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Searching for SUSY at the TeV scale ... and ?

2011: long LHC run, center-of-mass energy 7 TeV, luminosity ~5/fb.
O Direct step into Terascale

O No significant excess seen
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2011-19/

O CMSSM/NUHM1 parameter space still allowed ?

Tension between LHC and pre-LHC ?

Impact of light SUSY Higgs of/126 GeV ?

Impact of direct & indirect search for dark matter ?

Interpretation in (non-)minimal models?
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O C++ program for SUSY model testing and SUSY parameter analysis

O Currently supported SUSY models:
CMSSM, GMSB, AMSB, MSSM24, NMSSM (E6SSM coming)

O Measurements from low/high energy experiments,
LEP/SLC, Tevatron, cosmology, LHC and LC, (g-Z)u, B, K...

O Parameter analysis using full correlation information:
Auto-adaptive Markov Chain Monte Carlo (MCMC)

O Proof of principle with SPS1a’: http://arxiv.org/abs/0907.2589v1

FITTINO

SUSY
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Study of a Constrained SUSY Model

O General SUSY model > 120 parameters
Current data insufficient
Restrict to constrained model: CMSSM

tan (ratio of Higgs VEVs)
A, (common trilinear coupling parameter)
M/, (common gaugino mass parameter)

M, (common scalar mass parameter)

sign(p) (sign of Higgsino mass parameter)
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Fit of CMSSM with Low Energy Observables
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Light sparticles < 1 TeV, but large uncertainties
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Including the LHC Constraints

O Repeat 0 lepton ATLAS data analysis: grid in (M, M, ,), A;=0, Tanf=10
ATL-PHYS-PUB-2010-010

SPheno (spectrum)

Herwig (MC generator) s%?zﬁz

NLO+NLL k-factors

Delphes (detector FastSim)

Efficiencies correction ' . ~—

-
£

det=4.7/fb

e Atlas median expec_:ted limit
ATLAS selections Abas abscrved limit
1 00 — F|tt|no |mplementat|on l

0 500 1000 1500 2000 2500 3000 3500
M, (GeV)

Background from ATLAS

Statistical test &CL,,,, 2 Very good agreement with ATLAS exclusion contour
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Testing the hypothesis of fixing A, tanf...
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—— 2D 95% CL LEO LHC
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Including a Higgs Mass of 126 GeV

2D 95% CL LHC m,,=126GeV

1D 68% CL LHC m ,=126GeV
--------- 2D 95% CL LHC Higgsbounds
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> B . . .
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Calculating_with HDECAY in 20 region
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Including a Higgs Mass of 126 GeV

<30
e CMSSM, LHC _
CMSSM, LHC, m =126 GeV _
SPRING 2012 Ko + 128
- sssssnr NUHM1, LHC, m =126 GeV, BR(B — u*’) < 1.6E-8 .
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Heavy Higgs hard to accommodate in CMSSM

=» Switch to non-minimal model ?
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What about Non-Minimal Models ? NUHM1

NUHMZ1: Higgs GUT mass decouples from M,

2D 95% CL LHC, m ,=126GeV
NUHM1, LHC, m ,=126GeV
1D 68% CL LHC, m ,=126GeV 6000 - Pi—
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0
Fit Mo [GeV] M 5 [GeV] M3 [GeV?] tan 3 Ao X2 /ndf
NUHMI1+m; 124370502 655.57225%0  (=1.7792) x 106 29.4733%  —511.27000F  15.3/8

Large 20 contour Lower mass, focus point excluded
Better fit but still tension: strong correlation between BF(B.>pup), (g-2)u, m(h©) 5
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Conclusion & Plans

O current LHC exclusion leads to tension within CMSSM
=» but not exclusion!

