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J.E. Camargo-Molina, B. O’Leary, W.P., F. Staub, arXiv:1309.7212
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ΦTP2General MSSM

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. Cahill-Rowley, J. Hewett, A. Ismail and

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’:

t̃1, b̃1, g̃, χ̃0
1,2 ≃ h̃0

1,2, χ̃+
1 ≃ h̃+

⇒ 100 MeV <
∼ m

χ̃+
1

−mχ̃0
1
≃ mχ̃0

2
−mχ̃0

1

<
∼ 5− 10 GeV

g̃ → t̃1t, b̃1b

t̃1 → tχ̃0
1,2, bχ̃

+
1 ,W+ b̃1

b̃1 → bχ̃0
1,2, tχ̃

−
1 ,W− t̃1

BRs depend on the nature of t̃1 and b̃1
Higgsino mass: µ+ µ′ with soft SUSY breaking parameter: L = −µ′H̃dH̃u
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ΦTP2Extended gauge groups, motivation

additional D-term contributions to mh at tree-level

extra U(1)χ: m2
h,tree ≤ m2

Z + 1
4
g2χv

2

Origin of R-parity RP = (−1)2s+3(B−L)

⇒ SO(10) → SU(3)C × SU(2)L × SU(2)R × U(1)B−L

→ SU(3)C × SU(2)L × U(1)R × U(1)B−L

∼= SU(3)C × SU(2)L × U(1)Y × U(1)χ

or E(8)× E(8) → SU(3)C × SU(2)L × U(1)Y × U(1)B−L

Neutrino masses

B − L anomaly free ⇒ νR

usual seesaw, inverse seesaw

ν̃∗R or other exotic neutral scalar as DM candidate

⇒ interesting for (modified) Natural SUSY
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ΦTP2Neutrinos and sneutrinos

Mν =





0 1√
2
vuY

T
ν 0

1√
2
vuYν 0 1√

2
vχRYs

0 1√
2
vχRYs µS




1gen,µS=0

=⇒ mν =





0

−
√

|Yν |2v2u + |Ys|2v2χR√
|Yν |2v2u + |Ys|2v2χR





setting µS = 0 and BµS = 0

M2
ν̃ =





m2
L +

v2
u
2
Y

†
ν Yν +DL

1√
2
vu(T

†
ν − Y

†
ν cot βµ) 1

2
vuvχRY

†
ν Ys

1√
2
vu(Tν − Yν cot βµ∗) m2

ν +
v2
u
2
YνY

†
ν +

v2
χR
2

Y
†
s Ys +DR

1√
2
vχR (Ts − Ys cotβRµ∗

R)

1
2
vuvχRY

†
s Yν

1√
2
vχR (T †

s − Y
†
s cotβRµR) m2

S +
v2
χR
2

Y
†
s Ys





DL =
1

32

(
2
(
− 3g2χ + gχgY χ + 2(g22 + g′2 + g2Y χ)

)
v2c2β − 5gχ(3gχ + 2gY χ)v

2
Rc2βR

)
1

DR =
5gχ

32

(
2(gχ − gY χ)v

2c2β + 5gχv
2
Rc2βR

)
1
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ΦTP2Sfermions

M2
l̃
=



 M2
L̃
+DL +m2

l
1√
2
(vdTl − µYlvu)

1√
2
(vdTl − µYlvu) M2

Ẽ
+DR +m2

l



 ,

DL ≃ (− 1
2
+ sin2θW

)m2
Zc2β − 5

4
m2

Z′c2βR
and DR ≃ − sin2θW

m2
Zc2β + 5

4
m2

Z′c2βR

neglecting gauge kinetic effects; similarly for squarks
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ΦTP2Heavy neutrinos

Constraints from Z-width: mνh
>
∼ mZ

invisible width ∣∣∣∣∣∣
1−

3∑

ij=1,i≤j

∣∣∣∣∣

3∑

k=1

Uν
ikU

ν,∗
jk

∣∣∣∣∣

2
∣∣∣∣∣∣
< 0.009

dominant decays

νj → W±l∓

νj → Zνi

νj → hkνi

roughly

BR(νj → W±l∓) : BR(νj → Zνi) : BR(νj → hkνi) ≃ 0.5 : 0.25 : 0.25

in BLRSP4 (from B. O’Leary, W.P., F. Staub, arXiv:1112.4600)

BR(νk → ν̃iχ̃
0
1) ≃ 0.03 , (k = 4, 5, 6) and (i = 1, 2, 3)
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ΦTP2Example spectra from high scale models

BLRSP1 BLRSP2 BLRSP3 BLRSP4 BLRSP5

mν̃1 105.0 797. 91.6 542. 921.

