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Why extending the SM at all, why supersymmetry

Higgs discovery and LHC BSM results: implications

‘Natural’ MSSM, a challenge
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‘Natural’ SUSY and extended gauge groups
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Why do we want to extend the SM

B

W boson mass

L R NN B AT LA R I B Comparison of indirect constraints on the
I experimental errors 68% CL: Standard Model Higgs boson
and the direct measurements of the mass of
LEP2/Tevatron: toda .
y the new boson discovered by ATLAS and CMS:
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Consistent at the 1.3 o level.
m, [GeV]
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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K ) What is the nature of dark matter ? WIMP—type Candidates QXN1
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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)

800.0
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Landau pole
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Potential bounded from below

0.0,
10°
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10°
A (GeV)

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

» Hierarchy problem

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

matter: &
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R-Parity: (—1)B3(B—L)+2s)

(%, 2%, R, h0) = %0, (%, hE) — %
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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 M?2
2 2 2 t S
m ~ m7 cos“(2 In| —=
h Z ( B)+ 47'('2’02 [ <m%

Mgv = mgmgz, , Xt = At — pcot B

ME, M A, M+ O(w)...0(TeV)
m%ﬁL = mi —I—m%,v
v? = ug ug = dmiy /g

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

2
12M2
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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
SPRING 2012 SPRING 2012
1000} 50/
S 8001 aof
s | T r
Eg 600; - 30?
400~ 20?
: 10
200~ e — -
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M, (GeV) A, (GeV)
—4
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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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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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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® 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!

OF — mmElioEL
4000 - ] i
{116 1 S0+
> | I 118
v 120 : R
O, 0 . 2 300
o . + I
< , —{123 :
—-2000 (o4 1 201 ]
~ E e ’ 10 | TTel
0 500 1000 1500 2000 2500 4000 2000 O 2000 4000
My [GeV] Ay [GeV]
M1/2:1TeV,tanB:1O,,u>0 M1/2:M0:1T6V

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

® 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’: ¢1, b1, g, A%~

< — M0 XMoo —Me0 < 5 —
= 100 MeV Nm>~<1+ Mo & Mo mx(ffv5 10 GeV

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

~

b1 — bxla,tx; . W

BRs depend on the nature of ¢; and b;

HEPHY, Wien, 1 April 2016 W. Porod, Uni. Wurzburg —p. 15
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Lyvssm = pHyHg + he. + (miy, + |pl*)HE? + (mfy, + |u*)HG|* + ...

basic idea: contributions to m» should not contain large cancellations among each other

2 2 2
m2Z :de—i—Ed—(mHu—i—Eu)tan 5—|,u\2N—(m2 +3) — |l
2 tan? B — 1 - Hu “

‘standard fine-tuning measure’

0 1ln m?2 ; Om?
Apr = max|c;| , ¢ = —Z| = p2 <
O 1In p; m7, Op;
requireing at most a tuning at the per-cent level one finds
wl> ~mZ ~|m3 |, my < 1TeV, mg< 1-2TeV

T Ellis, Enqvist, Nanopoulos, Zwirner 1986; Barbieri, Guidice 1988

HEPHY, Wien, 1 April 2016 W. Porod, Uni. Wurzburg —p. 16
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B
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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
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0.20

LEP

0.15!

Q, h?
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® 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
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® 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
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Most challenging case:  only higgsinos accessible but nothing else
and A M to small for any leptonic signature

process detector
Nothing!

M 1, 5 St 1 GeV
\_/

HEPHY, Wien, 1 April 2016 W. Porod, Uni. Wirzburg —p. 21
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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

HEPHY, Wien, 1 April 2016 W. Porod, Uni. Wurzburg — p. 22
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What is the potential of LHC to probe this parameter space through

ce - -0 ot
PP — XXJ >, X =X1.2:X1

~0 /
X1,2,3 q q(q")
@) Z(W*) q
q\q +
o 4 Z(W=)_,
q X123(x3) 9 X1,2,3
_ - +
q g X1,2,3(X1 )
Z /vy X1 q q Z/vy X1
q J q
. 2y +
q X1 9 X1 q X1
q g X7 g = q
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LHC @ 13 TeV: signal versus background

B

differences in rates: depressing

108
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10° g}
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10°
102
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107"
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Number events/bin

but differences in shape is encouraging

— Background z
....... 1 =93 GeV g,
===+ u =500 GeV

-
Tl

e,

D. Barducci, A. Belyaev, A. Bharucha, WP, V. Sanz, arXiv:1504.02472
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signal significance ala CMS: a = 2(\/S + B — V/B)

me=105GeV A M=3GeV LHC13100fb™

me=203GeV A M=3GeV LHC13100fb™
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pl, > 200 GeV |n/| < 2.4 | 1.0510% | 4.11.10° 1.73-105 3528
Jet veto (n > 3) 8.7-10°> | 3.13-10° 1.33-10° 2691
Ad(71,752) < 2.5 7.2.10° | 2.3-106 1.10-10° 2320
Veto e*, u*, 7+ 7.2.10° | 6.8-10° 1.08-10° 2301
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EXiss > 800 GeV 694 0 37 22
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exclusion reach discovery reach
LHC13 20 contour (M1>0) LHC13 50 contour (M1>0)
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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(S) X E(8) — SU(3)C X SU(Z)L X U(].)Y X U(]-)B—L

