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Supersymmetry can

A. account for dark matter (DM) if

Lightest v
e neutralino )?O is the “LSP” SUSY — e
. particle xoo,am\“\\a
n

* R-parity Is conserved

* |f enough LSPs can annihilate before freeze-out

-requires small Am or funnel mechanism

mZZ m%{d + Zg — ( %{u + ZZ) tan "

B. Solve the large hierarchy problem if 9 T tan283 — 1 H
o SUSY is “softly” broken T T
Down-type Hiqas
: . . : VEV ' 1IJJSIN0O
» [f little hierarchy problem doesn’t arise riiggs mass e | s
(Large terms involving many 7 mass sfermion stermion

' loops
parameters needing to cancel) loops



Supersymmetry can

3. Make successful predictions, like the Higgs mass
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Future of supersymmetry, Stephen Martin@SUSY2023



https://indico.cern.ch/event/1214022/contributions/5461067/

Looking for SUSY

Step 1) Come up with some specific models
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Looking for SUSY

Step 1) Come up with some specific models

Step 2) trigger events
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359fb " (13 TeV

1_2 I T 1 1 | 1 ( 1 el )
1 ___W L ®

0.8 —a— L1 —

HLT: Calo prT"'SS (90 GeV) _

—eo— HLT: PF p™* (170 GeV) -

0.6 T -

0.4 -

0.2 —

O ] 1 | 1 1 1 I 1 1 1—

400 600

pIes [GeV]

MmISS
Pr

=missing transverse momentum



7.‘.:I:
'd
4
N:t //
P Xl.’)z[l)
° e
. ; % -
D 12 35.91fb" (13 TeV)
_ > e WL L ] .
. o [oms 1 TChiW
T aa a0~ I . . |
% S Sl - 1
X~ A :
HLT: Calo p"** (90 GeV) 1
HLT: PF p'T"'SS(WO GeV)

; E o B 7
Step 1) Come up with some specific models T
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Step 3) select events and objects, analyse 2 13 +Data .Z—>vv lenton | |QCD
data, construct signal regions, estimate 107 — G-t (m_ = 2000 GeV, m , = 100 GeV)
background yields, simulate signal events, 10° - Gt (m, = 1200 GeV, m, = 800 GeV)

Hm > 300 GeV H_>300 GeV

compute systematic uncertainties, unblind
the data, interpret with a likelihood

JHEP 10 (2019) 244
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https://arxiv.org/abs/1908.04722

Dozens of Searches (simplified models)

All limits at 95% CL

— — Expected limits

— Observed limits
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Beyond simplified models (pMSSM-19)

Supersymmetry without prejudice, Berger,
Gainer, Hewett, Rizzo

2 parameters

e phenomenological minimal supersymmetric. o
Standard Model (pMSSM)

PMSSM _
» 19-parameter sub-model of MSSM Q@/
MSSM
e captures most phenomenology 120 parameters
 |LHC, dark matter, naturalness insights

* Need to exhaustively scan in 19D parameter space!

10


https://arxiv.org/abs/0812.0980

Beyond simplified models (pMSSM-19)

Supersymmetry without prejudice, Berger,
Gainer, Hewett, Rizzo

2 parameters

 phenomenological minimal supersymmetric. <Aoo
Standard Model (pMSSM)

PMSSM
» 19-parameter sub-model of MSSM o 8
MSSM
e captures most phenomenology 120 parameters
 LHC, dark matter, naturalness insights

* Need to exhaustively scan in 19D parameter space!

Scan ~21° points In th. space, need lots of simulation!
11


https://arxiv.org/abs/0812.0980

Bayesian pMSSM ana1y31s
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Prior

Flat prior in pMSSM-19

squarks up to 10 TeV

gluino up to 10 TeV

sleptons up to 4 TeV

heavy Higgs up to 4 TeV
electroweakinos up to 4 TeV
trilinear couplings up to 7 TeV

tan B from 2 to 60

7

Markov chain Monte
Carlo (McMC)

[ Higgs mass m(h9)

LEP constraints

flavor measurements:
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BR(Bs — uu)*
)

BR(By — uu)*
BR(B, — 1)’
BR(D — tv)"
BR(Ds — uv)-
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Prior