mν̃2/3
215.0 797. 92.6 542. 924.

mν̃4 604. 1120. 253. 585. 940.

mẽ1 524. 1014. 255. 263. 693.

mẽ2,3 557. 1055. 266. 271. 706.

mũ1
1436. 1185. 1247. 1111. 1545.

mũ2
1721. 1852. 1527. 1361. 1905.

mũ3,4 1799. 2155. 1566. 1392. 2008.

mχ0
1

367. 417. 313. 259. h̃R 412.

mχ0
2

718. 780. h̃R 615. 280. 739. h̃R

mχ0
3

1047. 818. 1087. 549. 804.

mχ0
5

1348. (B̃⊥) 1866. 1232. (B̃⊥) 857. 1294.

mχ0
6

1802. h̃R 2018. (B̃⊥) 1811. (B̃⊥) 1639. (B̃⊥) 1688. (B̃⊥)

B. O’Leary, W.P., F. Staub, arXiv:1112.4600
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ΦTP2Changes in SUSY cascades

CMSSM, GMSB: q̃R → qχ̃0
1

BLRSP1: ν̃ LSP, mνh ≃ 100 GeV (from B. O’Leary, W.P., F. Staub, arXiv:1112.4600)

q̃R → qχ̃0
1 → qνk ν̃1 → qνjZν̃1 (k = 4, . . . , 9 , j = 1, 2, 3)

q̃R → qχ̃0
1 → qνk ν̃1 → ql±W∓ν̃1

q̃R → qχ̃0
1 → qνk ν̃3 → ql±W∓l′+l′−ν̃1

d̃R → dχ̃0
5 → dl± l̃∓i → dl±l∓χ̃0

1 → dl±l∓νk ν̃1 → dl±l∓l′±W∓ν̃1

BLRSP3: usual cascades similar to CMSSM, but

χ̃0
1 → l± l̃∓ → l±W∓ν̃1

χ̃0
1 → l± l̃∓ → l±W∓ν̃2,3 → l±W∓ff̄ ν̃1

χ̃0
1 → νj ν̃2,3 → ν1,2,3ff̄ ν̃1

χ̃0
1 → νj ν̃k → νjh1,2ν̃1 (j, k = 1, 2, 3)

χ̃0
1 → νj ν̃k → νjh1,2ff̄ ν̃1

⇒ enhanced jet and lepton multiplicities, study of νR
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ΦTP2Natural SUSY + ν̃R: minimal inverse seesaw model

Weff = WMSSM +
1

2
(MR)ij ν̂R,i ν̂R,j

+ (Yν)ij L̂i · Ĥu ν̂R,j

(Yν)ℓ5 = ±(ZNH
ℓ )∗

√
2m3M5

vu
cosh γ56 e

∓iθ56

(Yν)ℓ6 = −i(ZNH
ℓ )∗

√
2m3M6

vu
cosh γ56 e

∓iθ56

R =





1 0 0

0 cosφ56 sinφ56

0 − sinφ56 cosφ56





φ56 ∈ C

mνh,i ≃ Mi−3, M4 = O(keV),

M5 ≃ M6 = O(few - 100 GeV)
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ΦTP2Natural SUSY + ν̃R: minimal inverse seesaw model

Weff = WMSSM +
1

2
(MR)ij ν̂R,i ν̂R,j

+ (Yν)ij L̂i · Ĥu ν̂R,j

(Yν)ℓ5 = ±(ZNH
ℓ )∗

√
2m3M5

vu
cosh γ56 e

∓iθ56

(Yν)ℓ6 = −i(ZNH
ℓ )∗

√
2m3M6

vu
cosh γ56 e

∓iθ56

R =





1 0 0

0 cosφ56 sinφ56

0 − sinφ56 cosφ56





φ56 ∈ C

mνh,i ≃ Mi−3, M4 = O(keV),

M5 ≃ M6 = O(few - 100 GeV)

search for sleptons

LHC, 13 TeV, tree-level

for searches: × K-factor 1.17

(B. Fuks et al., arXiv:1304.0790)

dominant decays:

l̃L → lχ̃0
1 , νχ̃−

1

ν̃L → l−χ̃+
1 , νχ̃0

1
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ΦTP2Natural SUSY + ν̃R: Higgsino LSP

