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INTERESTED IN CMSSM

B SUSY motivations you have heard before. Amongst other things:

Solves hierarchy problem
by cancelling divergent
loops

Dlel('dapleli=lg is lightest
supersymmetric particle
(R-parity), usually x;

Unification of couplings Hi
SUSY particles included in

running < 10TeV at
~ 10" GeV

Dark
Energy
71.4%

46 8 1012 14 16 18
Log,,(Q/GeV)
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INTERESTED IN CMSSM

] = [@onstrained [Minimal Flupersymmetric [tandard

odel

B Unification of MSSM soft masses at GUT scale:
my jp = My = My = M3 = Commmon gaugino mass

mg = Common scalar mass
Ag = Common trilinear

(4 fan 8 = Ratio of Higgs vevs

B Run parameters to low scale with renormalisation group
equations

B Calculate mass spectrum
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INTERESTED IN CMSSM

1500 T T T

< 1000 B Approximate mass relations:
38 | | m;(] =~ O.Am]/g

@ | miz ~ O.8m1/2

= 500

| | mQ ~ 2.7m1/2
~ 2 2
| m;-] ~ 0.]5m]/2+m0
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No SUSY sO FAR...

B Expected fifelal] SUSY Mqysy 2 Mew:
staieInNe AR experimental hint. Light smuons?

A annihilation prefers light x;
H ol fine-tuning of EW scale
B Pre-LHC, CMSSM fits showed:
m 0 7<05TeV
B g g<1TeVv.
B Qh? reduced by stau-annihilation

B These scenarios excluded by direct searches, Higgs, etc
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SUSY MUST BE HEAVIER. . .

arXiv:1206.0264
Ll Msusy > than expected
2.0 BayesFiTs (2012)

: ) — B m, = 125GeV as constraining
solid: 1o region _____-Po df B
region 0 4 as multijet searches

L ! LW Our fits show < TeV scale
! Ge).-

compatible with Higgs, etc

B Do not need > 1TeV, split
® Posterior mean

dashed: 26 regi
s

-
N

SUSY yet

B Lightest in stau coannihilation.
mp = 125 GeV with maximal
mixing Msusy ~ V6 X;

B T E B Big ~ £3GeV on my, from
m, (TeV) ' missing higher orders
B/ = 068%/95% region
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FINDING HEAVIER SUSY (1.)

B Are heavier models visible at LHC /s' = 14TeV?

LNl Yes! Via a golden decay

B Can we measure the masses?

LNl Yes! Reconstruct spartficle masses from kinematic edges

B Preliminary golden decay studies were for , for early
LHC with ~ 10fb~"

B e.g. ATLAS SU3

B Extend previous work (arXiv:1106.5117, arXiv:0907.0594)

B What might errors on SUSY masses be?

B What about resulting errors on SUSY parameters?
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FINDING HEAVIER SUSY (2.)

Ll Famous golden decay: § — jX3 — gl — qelss

-——- -

q %9 i 9

B Visible products:
At least (possible jet from initial § decay)
ORRIAEleifelgt| (but near and far cannot be distinguished)

from x;
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[l I[dea: How well might CMSSM parameters be found at 14TeV?

e’ FeN@ Y5\ Nelellaid allowed by experiments (e.g. mp, Qh?,
direct searches)

\Y[elai =N ®elilel for CMSSM point at 14TeV
Simulate sparficle mass measurements RitelsaRelellelsIaKelTele)Y;
Bayesian reconstruction of CMSSM parameters NYiigkaglSleif=Te!

sparticle mass measurements
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FIRST STEP, PICKING CMSSM PoOINT (1.)

hierarchy:
m 6] > )2(2) > Z 20 - (Beiy:esFlTS (2012)
~ ~ ~ ~ solid: 1o region ____-P0OS df
B g >qgfoshutg—gqg dashed: 2 reqida 0
spoiler 16 y ) )
m Actually {9 > 7 +50GeV to — Gey
avoid phase space D 12 ) o
suppression of BR E |
® In CMSSM, means my j; 2 mg g D_a.:
B Look again at allowed
regions. Need oa oo
stau-coannihilation region e
|l Stau-coannihilation allowed 08 16 24 32 4.0

in CMSSM with golden decay mq (TeV)

B/ = 68%/95% region
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FIRST STEP, PICKING CMSSM POINT (2.)

