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SUMMARY OF EPISODE |

® LHC has all 1t needs to be a SUSY discovery machine
® can produce full spectra of particles
® can observe many final states for any particle

® Practical limitations (e.g., trigger) should come into
consideration when designing the analysis

® Data control samples are a key 1ngredient (a 100% MC-based
background prediction would not be considered acceptable at

LHC)
® Statistical tools 1n place from Higgs discovery
®© Simplified models great guidance to interpret and improve

searches, when taken with a grain of salt erc oo
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SIMPLIFIED MODELS

3-body direct decay 1-step cascade decay (W) 1-step cascade decay (Z)
® Before the LHC, searches m; | g | |mt——9 ||m —9
were entered on full +47 S A N B
+WE _|_ZO
models nol O || el 0| |yl N
® Th1s changed during Run 3 production, g 17 ]
" " " 2 % C.L. limits. 65"SY not included. ]
I - S 1 mp 7 1 -F-I ed m Ode 75 &?00 j:::n,ze-g jets GTTZ 5.8 b, 8 Tey] ~~~ Expected -
became the standard = 00| 258 plore e [, -5 0Toy) — s | -
e e el
® Focus on a specific F E
process x decay chain s00 |- : =
® Interpret the analysis F .‘ E
1n this context 100 |- HE. -
EIAT’-AS Creliminary - ,\5 | ‘:' , | Ll | g
. 500 600 700 800 900 1000 11(r)r(1)§ [ G1 ez\(;p ;‘ erc o



https://arxiv.org/abs/1105.2838

o)l WHY IS THIS NEEDED? YES?

® At the beginning of the LHC, 800 oo
many pre-LHC-data analyses were g —xq3  LHC 70 nb'
actually found to be too much | gProd = 3ggNo-aco 100 pb
tailored on the benchmark | ’
models |

@ Simplified models allowed to go <
beyond certain implicit 8 200
assumptions S

® This new paradigm allowed to 100!
discover weakness 1n the search ’
program and design a next-
generation set of analyses N

150 .
mg (GeV)

® In general, the use of
simplified models made our s
search strategy more robust Herc
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® BRs are usually assumed to be
100%. This means that every Iline
1nh a summary plot 1s 1mplicitly
excluding the others

® Cross sections are sometimes
computed under special
assumptions (e.g., decoupling
Iimit) and don’t hold 1n general
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MIND THE HIDDEN ASSUMPTIONS

-t production, 'Fetio/ 05'(0
|||||||||||||||||||||||||||||||||||

i CMS — Observed
s =8 TeV - - - Expected

—  m— SUS-14-011 0,1,2-lep (Razor) 19.3 fb™

= SUS-14-011 0-lep (Razor) + 1-lep (MVA) 19.5 fb ™
SUS-13-011 1-lep (2 and 3 body decays) 19 5fb™

. SUS-13-023 0-lep (2 body decays) 18.9 fb™

e SUS-14-015 1,2-lep (2 and 3 body decays) 19.5fb™

e SUS-14-001 0-lep (20body decays) 19.4 fb™
SUS-14-006 (te ¢ x,)18.5 fb™

—— SUS-14-021 1-lep (4 body decays) 19.7 fb™

m— SUS-14-021 2-lep (4 body decays) 19. 7 fb™
SUS-14-001 Monojet (t—> c X ) 19.7 fb™
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9 GOING BEYOND ASSUMPTION

® Recent tendency 1s to present CMS 23 16" (13 TeV)

BR-1ndependent results < 2000 — = -
O pp — 99, 9 —>tbx /ttx /bbx (BRindep.) |= 1 ret
_ - ] O, —Observed 1 Gpeory m.. m_o _s5@ev| - -
@ easy 1n specific scenarios g< |:::Expected* 10, pemen 1 9
like Natural SUSY 1500| NLO+NLL exclusion| §
7))
: 1 410" €
. : O
@ e.g., done by scanning the 1000 1 1 s
BR space and quoting the =< 1 E
worst result ‘ =
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9 GOING BEYOND ASSUMPTION

® Recent tendency 1s to present CMS 19.3 fb™! (8 TeV)
BR-1ndependent results

—l
o

E pp =1, T— t%? / bY NLO+NLL exclusion E
~., 400] =0bserved = 1 Oheory M_-Moo = 5 GeV l
® easy in specific scenarios g |HiExpected=loppne |,
Tike Natural SUSY o _Combmat/on MVA 1L + Razor OL i

® e.g., done by scanning the
BR space and quoting the 200/~
worst result i

S
95% CL upper limit on cross section (pb)
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THE PLAN

® Lecture 1: SETTING UP A SEARCH AT THE LHC

® Searching for SUSY 1n practice: strategy, trigger, reconstruction
® Designing a search: Simplified Models

® Building a search: signal region, control regions, statistics
tools

® Lecture 2: RsPARITY
CONSERVING .SUSY

® Lecture 3: BEYOND MET-BASED SEARCHES

® RPV SUSY

® DM direct production _ _
® Displaced particles

® DM cascade production
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® The problem with SUSY 1s that
1t predict proton to decay, on
which we have strong limits

Soudan Frejus Kamlokande IMB Super-K l+l1+Ill
p— et no 0 G [ 0
minimal SU(5) minimal SUSY SU(5)
— et no
predictions
flipped SU(5), SOX10), 5D SUSY SU(5)
p— e K° 0 B 1
p— *KO o ot 0
n—vEK°® 0 i a
p—=VK" ‘ ' 1 0
minimal SUSY SU(5) SUGRA SU(5)
S VK* SUSY SU(5) with additional U(1) flavor symmetry
pradictions
various SUSY SO(10)
SUSY SO(10) with G(224)
SUSY SO(10) with Unified Higgs
| L1 1L 111 I.l | I_l._.l_l_l_lJ | L 1L 11 l.l.l | AL L 1 111
31 32 33 34 35
10 10 10 10 10
/B (years) 0

RPARITY AND STABLE PARTHCLES

e4

Q.l

d ‘i’
® This problem could be n°

circumvented postulating a
new quantum number (R-

parity)
® +1 for SM particles

® -1 for SUSY partners
R — (_1)3(B—L)—|—25
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. ® k) 12
0.. .l

