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Motivation/Outline

* Supersymmetry can not be excluded,
SUSY can only be discovered

e What if we find a heavier SUSY?

q
e What kind of SUSY it is? 4

| ¢+
* Usza SUSY golden decay  --»- -—-n—Z—-

qL \g EL X
* To recover masses of supersymmetric particles

* Bayesian fit to reconstruct SUSY parameters:

e From golden decay only
e Golden decay + Higgs

e Golden decay + Higgs + Qh?
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Bayesian theorem

In Bayesian theory, our degree of belief in the preposition A
. ofe . o E,“ "'-I posterior
changes rationally the probability of the posterior observation. z /.
=
; : - £ ' \ lihood
® Bayes’' theorem: posterior pdf % |
(0. bl d) — P& (8:%) 2 rior_J_|
p(6, y|d) = F=00 £ __,ﬂ-f*'!"}f T~
p(d|&) = L: likelihood = .,
0
(6, v): prior pdf likelihood X prior

. o - posterior = —
p(d): evidence (normalization factor) normalization factor

o o @0 @

usually marginalize over SM (nuisance) parameters ¢» = | p(0|d)

® |m = (0,)|—model’s all relevant parameters

‘© model parameters | 6

® relevant SM param’s | ¢ = My, mp(mp) M, oM, e (M z)M*

= (&1,&2,...,&,): setof derived variables (observables): | £(m)

® d:data (Qcpmh?, b — s+, mp, etc)
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Focus on CMSSM

e Constrained Minimal Supersymmetric Standard Model

* Might appear less natural than before, however:

* It correctly reproduces both the Higgs boson mass and the DM relic
abundance in the “unnatural” multi-TeV regions of mass parameters

e |t also remains compatible with all experimental data,

with the exception of (g-2), I S
* Unification of MSSM soft masses at GUT"S
—1000F ™

* mi/2 = M1= M2=M3 -~ Common gaugino fnast
mo — Common scalar mass & |
Ao — Common trilinear
tan B — Ratio of Higgs vevs

s £ | s | L | ' | s | ' | L | ' |
gnl‘l 02 4 6 8 10 12 14 16 18

Mas

500

. . . Log,,(Q/1 GeV)
* Run parameters to low scale with renormalisation group

equations to calculate masses at 1 TeV scale
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SUSY must be heavier

;. arXiv:1405.4289 BayesFITS (2014)

From our recent fit: L CMSSM Constrained MSSM: |
¢ . , >0 e =

' Posteriorupdf MM, »Aytanp,signy

5k |

e Mgysy > than expected

~ Log Priors

* Decreased mo in ~1TeV higgsino
region due to higgs corrections

* Posterior in A-funnel region
increases due to better fit to
higgs mass

inner contour: 1o
outer contour: 20 |

-1 /5 8Tev) dashed: KRS (2013)]

* Focus point region disfavoured
by LUX

e Reduced posterior in stau-coannihilation 7 8 12 16 20
region (Bino DM region) due to LHC constraints, "% (TeV)

but Mgysy < 1 TeV still probable /= ¢8%/7o% region
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Signature of SUSY

* Golden cnannel A
(T o
* Allows to reconstruct sparticle ¢
masses from kinematic edges = --# -k < - Lm--
qr, )([2} ﬁL X

* Many studies made in pre-LHC era for light SUSY

e Qur previous analysis
(arXiv:1106.5117, arXiv:0907.0594)

Example from the past@
CMS e

.
[=3
I

30:_ —LMA 1
- 1fb

* Our goal: check if we can
recover sparticles masses from
kinematic edges for higher SUSY and -

reconStrUCt mOdeI parameters 7 'mo:*"e'o"h'o"bb"'s'o"1'.:5.:':'1'2'6'iic‘n'{s'é'iéﬁn'éoo
M(I'T) (GeV/c?)

number of lepton pairs
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Methodology

* Pick a CMSSM point allowed by experiments

(e.g. mp, Planck relic density Qh2, direct searches)

* Monte Carlo analysis for CMSSM point at 14 TeV

» Perform MC simplified (Gen Level) analysis to simulate
sparticle mass measurements from golden decay

* Bayesian reconstruction of CMSSM parameters
with simulated sparticle mass measurements
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BayesFITS (2014)

) 6 | | |
I 3 ‘ [ ]

S S I ’ CMSSM, 1 >0 Constrained MSSM:
i M M Olnt | PosteriOrMpdf mn,m1[2,A0,tan[3,5|gnp_

Log Priors

S
* Golden decay requires hierarchy: S
3

q>8>0 |
g>qtoshutg—-gg 4 .| é
spoiler o --..[L

(jL X/(:) E 1 L L
: L 4 8 12 16 20

e Actually, {9 > ¢+ 50GeV mo (Tev)
A2 MSUGRA/CMSSM: tan(B) = 30, A_ = -2m,, 1 > 0
T IL\I T T T I T T T T I | T T T l T T T T

inner contour: 1o
outer contour: 20 |

VT 8 Tev) dashed: KRS (2013)