O Accommodate Higgs mass 2 125 GeV very hard in mSUGRA
=» Improved description of (g-Z)lLl would greatly help (source of tension)

O More results not presented here:
- Higgs branching ratios
- impact of various values for BF(B.>pp)
- comparison of (in)direct detections
- impact of individual observables
- study of fine-tuning
- impact of uncertainties

JHEP 06, 098 (2012) - arXiv:1204.4199v1

- Extension to more general SUSY models

.2 - Improvement of code flexibility
13
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Scan of the SUSY parameter space with Markov chain

Each point, calculate % 2:

-

For measurements:

=

Nmeas (_) i _ (_) i ( )

2 L meas pred
Xmeas = § ot
=1

For bounds:

2

Nbound ('}Ivimit_olénrcd[p] ) C L yE =t i
: =2 + ( ot tor UDI‘Ed( ) > IUlimit
Xmeas+bound — Xmeas

=1 0 otherwise

\- J

Require lightest neutralino to be LSP
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Including “low energy” observables

B(b — s7v)
B(Bs — jujt)
B(B — 1)
Amp,

0P (LEM
my

sin® O
Qcpuh?

me

(3.55 £0.34) x 1074
< 4.5 %107
(1.67 £0.39) x 1074
17.78 £ 5.2ps~1
(28.7 £8.2) x 1071V
(80.385 £ 0.015) GeV
0.23113 £ 0.00021

0.1123 + 0.0118 <=

(173.2 & 1.34) GeV

(In)direct dark matter detection bounds <=

mass(h°)

=

LEP bound in e+e-2>y,*X, <=

SM parameters fixed (PDG value)
Require lightest neutralino to be LSP

SuperlSO, FeynHiggs

micrOMEGAS, DarkSUSY

Astrofit

Higgsbound + 3.0 GeV
or direct cut for LHC result

SPheno, SoftSUSY
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Comparison of the %2 profile pour the two sets of
observables used (long and reduced)

==mmm Observables and theory codes used in arXiv:1102.4693

14

SPRIN " 2U liz as above but with reduced set of observables
12

12

ssnnnn current observables and theory codes (no LHC, no Xenon100)

as above but with hard Higgs y? instead of HiggsBounds y?2
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Particle Mass [GeV]

LHC
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Investigating uncertainties

O Comparing different calculators: DarkSUSY vs. Micromegas Spheno vs. SoftSUSY
O RGE scale ,,QEWSB” included as nuisance parameter

2D 95% CL QEWSB free
1D 68% CL QEWSB free

LW \ -------- 2D 95% CL QEWSB fixed

Q < 2,/m; my,

SPRING 2012  -eeee 1D 68% CL QEWSB fixed
2500 — % QEWSB free Best Fit
- ¢ QEWSE fixed Best Fit

<2000

( -

e N 1

1500 L 3/, My, <

s -

-
-------------
_________

------------ ==
P T P PO TR DT T = = o s WU

500 1000 1500 2000 2500 3000 3500 4000 4500 5000

M, (GeV)
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Including direct — indirect detection

2D 95% CL LHC, XENON100
l 1D 68% CL LHC, XENON100
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m , =270.6 GeV « 2D 95% CL LHC, XENON1T
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N
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B XENON100 goal
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1D 68% CL LHC, XENON100
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m
=
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2 === Seguel 12 |
A r A r
> L > L
© r e} r
V102 V@
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Investigating fine tuning

One of the arguments for SUSY: fine tuning in SM

Is the best fit region less fine tuned ?

f

olnM %
dlna

max (¢, )

Ca

A

a=mg my,, A,...

Calculated for each CMSSM point using SOFTSUSY
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f N
Drawback of A definition:

- nur EW scale
- change relative to uncertainty ?

- change of other observables than m, ?
N J

Gz-slices of + 0.001
Calculate correlation between parameters:

~N

L <(Pz—(Pz>)'(Pj—<Pj>)>
Oij =

op,0p,
Omax — INaX;; (‘QUD
P.=my, my,, A, tanp
Express correlation & goodness of fit

- Take the largest p over the 6 values2>p,..,
- For each point in (m,, m,,) plane, take the smallest p,.,

\- A,, tanf} profiled

v
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M, , (GeV)

M., (GeV)

Don‘t underestimate the differences between statistical methods !
Attention to Bayesian priors !!

.
—
o

[2]

_ LSUSY flat prior
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o _”signals”: not compatible with CMSSM
O Constraint expected fo_experiment only

O Indirect detection constraints too-(Fermi)

Hm 2D 95% CL LHC, XENON100

; Y] xenontoo: 1D 68% CL LHC, XENON100
SPRING 2812 < \» =3egsem’st 00 2D 95% CL LHC, XENON1T
O a0 an e 1D 68% CL LHC, XENON1T

102 — o, = 7.28e-10 pb

Direct/indirect detections

=
oc
Ll
L
—
.
(S}
()
=
©
=

Y LHC, XENON100 Best Fit
' LHC, XENONAT Best Fit

| | L1 1111 | | | 11 1111 | | | 111 111 ‘ | | 111111
10712 10 107° 10° 10°
G, (Pb)