Flat prior in pMSSM-19

squarks up to 10 TeV

gluino up to 10 TeV

sleptons up to 4 TeV

heavy Higgs up to 4 TeV
electroweakinos up to 4 TeV
trilinear couplings up to 7 TeV

tan B from 2 to 60

7

Markov chain Monte
Carlo (McMC)

Higgs mass m(h9)

LEP constraints

@vor measurementsx

BR(b—s y)*
BR(b—s uu)*

BR(b—s ee)*
BR(Bs — uu)*

BR(By — uu)*

BR(B, — )¢

BR(Ds — tv)*
BR(Ds — uv)*
BR(BO—K™0 y)*
Ao (B—K"y) =

Ap

NS

. 1 grand scan, 2'° points
sampled

~ 0024
$0.022F
o 0.02F
S0018F
20016
20°0:*4§
B0.012f
= 001F
'50.008F
= 0.006
L0.004}

go.oozz -

N

Q) O

—

;

|
IQ-z

l
|

—

7
|
Fad SNl
‘ | }I

-
-

&

g
L-

hx—

|1|1111|1-F

S o

W[ 1 olQl
-
£

N |—
~J

8 9 10
mass [TeV]

e Bounds->~50% EWK, 50%

strong production

14



Two simulation engines

FullSim chain (1 event per minute)

e Detailed Geant4-based detector simulation
customised for CMS, digitisation

* Full reconstruction as applied to data
FastSim chain (1 event per few seconds)

 Fast alternative to FullSim

* Fast particle propagation, analytical
Interaction models, tracking

R

CMS Expernment at the LHC, CERN
Data recorded: 2016-Aug-15 01:00:30.361728 GMT
Run /Event / LS: 278822 / 837390836 / 484

15


https://www.sciencedirect.com/science/article/pii/S0168900216306957
https://www.researchgate.net/publication/263050383_The_Fast_Simulation_of_the_CMS_Experiment
mailto:samuel.bein@uclouvain.be

CylinderSurface

FastSim simplified propagation e

(rhy)

Geometry P
* |nfinitesimally thin layers

 Particles interact on the boundaries
but not In the volume

Transport

» Particles modeled after passing
beam-pipe radius

* Detailed magnetic field map

16
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Analytical interaction models

Material interactions

* Energy loss by ionization

g’ N DL U I LD R R D LR L D D -

. . 2t |Single electrons p_=35 GeV/c

* Multiple coulomb scattering B S Pr E
N z |F\Flatinn/¢ -

 Bremsstrahlun N / (3 S
g \ \ / - + Fast Simulation -

\ e \ / e | — Slow Simulation —

+ : - - =

« ¢~ conversion \\ \ / : s :
——— F T E

e Elastic, inelastic nuclear ) 1_ -, <N
interactions H ,i \M
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Energy (GeV)
FastSim-CERN workshop
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Calorimetry with GFLash

\\ //
Particles reaching calorimeter Y /
\ _ / -
Shower depositions s TTs I I Fulsim
modeled with probablllty ) = <7 [AU] a8 fom ulsim
distributions 0TE A
0.06 :_ -.-:_,* ["(a,B) from a & P distribution
Start position as function of asf == Energy = 60
radiation lengths = - hadronio
0-04:— - = Log(«): mean = 0.836609 RMS = 0.502041
GFlash - G. Grindhammer 0.03E- = L”“"‘l"t'i“"(‘i:;(“i“ :‘;90‘7”::‘
o Tam correlation «),Log(3))= 0.71
Parameterized Simulation of Electromagnetic / 0.02— =
Showers in Homogeneous and Sampling Calorimeters , 015 '*{3_ -
 Gamma for longitudinal shower, F ==
) . oC Al I BT BT e o e B I
2-component for radial 0 1 2 3 4 : 6 7 8

 Geometry-specific profiles

Radiation length

18
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Fast Reconstruction —eee— A
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. : = B= Ir
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Events/second FastSim and FullSim

Complete chain
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Regression based refinement

Ansatz

Accuracy

-
FullSim é ML

FastSim

* Apply ML with ample domain knowledge to yield
accurate, detailed fast simulation

* Tweak the final output of the FastSim so that it better
matches FullSim Speed

» Fast Perfekt: regression-based refinement of FastSim - arXiv:2410.15992

llllllllllllllll >

h »  Evaluation *

Fullsim .
X ————eeeeeeep [ FAINING

Ground | § §
truth ' (. | | 8 i
- X Refiner NN — Refined fastsim ——~—»

e.g., generator Fastsim h'

...............