B Local search for good point
with golden decay

B Minuit fo find the point with
my » = 750GeV and:

S is00F

B m, ~ 125GeV, within Sl .
2 H* 0 in —<— by
errors S MW"y
1200 ’ B by
B Qh? ~ WMAP/PLANCK .
1000 o
B Golden decay wl S

600 - i .- ie-)é“-'—L Xt
my o = 750 GeV n T e
= 7\
200 -
mg = 230 GeV L ‘ L ‘
Higgs Sleptons E\ONmois) " S&;aéksg Q
0, £) (1st/2nd, 3rd) (x°, x st/2nd, 3r
fanps = 8.8
Ag = —2100GeV
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FIRST STEP, PICKING CMSSM POINT (3.)

N Important masses:

&, 364GeV
g 1675Gev

1232GeV 7 318GeV

LNl Important observables:

Qh? = 0.11 agreement with Planck by stau coannihilation
B(Bs — ptu~) = 3.2 x 10-7 agreement with LHCb
(9 —2), = 3.8 x107'° poor, but so is SM
Higgs reasonable agreement within theory error
mp = 123.2+3GeV
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SECOND STEP, SIMULATING GOLDEN DECAY

B Pythia with number of events < ~ 100fb~" at 14TeV
B ~ 100fb~" could be collected in ~ 2 years

B Though in reality now likely o be 13TeV...

B Our benchmark mass spectrum from SoftSUSY

B Resulting in invariant mass distributions for:

lepton pair (¢0),
and each lepton with the jet (¢q and ¢q),
the jet and both leptons (£4Q),
and a threshold ¢¢q. with § > = /2 between leptons in
slepton frame
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THIRD STEP, RECOVER SPARTICLE MASSES (1.)

B Predict “edges” in distributions
from relativistic kinematics

|l Functions of four
unknown sparticle masses fig

golden decay, 19, %9, 4. 7

B E.g., endpoint of ¢ invariant mass

distribution

B Sawtooth shape because
mediated by scalar

A. Fowlie, Sheffield University
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THIRD STEP, RECOVER SPARTICLE MASSES (2.)

B Endpoints are functions of sparticle masses (e.g., arXiv:0410303):

2 2 2 2
i)
mg, = ~—2 -

(miory) (g )
m;, = e
g, near

mz —m? )(m2 —m? ) mg —m? (mz—m2 )
| m? —mc1x(q ) (gt (o) (mh =
qq
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THIRD STEP, RECOVER SPARTICLE MASSES (3.)

B Fit unknown sparticle masses to five endpoints with Root
B Single solution for sparticle masses and statistical errors

|l Errors are correlated = covariance matrix

® Basis (Myo, My, Mgg, Mg) in (Gev)?:
1674 995 991 1508

505 592 899
Cgolden decay = . . 589 894
. 1364

B Diagonalise matrix to find errors:
vC-'VT ~ diag [( PRV 2, (1.6GeV)™2,(1.9GeV)2,(64.9 GeV)*ﬂ

Ll Best-determined direction ~ %(m,~ = mxg) with ¢ = 0.2 GeV
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THIRD STEP, RECOVER SPARTICLE MASSES (4.)

B Four eigenvectors of covariance matrix:
02GeV & O.O-mig+O.7~me~—0.7~m>~(g+0.0~m5, ~
5 (Mg — M)
1éGeV<:> 02 My —0.4-m; —0.5-my +0.8-my
1.9GeV & -0.8- m~o+04 m; +0.4. mo+03 Mg
A 649GeV & 06 mo 04-m;—-04. mg 0.6-mg
B Three well determined dlrecfions o <2GeV
B But one poor o ~ 65 GeV
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FINAL STEP, RECONSTRUCT CMSSM PARAMETERS (1.)

B Now have all the ingredients

LB Try to recover original CMSSM parameters figelankilsalSilejt=Te)

sparticle mass measurements

B UEENEe N elpiefitilesy. Bayes theorem:

P (mo,m1/2,f0|n ﬂ,A0|D) x L (D|m0,m1/2, .. ) X T (mo,m1/2, .. )

Posterior density Likelihood
B We want to find felefjElile]fe ClaHinAieI H@\VERI\, given golden

decay measurements

B Marginalise posterior, to remove parameter dependencies, e.g.,
P (mo, m1/2|D) = fp (mo, m1/2,’ron B,A0|D) dAg d‘ronﬁ

B Find “credible regions:” Smallest region A such that
fA P (mo, m1/2|D) dmg dm1/2 = 95%
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FINAL STEP, RECONSTRUCT CMSSM PARAMETERS (2.)

