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» Why extending the SM at all, why supersymmetry

» MSSM
#® Higgs mass: consequences for GMSB & CMSSM
» general MSSM, ‘natural SUSY’
$ dark matter

» SUSY and extended gauge groups
® implications for SUSY cascade decays
®» 7’ physics
®» ‘Natural SUSY’ and vr-LSP
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W boson mass
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Comparison of indirect constraints on the
Standard Model Higgs boson

and the direct measurements of the mass of
the new boson discovered by ATLAS and CMS:
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In the context of the standard model,
the mass of the new boson
discovered by ATLAS+CMS

is inside this blue band.

Jan Stark EPS HEP, Stockholm, 22 July 2013 15
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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=v%,5= (dg,R,I/l,L,lL), 10 = (ua’L,qu’R,da,L,ZR)
$ inSO(10): 16 = (ua,L,ugé,R,da’L,dg,R,lL,lR,ul’L,uf%)
However there are two problems in the SM but not in SUSY:
#® proton decay (also in SUSY SU(5) a problem)
® gauge coupling unification
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» What is the nature of dark matter ?

Supernova Cosmology Project
Suzuki, et al., Ap.J. (2011)
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L. Roszkowski, astro-ph/0404052

» What is the origin of the observed baryon asymmetry?
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® SM&m; = 125.1 GeV: potentially meta-stable (G. Degrassi et al., arXiv:1205.6497)

M, (GeV)

® "Why does electroweak symmetry break?” or "Why is 2 < 0 in the SM?”

» Hierarchy problem
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ém3 oc A%: Sensitivity to highest mass scale of unknown physics
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Standard Model MSSM

matter: &

oo EEE -
oo [EEE -

R-Parity: (—1)B3(B—L)+2s)

(%, 2%, R, h0) = %0, (%, hE) — %
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Wyrssme = —,LLI:IdI:Iu + I:IdiJY E° + IA{dQYdﬁC — I:IUQYUUC
Wy = eLiH) + NjuLiLiEf + N, LiQ; Dy,
Wg = X USD5Dy,

Wy + Wp = proton decay = R-parity

R = (_1)3(B—L)+28 or (_1)3B—|—L—|—23

soft SUSY breaking terms
Loop = 5 (Magy+ MWW + 0y BB)
+ mQ@ @—I—m uRuR—I—m deR
+ %E L 4+ m? eReR—I—de|Hd|2—|—mH | H, |?

— B,ueij (HdHQJL + h.C.)
+ ey (Hé@ded”;‘% + HIQ' T al, + HULIT.6% + h.c.)
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general MSSM: more than 100 parameters
reduction assuming correlations between various parameters

© MSUGRA/CMSSM: MGUT

M1/2 — M1:M2:M3
m% = m?{d:m%u,m%-ﬂgzm%:m%:m%:m%:m%
Tf = A()Yf (f = u,d, 6)

NUHM1/NHUM2: m%{d,m%u # m3
» GMSB, M > 100 TeV

M; = g(z,n)a; A
mQﬁ, = f(z,n) ZCQ(R)O(?AQ 13
Tf ~ 0

n # of messenger fields, r = A/M, A = O(100TeV) < M
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radiative electroweak symmetry breaking

d " 8 ’ Y2 ’
2 Qs t 2 2 2 2
I m= — —_ ~ =
dt ir M| 1|t g (mQ% T T, T At) 2
2 1 1
Q3
with t = In Q/m
sign(m 2)|m|
-1oo;—Hu —g
G. Kane, C. Kolda, L. Roszkowskl__
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J. Wells, PRD 1994 logo Q [GeV]

Lima, 2 March 2017 W. Porod, Uni. Wurzburg —p. 10



UNIVERSITAT
WURZBURG

julius-Maximitlans-

MSSM, Higgs sector

1B

9

after EWSB:
neutral CP-even: h, H

Higgs masses:
at tree level

ma, tan 8 = vy /vg
mp < my

at higher order:

neutral CP-odd: A

charged: H+, H~

Ellis et al; Okada et al; Haber,Hempfling;
Hoang et al; Carena et al; Heinemeyer et al;
Zhang et al; Brignole et al; Harlander et al;
Kant,Harlander,Mihaila,Steinhauser;. ..

