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Understanding the Standard Model

Much work went into SM fits: %

* Very precise measurements

» equally precise theoretical
calculations (— radiative
corrections)

Theory uncertainty
— Fit including theory errors
---- Fit excluding theory errors
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Similarly, need to fit parameters of more complex extended theory if
BSM physics is found
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SUSY Playground




SUSY Playground




Despite of tremendous success, SM also exhibits shortcomings:
* Instability of the Higgs boson mass

* No dark matter candidate

 Unification of gauge couplings impossible

Remedy could be provided by introduction of single additional symmetry:
Bosons <« Fermions (As=1/2)

Entails introduction of additional particles to SM. Since still undiscovered,
SUSY must be broken.

To cure shortcomings of SM, SUSY particles must be light (~ O(1) TeV)
— LHC and ILC will decide about fate of SUSY



SUSY parameters

Minimal supersymmetric SM (MSSM): 105 (!) new parameters

Most new parameters just parametrise our ignorance about SUSY
breaking mechanism

Specific models of SUSY breaking have typically only 5 parameters

Example: mSUGRA:
tan 3  (ratio of Higgs VEVs)

« A (common trilinear coupling parameter)
M (common gaugino mass parameter)
« M, (common scalar mass parameter)

* sign(u) (sign of Higgsino mass parameter)



Challenges for parameter fits

Stumbling block: observables # parameters

Observables: masses, asymmetries, rates, ...
Parameters: o, tanp, M, A, ...

Establish mapping
parameters — observables

is straightforward (but achieving highest precision is challenging).

Unfortunately mapping cannot be inverted. Thus constructing mapping
observables — parameters

Is cumbersome (— lots of CO,).



Tools for SUSY parameter analysis



SUSY/BSM fit programs

Lw @itter MASTERCODE f|tter

 Fittino (P. Bechtle, K. Desch, P. Wienemann, et al.)
http://www-flc.desy.de/fittino

o SFitter (R. Lafaye, T. Plehn, D. Zerwas, et al.)

e Mastercode (0. Buchmiiller, R. Cavanaugh, A. De Roeck, S. Heinemeyer, G. Isidori,
F. Ronga, G. Weiglein, et al.)

o (Gfitter) (H. Flacher, M. Goebel, J. Haller, A. Hocker, K. Ménig, J. Stelzer, et al.)
http://gfitter.desy.de

 \Various other groups (e. g. B. Allanach et al.)


http://www-flc.desy.de/fittino
http://gfitter.desy.de/

o FITTINO
Fittino l SUSY

e C++ program for SUSY model testing and SUSY parameter analysis

e Currently supported SUSY models:
MSUGRA, GMSB, AMSB, MSSM24, NMSSM

« Can handle many measurements from low energy experiments,
LEP/SLC, Tevatron, cosmology, LHC and LC

« Parameter analysis using full correlation information performed by either:
- MINUIT
- Simulated Annealing
- Markov Chain Monte Carlo (MCMC)

 Theory predictions from SPheno (W. Porod), Mastercode
(O. Buchmuller et al.)

e Limits from HiggsBounds (P. Bechtle et al.)



Iterative parameter analysis

Experiment: Output:
» Measured observables Oim e SUSY parameters PI,
o Errors AO™ a Full error matrix \/ij
/ X2 fit: \%QQL\ T
vary P
Obtain start values: SUSY calculation package:
Rough estimates for: > o Calculated observables OiC

(including loop corrections)

a Parameters Pl_
o Full error matrix WU

@ Errors API,




Simulated annealing

Probability for upward movemen
in potential = exp(( . =), )/

Start

Start | Value
Uncertainty




Simulated annealing in action
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Markov Chain Monte Carlo (MCMC)

Markov chain = sequence of points x (i=1,...n) in parameter space

2
with associated likelihood £ = exp (—%)

New point x . randomly chosen according to proposal PDF is added to
chainif L(x,,.,) > L(xz,)

Otherwise it is accepted with probability £ (anr 1 ) /ﬁ (mn)

If proposal PDF is chosen properly, sampling density of points X in
Markov chain proportional to likelihood



Sampling behaviour of MCMCs

Start value = 8 Start value = 11
30 30 -
E tanfl starting point E tanfl starting point
255_ |:| fanfl= 8 255_ |:| ot 1
20— 20—
5l ;
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" # MCMC steps " # MCMC steps

Sufficient chain length essential for unbiased results



SUSY forecast
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“Low energy”’ measurements

Can look for SUSY effects in already available data from LEP, Tevatron,
SLC, B/K physics, (g-2)u and astrophysics.