B Priors reflect “prior belief” in parameter space
B Choose flat priors, expect prior independence

[ B Likelihood £ is a mulfivariate Gaussian from our
golden decay simulations §

1
_E(M - Mbenchmclrk)c_] (M - Mbenchmork)rj|

Lgolden decay = €XP

M= (mi?,mg,mig,m@) is function of mg, My 2,...and C'is
covariance matrix from our MC

B Also apply Gaussian likelihoods for
I i — 1258 0.5 + 3GoV

B Supply priors and likelihoods to MultiNest. Returns posterior after
a few days
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RECAP OF METHOD

Assume SUSY CMSSM benchmark point is “true”

Assume sparticle masses measured by golden decay at LHC
VS = 14TeV

Find expected errors (covariance matrix) from MC
Assume flat priors for CMSSM parameters mg, mj /2, Ag, fan 3

Fit CMSSM to golden decay measurements with Bayesian
statistics

A How well do we recover the original benchmark parameters?

Afterwards, add information from m, and Qh? to see how much
it improves recovery
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RESULTS, GOLDEN DECAY ONLY — (Mg.M; 2)

(Ma.my /2) for Lgoiden decay
B B/ =68%/95% region

Fowlie, Kazana & Roszkowski (2013) 2 / [ = BenChmOrk/ estimate

Mean |l Single correct solution found

B With this information alone,
successfully recover “true”

benchmark point

750 i
/ B Major axis < poorly
5 o ; measured combination of
o sparticle masses
o B Bias for smaller mg and larger
m 2

765

P

760

Ee »

2
1o region

73310 215 220 225 230 235 240
mo (Ge\/)

A. Fowlie, Sheffield University TMEX 2013 22 /35



[RESULTS, GOLDEN DECAY ONLY — (Ag.tan ()

Ao.tan p) for L
B m/ = 68%/95% region (Ao fan 5 geldenidecay

¢ /¢ = Benchmark/estimate

|l Single correct solution found 10

B A reconstruction much sl :
poorer, ~ 0.5TeV at 95%

|l tan 5 determined to within 6
5

B Slight positive correlation, not
much though

B Bias for smaller tan 8. posterior
mean (best estimate) lies

someway below benchmark _Q 00 270 2500 2250 2000 1750 -1 5()()
Ao (GGV)

Fowlie, Kazana & Roszkowski (2013

ean
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ADDING INFORMATION — HIGGS MASS — (Ag,tan 3)

(Aofan B) for £ = Lgq. X Lriggs
B W/ = 68%/95% region
# /e = Benchmark/estimate 10

B Now add Higgs mass so that
L = Lgd. % LHiggs

[l How much will extra ]
info help reconstruction? E

<

&

B Increases tan 8 to saturate
tfree-level my, = M7 cos2j

B Ag smallimprovement 2
B Still bias for smaller tan 3

Fowlie, Kazana & Roszkowski (2013

_Q 00 2m0 2500 -2250 -2000 -1750  -T500
Ao (GGV)
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ADDING INFORMATION — HIGGS MASS — (Mg.Mm; 2)

. . mo.m for £ =Lgq. % Ly
B Increase in fan 8 makes 7 < §§ (Mo, /2) g.d * ~Higgs
u RU|eS OUT lefT-hOnd-Side (We 765 Fowlie, Kazana & Roszkowski (2013

want x LSP)

B Otherwise little improvement 760
in Mg or my /2

O 2
B 10 region

B Higgs mass increases o™
logarithmically with stop & (
~— 750

masses o
B Insensitive o small changesin = & s

mg and my ;2

Ll M/, cannot help once .
golden decay applied LG T R I = a7 )
mo (GGV)
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RESULTS, ALL INFORMATION, ADDING Qh? — (Mq.M 2)

B Add Planck measurement of (mo.my 2) for
2
Qh = Eg.d. X EHiggs X £Qh2

L= ['g.d. X ['Higgs X ‘CQh2

DeSpiTe O“ .I.hls informoﬂon 765 Fowlie, Kazana & Roszkowski (2013
LHC+Higgs+Planck

picture not much improved o

[ ]

Ll Oh? and golden decay | ‘
constrain same direction ?.5
of parameter space —

B Major axis =~ no improvement
B Minor axis squeezed by 7 ~ {9
for stau-coannihilation &

B Already determined by 73
golden decay 310

215 220 225 230 235 240
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RESULTS, ALL INFORMATION, ADDING Qh? — (Ag.tan )

(Ap.tan B) for

L= Egolden decay X ﬁHiggs X Eth

now determined to within ~ 1 Fowlie, Kazana & Roszkowski (2013)

Ll Big improvement in tan 5§

unit 10
® tan g tuned for # =~ X9
stau-coannihilation

B Bias has disappeared .