European
Research
Council



HOW R-PARITY SOLVES THE PROBLEM

® R-parity 1s always positive
(negative) for SM particles
(SUSY partners)

® As a consequence, only an
even number of SUSY particles
can be created 1n proton
collisions (R=1)

® When decaying, a SUSY
particle (R=-1) has to

produce another SUSY particle , i
® So, the Tightest SUSY DarkEnersy 21 YR A A
particle cannot decay: i B g 2§
X3
® you have a Dark matter Nonluminous S | ewoponn
candidate for free o Cderct
M 0.4%
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INVISIBLLE AND MONOJET

Indirect search: WIMPs annihilation

® DM can be produced at the LHC with a
process similar to scattering 1n
underground experiments SM X

-

@ But DM 1s 1nvisible to our detectors,
unless something else 1s produced with DM

bulia)eoss
uoaPnU-dIAIM :Ud2Jeas 10811

SM X

-«

® For example, a quark/gluon can be
radiated before the collision Hadron collider search

>

® These events look l1ke a single high-pT q
jet of particles

® Events l1ke this can happen also 1n the
Standard Model. One needs to measure the
background o r—

13 { X




9l WMISSING TRANSVERSE ENERGY

® Two protons with same energy
collide

® Actually, the collision 1s
between quarks/gluons 1n the
proton. They carry different
fractions of the proton momentum

@ As a result, there 1s a momentum
1mbalance ~ along the beam axes,
but not 1n the transverse plane

® Transverse momenta should then
balance. If some particle
escaped undetected, the balance
will be broken

14
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CE?W
\
N/ A

MISSING TRANSVERSE ENERGY

CMS

Jet 0,

et = 921.98
eta = -0.463
phi =

2.508

MET 0,

pt = 913.68
eta = 0.000
phi = -0.657
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MISSING TRANSVERSE ENERGY

® MET 1s computed summing the transverse momenta of
reconstructed object miss | — Y 7
iP 1

® As for the jet, which objects? This choice determines the

reso7ut7on
> E T T T |III|III|III|III > EI > EI
o 1: CMS\E 7Tev,MC | ‘© o 3
O b p'Te“‘2> > 50(25) GeV S G =
~ L —All Dijet Events | = 4oL o 107E -
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5 10?2 -1.3<hl<1.7 5 10? S 102
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2l MISSING TRANSVERSE ENERGY

® MET 1s computed summmg the transverse momenta of
reconstructed object miss __
J EF™ = | - 7S pt

® As for the jet, which objects? This choice determines the

reso7ut7on ; 25_I | | b | T | L | L | b | T | I I_
G [ —* type2 calof, (Data) -
~ | — type2 calok; (MC) i
w 20— T tck; (Data) —
3 L i
®© - _
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© 15[ —
9 — —
o i 7
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i CMS \s=7TeV 7
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DETECTOR NOISE

® Energy 1n crystal calorimeters 1s collected
by photomultipliers 1n the back

® Due to quantum efficiency (<<1) the collected /3\,/
energy'7s smaller than the energy of the " -
1ncoming particle 5N

® An 1ncoming particle can
deposit enerqgy directly to
the photomultiplier
directly.

® The calibration constant (E
collected Voltage of the
signal E original particle) p
mistakenly translates this
into a large deposit | ewopen
3§§§tﬁﬁm"
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DETECTOR NOISE

@ Mon Dec 14, 3:20pPM Q)

€ Applications Actions &% &\ B
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CLEANING FILTERS

CMS,\s =7 TeV, 8 pb’

Filter example:

1 the energy 1n the
crystals around have
small energy compared to
central crystal, then this
1s (most likely) a spike
(Swiss cross filter)

«— Before cleaning

e— After cleaning

B simulation
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ol SM BACKGROUND: W+JETS

® W bosons are produced 1n LHC JET
collisions, recoiling against a
jet

\

® 30% of the time the W decays to
a lepton and a neutrino

® Sometimes the lepton 1s not
reconstructed. The event Ilooks
l1ke monojet

® We can predict how many events
l1ke this we expect, counting
the events for which we see the
leptons (we know the probability
of missing the lepton)

=1



@l SMBACKGROUND: Z+JETS

® Z bosons are produced 1n LHC
collisions, recoiling against a
jet

® ~20% of the time the Z decays
to a neutrino pair

® ~10% of the time the Z decays
to a lepton pair

® We can predict how many events
with neutrinos we expect,
counting the events for which
we see the leptons (we know the
probability of missing the
lepton)

=22



SEARCH 3STRATEGY

® Events are selected
requiring a high-
energy jet and large
missing transverse
energy

® The same selection 1s
applied to events
with 1 or 2 leptons

® STmulation 1s use to
connect the samples




SEARCH 3STRATEGY

® Events are selected

T Sl R Al RN Ll RARRE R RAARE RRRRN AR g N ET T T

_ - = 1 S, Zow
requiring d h7gh_ 8106;_ CMS Preliminary _ %10 E CMS Preliminary -W;]z =
energy jet and large 3 [ 's=8™ ]Sl ST i

' ; 510° det=195fb1 E det 195" —
missing transverse 810 ; : acp -
enel"gy 1o4é— _é 1O4§— —§
103;— _ 103;— _;

® The same selection 1s | 1wk -
applied to events § § § §
with 1 or 2 leptons '0F 3 B E
® Simulation 1s use to 0”100 200 300 400 500 600 700 800 900 10 L L. -
connect the samples Privety [Bevicl n(Jet)

Z+jets W+jets Z(vv) tt Singlet QCD | AIIMC Data

EMISS > 250 | 3405.2 0.5 0.0 274 10.6 0.0 3444 3626

ET" > 300 | 1493.7 0.0 0.0 8.8 4.1 0.0 1507 1485

ET" > 350 | 696.2 0.0 0.0 4.4 3.1 0.0 704 663

ET" > 400 | 344.9 0.0 0.0 0.6 0.3 0.0 346 323

ET" > 450 | 177.1 0.0 0.0 0.0 0.0 0.0 177 173

ET"™ > 500 | 97.1 0.0 0.0 0.0 0.0 0.0 97 84 |

FRiss 5550 | 544 00 00 00 00 00 | 54 47 | cyopenn

R AL Research
R '-.'.'o.e! c Council
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SEARCH 3STRATEGY