“Low energy” precision observables exhibit sensitivity to SUSY
parameters, in particular
Diagram examples:

. (g2),

* BR(b — s )




Complete LE observable list

Uhservable Fxperimental Uncertainty Exp. RHeference
Value stat syst
B(B — sv)/B(B — sv)su 1.117 0.076 0.096 [47]
B(Bs — pp) < 4.7Tx1078 [47]
B(B, — ££) a1 [47]
BB — ) /B(B — 7v)gn 1.15 0.40 [48]
B(B. — X.00)/B(B. — X.€)gy 0.99 0.32 [47]
Amg, [AmE 1.11 0.01 0.32 [49]
i M 1.09 0.01 0.16 [47,49]
ﬂmgd,-"z_\ms ¥ 1
Aegc [ A" 0.92 0.14 [49]
B(K — p)/B(K — pr)su 1.008 0.014 [30]
B(K — muvv) [B(K — wrv)su < 4.5 [51]
[ e] Shl —10 —10 — 10
a*F — aj; 30.2x10 8.8x10 2.0%10 [52,53]
sin® o 0.2324 0.0012 [46]
Iz 2.4952 GeV 0.0023 GeV 0.001 GeV [46]
R, 20.767 0.025 [46]
R, 0.21629 0.00066 [46]
b 1 0.1721 0.003 [46]
Agp(b) 0.0992 0.0016 [46]
Ag(c) 0.0707 0.0035 [46]
A, 0.923 0.020 [46]
A, 0.670 0.027 [46]
A, 0.1513 0.0021 [46]
A, 0.1465 0.0032 [46]
Ap(D) 0.01714 0.00095 [46]
Thad 41.540 nb 0.037 nb [46]
my, > 114.4 GeV 3.0 GeV [54,55,56]
2eouh? 0.1099 0.0062 0.012 [57]
1} tiiom 127.925 0.016 [58]
Gr 1.16637Tx107°GeV ™2 | 0.00001x107"GeV ™2 [38]
o 0.1176 0.0020 [58]
o 91.1875 GeV 0.0021 GeV [46]
Ty 80.399 GeV 0.025 GeV 0.010 GeV [58]
iy, 4.20 GeV 0.17 GeV [58]
iy 172.4 GeV 1.2 GeV [59]
m, 1.77684 GeV 0.00017 GeV [58]
me 1.27 GeV 0.11 GeV [46]




LE: mSUGRA parameters

Fit of mMSUGRA parameters to 35 LE measurements:

E —1 [ R —— TOEERTL 4, <0,
1D 86% CL ﬁmlﬁl‘.l _m 1D 88% CL ‘}l.llﬂi.l
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LE data favours light SUSY (consistent with findings by MASTERCODE group)



LE: Predicted mass spectra

MSUGRA, sign(u)>0: MSUGRA, sign(u)<0:

| Predicted Mass Spectrum of SUSY Particles LE mSUGRA | ﬂ: ‘ Predicted Mass Spectrum of SUSY Particles LE mSUGRA sign(u)=-1 |
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LE: Impact of individual observables

 Preferred region rather stable

« (9-2), and to lesser extent Qh?* most constraining

Fits with all observables: Fits without (g-2) or/and Qh?:
@ — 111 ] NS _m H 20 95% GL no (g-2), no O
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LE: Impact of individual observables
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LE: Impact of individual observables
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LE: Impact of individual observables

.C FITTINO

Predicted Mass Specirum of SUSY Particles LE ne {g—EEIl m3UGRA

- 1= Environment
- 20 Environment

- Best Fit Value

28é¢

| LA R A R |

:

Predicted Particle Mass [GeV]
- h

500

||
W AHH 2 0 a0 xe X 4, T T, T T, 6,9, 6.6, T, T,

L ™12 "1 "2

o



LE: Impact of individual observables
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LE: Impact of individual observables
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LE: Comparison with LHC potential

Bechtle, Desch, Uhlenbrock, Buchmiiller, et al.
Wienemann
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Good prospects for early BSM hints at LHC



LE: Predicted LSP and NLSP masses
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* DM relic density prefers co-annihilation region

» Seeing excess might be easy, measuring certain processes
might be more difficult (soft taus!)