3ms M2 X2 X?
2 2 2 t S t ¢
m ~ m7 cos“(2 In | —= — | 1 -
" z (B)+47r2v2[ <m§>+Mg< 12M2
M% = mymg, Xt = At — pcot B

2 2
mA—I—mW

decoupling limit: m 4 > v, tan 8 > 1

O(w)...0(TeV)

v,ﬁ —f—’l)?l = 4m%v/92
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L FITTING —— 2D 95% CL LEO L FITTINO —— 2D 95% CLLEO
SUSY —— 1D 68% CL LEO SUSY —— 1D 68% CL LEO
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B(b — sv) (3.55+0.34) x 10 — My = 841@35 GeV, My )5 = 3754[%? GeV.
B(Bs — pp) <4.5x 1077 tan 8 = 15117 4y = 1867331 GeV,
B(B — Tv) (1.67 £0.39) x 10~ |x?/ndf = 10.3/8
Amp, 17.78 £5.2ps™ ! |= my, = 116 GeV
ap P —aM (28.7£8.2) x 10719 |P. Bechtle et al., arXivi1204.4199
myy (80.385 £ 0.015) GeV  |similar results by other groups
sin? O g 0.23113 + 0.00021 |e.g. MasterCode, O. Buchmueller et al.
QCDMhQ 0.1123 + 0.0118 BayeSFlTS, L. Roszkowski et al.
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(125 GeV)? ~ m?% + (86 GeV)? = large corrections within MSSM
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production at hadron colliders

W. 7 & ---Hh

t/b 9 ~rsse—e— L0

AN @0 .Il_____(bo
A

t/b g oo ———1/b

®0 =h, H A
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SUSY @ LHC

1B
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6j + 2+ Hr
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my = 125.1 GeV = large loop contributions
= heavy stops and/or large left-right mixing for stops

® GMSB:m; > 6TeV,
M. A. Ajaib, I. Gogoladze, F. Nasir, Q. Shafi, arXiv:1204.2856

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: |Ap| ~ 2my,
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 (M /9, MQs,GUT, MU;,GUT)
among other cases, details in F. Brimmer, S. Kraml and S. Kulkarni, arXiv:1204.5977
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tan f=10,Ap=2.5my, u>0

4
0

m, (GeV)

e
S,
——

.....

LETTN
'''''

.....

S, |

100 1000 1500 100 1000 1500

my» (GeV) myn (GCV)

J. Ellis, F. Luo, K. Olive, P. Sandick, arXiv:1212.4476; m: = 173.2 GeV
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2 2
miy # mg = u free parameter

tan § =10, u=500GeV,A;=2.5m,

100 1000 2000 100 1000 2000

myp (GeV) my, (G’eV)

J. Ellis, F. Luo, K. Olive, P. Sandick, arXiv:1212.4476; m; = 173.2 GeV
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Fitting low energy observables, mj, BR(h — X ), LHC bounds

— 2D 95% CL 2D 95% CL
Léﬁsy 1D 68% CL Lsusf 1D 68% CL
PRELIMINARY PRELIMINARY
LLUU [ :
» 50—
2000 — C
<1800 40—
5 = T f
1600 -
N 2 s0f
=1400[ N
1200 20—
800 u
7\ L1 ‘ 111 ‘ L1l ‘ L1l ‘ L1 | ‘ L1 | ‘ 111 ‘ L1l ‘ L1 | ‘ L1l ‘ 111 I L1 | N 1 1 I 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1
0 200 400 600 800 1000120014001600180020002200 -5000 -4000 -3000 -2000 -1000 O 1000
M, (GeV) A, (GeV)

P. Bechtle et al., arXiv:1508.05951
implications for LHC: mg, mg 2, 2 TeV, m;  ~ 600 GeV, myo =~ 450 GeV
can be tested at LHC 13 TeV [14 TeV]

so far so good, but ...
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MmMSUGRA/CMSSM, charge/color breaking minima

1B

® SUSY models contain many scalars = complicated potential

® usually some parameters (i, B) are choosen to obtain correct EWSB

® does not exclude the existence of other minima breaking charge and/or color!
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M1/2 :M() — 1TeV
J.E. Camargo-Molina, B. O’Leary, W.P.,, F. Staub, arXiv:1309.7212
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- VBF + MET: Compressed SUSY / DM

CMS Preliminary 18.5 b (8 TeV)
T"""T""‘W"W"“wﬁ"""‘rﬁ

H . data -
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F I Wi 1v)se 3
T 1
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Events / 250 GeV
=)
o

80 ........... pp — BB jj, m. =300 GeV, m_, = 295 GeV |
MET>250 GeV; veto further jets (pr>30 GeV) sol. P - . A =600 GeV. m, = 100GeV |
Dominant bgs: (Z — vv) + jets & (W* — 1) + jets 40 | 1
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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 Er

® interesting feature of the 'Heavy Higgs case’
production of h° via SUSY cascade decays, e.g. x3 — hx!