1 | | I D | | I D
] Zowy

® Events are selected
requiring a high-
energy jet and large
missing transverse
energy

107

CMS Preliminary
Is =8 TeV

fL dt=19.5 fb”

10°

10°

Events / 25 GeV

10%
....... DM A =892 GeV, M =1 GeV

....... Unparticles d =1.7, A, =2 TeV
U

® The same selection 1s
applied to events
with 1 or 2 leptons 10°

10°

| III!IIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| I

] ] "] 10
@ STmulation 1s use to

connect the samples 1

® The prediction agrees — Q 2 o o
- - I T e S e e e o S s e =
with the expectation, g |E eeeeeepeiemivitipoidiofTdi ]2
je. no signal is Q05 BUELUERL e T
found i NS S S S S S S S o

200 300 400 500 600 700 800 900 1000 ERARSE | pesenrch
ET[Gev] i SFC e
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® In absence of a signal, X

the result 1s
Tnterpreted as an
exclusion 11mit (at 95%
confidence level) on
the existence of Dark
Matter

® Several scenarios
considered, depending
on the nature of the
mediator (simplified
models not directly
connected to SUSY)




INTERPRETATION

® In absence of a signal,=
the result 1s
Tnterpreted as an
exclusion 11mit (at 95%
confidence level) on
the existence of Dark
Matter

m [GeV]

® Several scenarios
considered, depending
on the nature of the
mediator (simplified
models not directly
connected to SUSY)

T T | ; T J T T | T T T T |
10001 ATLAS Expected limitt 2 6, B (o) 10001 ATLAS Expected limit+ 2o, B
\s = 13 TeV. 36.1 fb-! SEEE Expected limit (£ 16,,) (,2, 's = 13 ToV. 36.1 fb™ i
- Axial-Vector Mediator —— Observed limit (+ 10,7 = . Vector Mediator - xpectad Imit (£ 16,,,)
Dirac Fermion DM Perturbativity Limit E Dirac Fermion DM _ Observed limit (+ 1 G;li:;;cala}

=2/

B g 0259 1.0
95/Clets

B 9, = 0259 1.0
95x‘ CLImts Relic De adDM}

Relic Density (MadDM}
ATLAS\s =13 TeV, 321" |

- 500

Pseudo-Scalar Mediatar
Dirac Fermion DM
m, = 10 GeV, 9,=9,= 1
95% CL limits

Expected limit + 2 g,

- Expected limit (= 16,,.)

Obszerved limit (£ 1a,,, DF ”'a' "

| | | 1 | "" 1 I | | 5 |
1000 2000 00 1000 2000
m, [GeV] m; [GeV]
= 107
c ATLAS
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-27/

MORE THAN MONOJET

® Depending on the nature of the mediator, DM could couple to more than quarks

® Different mediators give different LHC phenomenology

® Useful to test the assumptions behind the xsec scattering plot (and possibly
clarify the situation). Eg W emission tests differences between u and d

Dark matter mass my,, [GeV]

quarks (hence, neutrons and protons)

CMS Preliminary LHCP 2017

1000 | | | | | | | | | | P | | | | | |
= [ . | / [ =
900— Axial-vector mediator ) - My =2xmg, |
— Dirac DM e -
800 — g =1.0 V7 —Qch220.12 —
— g =0.25 -
700— 7q —
[ g = O /s —]
— I 7 Exclusion at 95% CL ]
600 — v —
E P T Lenil e Observed E
500 = I R4 -
— v 4 - = =« Expected _
400 = L —
— o / ____ DM+jV(q) (3591 |
300 — / [EXO-16-048] —
= ) DM+ y (1291t -
200 — A [EXO-16-039] —
E ) DM + Z(ll) (35.9 fb™) E
100 = [EXO-16-052] —
0 : I | I I | I I /il |’.~ | I I | I —

0 1000 1500 2000 2500
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https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsEXO/DM-summary-plots-Jul17.pdf

o4 ©LHC & DIRECT DETECTION

® Within the model-dependent assumptions of these simplified models, one
can draw the LHC bounds on the same plane as the underground experiments

® Sensitivity at low masses

® Complementarity with different experiments 1n different scenarios

CMS observed exclusion 90% CL
Vector med., Dirac DM; g 0= 0.25,¢g o= 1.0

CMS Prellmlnary LHCP 2017 CMS Preliminary LHCP 2017
Tl ). @ LI . ' 10_35 T T T 1 1r1r] 976 "N EE N B B B T T T T 111
107

107%
10738 \

—— "'}/‘;
\ s /L /,/)//

040

10741 =TI NI,

[cn]
[cm?]

Boosted dijet (35.9 fb™)
[EXO-17-001]

Dijet (35.9 fb™)
[EXO-16-056]

0SD
DM-nucleon
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©
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DM-proton
S
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DM +j/V__ (35.9 fb™)
[EXO-16-048]

o

DM + y (12.9 fb™)
[EXO-16-039]

—_
<
' o
o
I TTHI |
N
N
N
\
N
N\
\\
N\
N \ b
\. AN
O
§ .
N \\\ £
N\, \ N\

DM +Z, (35.9 fb™)
[EXO-16-052]

O 42

1 0—43 DD observed exclusion 90% CL
CRESST-II

1 O_44 [arXiv:1509.01515]

_______ CDwmslite

1 O—45 / [arXiv:1509.02448]
Pant_jaX-II

10 46 [arXiv:1607.07400]

LUX
poal [arXiv:1608.07648]
L1 I | | | L1 111 I

[arXiv:1705.06655]
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A "CLASSIC” 3USY SEARCH

CMS Experiment at LHC, CERN

H Data recorded: Tue Oct 26 07:13:54 2010 CEST
\| Run/Event: 148953 / 70626194

! Lumi section: 49

® The typical
signature: a lot of
energy seen 1n the
detector, recoiling
against a lot of MET