Projection to LHC

Fit result of MSUGRA fit to LE data accidentally close to
experimentally well studied SUSY benchmark point:

SPS1a values

tan 3 132 &= T.2 10
M, /2 (GeV) 331.5 + 86.6 250
My (GeV) 76.2 e 100
Ao (GeV) 383.8 + 647 -100

— dare projection to LHC era based on SPS1a studies



Understanding SUSY



SUSY mass reconstruction at LHC

No mass peaks due to 2 escaping LSPs

1 1 H T | T T T | T 1T T 1T L I L | Iz Jf nd' 40-11 !45
if R-parity conservation oF T e
- m Norm.  -0.3882+ 0.02563

40 I Smearing __ 2.273+1.339

Most important mass information source:

/ T s sinetl RN SRS . :
P I i E
0302060280 100 i20 " i40 760 80" 200
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N
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SUSY masses:
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g \ i miz'ﬂ
P t \ ~o
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- Similar formulae for other
b \ endpoints, e. g. m,. mlqmn , mlq"”‘ .
I



LHC observable list

Observable Nominal Uncertainty
Value |1/ ' 10" 300/ "' LES: LESwsw JES: JESwswe  syst.
i 109.6 L4 0.1 0.1
i 172.4 1.1 0.03 0.01 1.5 1.0
m 180.2 11.4 1.8
m: —2m>, 148.8 1.7 0.1 fi.0
'EL :\'_'1

My — Mo 507.7 13.7 2.5 5.1 10.0

X
V/m,? — 2m?, 531.0 19.6 6.2 1.1 22.7 4.5 10.0

qre 4

mg — my, 88.7 1.5 0.9
mg — my, 56.8 2.5 0.6

2
mig(m o, mgo,mg ) 80.4 1.7 0.5 0.03 0.16 0.08
m;?;“{miu,m,{u,mf ) 280.6 12.4 2.3 0.28
M (m o, m o, ms,) 83.4 12.6 4.1 0.73 4.2 0.8 5.7
Mgy (M g0, Mg, M o) 452.1 13.9 4.2 1.4 22.7 4.5
mi(my Mgy M) 318.6 7.6 3.5 0.9 16.2 3.2
m?fh[miu moo,mg omg ) | 396.0 5.2 4.5 1.0 19.9 4.0
m;';;“{mx.l.,mxg,mfﬂ,m%} 215.6 26.5 4.8 1.6 10.8 2.2
m}?iu{mi?,mig,mfﬂ,milj 195.9 19.7 3.6 2.0
m:‘;,{mi,mf-“mili mg,my ) | 3593 43.0 13.4 2.5 18.0 3.6
Blig—fn8) < BlEn %, 6) 0.076 | 0.000 0.003 0.001 0.008
Bl —rir)% Blr—x]7)
5[9'—*1'25'}“5(52—'1:35_}
B{§— by b) = Bl — 30 5) 0.168 0.078

Caveat emptor:  » No decay chain ambiguities considered
» Uncertainties on theoretical calculations (mostly) not considered
* Mostly no information on LHC production rates



LHC: mSUGRA parameters

Likelihood maps for nSUGRA 3
parameters, sign(u) fixed to + i

Plots show contours of
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LHC: mSUGRA parameters vs. luminosity

Precision on mSUGRA parameters for 1, 10 and 300 fb™:
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Perform fits to toy datasets generated by smearing observables
within uncertainties

¥* correlations for fits with sign(u)>0 and sign(u)<0 to same toy dataset:

l i -'Illl |||||||||||I||||I|||- I ||||- I i I'|||||||||||||||||||||||||||||I||||
—_ - ] — —_ -1
F L=1fb" ] .o ] . L =300 fb
EOE - ] 800 = =
. : e s00F % —
40 s 3 iR e 3 r
5 o / ] a : s400fF ¥ E
v 30 "o.deaice p E . 22 vooE
= - A2 . “: E 2300 E
= ol abeERRT ] agbRpE -t 1 = F
20 e ] i2d . 200F -
10F 3 "t - B - E
M Frobability to prefer ] 2oF / Frobability to prefer ] E Frobability to prefer 1
- p=0overp =0 . [ w=Ooverp=0: - ok p=Doverp =0 -
oF 004220009 or " D000£0.000 . S 0.000 £ 0.000 ;
".l L1 1 L1 1 L1l 11 L1l | L1 1 1 L1 1 1] 1 L1l L1 1= L1l 1
0 10 20 3d0 40 BO B8O 0 20 -I“] ED I]E] 'IUE] ‘IEL'I 0 IDD 21:]3 3(]] 1'-1-['] 51]] ED'.] ?DD
1 u=10) 2w =0) =0

Any discrete “degree of freedom” (parameter, ambiguity, ...) can be
treated this way



LHC: Impact of decay chain ambiguities

Certain final states at LHC cannot be |
unambiguously assigned to single |
decay chain

Approach: Perform toy fits for all /E/L/R ~Z/3/4 T - 30
possibilities and choose best fit HR A

(smallest ?)