® 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’: ¢1, b1, g, A%~

< — Mo Mo —Mmeo <5 —
= 100 MeV Nm>~<1+ Mo & Mo mx(ffv5 10 GeV

g — Elt, Elb
t1 — t>2(1),27 b)%ii_, W+I~)1

- 0 L p ] —poq—
by — bX1,2,tX1 W™t : 5

BRs depend on the nature of ¢; and b1
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B

tf, production, > b % /> ¢ %, /> Wb F[ / t- t %]

;‘ 450 [T T T°T | L | T T 1T | T T 1T | L | T T 17T T T 1]
8 - ATLAS Vs-8TeV, 20107 = 3
= .of = ot % tOLA1L combined O,
Fod - Bttty teL, SC T
£ - EmIoWbTLIFR  Ww E
- EEi->WbY tiL, toL
3501 e " X Y
L EEtobff %? tc, t1L 170 180 190 200[G21\(/)]
il m; [Ge
3m:-——ommwmmm --=- Expected limits All limits at 95% CL .
250(— -
200 =
150 -
100 =

300
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600

500

400

300

200

100

pp > tt, t >t %9 ICHEP 2016
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CMS Freliminary 13 TeV
miss A e Expected

—SUS-16-014, 0-lep (HP™), 12.9 " = P00

SUS-16-015, 0-lep (My,), 12.9 fb™
—SUS-16-016, 0-lep (o), 12.9 fb
—SUS-16-029, 0-lep stop, 12.9 fb

SUS-16-028, 1-lep stop, 12.9 fb™

2

—SUS-16-030, 0-lep (top tag), 12.9 fb”

—Combination 0-lep and 1-lep stop, 12.9 fb™

-"“‘E:ll:l |

600

400

1000 I1200
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pp = tt, t >t} ICHEP 2016
iﬂ production,?1—> bff 7(? /T1—> c 7(? /T1—> Wb ;”(?/T1—> t )Z? ;‘ 900 A L [ N Y I LY N B B B
= [T T T°T | L | T T 1T | T T 1T | L | T T 17T T T 1] : . . :
E 8 atLAs EsTov, 200" S T8 soor. CMS Preliminary 13 TeV 3
= a0 ik UL combined O, { o [ —SUS-16-014, 0-lep (HT™), 12.9 fo" _(E)’g;eef\i‘fj .
E [ mmiowbfnird  ww E 700F- — SUS-16-015, 0-lep (M), 12.9 b =
350 —-I5—>Wg%1 L, 2L AN - —SUS-16-016, 0-lep (a), 12.9 ﬂo'11 ]
- t1—>c~‘ (] . - r _ _ _ - n
C —.f1—>b)fcf'2? tc, HL 0976180 190 200" 210 600 —SUS-16-029, O-lep stop, 12.9 fb 4 —
300/ o o m; [GeV] - —=SUS-16-030, 0-lep (top tag), 12.9 fb ]
- — Observed limits -~ Expected limits Al limits at 95% CL . - —SUS-16-028, 1-lep stop, 12.9 fb .
— / B 500:_ —Combination 0-lep and 1-lep stop, 12.9 fb™ B
- . 4001~ =
200[— — - ]
1505 . 300F Y -
ool . 200F- =
o E C : ]
3 100 —
SR 0o a0 s00 800 Hbmré)o' 200
200 300 400 500 600 700 800
m; [GeV] m; [GeV]
2
ULYs 0 ) 3
d m2 __ 8as M2 t 2 2 2 A2
— ir == 3 w2 (Mg T mi, +my, +A4; 2
dt N 3T 8T L R
m= ., 1 1
L
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Different sources for soft SUSY breaking: moduli & AMSB
main consequence: gaugino masses unify at a (vastly) different scale then gauge couplings

mass spectrum in natural generalized mirage mediation

10%- ]
i 15!/ 2" generation matter scalars ]
5000~ i, B :
gluino . ~
5 7 :
N t Z3 4 W2 bino wino
S
& 1000+ :
% [ ]
S 500 1
21 22 W1_
h Higgs, higgsinos
100" 20 ]
i W= :
50