® Additional mp and Qh? b
information cannot help with =
Ao

B Determined still fo within >
~ 0.5TeV

¢ Benchmark
O 20 region
M 10 region

_%000 2750 2500 —2250 —2000 —1750 —71500
A() (GGV)
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INFORMATION ON DIRECT DETECTION

; (m JSl) for £ = Lgolden deca
S detemmined o
within less than a decade _45.5()  Fowlie, Kazana & Roszkowski (2013)

LHC

B Posterior Mean
ncl\mark

Could know = ag and whether

—45.75

neutralino was in reach

of experiments g

} . 4600
B Uncertainty in abg
ARSI dominated &0

by parametric Amy —1625
[l Am; more important

than uncertainties in masses —46.50 je—3i—3F 3325

myo (GeV)
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CONCLUSIONS

B Singtlleji=lelele]le/=aNe Clelol Ao MallelaNaglett CMSSM benchmark
point

B Found that sparticle masses can be measured with good
precision

B Reconstructed CMSSM parameters with Bayesian statistics

W elVsleRigleid CMSSM parameters can be well-recovered

B Except Ag, which is fricky

B Improves somewhat when additional information from Qh? is
added, but less so for mp,
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BAcCkuP: PYTHIA

B 10k events = 85fb ™"

B oo =1165f

B Simplifying approximations:
No detector effects
No trigger

Basic kinematic cuts, e.g., n within detector, pr, £y and j
and /¢
B Likelihood functions for Higgs and Qh?:
125.8 GeV—mp)?
L(h) = exp {_ 2((é.éGeV)?+(3ggV)2)}
(0.1186—0h?)? ]

2\ _
L (Qh?) = exp ~ 2(0.003121(0. 10R2)2)
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BAckupP: MASSES

Particle Mass (GeV )

316.2
603.6
1394.0
1397.9
603.8
139.8
1675.1

L
er
Ve
T
)
Iz

563.5 d;
364.7 dg
547.8
318.3 Up
543.6 b
534.6 b,

154.6 h
1479 H
1545 A

148.5 H*

1277.9
1463.6
821.5

1328.3

123.2

1484.9
1485.6
1487.9
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BACKUP: PRIORS

Parameter Description Prior range Distribution
mg Unified scalar mass (0.1, 4)TeV Flat
my o Unified gaugino mass (0.1, 2)TeV Flat
Ao Unified trilinear (-4, 4)TeV Flat
tang Ratio of Higgs vevs (3, 62) Flat
sgN Sign of Higgs parameter +1 Fixed
m; Top pole mass 173.5GeV Fixed
My (Mp)M° Bottom running mass 4.19 GeV Fixed
1/aem(Mz)MS Inverse of EM coupling 0.1184 Fixed
as(Mz)Ms Strong coupling 127.944 Fixed
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BACKUP: INVARIANT MASS DISTRIBUTIONS

o £g high
B

o :Wh gt/ threshold
M 3 oy

| | i lon ol lLooal S
00 200 300 400 500 600 200 400 600 800 1000 1200 1400
Qi low final Qil final
= Wean
250) [fws_1sa0 80F
70—
200~
60—
E Eey Lo Lo Lo Lo o L 1]
150 e 200 400 600 800 1000 1200 1400

Mo,
200 ]I VOG0 S0CIK COC KT 20D JtA00) 200 400 600 800 1000 1200 1400
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BACKUP: ENDPOINTS

B |Left-handed slepton dominates golden decay
B Squark is average of squark masses

B Edges for our benchmark:

m?, = 197.5GeV

M3y hign = 1052.1GeV
MZq 10w = 511.0GeV
MPeg ecge = 1091.8GeV
m%Qq,Threshold = 380.3GeV
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BACKUP: y?

B Observable predictions and y2:
b—sy=304x10"x%=232
Bs — utp~ =318x 1072 =00
B, — v =1.00x2=0.0
AMp, =21.35ps~! 2 =2.2
60, =3.87x10719y2 =95
h=123.15GeV x? =0.7
m; = 175.0GeV y? =2.3
My = 80.38GeV x? = 0.4
Qh? =0.11%%2=0.2
03 =7.19%x10""em? x> =0
B sinf.g =02314y2=15
B With §a,, total x? = 19.2 with 11 degrees of freedom
B p-value = 5%
B Without éa,,, total x? = 9.7 with 10 degrees of freedom
B p-value ~ 50%
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