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LHC results put supersymmetry theory 'on
'the spot’

.. hevertheless

Overview of SUSY Global Flts

- Results from the Large Hadron Collider
- (LHC) have all but killed the simplest
~ version of an enticing theory of sub-atomic

~ physics.

S John ELLIS,
B Kings College London
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Observable Source Constraint
Th./Ex.
me [GEV] [39] 173.2 £ 0.00
Aal)) (mz) [38] 0.02749 + 0.00010
Mz [GeV] [40] 01.1875 + 0.0021
[z [GeV] [24] / [40] 2.4052 + 0.0023 + 0.0015ysy
Ohag [0D] [24] / [40] 41.540 + 0.037
Ry [24] / [40] 20.767 + 0.025
A (£) [24] / [40] 0.01714 = 0.00095
Ay(P,) [24] / [40] 0.1465 + 0.0032
Ry, [24] / [40] 0.21629 = 0.00066
R, [24] / [40] 0.1721 = 0.0030 -
A (b) [24] / [40] 0.0002 + 0.0016
Ap(c) [24] / [40] 0.0707 + 0.0035 |
Ay [24] / [40] 0.923 + 0.020 |
A [24] / [40] 0.670 + 0.027
A,(SLD) [24] / [40] 0.1513 + 0.0021
sin” A5, (Qm) [24] / [40] 0.2324 + 0.0012 B

Mw [GeV]
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271/ B

(< 1.08 + 0.02gygy) x 107°

BREY., /BREY.. 27] / [42] 143 + 0. 43 i
BR(Ba — ptp) [27] / [42] < (4.6 £0.01sysy) x 10~° |8
BRE", x o EE /BRES x e [43]/ [42] 0.99 +0.32 :
BRIy, .. /BRE S e [27] / [44] 1.008 + 0.014Exp TH
ER]F‘\‘.':{—[J::':'-":BRER:i WL/ E* [4::'] -'.II -16 {:: 45 -
AMEST JAMEY [45] / [47,48] 0.97 + 0.01gxp + 0.275
(AME™ fAMET) - - ) v 4 (1 1% e
AT AN [27] / [42,47,48] 1.00 £+ 0.01gxp £ 0.135Mm |
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45]
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a T —ay [49) /[38,50] | (30.2 +£8.8 £2.0sysy) x 107"
My, [GeV] 126] / [51,52] > 114.4 £ 1.55usy
Qcpuh” [20] / [53] 0.1109 + 0.0056 + 0.0125usy
a;?[ [23] (mso, G';.j]} plane
jets + Er [16,18] (mg, my2) plane
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Electroweak Precision Observables

* Inclusion essential for fair comparlson with

Standard MOdeI 8057 —LEP2 and Tevatron | |
» Some observables may be wie
significantly different |3 .-
— Advantage for SUSY? e,/ 4
80.3{m,, (@Y e y -
« Some may not be changed 114V ARSOORNINIO00
155 175 195
significantly m, [GeV]

— Should be counted against/for all models ‘L |




Flavour Physics Observables

|+ Inclusion requires additional & @ :
hypotheses ! —
— E.g., minimal flavour violation @] i i

+ Many anomalies reported b RS 4 s o
| o_[rad]

— E.g., top production asymmetry, [; e amset
dimuon asymmetry, B, =»J/y ¢ = p.m,, ;

- Difficult to interpret within SUSY | "} T

« Significant progress with B, i ..t

- Valuable constraint on SUSY models | «S————= ég(;‘“‘”:;]s

< 11x10° @ ;5%

i o



T I T T T T I T T T T I T T T T T T T T I T T T T I T T T T T T T T I T T T T
HMNT 07 (e*e -based) ]

Quo Vadis b e

Davier et al. 09/1 (z-based) !
—157 £+ 52 —i— !

Davier et al. 09/2 (e*e” w/ BABAR)
—255149

‘7 Davier et al. 09/1 (e*e") i

g - —-312+51 —— !
° i

M —e—I i

HLMNT 10 (e'e” w/ BABAR)

Strong discrepancy between Dgl-zgﬂzz:} (¢ newess) H:__l -
BNL experiment and ee” data: || oivzioee newesy e
— now ~3.6 ¢ BNL-£821 (world average) -
Better agreement between e'e- | 700 60 0 40 a0 200 00 o
experiments a, — 3 <10
Increased discrepancy between ;z R ﬁﬁgggg
» KLOE10

BNL experiment and t decay
data

—now~24c

e
-

0.05

-0.05

Convergence between e'e”
experiments and t decay data

More credibility? : . :
_ S \s [GeV] |

S
—

-0.15

©
N

Cross section(exp) / Average - 1
d =
m_llllllllllb—l—l.i—‘ﬂyl—‘—it‘llII|IIII|IIII_