H. Baer, V. Barger, H. Serce and X. Tata, arXiv:1610.06205
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Most challenging case:  only higgsinos accessible but nothing else

and A M to small for any leptonic signature

/process /defecfor\

/ Large

missing P_ igh P J

| T

\ (anl'),' Je (9)
\ ’ ;"
\‘m_ o /

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

which has been used in studies on compressed SUSY spectra, e.g. Dreiner,Kramer, Tattersall
2012; Han,Kobakhidze,Liu,Saavedra,Wu 2013; Han,Kribs,Martin,Menon 2014

Lima, 2 March 2017 W. Porod, Uni. Wurzburg —p. 28
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0.20

LEP

0.15!

Q, h?

0.05

000 ;\_'\--\ R I R S R PR T S T H T R H S B R
50 100 150 200 250 300 50 100 150 200 250 300
u [GeV] v [GeV]

® relic density too low because higgsinos couple ‘strongly’ to W and Z

® DD cross section rescaled with relic density — chance for LHC?

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

Lima, 2 March 2017 W. Porod, Uni. Wurzburg — p. 29
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exclusion reach discovery reach
LHC13 20 contour (M1>0) LHC13 50 contour (M1>0)
35_ - ' 1 ' ' " v T T T T T [ v T T T [ T T T T 35_ By ' 1 ' T 1 v v T 1 T T T T [ T T T 1T
30} 30¢ .
251 25} g
3 20| 2 20, |
Ol S
S 150 oo = 150 ]
< 15: ‘\\\ LHC'13 4 15;~\ C&O]\?
L \\\ ab~1 (3%) \\\ ) %.
10 - \\\ 10 _ \\ {f"’%J ]
5¢ _ 5} \ :
(o M €27 woid oron | ol messNren
20 100 150 200 250 300 50 100 150 200 250 300
m,e [GeV] m,e [GeV]

D. Barducci, A. Belyaev, A. Bharucha, WP, V. Sanz, arXiv:1504.02472
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® additional D-term contributions to m, at tree-level
® Origin of R-parity Rp = (—1)2st3(B—-L)
= SO(].O) — SU(3)C X SU(2)L X SU(2)R X U(]-)B—L
— SU(3)C X SU(Q)L X U(l)R X U(l)B—L
> SUB)e x SU2), xU(1)y x U(1)y
or E(8) X E(8) — SU(3)C X SU(2)L X U(].)Y X U(]-)B—L

® Neutrino masses

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

Lima, 2 March 2017 W. Porod, Uni. Wirzburg — p. 31
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extra U (1), with new D-term contributions at tree-level: m? , = < m% + 1g2v?
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 -
> hs
S
N 100 e ]
g e PR ]
< -7 ’
S s0r -7 ha
0 ;( \/ T O O S S S E S S S S B
1.00 1.01 1.02 1.03 1.04 1.05
tan BR

n=1, A=5-10°GeV, M = 10 GeV, tan = 30, sign(ugr) = —, diag(Ys) =
(0.7,0.6,0.6), Y,** =0.01,vg = 7 TeV

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

W. Porod, Uni. Wirzburg —p. 32
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130 [
128 ; ——————
126 ;
124 ;

122F

my, [GeV]

120

118f.‘ [ ® e ° [

b % ° e o e’
[®"e e X ° °dy °

16 0" “o " e % 4.
SR . o, % v

°, e e

°

[ ]
1000 2000 3000 4000
m;, [GeV]

2000

3000 4000 5000
mgl [GGV]

scan over GMSB parameters: 1 < n < 4, 10> < M < 10'2 GeV, 10° < y/nA < 10°) GeV,
1.5 < tan 8 < 40, 1 < tan B < 1.15, sign(ur) £ 1, sign(p) = 1, 6.5 < vr < 10 TeV,