® Neutrino masses

B — L anomaly free = vg
usual seesaw, inverse seesaw
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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
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Wess =nHy - Hy+ YitrHy - Q + YpbrQ - Hq + > (Yy,kﬁR,kﬁu Ly + ngkﬁR,k) ,
k

! B o B . -
psoft _ 5]\4399 4 Zm%|5|2 + B, H, - Hy + Z (BMk SkVRk +TurVR Hy - Lk:)
S k

+ Tyt Hy - Q + TybrQ - Hy
S :HU7 Hd7 @7£R7 BRa DR

assume Y, , = Y,; tree level relation

2 2 2 5. 2 2, 2 29 2 2. 2 2
miy cos 23 = mz Cos 0; +mz_sin 0; mg cos 05 mg_ sin 0 — my + mj
simplified 7, S mass matrix (one generation):
Myl?  Bu
MSR,g = M k2 = m%,Q = |My|* + | By, |

= expect lightest ‘sneutrino’ as LSP,
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either cascade decays

ti = XY )5 5 OXT

bi = bXY /9 » X1

1> Wth,, b > W™
X1 = Uril;

X0 /2~ VRiVi
or three-body decays

1?1 — bl—l_ljRi , 1?1 — tV;VR;

51 — tl R, 61 — bv;UR;
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WURZBURG 9 2
LBy tan(8)=10 b, tan(B)=50
1'Of 1 1.0j ]
r 0.6 ] r 0.6f ]
2] i 1 m I ]
0.4 ] 0.4 ]
02! ] 0-25/_’_\5
O_Oﬂ P R B P T 00?1 P T O L 1j
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Cos(6) Cos(0)
S tan(B)=10 | Y tan(8)=50 |
1.0f ] 1.0f ]
[ ] — - ]
0.8F ] 0.8f ]
o 0.6} ] o 0.6} ]
o [ | o I
0.4f ] 0.4 ]
0.2F ] 0.2f ]
O_Oﬂ L L L L 1 L L L L 1 L L L L 1 L L L L 17 O_Oﬂ L L L L 1 L L L L 1 L L L L 1 L L L L 17
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Cos(6) Cos(6)

mg, = 500 GeV (q = b,t), mz, = 100 GeV, pn = 590 GeV, M1 = M2 = 1 TeV. blue line:
g1 — quUR, greenline g1 — q'lor summing over [; L. Mitzka, WP arXiv:1603.06130
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based on CheckMATE
compares number of events passing each signal region of every considered analysis with the
observed 595 limit using

) S —1.96-AS
T =

exp/obs S95
exp/obs

S ...event number of the considered signal region

AS ...MC error
Sgi’p/obs ... expected or experimentally observed 95% confidence limit on the signal

following Drees et al. (2015):
® ¢, < 2:strictly allowed’
® : <rg < 1.5 ‘inconclusive’ or ‘ambiguous’

® ¢ > 1.5: ‘strictly excluded
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atlas_1403_2500 gand g jets, 25S/3 leptons
atlas_conf_2013_036  RPV & RPC SUSY four or more leptons
atlas_1402_7029 x* and x° 3 leptons and Episs
atlas_1403_4853 t two leptons and 2 b jets
atlas_1403_5294 0, x0* two leptons and Ex1ss
atlas_conf_089 t two leptons via the razor variable
atlas_conf_2013_049 i two leptons
atlas_conf_2013_014 t 2 b jets, two leptons (vie 7), Emiss
atlas_1407_0583 t 1 lepton, jets and Emiss
atlas_conf 2013 062 t,§ 1 lepton, jets and Ejrgiss
atlas_conf_2013_104 t 1 lepton, jets and Emiss
atlas_conf_2013_061 g three b-jets and E%liss
atlas_1308_2631 b,t 2 b jets and Emiss
atlas_conf_2013_047 q, g jets and E%liss
atlas_conf_2013_024 t hadronic tt final states
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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
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>R

Constraints on u:

I/Rﬁ;%

0Ty

H HEEEEEEEEHENE « B 4« « « « «
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H EH <« € 4« 4 4 4, 4 4«

H EEEHEHEBE«4A4A4ada4aaaada

H HEEENJA4A4adadqd4adqaada
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1
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L. Mitzka, WP arXiv:1603.06130
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L. Mitzka, WP arXiv:1603.06130
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LHC: m;, ~ 125 GeV, no conclusive BSM physics found
‘Natural SUSY’: take only those states light which contribute to EWSB: h%* . 71, g, b;

L I 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| ~ 150 GeV (200 GeV) for £=3 ab—!
® extended gauge groups:

® g LSP: compatible with DM, no direct DM constraint apply

® mgy < 290 GeVexcludedif mgy —mp, 2 150 GeV

$ independent of other parameters: m; < 300 GeV excluded, m;, 2 800 GeV
unconstrained,

® for 300 GeV < my, < 800 GeV: exclusion depends on parameters, in particular
on cos 0;

HEPHY, Wien, 1 April 2016 W. Porod, Uni. Wurzburg —p. 39



ulius-Manimilians-

UNIVERSITAT iy _ ; Q @
WURZBURG '99sino LSP: mass matrices
M o 0 M2 MZCwCﬁ _MZCwSﬁ
X0 _Mst05 Mchcﬁ — 1
\ MZSW85 _MZCwSﬁ — 0 /
M _ Mo V2Myy sg
X+ \/§MWCB .
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Scalar-top/stop searches

o Summary: Top-Squarks

So far, no excess observed for any search channel:

e Mass limits in SMS interpretation up to m; <760 GeV for m

1

 Mass limits depend slightly on branching ratios of Br(f; — t¥}) and
Br(t1 — bXi)

I J. Duarte (Mon)

A. Drager (Fri)

=

t production, T—t i? ley

1 CMS 19.3 1™ (8 TeV)
b RS R AR R RARRE RARRN RARE RERRE T - =
3 % pp =T 95% CL NLO+NLL exclusion
g - ;_QMS Preliminary Observed 1 (5 400| ===100% T-bF, m,-m =5 GeV
\s=8TeV = 50% T— by, 50% T

E [ Expected ] I Ky %, — Observed
o [ICHEP 2014 R = —==100% T --- Expected
- sp0} SUS-13-011 1-lep (MVA) 19.5 b -

" SUS-14-011 O-lop + 1-lop + 2-lop (Razor) 19.3 b 1

- e SUS-14-011 O-lop (Razor) + 1-lop (MVA) 19.3 fo” 300_

400/ = SUS-13-009 (monojet stop) 10.7 " ( T=c 7.)

| e SUS-13-015 (hadronic stop) 19.4 "

stop mass [GeV]

SUS-13-004, PRD

TR T
800

m, [GeV]

C. Sander

SUSY Searches at CMS

SUSY 2015 - Lake Tahoe

30

HEPHY, Wien, 1 April 2016

W. Porod, Uni. Wirzburg — p. 41



		iny hspace *{2cm} Content
		iny hspace *{2cm} Why do we want to extend the SM
		iny hspace *{2cm} Why do we want to extend the SM
		iny hspace *{2cm} Why do we want to extend the SM
		iny hspace *{2cm} Why do we want to extend the SM
		iny hspace *{2cm}  Supersymmetry, MSSM
		iny hspace *{2cm} MSSM, Higgs sector
		iny hspace *{2cm} Expectations before LHC, mSUGRA/CMSSM
		iny hspace *{2cm} Higgs results in a nut-shell, status 2015
		iny hspace *{2cm} BSM searches, so far hardly anything dots �csmmh 
		iny hspace *{2cm} LHC data, in particular $m_h$, high scale models
		iny hspace *{2cm} mSUGRA/CMSSM including LHC bounds & $m_h$
		iny hspace *{2cm} mSUGRA/CMSSM, charge/color breaking minima 
		iny hspace *{2cm} General MSSM
		iny hspace *{2cm} The electroweak measure of fine-tuning
		iny hspace *{2cm} Higgsino LSP: spectrum
		iny hspace *{2cm} Dark matter, annihilation processes
		iny hspace *{2cm} DM relic density and direct detection
		iny hspace *{2cm} DM relic density and direct detection
		iny hspace *{2cm} Higgsino LSP: Challenge for LHC
		iny hspace *{2cm} Higgsino LSP: Challenge for LHC
		iny hspace *{2cm} Higgsino LSP: Challenge for LHC
		iny hspace *{2cm} LHC @ 13 TeV: signal versus background
		iny hspace *{2cm} S/B versus signal significance $alpha $
		iny hspace *{2cm} LHC @ 13 TeV: signal versus background
		iny hspace *{2cm} Extended gauge groups, motivation
		iny hspace *{2cm} Higgs sector
		iny hspace *{2cm} Simplified Model
		iny hspace *{2cm} Squark & Higgsino decays
		iny hspace *{2cm} Branching ratios
		iny hspace *{2cm} Set-up of analysis
		iny hspace *{2cm}  	exttt {CheckMATE} analyses used
		iny hspace *{2cm} Parameters considered
		iny hspace *{2cm} Constraints on $mu $:
		iny hspace *{2cm} Detailed results, I
		iny hspace *{2cm} Detailed results, II
		iny hspace *{2cm} Summary results
		iny hspace *{2cm} Conclusions
		iny hspace *{2cm} Higgsino LSP: mass matrices
		iny hspace *{2cm} Scalar-top/stop searches 

