2 ; 2; 1; 0)

�̂ 1 (0; 1; 1; � 1)

�̂� 1 (0; 1; 1; 1)

W = Y ij
u Ûi Q̂ j Ĥ u � Y ij

d D̂ i Q̂ j Ĥ d � Y ij
e Ê i L̂ j Ĥ d + � Ĥ u Ĥ d + Y ij

� L̂ i Ĥ u �̂ j

� � 0 �̂ �̂� + Y ij
x �̂ i �̂ �̂ j

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

ALPS 2018, Obergurgl, 18 April 2018 W. Porod, Uni. Würzburg – p. 30



�TP2Z 0 physics, I

K -factor for leptonic channels: � 1:2
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M. Krauss, B. O'Leary, W.P., F. Staub, arXiv:1206.3513

ALPS 2018, Obergurgl, 18 April 2018 W. Porod, Uni. Würzburg – p. 31



�TP2Z 0 physics, II

BL1 BL2

no U H1L- mixing

with U H1L- mixing
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�TP2Higgs sector

extra U(1) � with new D-term contributions at tree-level: m2
h;tree � m2

Z + 1
4 g2

� v2

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
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n = 1 ; � = 5 � 105 GeV; M = 10 11 GeV; tan � = 30 ; sign(� R ) = � ; diag (YS ) =
(0:7; 0:6; 0:6); Y ii

� = 0 :01, vR = 7 TeV

M.E. Krauss, W.P., F. Staub, arXiv:1304.0769
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�TP2~� R -LSP, 3-body decays

for � = 400 GeV > m ~L = m ~E , tan � = 6 , M 1 ; M 2 � 500 GeV
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�TP2~� R -LSP, 3-body decays

for � = 400 GeV > m ~L = m ~E , tan � = 6 , M 1 ; M 2 � 500 GeV
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(ẽ
L
)

100 150 200 250 300 350 400
0.01

0.05
0.10

0.50
1

m
L
~(GeV)

B
R

(�̃
L
)

�
˜ -

-> �
˜

L �q q'

�
˜ -

-> �
˜

L �� L�'-

�
˜ -

-> �
˜

L �� L� -

�
˜ -

-> �
˜

RW -

�
˜

2
- -> �

˜
1
- f f

�
˜ -

-> �
˜

Rq q'

�
˜ -

-> �
˜

R� L�'-

�
˜ -

-> �
˜

R� L� -

100 150 200 250 300 350 400
0.01

0.05
0.10

0.50
1

m
L
~(GeV)

B
R

(�̃
1
)

�
˜

L-> �
˜

Rh0

�
˜

L-> �
˜

RZ0

�
˜

L-> �
˜

Rqq

�
˜

L-> �
˜

R� L� L

�
˜

L-> �
˜

Rbb

�
˜

L-> �
˜

R�'- �'+

�
˜

L-> �
˜

R� - � +

100 150 200 250 300 350 400
0.01

0.05
0.10

0.50
1

m
L
~(GeV)

B
R

(�̃
�

L
)

Nh. Cerna-Velazco, Th. Faber, J. Jones, WP arXiv:1705.06583

ALPS 2018, Obergurgl, 18 April 2018 W. Porod, Uni. Würzburg – p. 35


		iny hspace *{2cm}  Supersymmetry, MSSM, in a nut-shell
		iny hspace *{2cm} MSSM $subset $ supersymmetric models
		iny hspace *{2cm} MSSM, generalities
		iny hspace *{2cm} MSSM, generalities
		iny hspace *{2cm} Typical spectrum, collider signatures
		iny hspace *{2cm} MSSM, Higgs sector
		iny hspace *{2cm} Higgs results in a nut-shell