21
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https://arxiv.org/abs/2410.15992

Fast Pertekt

2-dimensional analytical example

e Xx: Feature to be refined

h: Hidden feature to be examined
GT: ground truth (generator truth)

e thereis GT forx and h
Two populations: big and small

Unique smearing and bias for “fullsim” and
“fastsim” for each population

GL ~ =/V(//tL9 ZL)» GS ~ /’/(ﬂsa ZS)
Stast ~ AV (0.Zfa5t): Styll ~ A (0.2

arXiv:2410.15992

hidden feature

--- fastsim
fullsim

-3 -2 -1 0 1 2 3 4

X 22


mailto:samuel.bein@uclouvain.be
https://arxiv.org/abs/2410.15992

arXiv:2410.15992

Fast Pertekt loss

MSE-only training

Mean squared error (MSE)
« Compare each fastsim data

point with its fullsim
EB. 2 1 L )
: MSE(®) =— ) |1%(0) — x| 3
2 (s
E 0 =1

0.10 . . » Good for bias correction,
S | bad for tails
.%O 05 - fastsim
O

0.00

DN
o1 O

o
U1

Ratio to fullsim
p—
=)

=
=)



mailto:samuel.bein@uclouvain.be
https://arxiv.org/abs/2410.15992

arXiv:2410.15992

Fast Pertekt loss

MSE-only training MMD-only training

Mean squared error (MSE)

Compare each fastsim data
point with its fullsim

1 m
MSE(Q) = — x:(0) — X. .
) m;u () —x; I3

hidden feature

-

. . Good for bias correction,
— - renned J bad for tails

fullsim

_ fastsim | £ 0 A , Maximum mean discrepancy

Compare each fastsim data
point with its fullsim

Good for PDFs of input x
Unconstrained

—
o
-

y

densit
o
o
U1

=
N o
o O

p—
U1

o
U1

Ratio to fullsim
p—
=)

=
=)

MMD,(0) = — Zk(a a)+—2k(a(6’) a(@))——Zk(a 4,(0)

1.71=1 1.71=1 1.71=1
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arXiv:2410.15992

FaSt Perfekt IOSS Modified differential method of multipliers

blog - place constraints on constraints!

MSE-only training MMD-only training  MSE+MMD via MDMM
—~ _ refined
iy 2 fullsim
%O O5F| _»__ fastsim

=
o
S

DN
o1 O

>
U1

Ratio to fullsim
p—
=)
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https://arxiv.org/abs/2410.15992
https://github.com/crowsonkb/mdmm

Fast Perfekt 2-stage training

0.00150

0.00125

[.oss value

0.00025

0.00000

0
_"111

Stage 1: Combine MSI
and unbiased MMD via
MDMM with MMD=0

0.00100}
0.00075

0.00050F =

— TTrain

— MSE

x 1071

- MMDy,

200

400

- == Validation
—— Ommniscient MMDy

600

otage L: |

Biased MM.

D-only

training until converged

300

1000

Epochs

arXiv:2410.15992
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https://arxiv.org/abs/2410.15992

Delphes 3

Fast Pertekt loss

Delphes-based model 40} ©--7 fastsim

» Generate tf inclusively

e Process with

le3

fullsim 7~

s - - -

[ 1 refined

Delphes 3 (FullSim)  arXiv:1307.6346 10

E—

0.0 0.2 0.4 0.6 0.8 1.0 T.2
T2/Tq

Modified Delphes 3 (remove E-
dependent jet response - flat smear)

o
o1 O

Refine n-Subjettiness

Ratio to fullsim
- =
U o

¢ Tl, Tz, T3 ratios
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arXiv:2410.15992

Refine CMS FastSim jets

0.00267~ — Train - Validation
App|y Fast Perfekt to CMS jets _ooo24 I A
+ Refine jets with regression NN 3!
. Kinematics, Flavour tagging variables g«o.oom -------------------------------- I -
 Deepdet, Parl Jet discriminators: i T

« B, CvB, CvL, QG

0 25 50 75 100 125 150

o Jet triplets: FastSim, FullSim, GEN 132 Jrein e validation -

 Input: FastSim jet+GEN jet pr, 7 %2 ----------------------------------- e B

+ Output: refined FastSim jet &
» Single-stage MMD-based training <

0 25 50 75 100 125 150
Epoch
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Log Scale of Norm. Distribution
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Refine CMS FastSim jets
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Propagation of refinement to MET