Direct (XENON)
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SPRING 2012
a, -a"
BR(b— sy)
BR(B— 1v)
BR(B,— u*w)
Am (ps™)
sin®6l,

my, (GeV)

m, (GeV)
Qcpuh”

c® (pb)

Lo

Predicted values of the observables at the best it points
Lo

CMSSM, LEO
(29+0.8+0.2)E-9 2.3E-9
(3.55+0.26 + 0.23)E-4 3.14E-4
(1.67 £ 0.39)E4 0.97E-4
<(4.50 + 0.30)E-9 3.08E-9
17.78 £ 0.12+ 5.20 21.24
0.23113 £ 0.00021 0.23144
80.385+ 0.015+ 0.010 80.373
113.6
0.1123+0.0035+0.0112  0.1123
2.04E-9

o3
[Meas.-Fit|/ o

SPRING 2012
a, -a"
BR(b— sv)
BR(B— 1v)
BR(B,— W)
Amg (ps™)
sin20:Eﬂ

my, (GeV)

m,, (GeV)
LHC

anmhz

o (pb)

CMSSM, LHC

(2.9+0.8+0.2)E-9 1.4E-9
(3.55+0.26 = 0.23)E-4 3.09E4
(1.67 £ 0.39)E-4 0.92E-4
<(4.50 + 0.30)E-9 3.76E-9
17.78 £ 0.12+ 5.20 20.97
0.23113 £ 0.00021 0.23147
80.385+0.015 £ 0.010 80.368

116.8
0.1123+0.0035+0.0112 0.1125

7.28E-10
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Predicted values of the observables at the best fit points

Prp— CMSSM, LHC CMSSM, LHC, m =126 GeV
SPEING 2012 SPRIHIEE 2012
a,-aM (2.9+ 0.8 + 0.2)E-9 1.4E-9 L a, -asM (2.9+ 0.8+ 0.2)E-9 0.3E-9
BR(b— sy) (3.55+ 0.26 + 0.23)E-4 3.09E-4 BR(b— sy) (3.55£0.26 £ 0.23)E-4 2.88E-4
BR(B— )  (1.67+0.39)E-4 0.92E-4 BR(B- tv)  (1.67 +0.39)E-4 0.99E-4
BR(B,— u*u) <(4.50 + 0.30)E-9 3.76E-9 BR(B,— u*u) <(4.50 = 0.30)E-9 3.61E-9
Amg (ps™) 17.78 + 0.12+ 5.20 20.97 Amg (ps™) 17.78 + 0.12 + 5.20 20.58
sin?6.., 0.23113 + 0.00021 0.23147 sin®6,, 0.23113+ 0.00021 0.23138
m,, (GeV) 80.385 + 0.015 + 0.010 80.368 m,, (GeV) 80.385+ 0.015 + 0.010 80.386
m, (GeV) 116.8 m,, (GeV) 126.0 + 2.0 + 3.0 124.4
LHC LHC
Qepmh? 0.1123+0.0035+0.0112  0.1125 Qcpyh? 0.1123+ 0.0035+ 0.0112  0.1112
c® (pb) 7.28E-10 c® (pb) 2.44E-11
0 1 2 3 0 1T 2 3
|Meas.-Fit|/ ¢ [Meas.-Fit|/ ¢
SUSY _ ( )
a, (/1) tans3 M%U%Y
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2D 95% CL LHC
1D 68% CL LHC

A 1 2D 95% CL LHCb B,—up proj.
SPRING 2812 e 1D 68% GL LHCb B_—su proj.
1400 - J LHC Best Fit
- /¢ LHCb B, s proj. Best Fit
~1200—
% -
31000 -

600
- | ——
400 —
200% e
- 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
00 1000 2000 3000 4000 5000 6000

M, (GeV)

B(B, — pp) = (3.2 4+0.3) x 107




—— 2D 95% CL all Obs.
—— 1D 68% CL all Obs.

2D 95% CL all Obs.
—— 1D 68% CL all Obs.