Jet pT: 393 GeV

Jet pT: 468 GeV

Jet pT. 214 GeV

® Several variables to

q uan t -i -Fy th -i S Jet pT: 57 GeV 4 mm“-m-,.._m
N\
/ e

behavior:

- jet
HT — Zjet |p T Jet pT: 34 GeV

|\MHT'| = |Zjetp%et |

[l
IMET | = |2 ;B |
meﬁ(’=H T + |MET| :::e‘.‘rc Researe

31

MHT: 693 GeV




SEARCH 3STRATEGY

® The main ingredient to the search is a TEE A Ot sample
kinematic plane. x -~

\ E W+jet/tt+]jets

® A measurement of the event energy (HT, Meff, By p——_ SUSY
MR) / N T

® A measurement of the unbalancing
(MET,xT,MT2,R) e sample
mT A i

® The background on the tail 1s measured from the

core, using transfer factors from MC
A

® The searches are repeated | ‘D Wanple | Y
for different final states | | e -

h-—---____
i
4'7""/“ °

W+Rf+/ tt+] e’rs

® Searching for specific i
signals (e.g. stop L1 &
production) advanced .
techniques (e.g. BDT) A R T .

could be used LY S~ T~ _HOTC cemr




MAIN BACKGROUNDS

® For final states with leptons, situation
1s similar to monojet (W+jets, tt, ..)

® QCD 1s an extra problem for all-jets mismeasured jet
final states

® when jet pT mismeasured, fake MET
arises and event ends 1n tails of
kinematic distributions

® Need to “measure” the probability of
this from data

® MC statistics usually i1nsufficient -
7arge errors on MC scale factors mismeasured jet

® Often, analytic extrapolation from

sidebands used 1nstead
.':.:.:::;::.e“.rc Council
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Randall & Tucker-Smith

pT 5 ETjetz ETjetz
o = AT = — ,
o . Mr 2 jet. | 2 2 jet\? 2 jet;) 2
g :|||||||||||||||||-||||||||||||||||||||| mj] (lelET Z) _(lelpx) _(lelpy)
S
S 10 ‘ det=1.1 fb'\Ns=7TeV
; - . Data @l = 0.5 for perfectly balanced dijet events / <0.5 for dijet +
SRS W "\ Standard Model mismeasurements
E o : tt, W, Z + Jets
e || ] IMe ® EW main bkg after oT cut
- | L
B -
10k [ P 3 ® QCD events could leak to «T>0.5 because of detector effects (rare)
L B \H W IN ® large fraction of signal events removed (efficiency vs purity)
SRR R
- N NN N EFAA \ CMS Preliminary 2011 11" (s=7TeV
107 \ | W TR
:_l_l_\&||||III|II|III|III|I N Il\ll _%103__| IlIIIIlIllllllllllllllllllllll__
O 0204 06 08 1 1.2 14 16 1.8 2 2 B —e— Data (hadronic sample) =
Oy S F Le_ SM (QCD + EWK) .
. . . O e EWK_(tt+W+ZevV) |
® After oT cut the signal looks similar O T Z

to bkg 1n &«T

® another variable needs to be used to
characterize the signal
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S Mr: TWO MISSING PARTICLES

_|_

® We are looking for events . {X?—+X%i
with two undetected neutral X1 77 X17
particles leaving the
detector

M= ESERS - (pl+ B2 ) (p, + E™)

® We measure the sum of their
pT as MET A0° ___CMS

?32_5‘_ 36 pb’ lat(:?Tev_:
@ Th1is 1s similar to the 0o | W — uv + 1 jet
detection of the W, for which< 2f
the edge of the mT £
distribution is used > 15

® The presence of two missing
particles make the picture 0.5
more complicated. But the
physics 1ntuition holds 0
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Mr2: TWO MISSING PARTICLES

@ IT we could see all the particles, we could compute
0 0
mi+ = m> + mi(l) + 2 [E%E;fl cosh(An) — p7 - péﬁl}
1

@ IT we could measure pT(X0), but not pz(X0), the best we could do would be

2 78 xﬁ 2 2 T X? T X?
mr(PT, Pr' i Myo) = Moy 1eyo 2(E7ET" —pr - PT)
® Since cosh>1, mT<m, the equality holding for both pz(X0)=0. This means that max(mT)

has an “edge” at m

® For each event we have two values of mT (two copies of the same decay). Both are such
that mT<m. This means that max(mT(1), mT(2))<m

® We only know pT(X01)+ pT(X02)=ETmiss. A wrong assignment of the missing momenta

brakes the mT<m condition. But the condition would hold for the correct assignment.
This means that min(mT)<mT(true)<m.

® This defined mT2 as

' i (1) (2) 2 - o
mi(x) = min(max{mi(pF drsx), mEPFdr 0| i s
%’_(Z} ) _|_$£,_(Z12 ) :ﬁT B = E-,.i{:{g;c Council
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Mr2: TWO MISSING PARTICLES

® The variable we have is a function of the mass of il —
the LSP — m,, exn
— My,
® SUSY characterisation: ;
| m[y] - m[y;]
® Scan the LSP mass and look for the edge developing } '
1n your sample of SUSY events (1f you have one...)
® SUSY search: 002040605 1 1214 1618 2
m(m[y3]) - m[x}]/ GeV
@Assume d mass Va]ue (eg mLSP:O) High My, Analysis CMS Preliminary\Ns =7 TeV, L = 1.1 fb"
2 10° Waik
® Assume that the visible system 1in S & Wrets
4 B Z+jets
has 0 mass = 10°¢ .
10°
® An analytical expression for MI2 102
1s found 10
(1) _vis(2
(MTZ)Z = 2AT = 2}9?5( )p?s( )(1 cosg7) B
10_1 st European
® The edge is lost but we have an S L Hare) e
aT-Tike variable to kill the QCB~ o 200 40000y




® Two squarks decaying to quark and LSP. In their
rest frames, they are two copies of the same
monochromatic decay. In this frame p(q) measures

" Mz — M2 y
Ma = ——" = 2Mp7aPa
1

@ In the lab frame, the two squarks are boosted
longitudinally. The LSPs escape detection and the
quarks are detected as two jets

® In the rest frame of the two Tncoming partons, the
two squarks recoil one against each other.