0.01 <Y¥ <0.8,107° <Y <05

blue points: h1 ~ h, green points: ha ~ h

[oc(pp — h) X BR(h = vY)|BLR |

Bp—snyy =

lo(pp — h) X BR(h — v7)]sm
M.E. Krauss, W.P,, F. Staub, arXiv:1304.0769

Lima, 2 March 2017
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M: +Dp+mi 5 (vaTy — uYivu)

l % (’UdTl — ,U,le’l)u) M% + Dgr + ml2

~ (1 s 2 2 5.2 ~ _ ain2 2 5,2
Dp ~ (—3 —|—s1n9W)mZCQB M7, co, and Dg ~ sing _mzcog + 3m7 Ca8y

neglecting gauge kinetic effects; similarly for squarks

F 1500 F ]

400 | o= I i 1
E er ] 1450 [ ;
350t ] Moo .
L N i - b, 1
300¢ X, 1350 ]
3 [ N S ] 3 r b
250 - 1 % 1300¢ -
L - N €L ] r bl 1

[ % S ] r 1
200 - ! w1 1250 ¢ .
1s0% ] 12005—
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 L | L L |

1800 2000 2200 2400 2600 2800 3000 3200 2000 2500 3000
mgy mgz

mo = 100 GeV, my o = 700 GeV, Ag =0,tanB8 =10, u >0
tan Sr = 0.94, ma, =2 TeV, ur = —800 GeV
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Example spectra from high scale models

1B

BLRSP1 BLRSP2 BLRSP3 BLRSP4 BLRSP5
my, 105.0 797. 91.6 542. 921.
My s 215.0 797. 92.6 542. 924.
ms, 604. 1120. 253. 585. 940.
me, 524. 1014. 255. 263. 693.
My 557. 1055. 266. 271. 706.
ma, 1436. 1185. 1247. 1111. 1545.
ma, 1721. 1852. 1527. 1361. 1905.
Mgy 1799. 2155. 1566. 1392. 2008.
M0 367. 417. 313. 259. hp 412.
Mg 718. 780. hp 615. 280. 739. hp
M9 1047. 818. 1087. 549. 804.
myo | 1348. (B1) 1866. 1232. (B)) 857. 1294.
M0 1802. hp | 2018. (B,) | 1811.(B,) | 1639. (B,) | 1688. (B )

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

Lima, 2 March 2017

W. Porod, Uni. Wurzburg —p. 35
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CMSSM, GMSB: gr — gx!

BLRSP1: & LSP, m,, ~ 100 GeV

Gr  — qX§ — quib1 — qu; Zin (k=4,...,9,j=1,2,3)
ir — qxX? — quiin — gFTWTi

Gr  — QX — quiDs — gdEWFIH iy

drp — dx0 — dIFlT — dFITE = diFiFopo — dFITUEW T

BLRSP3: usual cascades similar to CMSSM, but

0 = TS EwTy

X = 1T S 1FE Wy — IFWT ffin

XY — vibas —viesffin

)2(1) — I/jﬁk — I/jhl,gl;l (j, k=1, 2,3)
XY = vip — vihiof fin

= enhanced jet and lepton multiplicities, study of v

Lima, 2 March 2017 W. Porod, Uni. Wurzburg — p. 36
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WURZBURG P ) v
=) 1.000 - .
0500 [ o= s »
@ X1
=
201000 oy Rl
i 0.050 - - XXTT N"‘T\:}\
8 — xxlvbbjj = I
2 i
2 0.010 XXVViill
© 0005 — Al :
XXii l
| ‘2000‘ o ‘2500‘ o ‘3000‘ o ‘3500
MZ’ [GQV] 5{(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

Lima, 2 March 2017 W. Porod, Uni. Wurzburg — p. 37
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main dependence on masses = vary m; and my,, My = 1.2Mg
100 fo—1, /s = 14 TeV

m-o = 140 GeV m-o = 280 GeV
X1 X1
800 . 800 - i
3
700 - .
i 700 [ 1
% 600 * 8 ;
©) : 5 600 1
L 500 | 5 . —— s
= ] S5
S 400 - ] g S00¢ 1
300 10y ] 400 3
200 - 3 ] 200l
2000 2500 3000 3500 2000 2500 3000 3500
MZ’ [GGV] MZ’ [GGV]