L R Y

- o



Tog,—2ornottog,—27

9 ! T%-Eg '|""|"'r5h
8 B . =
s with (g-2 ]
; with (g-2), , @2 3
E — E Sl _E -
5 mEETE—.H.anE;' 5 I'I'IEETEE!:EDF.' _E -
4 4 i
/=N s 3
3 S ~ Jl,r 3 O N 3
- — —— -
2 - (o 2 ~ “without (g-2
; without (g-2), | /|~ Without (g-2),
T I ST S S R [ T I T T B
DD 500 1000 1500 2000 2500 uD 500 1000 1500 2000 2500 -
m, [Gew&’] m, [GeV/c?] |

% Pre- LHC flts

> Gk T T T % T8
y ™ “‘#ﬁ‘, N -
h‘é ’ e BT e g T ) .



m,,: Blue Band vs Green Band
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m,,: Blue Band vs Red Band
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Dark Matter Observables

Cosmological cold dark matter density
— Qcpm h2=0.1109 = 0.0056

Reduces dimensionality of SUSY space by ~ 1
— Could be other sources of DM: little effect

Upper limit on spin-independent scattering

Other astrophysical constraints?
— Annihilations inside Sun/Earth =»neutrinos?
— Anomalies In cosmic-ray y/e+/e- spectra?

Not explicable in models discussed here
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XENON100 Experiment
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Aprile et al: arXiv:1104.2549



Supersymmetry Searches in CMS

700.CMS Preliminary \s=7 Tev f Ldt =1.1 fo"

|
— 2011 Limits - CDF B, . tanp=5, u<0

-+-2010 Limits N D0 77, tanp=3 u0 7
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Supersymmetry Searches in ATLAS

MSUGRA/CMSSM: tanp = 10, AD= 0, u=0

ATLAS Preliminary 0 lepton 2011 combined

L™ =1.04 fb 7, f5=7 TeV CL, observed 95% C.L. limit
0 LEP2 %/ -=== CL, median expected limit
[ | DOE @ tanp=3, n<0, 2.1 fo”' e gxp. limit 68%, 99% CL
B CDF g4, tanp=5, u<0, 2 fb"' * Reference point

I Theocretically excluded —— 2010 data PCL 95% C.L. limit
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Impact of LHC on the CMSSM

Assuming the
lightest sparticle
IS a neutralino

m, (GeV)

ﬁ 2 WMAP. constrarnt
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Limits on Heavy MSSM Higgses

CMS Preliminary 2011 1.6 fb™

60

| . "'95% CL excluded regions
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- CMS expected
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Meta-Analyses: Cuts vs Likelihood

» Theorists seek to combine many constraints

« SImply Imposing 95% CL contours as cuts
IS Inadequate
— Seek to construct global likelihood function

« \Want more information from experiments:
several likelihood contours
— Can be used to check our simulations

|+ Otherwise, we will resort to unreliable

estimates/guesses ®

T




Supersymmetric Models to Study

Gravity-mediated:
— NUHM2

* as below,

— NUHM1 _ _
PR In global fits

— CMSSM

BULLERE (N global fits
— VCMSSM

* as above, & A,

— MSUGRA
* as above, & m,

— RPV CMSSM

Some

Global
fits

Also studied -

Most studied

102N points, e.g., 10° in

e Other SUSY X
| models:
— Gauge-mediated
— Anomaly-mediated

— Mixed modulus-
anomaly-mediated

— Phenomenological 19-

If model has N parameters,
sample 100 values/parameter:

e Ny

Less studied in global fits &

___ININISSN,

CMSSM |




MSSM: > 100 parameters

Minimal Flavour Violation: 13 parameters
(+ 6 violating CP)

SU(5) unification: 7 parameters
NUHM2: 6 parameters
NUHM1 = SO(10): 5 parameters

CMSSM: 4 parameters
MSUGRA: 3 pal wneters




| Current LHCSeareheshave Reduced |
Sen3|t|V|ty to Compressed Spectra J
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Bayesian vs Frequentist

about a proposition”

Bayes’ theorem: posterior pdf

Probability density

- Bayesian: “probability is a measure of the degree of belief

p(d): evidence (normalization factor)

series of equiprobable repetitions ”

Interest to anyone”

: Ay — Pdlg)m(6,y)
p(0,v¢|d) = o)
p(d|¢) = L likelihood
H
?T(H. 1,’) prIOI’ pdf P likelihood X prior
pOStEI 10r = normalization factor

{* Frequentist: “probability is the number of times the event
occurs over the total number of trials, in the limit of an infinite

e Louls Lyons: “Bayesians address the guestion everyone is

Interested In by using assumptions no—one believes, while
frequentists use impeccable logic to deal with an issue of no

> _W. —~ -~
e | Nr—TT——

e
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Sensitivities to Bayesian Priors
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To Focus-Point or not to Focus-Point?