If we could see the LSPs, we could

boost back by B, B, and Bcm
In this frame, we would then get |
Iplll = Ip|2| Z.;...-;-...: European
Too many missing degrees of ; erc Research
freedom to do just this R




THE RAZOR FRAME

® In reality, the best we can do 1s to ; RAZOR
compensate the missing degrees of freedom CONDITION
with assumptions on the boost direction ; IPRitl= PRz

® The parton boost 1s forced to be
longitudinal

® The squark boost 1n the CM frame 1s
assumed to be transverse

® We can then determine the two by
requiring that the two jets have the same
momentum after the transformation

® The transformed momentum defines the MR
variable

Mg = \/(P i PR)? - (P2 + p*)> .

........
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THE RAZOR VARIABLE

@ MR 1s boost 1nvariant, even 1f defined from
3D momenta

® No information on the MET i1s used

® The peak of the MR distribution provides an
estimate of MA

@ MA could be also estimated as the “edge” of
MTR

] mzss Pmiss (=1 — ]2
Eiss (ple + pif) — E255- (B + pr)

<

~ =

I
ﬁ

2
® MTR 1s defined using transverse quantities MR
and 1t 1s MET-related R o T
® The Razor (aka R) 1s defined as the ratio l\/lR | Ewovee
of the two variables e eJ’C Counci




%1 TROM DIJET TO MULTI

@ The “new” variables rely on the dijet+MET
final state as a paradigm

==

@ minimizing the HT difference between the mega-jets (aT CMS)

@ All the analyses have been extended to the
case of multijet final states clustering
jets 1n two hemispheres (aka mega-jets)

® Several approaches used

@ minimizing the i1nvariant masses of the two jets (Razor CMS)

E; E;

@ minimizing the Lund distance (MTZ2 CMS) L oeh.
E+E0? = B TP Ly

(E; — picosBi)

® ..

(e.g., XCone) eyc et

4]




DILEPTON EDGE

® For long decay chains with two [+

leptons 1n cascade, an edge develops

1n the dilepton 1nvariant mass

® Can be used to h7gh77ght the 1nvmﬂﬂe
presence of a signal

42

~O
® At same time, allows to 2 X1
characterise the underlying SUSY oL
spectrum o 390
N :_(a) N M 2 m)~(0 2
) ) ) ; 300 §§§§ max _ .- 1 — ¢ 1 — 1
® This is the cleanest possible SUSY 2 \ i ’"Y\( (mﬁ]]( (nw))
signature at the LHC i 250 N
® edge position measured with a few 2001 §§§
GeV uncertainties 150F NN
. . . - A
® dilepton final states quite clean 100/~ N
from background : Nne
0 A nrbknng
- - : AMM MM B RGN
® shape information adds strong oC NN GG | Gurooeen
kinematic discrimination 0 ER o0 80 ariam 0 [G;\";" ef C | comei




21 A LESSON TO BE LEARNED

® At some point, CMS saw an 2OOCMS Preliminary ~ 19.4fb" (8 TeV)
- - _I ] LI L L | ] | | | L 1 ] | | L L | ] T-

excess with this search - [ A, | :
180f -

: —— Background E

® Regardless of the clean el SRR - COREEE S
140f DY (data-driven) -

signature, 1t took 2 years to
take out the result (which
was then disproved by new
data + ATLAS)

I Sys. @ Stat.

R~
N
o

events / 5 GeV
S

1—_1]111|1111111[

suoydaT |enuan

® Just because there 1s also
background, signal can be
small and 1ife is complicated 20

LA L L Ll

@ Establi1shing a discovery at the 32 2""'”"'Y'("'TL
LHC which 1s NOT a more-than- @ 1%W++#ﬁ.ﬁ¢-“¢ﬁ*+-+ﬂ+ + +" ()
expected resonance has g | = At ++++ H.+f
sociological 1mplications that O o g@ogg .
we underestimate m, [GeV] src
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WHERE DO WE STAND?

MSUGRA/CMSSM: tan(B) = 30, A0 =-2m,, L >0

= 1000 T T T T T T [ T 1 T T [ T T T1 ) PR T T T
QO T TN~ All limits at 95% CL. B
O — LSP \ Il S SV N
—_— B \ - = Expected (Xt1G__) _
o 900 A TLAS \ mem Observed (1 cﬁiz:;) _
E‘_ C - - - Expected  (0+1)-lepton combination —
C -~ Observed | _
300E - --Expected  Q-lepton + 7-10 jets + ErTnISS -
I — Observed —
) ---Expected  0/1-lepton + 3 b-jets + E"> ]
- — - = Observed _ _
= ---Expected Taus + jets + E_" —
700 - — Observed ! | —
= ---Expected SS/3L +jets + E _
r e Observed T -
C ___E ted i - miss —
600 I TR . o O)ézz:de 1-lepton (hard) + 7 jets + ET —
= YT NS, e SR PO i, | ~
L T R N N T —
B R N T T e = e— i el
500__ N — 1 T ]
r “‘x\ *\5\\‘\__‘_ ______ \ —
E e T e b
400_— e LT T PP e |
I s T 2 I T e e = — — e e N L R
r ST e~ L \ | _
— \ | L ——— T e \ —
[ 1] L1 I Ll

3001000 2000 3000 4000 5000 ,
m, [GeVl e
E..‘:.':: Q.rc Council
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WHERE DO WE STAND? GAUGINOS
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- SUS-16-037, 1-lep (M,))
- SUS-16-042, 1-lep (A)
—-SUS-16-035, =2-lep (SS)
SUS-16-041, =3-lep

35.9 fb! (13 TeV)
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July 2018 ATLAS Preliminary  1s=8,13 TeV, 20.3-36.1 fb’
;‘ 400 'L B N N N N N N (L N N N N I I N R B B N N [N
O ~ XiX; —— via WW  2I, arXiv:1403.5294 - = = Expected limits
9 - — Observed limits -
— 350__ ZT%S = Via WZ 2l compressed, arXiv:1712.08119 o o i
I T e Via WZ 21431, 8 TeV, arXiv:1403.5294 Alllimits at 95% CL 1
— L — Via WZ 21,3l 13 TeV, arXiv:1803.02762 o
c 300 —— via WZ 21431 RJR, 13 TeV, arXiv:1806.02293 =
L via Wh  Ibb+lyy+FF+3l, arXiv:1501.07110 ]
250— =
200 =
150 -
100 =
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S 1LOOKING IN THE CORNERS

® There regions which are 1 production, 'f'et%?/c%?