—
o
o
o

T T T T T
~ N _ 1 Al limits at 95% CL.

to avoid phase space 5 FE T
= \ T T~ = —Expected (x15,,)
e g 900 A TLAS \ === Observed (1 cﬁigfr\;) o
suppression of BR e T E L. 5=8TeV, L=2010" Gy (1 epion combiaton

\ ---Expected  O-lepton + 7-10 jets + E™*
—— Observed T

---Expected  0/1-lepton + 3 b-jets + E"
~ — —'— - —— Observed T

---Expected Taus + jets + E:iss

ISS

— In CMSSM,

III|IIII|IIII|IIII|

1 700 -
it means m1/2 > mo
— serve
600 :‘. ---Expected  {-lepton (hard) + 7 jets + E?iss__

T P

* Stau-coannihilation region |

allowed in CMSSM with R N e —
gOIden decay 300515565060 5600 '-'md-foéc_)“-'“r-%bjoo' —— 5000
m, [GeV]
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Benchmark CMSSM point

» Search for a good point with golden decay CM5SM:
mi/2 = 900GeV
* High mass, above LHC limits: m1/2 = 900GeV mo = 315GeV
 Minuit to find the point with: tanB=1
-mp, = 125GeV within errors Ao = -2550GeV
sgnu=+1
- Qh2 = WMAP/PLANCK (0.1197) gn
- Golden decay Particle Mass (GeV):
. W= 3828 |ég 679.8 |d, 1835  |h 124.1
e The benchmark CMSSM point: :
X9 728.7 |én 463.4 |dp 1754 |H 1741
satisties reasonable
| % 1645 |1, 675.1 i, 1834 |A 1742
9 measurements:
mpy DM relic density v 1649 |7 384.6 g 1762 |H* 1744
) )
b— sv. By — 71, B — pt - i 728.9 |7 659.9 by 1509
’ 5 E i 1649 |i; 651.4 |by 1726
mw, Sin” Oeg, My AMp, ,.
7 1985 £ 084.1
* Qh2=0.1390 ~ agreement R

with the Plack measurements
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MC Simuations

* MC Pythia (Gen Level) simulation for @ 14 TeV

e Particle mass spectrum from SoftSUSY
* CMSSM o =34.5/fb

e Runlll LHCL =300/fb — Nyt = ~10.000 events

* Selection - classical SUSY with lepton cuts
Very simplified assumptions:

* Detector acceptance: * Event selection:
— At least 2 opposite sign leptons
— At least 4 jets

| — pt =t > 100 GeV
— AntikT jets: pt > 50 GeV, |[W*|<5  _ Z peak veto:

» Total selection efficiency: 0.10 89 GeV > minv_Il > 95 GeV

— Isolated leptons:
pt > 10 GeV, |n%|< 2.4, |N¥|< 2.4
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Endpoints

* Reconstruction of mass invariant distribution with endpoints:

1lepton pair (€¢) OSSF (ee+up-ue)

2-3 each lepton with the jet (¢q and ¢'q)

4 the jet and both leptons (¢¢q)

5 threshold 00q, with © > t/2 between
leptons in slepton frame

-
N
T T

-
=]
T T

Counts at 100/fb

w0
T T T

e Torecover masses from functions

2 —

Mg, near e, 2
X

, (o) (i)

m€q, far rn%
(mz —mzo) (mzo—mzo) (m2 —mz) (mg—m2 )
2 a I 0 .
M2, = MOX 22 | arXivi0410303
X2
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Sparticle mass recovery

* Five mass invariant distribution fitted
to the get endpoint position with the error in Root

* Fit unknown sparticle rasses to five endpoints with Root
* Single solution for a sparticle mass with statistical errors

* Errors are correlated = covariance matrix

e C matrix basis in CeV2 (132.0 18.4 319 175.8)
(mig,mg,mﬁg,ma) | »o22 23
24.8 39.6

\ - - - 4011
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Covariance matrix

* Covariance matrix is diagonalised to find errors:
Vo 'V = diag [(0.3GeV) 72, (5.6 GeV) ™2, (7.5 GeV) ™%, (22.3 GeV) ™7

[GeV]

0.3 :O.l-mxg—I—O.7-mg—0.8-mxg—}—0.0- (mg—m 0),

1
5.6 = 0.6 - Mo — 0.6-m; —0.4- Mg — 0.2 - mg,
7’5 =0.6- g — 0.4-m;—0.5- myg + 0.4 - my,

2203 :04mx(1)—|—01mg—}—01mx(2)—|—09mq ~ mq.