Type-1 MET correction

P

» Propagate refined jet pto MET
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Propagation of refinement to MET
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Bayesian pMSSM analysis

e CMS: PAS-24-004 - Phenomenological MSSM interpretation of CMS
searches in pp collisions at 13 TeV

» Electroweak and strong SUSY production in a single scan
500k model points scanned with MCMC likelihood

« MCMC imposes constraint from dozens of pre-CMS results
* (Generator-level filter to loosely emulate trigger

* 10 billion MC events!

 Run over simulation with 5 analyses
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Included final states

Final State Category Experiment Analyses / Final State Journal Reference
O lepton (all-hadronic) CMS Jets+MHT, HT, n(b-tags) JHEP 10 (2019) 244
1 lepton CMS Single-lepton Ag JHEP 09 (2023) 149
2-lepton CMS Same-flavor opposite sign JHEP 04 (2021) 123
Compressed/Soft CMS Soft opposite-sign leptons JHEP 2204 (2022) 91
Disappearing track CMS short tracks with dE/dx Phys. Rev. D 109 (2024) 072007
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Dark matter candidate mass
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Relic density, naturalness

Combined Survival Probability
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CMS mmpact by analysis

Soft opposite-sign lepton

JHEP 2204 (2022) pp.091

e 2- or 3 soft leptons
e OSSF pair

o > 27 with
pr > 3 GeV

o |SR jet

* Binning In invariant
mass M(ll)
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CMS impact by analysis OMS-SUS-PAS-24-004
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CMS mmpact by analysis

+SUSY disappearing track
Phys. Rev. D 109 (2024) 072007
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CMS impact by analysis OMS-SUS-PAS-24-004
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Supersymmetric DM
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CMS-SUS-PAS-24-004

SUSY Summary

CMS Preliminary 138 fb™'
;I | |
 CMS has evaluated viability of R-parity 8 10°

13 TeV)
I | I

—h

+ A-,,<=500 Survival Probability

conserving SUSY 0.8
B2

 Natural SUSY under pressure, SUSY DM 1X ¢ 0
largel trained e '
argely unconstraine S 40!

 With DM and naturalness constraints, 0.4
MSSM bounded from all sides 15

* We've constructed a phase space map of 0 _ 0.2
the remaining phase space.

-

Thanks for your attention!

Sam Bein, UCLouvain
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FastSim Summary

Fast Perfekt applied to CMS jets  arXiv:2410.15992  arxiv:2309.12919

e Single-stage training based on unbiased MMD

* Refinement with realistic production conditions, e.g., pile-up,
* Flavour tagging overvables, kinematics

 Refinement propagated to event-level
observables shows improvement

* Prototype in place for production, use with
new data

53


https://arxiv.org/abs/2410.15992
https://arxiv.org/abs/2309.12919

Backup

Sam Bein, UCLouvain



Prior

Flat prior in pMSSM-19

squarks up to 10 TeV

gluino up to 10 TeV

sleptons up to 4 TeV

heavy Higgs up to 4 TeV
electroweakinos up to 4 TeV
trilinear couplings up to 7 TeV

tan B from 2 to 60

Markov chain Monte
Carlo (McMC)

[ Higgs mass: m(h0)* J

7

LEP constraints

@vor measurementsx

BR(b—s y)*
BR(b—s uu)*

BR(b—s ee)*
BR(Bs — uu)*

BR(By — uu)*

BR(B, — )¢

BR(Ds — tv)*
BR(Ds — uv)*
BR(BO—K™0 y)*
Ao (B—K"y) =

N

NS

* 1 grand scan, 500k points

sampled
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strong production




pMSSM Bayes factor quantiles CMS-SUS-PAS-24-004

CMS Preliminary 138 fb™" (13 TeV)
5-analysis combination Combined

* plotting upper quantiles of the Bayes
Factor:

BFO) = L0, u = 1)/ L0, u = 0)

1600

by
5]

Mass / GeV
]
B
o
o

1200 [~

1000

800 [~

99th percentile Bayes factor

600 [

400 |-

200 - 4% — X 0 0.5 1 1.5 2
R —— m,;(o [TeV]
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