COmp7icated to exp70re l%‘7OO_||||||||||||||||||||||||||||||||||| [
2. [ CMS Preliminary —— Observed
® compressed spectra » soft g °\s =8 TeV -~ Expected
. . . =  [ICHEP 2014
Ob] eCctTS 1n the 7C7 na7 state A3 500 SUS-13-011 1-lep (MVA) 19.5 fb™!

== SUS-14-011 0-lep + 1-lep + 2-lep (Razor) 19.3 fb™
(MVA) 19.3 fb™

— = SUS-14-011 0-lep (Razor)

® mass differences ~ SM particle 2400 — SUS-13-009 (monojet
masses - Va]]eys O-f reduced = SUS-13-015 (hadro

sensitivity 500

® One can approach these regions =0

100

@ directly, dealing with soft
objects

'l
e T | | | :
V1l lar st | | [ [ | | | L [ | |

0
100 200 300 400 500 600 700 800
stop mass [GeV]

® 1ndirectly, exploring cascade
production (as with DM) Herc| s
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S 1LOOKING IN THE CORNERS

® There regions which are 1 production, 'f'et%?/c%?

COmp7icated to exp7ore l%‘7OO_|IIII|IIII|IIII|IIII|IIII|IIII|IIII I
S | CMS Preliminary —— Observed
® compressed spectra » soft s °0\s =8 TeV -~ Expected
. . . o« [ICHEP 2014
objects in the final state % 500 — SUS13:011 1Hep (VA) 19.5 15"

| = SUS-14-011 O-lep + 1-lep + 2-lep (Razor) 19.3 fb™
— = SUS-14-011 0-lep (Razor) + 1-lep (MVA) 19.

@ mass d-i ffél"enCES ~ SM pal"t 'iC7e 400 - = SUS-13-009 (monojet stop) 19
masses -> Va 7 7ey5 O-lc reduced = SUS-13-015 (hadronic sto 4

sensitivity 500

® One can approach these regions =0

100

@ directly, dealing with soft
objects

'l
e T | | | :
V1l lar st | | [ [ | | | L [ | |

0
100 200 300 400 500 600 700 800
stop mass [GeV]

® 1ndirectly, exploring cascade
production (as with DM) Herc| s
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LOOKING IN THE CORNERS

Tf, production. - b1 17 /T—c% /F>Wb% /T—t%,

May 2018

ATLAS Preliminary
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@ This 1s where a lot of the RunII

work went

PP — X3 X;

EPS2017
450:_ | N | | I.1 I =
- CMS Preiiminary 35.9 fb' (13 TeV) -
400(— —SUS-16-039, 2| SS + =3 (WH) .«.Expected
- —SUS-16-043, 11 (WH) —Observed -
350f — SUS-16-045, H—>yy (WH) -
- —SUS-16-034, 21 OS (W2) -
- =SUS-16-048, soft 2-lep (WZ) -
. h e & Qo N
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SOFT LEPTONS

® To probe SUSY models with ~GeV e 22 1B (13 TeY

leptons, one has to start from the L%’ . _ EMS —gggggg ggg; -?’g;'ebp =§ﬁ?s _
tr .I' g g ar ? reliminary 4 Data(35.9fb™) =ttX = Z’f/*-l-)iets §
104 : Zovv+jets :
® dedicated L1 and HLT seeds . :
. . 3
looking at Tepton+jets 10
- - : : 10°
@ IT this 1s place, the analysis 1s
quite similar to the others 10 8§
® but new backgrounds appear, e.g. ‘ i
QCD (usually negligible 1n I TR D R A N MRS RN I8 i
leptonic final states & A
s B I D -
® The Cha 7 7enge W-i 7 7 be to keep o 0.5 ;_ .............. .............. .............. ............. .............. .............. ......... -3
sensitivity there with HL-LHC o ... 0. .. & .. 1. . §. . .8 .. 4. 4. . F . .3

. \ ] 0 20 40 o660 80 100 120 140 160 180 200
(maybe using again the ISR trick?) P(l) [GeV]

AN AL Research
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SOFT LEPTONS

® To probe SUSY models with ~GeV 100, M8 Preliminary B8R (13TeV)
7e;?tons, one has to start from the 3 pp - TET > T x> bif %’ le\ingdg%rL‘\ T 8
tr 1gger 9- 90 — Observed + 1 6 (theory) - S
| oz’;;w— 8O_EEEExected i‘10 exe‘riment | §
® dedicated L1 and HLT seeds “gf C \ : &
looking at lepton+jets s OF AW E R
60F- E 3 1 o
@ IT this is place, the analysis is sk | : 1 o
quite similar to the others : ; ] =
40:_ :" "l _:1 E
B ' : ] )
® but new backgrounds appear, e.g. 30[ / : Q
QCD (usually negligible 1n ] N/ el
leptonic final states OF A m(%¥)=°-5*(m(t>+m(x1”_;i O
10_1 N R I | - 10—1 o\o
300 400 500 600 700 800 0

® The challenge will be to keep ~
sensitivity there with HL-LHC m(t) [GeV]
(maybe using again the ISR trick?)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-16-052/CMS-PAS-SUS-16-052_Figure_005.png

@ DIRECT VS CASCADE PRODUCTION

® One can use cascade production to
probe compress spectra:

= ¢y
® for example, compressed stop
® when produced directly, difficult 150
to observe soft charm jets > |
, 400F
£ 350f