Proof-of-principle: Consider following two-fold ambiguity

. . Imax
correct interpretation: 772y, (mﬂ y T, Mg )

max

wrong interpretation: My, (Myo, mygo, my )



LHC: Impact of decay chain ambiguities

Distribution of fitted parameters from toy fits (10 fb™):

i/ mdf 337934 i ¥ ondf 16.368 /11
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best fit ; Some osmreooms| 20
~0f . 100
£ 30f 4 £ 80
. > 2)
correct interp. 2 F 80
26t 7
: I 40
1 B I'-.I -
wrong interp. / ﬁ{m 20
[ 1 IIIIII IIIII -{ I
078 9 10 11 12 13 0
tan p

Toy fits

92 04

3 1 ndf 28.72 /27 0 i 54,45/ 30
T T pros 03747 L L M o s

Constant 1202+7.4
| Mean 114+ 2.6
‘} Sigma 568.1+2.4

— e epe e

— T EEIgE [

-400-200 0 200 400 600 80010001200
Ay (GeV)

Constant 3536%2.02
Mean 1004201
111 Sigma 204120073 A0

—_—

—— o cogr IR

—— wEng cox I g

o 30
-
2
20
10
I
i N

96 98 100102104 1[] 108 110
M, (GeV)

Constant ELESE:]
Mean 2499204
Sigma 1.286+0.056

—— Wi e e

LI T T NI T T
246 248 250 252 254
M, , (GeV)




LHC: Impact of decay chain ambiguities

Probability to choose right or wrong interpretation can be obtained again
from %* correlation for fits with correct and wrong interpretation to same
toy dataset:

507 .
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40~ _
2 o >

s 0F P ]
2 I PR
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Role of LE measurements in LHC era

LE+LHC (1 fb):

LHC (1 fb):

Parameter Best Fit Uncertainty
sign () +1

tan 3 9.1 £ 3.7

Ap (GeV) —131.8 4+ 7421

M, (GeV) 100.2 4+ 4.2

M, (GeV) 249.7T £+ 6.7

LHC (300 fb™):

Parameter Best Fit Uncertainty
sign( ) +1

tan 3 9.98 + 0.35

Ay (GeV) —100.2 + 11.1

M, (GeV) 100.0 £+ 0.39

M, ;5 (GeV) 250.0 4+ 0.30

Parameter Best Fit Uncertainty
sign(u) +1

tan 3 10.2 £ 2.3

Ao (GeV) —76.3 £ 184

My (GeV) 1006 4+ 34

M5 (GeV) 250.2 £ 5.3
LE+LHC (300 fb™):

Parameter Best Fit Uncertainty
sign (s1) +1

tan (3 10.00 =+ 0.36

Ay (GeV) —99.1 =+ 12,0

My (GeV) 100.00 £ 0.39

My, (GeV) 250.01 £+ 0.33

At the beginning of LHC running LE data may still be important

(even in constrained mMSUGRA model)



LHC (1 fb™): —mLEﬂHC (1 o).
L L B L L LI L ‘; L B B B BN B
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LE+LHC: Mass spectrum

SUSY mass spectra derived from LE and LHC (1 fb™ and 300 fb")
observables assuming mSUGRA model:

MSUGRA, LE+LHC1:

Derived Mass Spectrum of SUSY Particles mSUGRA LE+LHC 1 fb™’ ‘

700 L@uw
C - 1o Environment

— C - 25 Environment
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MSUGRA, LE+LHC300:

‘ Derived Mass Spectrum of SUSY Particles mSUGRA LE+LHC 300 o' ‘

700
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So far, all analyses done within mSUGRA model (= strong assumption
on SUSY breaking mechanism)

Can also perform analysis in more general SUSY model

Assumptions:
e no CP violation in SUSY sector (all phases = 0)

* N0 Mixing between sfermion generations
e N0 mixing within first two sfermion generations