B‘ayesian pdf MasterCode

BayesFrrs (zo11)
PCIEtE]'i_l:II'r pdf I .]n:rlregiun
OMSSM, u =0 2r region
priors ® Posterior mean
11 + RazoR @ Best fit 1
oR 35pb~" 95% contour
ar 1.1fb~" 95% contour

wof
wof
of
aof
.
-
300
200 -

g

=
LY

300 400 500 mumsuuem1
m, [GeWe*]
my (GeV)

# reasonable agreement in the m, 5 > mg region

® disagreement about large mg region
BayesFITS: Fowlie, Kalinowski,, Kazana, Roszkowski, Tsai ... |




To Focus-Point or not to Focus-Point?

BayesFits (2011) BayesFits (2011)
1000 — T T T T T T 1000 —TT T —
sterior pdf W10 region Posterior pdf W10 region
900 SM, u >0 20 region 2 === 900 I SSM, u >0 20 region 1 ™=
800 priors ® Posterior mean| 800 priors ® Posterior mean|
-LHC + a7 1.1fb~" @ Best fit -LHC + a1 + Xenon @ Best fit

7@Rr 36 pb ' 95% contour 4 700 AZOR 36 pb ' 95% contour i

ar 1.1 fb~! 95% contour
600 -

700

—
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100 L L L 1 L L L L 1 L L L L 1 L L L L

500 1000 1500 2000
mg (GeV)

| 1/fb LHC data, with XENON100
" Focus—oint disappars

500 1000 1500
mg (GeV)

~ | 1/fb LHC data, no XeNon100 |
Focus-oint remains i

BayesFITS: Fowlie, Kalinowski,, Kazana, Roszkowski, Tsai ... & e -



To Focus-Point or not to Focus-Point?

Another Bayesian analysis ...

| :
- AXATLAS (b)
Albscekmise Lo el i oot "5 04
1000 . 03>
03
800 -
> 6 E 0.25
O 600 = ,,
] 4 g 02
400 0.15
200 : After 01
0 LHC | 005
100 200 300 400 2010 0 02 04 06 08
m, ,/GeV my , (TeV)
Detailed modellingof | = | ... no sign of the fixed-point region |
~ | experimental likelihood v e RIS
KISMET: Allanach, Khoo, % a2 B




Pre-LHC vs Post-LHC

HTTIHG ——— 20e%CLae" RTTIHC
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quantity experiment Standard Model
as( Mz ) [45] 0.1184 + 0.0007 parameter

my [46] 173.1 £ 09 parameter

mg [47] 4.19+0.12 parameter

InCIUdlng Qpah? [45] 0.112 +0.0056 0

dg, [49] (2.8 +£0.8)107° 0
XEN ON 100 BR(B; — X.v) [50] | (3.504£0.17)10~% (3.15+0.23) 104

BR(B., — p*tp~) [19] | (0.9£06)10°% (0.33£0.03)10°%
BR(B, — o) /SM [51] 1.254£0.40 1

200.000 pOintS The data we fit, together with LHC and XENONI100 bounds.

20 i

DM mass in GeV
Farina, Kadastik, Pappadopulo, Pata, Raidal, Strumia




MasterCode masi%;

Combines diverse set of tools

« different codes : all state-of-the-art

+ Electroweak Precision (FeynWz)

« Flavour (SuFla, micrOMEGAS)

+ Cold Dark Matter (DarkSUSY, micrOMEGAS)

« Other low energy (FeynHiggs)

« Higgs (FeynHiggs)
« different precisions (one-loop, two-loop, etc)
« different languages (Fortran, C++, English,

German, ltalian, etc)

« different people (theorists, experimentalists)

Compatibility is crucial! Ensured by

» close collaboration of tools authors
« standard interfaces

Steering Code

—>

Model parameters:
e.g. mQ, 172, AD, tan, etc

v

Spectrum calculators

SoftsUSY

SuSpect

Y

SLHA

T

Predictors

Higgs Sector
FeynHiggs

Cosmology

HMicrOMEGAS
Darks5UsY

Flavour Phys.

SuFla
MiczOMEGAS

EWHK Physics

FeynWd

v

Predictions

Expt. Data

) Ellic
=




Constructing the »? MasTERcos)

] ‘ M ohs 2
2 = i (Ci-P)° Z( S — fau,)
— 0(C;)* + o(F;)? ~ o(fsm,)?
— f(b%sﬂ + }:2(,@#—2] + f[:ﬂhg] + xﬂ{mﬁ_}
(+ X(BR(B, » ) ) + X*(LHO) + x'(XENON100)

Recent Experimental Data!
* Fit Methods (globally over all mnt?éﬁiar; :trE?:!T -

* Markov Chain Monte Carlo (MCMC)
« Actually used as a mere sampling method (sampling density not used)

» success and failure of the steps defined by the x2
« ¥2fit: Minuit minimisation
» used for “scans” or in conjunction with MCMCs to get overall best minimum

 Afterburners

+ ¥2terms additive — effects therefore also additive
« Study effect of “interesting” (g2, b—sy, Qh2, etc) observables!