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

Lima, 2 March 2017 W. Porod, Uni. Wurzburg —p. 38
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mg, in GeV: 300, 400, 500, 600, 700, 800, 900, 1000

my, in GeV: 300, 400, 500, 600, 700, 800, 900, 1000

mg, in GeV : 60, 100, 200, 300, 400, 500

pin GeV: 110, 190, 290, 390, 490, 590 and require my, < p
tan 3: 10, 50

0;:: 0°,45°,90°

0;: 0°,45°,90°

My = My =1TeV

St

oo o000 00

everything else, including Z2,b2 and m;: 2 TeV
The exception is potentially mg, in case of 6; = 0

2

2 2
miy cos2B = m

— m?2 cos? 95 — ms?
1

2 2
t1 b b

.2 2
, sin 0; —mi + mj

= myg, < my if necessary

Lima, 2 March 2017 W. Porod, Uni. Wurzburg —p. 39
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pp — XXy = LT DRDR

450|
400/ HEREE
3501 AN
= 300/ AR
5 250) B s mia s mE sia & ® s oA
=20 EEEEEEE SRR LS
150 . it Ao
1000 3 erfi B
e e I e i
of rirriiin

100 150 200 250 300 350 400 450 500
M (GeV]

x excluded, A ambigous, B allowed

8 TeV data using CheckMATE L. Mitzka, WP arXiv:1603.06130
13 TeV update: ongoing work with N. Cerna Velezco, T. Faber, J. Jones

Lima, 2 March 2017 W. Porod, Uni. Wurzburg —p. 40
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WURZBURG y Ak
ambigous as allowed ambigous as forbidden
10001 - ° ° ° ° . . . 10001 - o °
900} - o o o o . . T 900} - } o
% 00F - ° ° ° o . . . % 00| - x °
o 700 - ° ° ° $ 700 - . °
= 600F = ° o ° = 6001 - . °
g g
500* x o] [e] ] ] (o] [e] (¢} 1 5007 x x le) Te) o o o) o
4007 x o o o o o o o g 4007 x % o o o o ° o
S RS S SR S S S S SO0 g
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
m;, [GeV] m;, [GeV]
1000| - 1000| :
900/ ’ | 900 |
800" e | 800/ :
= 700 . = o :
©. 600 ; O, 600 ;
= 500 d | = 500
g 8 g 2
400 : P | 400/ :
300 . ¢ | 300 -
2007 © i » B 200’ @ !
1007300400 500 600 700 800 900 1000 1007300400 500 600 700 800 900 1000
m;, [GeV] m;, [GeV]

x excluded for all parameters, o exclusion depends on parameters, B allowed for all
parameters L. Mitzka, WP arXiv:1603.06130

Lima, 2 March 2017 W. Porod, Uni. Wurzburg — p. 41
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® m;, =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 mgz, mg = 2 GeV, excluded with 90% CL if all data combined
® ‘Natural SUSY’: take only those states light which contribute to EWSB:
hOF 11,3, b;
® extreme case with higgsinos only:
& very challenging: DM direkt detection and LHC probe complementary
parameter space regions

& LHC: can discover higgsinos up to |u| ~ 120 GeV (200 GeV) for £=3 ab—!
Clear need for et e~ collider

# light stop still consistent with data

°

general MSSM: predictions depend strongly on details
® models with large A:, Ap: problems with charge/color breaking minima

Lima, 2 March 2017 W. Porod, Uni. Wirzburg —p. 42
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® extended gauge groups
#® also motived by v-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’ might look differently than expected & might even serve as SUSY
discovery channel

® potentially indications of SUSY in Z’ decays

°

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

#® findings based on 8 TeV
& mpg+ <290 GeVexcluded it mg4+ — mp, 2 150 GeV
13 TeV update in coll. with Nhell and Joel
£ independent of other parameters: m; < 300 GeV excluded
£ for 300 GeV g m;, < 800 GeV: exclusion depends on parameters, in
particular on cos 0;

Lima, 2 March 2017 W. Porod, Uni. Wurzburg —p. 43
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X f
- X f X b
[ ! ZO 0
/\ A
X 7 _ _
! X f X b
bino wino, higgsino
“ bulk region focus-point region funnel region
X AAAAANAL W+ X > E < Tj: X > i NA t
ot =3 B v t
X A W ?i ----------- A~ 70 t----- DR : g
wino, higgsino
focus-point region stau co-annihilation stop co-annihilation