® when produced from gluinos, can

see the top quark 300}

250}

® Interesting new regime: for very 200

heavy gluinos, the Ws from t (and 150
eventually the full t) could 100}
merge into a single heavy jet - 50
SUbStI" ucture 0 200 300 400 500 600 700 800 900 "

52 m, [GeV]



I open a Parenthesis here to tell you about jet
substructure
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FROM JETS TO BOOSTED JETS

® Heavy particles (e.qg., W, Z, and H bosons, top quark) can decay to
2q/3q/4q final states, giving normally multi-jet signatures

® For large enough pT, the decay products might merge 1nto a single jet

® These jets are special: the mass of the jet peaks at the “right”
value (unlike QCD jets, for which large mass values are generated by

QCD) CMS Simulation
U) I I I I | I I I I | I I I I | I
s _ _
- CMS HIG-13-008 —— SM Higgs, m = 600 GeV
- - H - WW — lvqq _
--- ungroomed jet mass
> :
(q0] i —L —— Wa+Jets, MadGraph+Pythia6 |
| -
e .
O 02 [ ] ----- ungroomed jet mass ]
2 |
©
AR ~ 2 Mw/pT : J_L
(to be compared 7 |

with jet size R) 0.1 .

Typically large jets ST I ‘

used (Anti-Kt with InE e
R:OB) 0 iie”

0 50 100 150
g, 9 WZH top =4 pruned jet mass




T SUBSTRUCTURE

JetDisplay JetDisplay JetDisplay
Entries 65 Entries 38 Entries 55
Mean x -0.0004638 Mean x 0.001415 Mean X -0.0001183
Mean y -0.00188 Mean y -0.001041 Mean y -0.001428
RMS x 0.0487 RMS x 0.03649 RMS x 0.07904
RMS y 0.06165 RMS y 0.026 RMS y 0.08293
= [ 1 = [ 1 = 1
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- 2 - 2 : 2
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Ad Ag Ag
JetDisplay JetDisplay JetDisplay
Entries 106 Entries 59 Entries 52
Mean x 4.543e-05 Mean x 0.0002917 Mean x 0.0005138
Mean y 0.003515 Meany 0.001076 Mean y 0.00347
RMS x 0.05793 RMS x 0.0387 RMS x 0.02762
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SUBSTRUCTURE VARIABLES
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® Several jet-shape variables CMS Preliminary, 19.5 fb ' at Y5=8TeV, W - ev
x L n _I 1l | L | 1T | L | L | L | L | L | 11 I_
proposed to quantify this behaviour " Wwwwzz | B :
(see ongoing BOOST conference for a 500 [ Single Top Il W+ets h
full overview) - ® data i :
g 400 — — Bulk Graviton M=1.5TeV k=0.2 (>=:3>=:1G4}__
: : : < +] & -
® N-subjettiness 1s among the most ~ ooF 74 E
popular c | 7 :
Do s :
® Quantify how well the N :
. . 100 — -
constituents of a jet can be [ :
arranged in N subjects 3 % :
01 02 03 04 05 06 0.7 08 0.9 1
| 1 S | Y Y T21
T(\j) = — PTi min {sz Ri ..... Riz} 2-body: Tl(l).rl(g) HP LP
‘ PTJ 1€ Jet ] ‘ 3-body: ,I_I(U.fv‘) .7'1(” .Tl"z) T._S;) . Téz)
4-body: T((m) T(l) T"z) 7__(0.3) T‘l) T-(z) T(l) T(”))
J. Thaler and K. Van Tilburg http://arxiv.org/abs/1011.2268 o1 271 Tl 972 202 T3 ‘
S-body: TI(M) .Tl(l) .71"2) T.-ﬁo"’) 1.-11) .7'.-§2) . Té() 2 T-gl) : T-gz) 74(1) .’4(2)
@ Can cons tr'uct a Comp 7 ete bas .I' S 6-body: Tl(()--%) -71(1) -’”1"2) . T..__SO'S) T{gl) T-—_-SQ) | Téo.-:')) . Tél) . ngz) .74(0.5) . 74(1) 'sz) . T(_&:) Tiz)
by computing TN 1t for several N Siere)
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https://indico.cern.ch/event/649482/

A DIJET TAGGER

1 CMS Simulation, |s =8 TeV, W+jets
~ = I I I | I I I | I I I | I I I

® A typical tagger would consist of

U.JQ : \\\\\\ 250 S/;TR<=3268Gev:

® A jet grooming procedure " o8l \\\\ BN 60 <m <100 GeV_

(trimming, pruning, soft drop) I SN ]

to remove soft radiation in the - SN0 -

jet (and pileup, to some extent) ad S i

I Multi-Layer Perceptron (MLP\)\\ ]

® A (post-grooming) jet mass cut 04 — Ukeihood NN

I __fjfj pruned \\ )

@A cut on an appro_priate set of 02h __ngt(gjfges N \\

substructure variables [ —messdw \\\\

A R NN NN SN NN NN NN NN NN TR SN MO AN S A N S

® For 1nstance, S vs B %0 0.2 0.4 0.6 0.8 ‘

discrimination 1n CMS 1s optimal i

for di-subjet (W/Z/H) when Tt2/T1 CMS-PAS-JME-13-006
ratio 1s considered Cere)
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9 DEEP LEARNING TAGGING

® One can 1magine a jet as an 1mage ~__ Signal
1mpressed by energy deposits on 5| l
calorimeters 10 Lo 2
15 —
gzo- -10‘1?3
® On this 1mage, one can apply modern =51 -
computing-vision techniques, e.g., ) 8
Convolutional Neural networks .