« sample space without “interesting” terms —» larger, more general sampling

« a posteriori add “interesting” terms after general sampling
« Only need to sample multi-d space once! Enormous cost savings to due RGEs



Post-LHC, Post-XENON100 1857 ERc)

2010 ATLAS + CMS with 36 pb™ of LHC Data

E mnuE T E “E mcs....,....,..,.,.........,..,.,..;1:';.;,&:#_.,_.%..5
S00 = CODES = =2 900 CODEy =
E oo VCMSSM 3§ E F MSUGRA -
s00f- . 500 - =
mn;-"" -; zm;— —
100 ;— —; 100 ;— E
G:....I....I....I....I....I....I....I;...I....I....: G:....I....I....I....I....I....I....I....I....I...;
] 00 200 300 400 500 600 TOO BOO GO0 1000 1] 00 200 300 400 500 600 OO 800 SO0 1000
m, [GeV/c’] m, [GeVic?]
VCMSSM mSUGRA
60 million points sampled 60 million points sampled

Model | Min x* Prob | my,, mg Ay tanf
VOMSSM 22.5 31% | 300 60 30 9
post-LHC/XENQON100 27.1 13% | 390 90 70 11
mSUGRA 29.4 6.1% | 550 230 430 28
post-LHC/XENQON100 30.9 57% | 550 230 430 28




Post-LHC, Post-XENON100 P
*‘ﬂa AS + CMS with 1 fb' of LHC Data

kA A
rEzﬁmj A ,,,_Eﬁm.
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{ * o o R
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0 PP B T I 7 ﬂ-....l....I....I....I....-
[i] i) 1000 1500 2000 2500 a 00 1000 1500 2000 2500
m, [GeV/c’] m, [GeV/c’]
CMSSM NUHM1
60 million points sampled 70 million points sampled

Red and blue curves represent Ay? from global minimum, located at <y

(Preferred region “opens up” at cost of worsening global * value! )




Post-LHC, Post-XENON100

LAS + CMS with 1 fb"' of LHC Data

VAT

L Y A TN NI e

MasTERcome

I.IIYI'UT"YIUUIIIU'

e o b
m, [GeV/c?] m, [GeV/c?]

Model | Min x* Prob | my;, my Ag tanf
CMSSM 22.5 26% | 310 60 -60 10
post-LHC/XENON100 | 29.3 11% | 730 420 -1100 40
NUHM1 20.5 25% | 310 60 -60 10
post-LHC/XENON100 | 27.3 13% | 690 160 -880 33

With 1 fb': CMSSM and NUHM1 stlll above 10%CL
VCMSSM and mSUGRA now less than 5% CL




Post-LHC, Post-XENON100 R P
"‘ &QATLAS + CMS with 1 fb' of LHC Data
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CMSSM NUHMA1
60 million points sampled 70 million points sampled

Red and blue curves represent Ay? from global minimum, located at 5

(Preferred region “opens up” at cost of worsening global 2 value! )




Post-LHC, Post-XENON100 Jla87TERc)
*‘ﬂaT AS + CMS with 1 fb" of LHC Data
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Red and blue curves represent Ay? from global minimum, located at vy

(Preferred region “opens up” at cost of worsening global 2 value! )




Trajectory of | [

CMSSM Fits | |2
How have best-fit _ ok,

CMSSM points evolved? | 300-M7 If no SSY
How would they evolve if SUSY | 47 with 7/fb
IS not discovered in 2011/27 4@ Ff-wm LWL ... '
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Sustainable Benchmarks

« Many models:

— CMSSM, NUHM1, RPV-CMSSM, mGMSB, s
MAMSB, MM-AMSB and pMSSM =

|« Benchmark planes, lines & points, e.g., CMSSM

1200

— Varied signatures e

— Similar along lines

— Move to next point
If/as needed -

~ AbdusSalam, Allanach, Dreiner, Ellis, 200
. Heinemeyer, Kramer, Mangano, Olive,

Rogerson, Roszkowski, Weiglein ¢ w0 w0 m w0 w0 ol
B B, PSRN D e . i e R e e o TR U g e

tanf3=40 Ao=-500 |

]

800
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Summary & Perspectives

LHC data putting pressure on popular models

Theorists want to combine various constraints
— Seek to construct global likelihood function

— Tension between LHC and g, — 2

— Mitigated at larger tan 3

Need more information than 95% CL
Desirable to improve TH-EXP dialogue

Need to extend studies to other models
— Compressed spectra, RPV, ...