Lima, 2 March 2017 W. Porod, Uni. Wurzburg —p. 44
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Constraints from Z-width: m,, > myz
invisible width

< 0.009

3
= >
—1,i

ij

3
v v, *
> ULUL
k=1

<J

dominant decays

V; — W:*:l:':
Vj — YA

Vj —  hpy;

roughly
BR(v; — W*IT) : BR(v; = Zv;) : BR(v; — hjv) ~ 0.5 :0.25 : 0.25

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

Lima, 2 March 2017 W. Porod, Uni. Wurzburg —p. 45
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U(1l), x U(1), models allow for (B. Holdom, PLB 166m0 = 250 (1986) 196)
a, v b
LD —XapFH Fuy
Aj Ay, |
< Yab = 6.2 Tr(QaQyp)
equivalent
) Gaa  YGa Af
Dy =0y — 1(Qa, Qp) ’ g
Gba  9bb A,

\ 7

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

Lima, 2 March 2017 W. Porod, Uni. Wurzburg — p. 46
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basis (W', By, By)

. gsv?  —gag'v? 929xv*

2 ~
MVV — Z _929/U2 g’2v2 _g/ngQ
~ ~ 2 ~

g20xv?  —g'gxv? L g2vE 4 §iv?
I9x = 9x — gy x
2 2 2 2 2 2
v = VgtV , VR =Uyp tU5pn

expanding in v? /v%

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

Lima, 2 March 2017 W. Porod, Uni. Wurzburg —p. 47
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basis (Agr,A?, kY, hS, AR, XR, XR)

Mo =
( Mpr 0 —29RBLVd 39RBLVu
0 Mo 59204 — 292y
—29RBLVd  392V4 0 —H
SYRBLVu  —3020u —p 0
— 0 — 5 9RVd 59RVy
TvgRIBL 0 0 0
K — v RiBL 0 0 0

Lima, 2 March 2017
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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 8 1 tan ORr 1
2 2
M3 a1, = Bu ) cot 8 , M3ar=DBug . cot 8
R

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

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

independent of gauge kinetic mixing!

Lima, 2 March 2017 W. Porod, Uni. Wurzburg —p. 49
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2 2
M2 — My  ™LR
hh — 2, T 2
Mpr  ™MRR
o aerdemast —d (o ede?) sa
LL  — 1 2.92.2 2 ’
2 (mA "‘92 )326 g5v7sg + mACB
5 cpCp —CBSg
mQLR = ggxngUR " . ;
—SBCBR SBSBR
2 .2 2 2 2 1 (, 2 2,2
2 _ 97,YRCBy T ™Ma,58, ) (mAR + QER’”R) S28pR
Rl L (m2 142 0v2)s 2 1252 4+ m2 2
s \Map TISLYR) S528R 9>, VRS8R ARCBR
vh = v2 + UXR , v =3 42 | sy =sin(z) , ¢z = cos(x)
1 _ 25 -
95 = 7(+97 49, 95, = To9x s Ix = 9x ~ 9vx
= new D-term contributions at tree-level: m7, , < m3 + ;530>

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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basis (A\y, A\ys, kY, O, Ay, XR, XR)

szO —
/ / M
g'v g’ vy Y
( My 0 — 5 2 5 0
g2v4q g2y
0 Mo 5 — 22 0 0
g’;d 922%1 0 — L (9x =9y x)vd 0
g/'Uu g2vq (QX_QY )'Uu
ey ey e P e
Y Ix — 9y x)Vd Ix —9Y x)Vu Ix VR
Y 0 x_9¥x _ XTI 5 M, x4xR
0 0 0 0 RARS 0
5)
K 0 0 0 0 _% — LR

neglecting the mixing between the two sectors and setting tan g = 1

1 1
m;: KR, 5 (Mx‘f‘,UJRi\/ZmQZ/‘f‘(Mx_,UJR)Q)
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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 = \/(\/IOQT(MW) + M2, ‘|‘PT(E)) — (Pr(ptu) + pr(H))?
M > 800 GeV

for tt suppresssion and squark/gluino cascade decays:

PT . hardest jet < 40 GeV
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BR(vr. — XX(X))

myyr = 2.2 TeV, tan Bg = 1.02 and p.g = 150 GeV
M. Krauss, W.P,, arXiv:1507.04349
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