....... 2D 95% CL No Q all Observables:
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’ Looking beyond minimal model: NUHM1

-

Parameters:

MO) MH) M1/27 AO) tanﬁ, Sgn(,u)

Difference with CMSSM:
-> Universal Higgs mass

differs from other scalars M,,

My, = My, = My
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Observable Experimental Uncertainty Exp. Reference
Value stat syst

B(B — 7)/B(B — s7)sm 1117 0.076 0.006 [47]
B(B, — up) < 4.7%x107F [47
B(Ba — £0) < 2.3x107° [47]
B(B — 1v)/B(B — Tv)sm 1.15 0.40 [48]
B(B, — X.00)/B(B, — X.0)sn 0.99 0.32 [47]
Ams, [AmE! 1.11 0.01 0.32 [49]
Amp, [Ampe 1.00 0.01 0.16 [47.49)]
T 7AmE : : : ,
Aex [AEM 0.92 0.14 [49]
B(K — w)/B(K — uv)sm 1.008 0.014 [50]
B[:K — :'rvﬁ)fB[:K — TV )sM < 4.5 [51]
a=P — oM 30.2x1071° 8.8x1010 2.0x1071° [52,53]
sin? f.g 0.2324 0.0012 [46]
Iz 2.4052 GeV 0.0023 GeV 0.001 GeV [46]
R 20.767 0.025 [46]
Ry 0.21620 0.00066 [46]
R 0.1721 0.003 [46]
An(b) 0.0902 0.0016 [46]
Agl(e) 0.0707 0.0035 [46]
Ay 0.923 0.020 [46]
A, 0.670 0.027 [46]
Ay 0.1513 0.0021 [46]
A, 0.1465 0.0032 [46]
An(l) 0.01714 0.00005 [46]
Thad 41.540 nb 0.037 nb [46]
mp, > 114.4 GeV 3.0 GeV [54,55,56]
Qcpuh? 0.1000 0.0062 0.012 [57
1/ tem 127.925 0.016 [58]
Gr 1.16637x 107" GeV =2 | 0.00001% 107" GeV 2 [58]
. 0.1176 0.0020 [58]
mz 91.1875 GeV 0.0021 GeV [46]
mw 80.300 GeV 0.025 GeV 0.010 CGeV [58]
me 4.20 GeV 0.17 GeV [58]
m 172.4 GeV 1.2 GeV [59]
ms 1.77684 GeV 0.00017 GeV [58]
me 1.27 GeV 0.11 GeV [46]
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Fittino: Eur. Phys. J. C. 66, 215 (2010)
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Fig. 40: Ratio of the predicted value of Ji’pr.:dh? to the

nominal value of 2¢pgi.h? in the SPS1a scenario for a va-

riety of Toy Fits without using 2cpyh? as an observable.
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Table 25: Results of the Markov Chain MC analysis of the MSSM18 model using low energy observables, expected
LHC results for £ = 300th~! and ILC.

Parameter Nominal value ILC Fit OLE4+LHC 300 OLE+LHC3004+ILC
M;, (GeV) 19431 194315 + 6.4 0.068
M;_ (GeV) 135.76 135758 + 10.5 0.071
Mz, (GeV) 193.652 19346 + 430 0.33
Mz, (GeV) 133.43 13345 + 38.2 0.35
Mj, (GeV) 527.57  527.61 + 3.4 0.64
Mg, (GeV) 500.14 509.3 + 9.0 9.0
M; . (GeV) 504.01 504.2 + 33.3 2.4
M;, (GeV) 481.69 4816 + 155 1.5
M;, (GeV) 400.12 409.2 + 103.8 1.6
tan 3 10 1001 + 3.3 0.29
u (GeV) 355.05  355.02 + 6.2 0.88
X. (GeV) —3799.88 —3795.1 £ 3053.5 46.6
X: (GeV) —526.62  —526.8 + 299.2 4.7
X, (GeV) —4314.33 —4252.1 + 5393.6 728.7
M (GeV) 103.15 103.154 + 3.5 0.046
M (GeV) 192.95 19295 + 5.5 0.11
M; (GeV) 568.87  568.66 + 6.9 1.65
ma (GeV) 359.63  360.07 4+ i 1.83

Table 24: Result of the fit of the mSTGRA model to the
existing measurements and to the expected results from
LHC with £ = 300 fb~" and ILC.

Parameter Nominal value Fit Dnc,e-rta.inty
tan 7 10 G008 £ 0.050

My (GeV) 350 240900 +  0.076

My (CeV) 100 1000003+ 0.064

Ap (GeV —100  —1000 + 24
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