* universality of same-type sfermion mass parameters in first two
generations

— MSSM18



LE+LHC+ILC: Mass spectrum

SUSY mass spectra derived from LE and LHC (300 fb) and
optionally ILC observables assuming MSSM18 model:

MSSM18, LE+LHC300: MSSM18, LE+LHC300+ILC:
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Parameter Nominal value 1LC Fit OLE+LHC 300 OLE+LHC300+ILC
M; (GeV) 194.31 194.315 + 6.4 0.068
M~R (GeV) 135.76 135.758 + 10.5 0.071
Mz, (GeV) 193.52 193.46 £+ 43.0 0.33
Mz, (GeV) 133.43 133.45 £+ 38.2 0.35
M;, (GeV) 527.57 527.61 =+ 3.4 0.64
M;., (GeV) 509.14 509.3 =+ 9.0 9.0
MSR (GeV) 504.01 504.2 + 33.3 2.4
Mz, (GeV) 481.69 481.6 =+ 15.5 1.5
Mg, (GeV) 409.12 409.2 + 103.8 1.6
tan 3 10 10.01 <+ 3.3 0.29
p (GeV) 355.05 355.02 <+ 6.2 0.88
X, (GeV) —3799.88 —3795.1 £ 3053.5 46.6
X: (GeV) —b526.62 —526.8 £+ 299.2 4.7
Xy (GeV) —4314.33 —4252.1 + 5393.6 T28.7
M, (GeV) 103.15 103.154 =+ 3.5 0.046
M, (GeV) 192.95 192.95 £+ 5.5 0.11
Ms (GeV) 568.87 568.66 =+ 6.9 1.65
ma (GeV) 359.63 360.07 + Tl 1.83

ILC reduces uncertainties by 1 to 2 orders of magnitude (exceptaR mass)
— more direct measurements + strong decrease of correlations



Cold dark matter relic density

Cold dark matter relic density inferred from collider measurements

LE]
F LE+LHC+ILC mSUGRA: Q= ﬂ.99995l +0.00098
400~ LE+LHC+ILC MSSM18:Q = 1.00009 +0.00208
- LE+LHC MSSM18: Q = 0.97286 +0.07131
350,__|:| WMAP Qbmhzi 1c
“ [ 1 PlanckQ W+ 1o
4‘2300? 120 +
';_250? m;— +
O | B8O
=200 i
150~ « _
100- ")
50;_ 0.992 0.984 0.996 0.998 1 1.002 1.004 1.006 1.008 :
_I!I|"||IIILL_J..|I|n|_
0.2 04 06 0.8 1 1.2

d?

Q_h’(predicted)/Q,, h’(measured)



Next steps: All decay chain ambiguities

q I Kono
Consider all possible decay chain |
ambiguities in parameter analysis
of LHC data
/ ~0 ~
First steps started: Qe X, ., e 30
S

Perform separate fit for each option
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Next steps: Algorithm optimisation

Prudent

Parameter analysis is CPU intensive
Optimised algorithm settings are crucial — green Fittino

Example: Optimised proposal density distribution for Markov chain

Ag vs. Tan{fi) Ay va. Tan([)

default proposal dist. optimised proposal dist.
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Next steps: LHC production rates

Kramer, Lindert, O'Leary
Conventional calculation of production rates at LHC too slow.

Investigated way out:

* Prospino look-up table (only 2 parameters: squark and gluino mass)
e Calculation of BRs by SPheno/SDecay
« Parametrised detector response

LO cross section [pb] for pp = squark 5 gluine using Prospinc2. 1

mglulm [GeV]




More plans

* |nclusion of SUSY direct search limits from LEP and Tevatron
(Mainz, Bonn)

* Inclusion of indirect dark matter search results (Hamburg)
« Systematic comparison of different RGE codes (Gottingen)

« Inclusion of uncertainties/correlations of theory predictions (\Wurzburg,
DESY, Heidelberg, ...)

e Calculator speed-ups (Wurzburg)

— very lively activity



Constraining SUSY parameter space will be essential task in upcoming
years (both if 3 SUSY and if A SUSY)

Several powerful SUSY fitting frameworks developed during recent years
Obtained fascinating results with them:

- Light SUSY preferred by LE precision data
- Demonstration of possible LHC and ILC potential

Nevertheless some issues still need to be included in parameter analyses
(decay chain ambiguities, LHC rates, uncertainties of calculations, ...)

Joint effort by experimentalists (from different experiments) and theorists
has started to address open issues

Many interesting new results can be expected soon ...
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