µ = 120 GeV, tan β = 10 mL̃ = mẼ , tan β = 10

� excluded, • ambigous, ⋄ allowed

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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ΦTP2Natural SUSY + ν̃R: ν̃R-LSP

additional constraint

pp → χ̃+
1 χ̃−

1 → ℓ+ℓ−ν̃Rν̃∗R

8+13 TeV data (13.9 fb−1) µ = 25 +mν̃ < ml̃ ≃ mL̃ = mẼ

using CheckMATE 2.0 M1 = M2 = 2 TeV, tanβ = 6

mνR = 20 GeV

Nh. Cerna-Velazco, Th. Faber, J. Jones, WP arXiv:1705.06583
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ΦTP2Natural SUSY + ν̃R: ν̃R-LSP

additional constraint

pp → χ̃+
1 χ̃−

1 → ℓ+ℓ−ν̃Rν̃∗R

8+13 TeV data (13.9 fb−1) µ = 400 GeV, ml̃ ≃ mL̃ = mẼ

using CheckMATE 2.0 M1 = M2 = 2 TeV, tanβ = 6

mνR = 20 GeV

Nh. Cerna-Velazco, Th. Faber, J. Jones, WP arXiv:1705.06583
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ΦTP2ν̃R-LSP, 3-body decays

for µ = 400 GeV > mL̃ = mẼ , tan β = 6, M1,M2 ≥ 500 GeV
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Nh. Cerna-Velazco, Th. Faber, J. Jones, WP arXiv:1705.06583
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ΦTP2ν̃R-LSP, 3-body decays

for µ = 400 GeV > mL̃ = mẼ , tan β = 6 , M1,M2 ≥ 500 GeV
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ΦTP2Conclusions

LHC: mh ≃ 125 GeV, no conclusive BSM physics found ⇒

GMSB, CMSSM, NUHM: mg̃ , mq̃ >
∼ 2 TeV

CMSSM, NUHM: large A0, danger of color and charge breaking minima

‘Natural SUSY’: take only those states light which contribute to EWSB: h̃0,±, t̃1, g̃, b̃i

disadvantage: cannot explain dark matter relic density

extended gauge groups

motived by ν-physics ⇒ extended (s)neutrino sector

can easier accommodate mh ≃ 125 GeV

CMSSM-like realisation: different spectrum compared to CMSSM

⇒ substantial changes of cascade decays

ν̃R LSP: compatible with DM, no direct DM constraint apply

‘Natural SUSY’ + ν̃R

mh̃+
<
∼ 400 GeV excluded if mh̃+ −mν̃R

>
∼ 150 GeV

slepton masses up to 600 GeV excluded

but: in case of mL̃ < |µ| the bounds seem to be significantly weaker
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ΦTP2General 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
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ΦTP2Higgsino LSP: spectrum

limit |µ| ≪ |M1|, |M2|:
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ΦTP2Higgs sector

extra U(1)χ with new D-term contributions at tree-level: m2
h,tree ≤ m2

Z + 1
4
g2χv

2

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, Λ = 5 · 105 GeV, M = 1011 GeV, tan β = 30, sign(µR) = −, diag(YS) =

(0.7, 0.6, 0.6), Y ii
ν = 0.01, vR = 7 TeV

M.E. Krauss, W.P., F. Staub, arXiv:1304.0769
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ΦTP2Gauge kinetic mixing

U(1)a × U(1)b models allow for (B. Holdom, PLB 166m0 = 250 (1986) 196)

L ⊃ −χabF̂
a,µν F̂ b

µν

Aa
µ Ab

µ
⇐⇒ γab = 1

16π2 Tr(QaQb)

equivalent

Dµ = ∂µ − i(Qa, Qb)



 gaa gab

gba gbb





︸ ︷︷ ︸



 Aa
µ

Ab
µ





NG

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, NPB 854 (2012) 28
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ΦTP2Z′ physics, effect of gauge kinetic mixing I

Z′ couplings: QB−L · gB−L → QB−L · gB−L +QY · g̃
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ΦTP2Z′ physics, effect of gauge kinetic mixing II

BL1 BL2

no U H 1L -mixing

with U H 1L -mixing

500 1000 1500 2000 2500
1 ´10- 4

5 ´10- 4
0.001

0.005

0.010

0.050

0.100

MZ′ [GeV]

σ
(Z

′
)
×

B
R
(Z

′
→

l+
l−
)
[p
b
]

no U H 1L -mixing

with U H 1L -mixing

500 1000 1500 2000 2500
1 ´10- 4

5 ´10- 4
0.001

0.005

0.010

0.050

0.100

MZ′ [GeV]

σ
(Z

′
)
×

B
R
(Z

′
→

l+
l−
)
[p
b
]

-0.20 -0.15 -0.10 -0.05 0.00

15

20

25

30

35

Point 2

Point 1

g̃

Γ
Z

′
[G

eV
]

Z′ couplings:

QB−L · gB−L → QB−L · gB−L +QY · g̃

No. g̃ 6= 0 g̃ = 0

BL1 1680 GeV 1840 GeV
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