* Two (one very) well determined directions o < (1) 10 GeV
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Statistical method

* Torecover original CMSSM parameters from simulated sparticle
mass measurements

e Use Bayesian statistics . Bayes theorem:

P (mg._ m /2, tan ,.-"_'3.AU|D) x L (D|mg.m]/2._ .. ) X T (mg. mis2, .. )

L. >y
o 'l

Posterior density Likelihood m

* We want to find posterior density for CMSSM, given golden decay
measurements

e Marginalise posterior, to remove parameter dependencies, e.g.
) ) )

p (Mo, M 2|D) = [ (Mg, My 2,tan 5, Ag|D) dAgdtan 3

* Find “credible regions:” Smallest region A such that
pr (mOa m1/2|D) dmg dm]/z — 95%
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Statistical method

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

e Likelihoodis a multivariate Gaussian from our golden decay simulations

1
ﬁg@ldeﬂ decay — exXp _§(M T Mbenchmark)c_] (M o Mbeﬂchrﬂcrk)r

* M ISa funCtlon Of M — (mjzf]], mgj m)%g’ ma) Parameter | Prior range |Distribution
and C is a covariance matrix from our MC 01 0Tev]  Flat
0 ( )
. , . 1 /2 (0.1, 2) TeV Flat
* |Inthe next step, apply Gaussian likelihoods for !

A (=4, 49)TeV|  Flat
th =0.1186 * 0.0031 % 10% and tan 3 (3. 62) Flat
mh - 125.8 + 0.5 + BGeV sign pt +1 Fixed

M 173.5GeV Fixed

 Posteriors are calculated with MultiNest (TS| 418GeV | Fixed
from all priors and likelihoods aem(Mz)¥) 127.044 | Fixed
ao(Mz M5 | 01184 Fixed
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Our method

[1] Assume SUSY CMSSM benchmark point is “true”
[2] Assume sparticle masses measured by golden decay at LHC Vs = 14 TeV
[3] Find expected errors (covariance matrix) from MC

[4] Assume flat priors for CMSSM parameters mo, m1/2, Ao, tan 3

[5] Fit CMSSM to golden decay measurements with Bayesian statistics

[6] Afterwards, add information from mj, and Qh? to see how much it
Improves recovery

* How well do we recover the original benchmark parameters?
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Results - CMSSM reco

e With the endpoint information m1lz VS mo LHC |
alone, recovered “true” |+ Posterior Mean

) | 4 Benchmark |
benchmark point f | [ 20 region

B 1o region

* Single correct solution found,
the benchmark point is in 68% —

- 015¢
region

* Two orthogonal directions in

the parameter space are visible:
anti-diagonal mo-m1/2 and
diagonal mo+mi/2,

which correspond to the first

(0.3 GeV ) and second (5.6 GeV) 85
eigenvectors of C matrix

n1/2 (G

!

9001

W/ —68%/95%region
¢ /¢ = Benchmark/estimate

270 285 300 315 33(
mo (GeV)

M. Kazana "Reconstructing CMSSM parameters #, SUSY 2015 28.08 7



CMSSM reconstruction

tanBvsAo ./ LHC
* Ao is not well reconstructed ? ark |
e | B 1ok o
* Broadened the credible region | | | ?
in the mo-m1/2 direction
&) N
* tan B determined to within 216 7 [ g VA
a few units | o
JoT y U=
B/ = 68%/95% region |
¢ /e — Benchmark/estimate -3000 -1500 0 1500

AO (GGV)
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- Adding more data to fit

* The credible regions shrink successively as the data is added,
though two orthogonal directions in the parameter space remain visible

 The diagonal mo+mi/2 direction of the is only marginally shrunk,
whereas the anti-diagonal mo-mz1/2 direction is squashed for (Ao, tan )

* When we add higgs, Ao must be < 0.5 TeV to

increase the Higgs boson mass via maximal mixing mz =~ m,0
Increases in Higgs boson mass from increasing m1/2 and mo to increase stop masses are negligible

* When we add Planck, we enforce mass degeneracy
so that staus and neutralinos coannihilate effectively and
reduce the relic density to the Planck value

* This is rather fortunate - higgs and Planck constrain the direction of
parameter space that was poorly constrained by LHC
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Direct Dark Matter searches

LHC prediction indicate that in our discovery scenario
the DM might be within reach of direct detection experiments

* should be accessible at a 1-tonne detectors whose

reach is expected to be < 1046 cm?2

* The resolution and bias of ¢5! improves slightly as data is added, especially
Planck, but the resolution of the neutralino mass is not much improved

-46.0

-46.4

» log 05lp (cm?) vs my sp (GeV)

3

LHC

Benchmark

205 region

|-

\ Lot region

Eo?sterior, Mean ||

mg (GeV)

376 3% 302 100

" Keconstructing CMSSM parameters

LHC,‘iJrHiggs

e Posterior Mean |.. |

A5
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\ D 1o region

LH( +H1%3+le< k|
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B D 20 reg1on
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]
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e |f SUSY is found in the LHC, we can check existence
of the golden decay

* We found that sparticle masses can be measured with good
precision for high mass CMSSM benchmark point

 We found that CMSSM parameters can be well recovered

* Improved when additional information
from Qh2 is added, but less so for my
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