0 5 10 15 20 25 30 35 40
¢’ pixels

‘Background

R bird [ p,..,
o
o]
o o sunset [ pP_ .o
-0
il A ° :
2 N dog [ Pyo
o] o
o o
- g : cat [ p_,
. . o o
convolution + max pooling vec |4 °
nonlinearity | o
|
convolution + pooling layers fully connected layers  Nx binary classification 0 5 10 15 20 25 30 35 40
@' pixels Y
Lhasraes. European
R RX S LE Research
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9 DEEP LEARNING TAGGING

® One can 1magine a jet as an 1mage ~__ Signal
1mpressed by enerqgy deposits on 5| I
calorimeters 10 Lo 2
15 —
j%zo- -10‘1?3
® On this 1mage, one can apply modern =51 :
computing-vision techniques, e.g., %) 5
3971
Convo7ut7ona7 Neural networks A |
104 , 0 5 10 15 20 25 30 35 40
SOFTDROP—I—N subJettlness ---------- ¢’ pixels
MOTHEROFTAGGERS --=== j
- DEgEPTOP full , BaCk round
L1038 DEEPTOP minimal
E A
T 10 !
= i
% ‘“\’@\.
g ol = NN
an I '*a;,‘ﬁ%
A 0 5 10 15 20 25 30 35 40
h &' pixels RRIIALE European
1 , . , . , . , . , “ BT P Research
) ':::.':.e.rc Council
: . Siglf?z.:ll E!f%lcien(():fes 0.8 1 59 arXiv: 1701.08784 QAT




DEEP LEARNING TAGGING

® One can also represent a jet as a list et (e, /X
of particles, ordered by QCD laws | m
} Fermilab has a herd of bisons
® Similar to words arranged in a sentence | |
. . PANN £
® Can use language processing techniques to | e
tag a jet §
® Deep learning offer a few opportunities °© F AU A\
(recurrent NN, recursive NN,...) W Fermilab has a herd of bisons
® Advantages: |
) (t;)
[ 9 O> —> —> ... —>
. . A ? A A A
@ No need to bin the image » can _ Jet
exploit the full angular s SN fulminl= 1
resolution (e.g., tracking) 3 | A . I g
S |5 \AR . ELIE|E]|E =
2 | Y R | N Y
® Very convenient for PF jets and N A |
traCk jets l t : Lisestanee: European
> < | | ej'c Counsil
60 Vi V2 .. VN; R




9 DEEP LEARNING TAGGING

® One can also represent a jet as a list

of particles, ordered by QCD laws | E E E E E E —J;mnkms-
| | : | f f | — towers |
® Similar to words arranged in a sentence | g | — images
® Can use language processing techniques to 10% |- """"""""""""""""""" -------- --------- --------- --------
tag a jet > : 5 . :
o particles
® Deep learning offer a few opportunities 2 N
(recurrent NN, recursive NN,..) 2 L~
Advantages: S1otf b NN N
° 7 = (towers N
@ No need to bin the image » can | |mages
exploit the full angular e
resolution (e.qg., tracking)
1OOO 1 Oi2 Oi3 Oi4 Oi5 Oi6 Oi7 Oi8 0i9 1.0
® Very convenient for PF jets and  Signaleffidency

track jets

i ;:..‘:’..:E ‘ European
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| -’,:’.'.'.erc Council
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EVENT TAGGING WITH RNN

® One can push this

approach beyond jet, _ 7 i <6
building a topology ~assiter @
tagger for the full

e Ve n t Calo Image Particle Sequence Abstract Image High-level Feature
Classifier Classifier Classifier Classifier

ce?rw
\
N/

ks et Based on an abstract Use high-level features
particles taken as representation of the as inputs to a fully

Raw images of the
calorimetry hits fed to

@ Te S t e d W -i t h S -i m u 7 a t e d a convolutional NN. nput tos{\:.ecurrent reconstructed particles connected NN.

as an image to feed to
a convolutional NN.

events, as a way To

- 1.0 — 10
implement a more . s [”f |
Wab ] ~ 0.8 ~0.8
efficient trigger tt selector’ @ W selector
S tra tegy ;éo 6 ) g O o %O.G' o ® i
.g gL ToPCLASSIf \é\ggts .g GFil,Jf‘fE)PCLASSifier W-jets
E‘: T H l QCD
. 0.4 qf; 0.4- ‘
® Could have 1mpact on % :
0 N
the way we process and.: | 02
analyze data in the P T s e 001 950 gpen
_,c 007570 0.2 0.4 0.6 0.8 10 Y2700 0.2 0.4 0.6 g”eelﬂz Council
Ll tU I" e Bagkground Contamination (FPR) Background Contamination (FP,-K}.
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BOOSTED-JETS 3USY SEARCH

19.7 fb” (8 TeV)
® Regime already probed 1n Run I §1027 CMS R°c[0.08,0.12[ —— Dat
(update ongoing) 5 S Wty
LLI I Other
. . 10 W :1):::::‘ ::(::iz?zaoo GeV
@ Will become more relevant with -+~ TIt1t800,275,100 GeV
HL-LHC and higher-energy

colliders (i1f any)

1
10 1000 1500 2000 2500 3000 3500 4000

Mg (GeV)

700CMS 19.7 fb" (8 TeV) 700CMS 19.7 fb' (8 TeV) 700CMS 19.7 b (8 TeV) 00 19.7 fb™" (8 TeV)
< ~  ~ > ~ ~ o~ o~ ™, _ > O —
> [ —~885-TLL— o 006 & Z | pp—=555=T LT~ o, 006 3| pp 38,5 T LT~ o, Io'06 s U Rat I004
m; - m_o =10 GeV O O m; - m_o = 25 GeV Q) m; - m_o = 80 GeV [CENO)
~ 600 " % 'S ~— 600 " A ~ 600 1 % 'C ~ 600
35S 1 = S L 1 -oos 3I< [ 1 40.05 &= 33X —0.035
0.05 ¥ d : = - TR :
500 500 500 500 10.03
0.04 0.04 N —0.04 -
400 400 400r 400+ —0.025
0.03 0.03 ) —10-03 i —0.02
300 300 300 300
—0.015
: .02 —0.02
200 0.02 200 0.0 200 200
—0.01
100 IO.O1 100 I0.01 100 0.01 100 I
0 0 0 0

800 700 800 900 1000 1100 1200 1300 800 700 800 900 1000 1100 1200 1300 800 700 800 900 1000 1100 1200 1300 800 700 800 900 1000 1100 1200 1300
m, (GeV) m, (GeViP< m, (GeV) m, (GeV)



https://arxiv.org/pdf/1602.02917.pdf

ol SUMMARY OF EPISODE |

® When R-parity 1s postulated, the lightest SUSY particle becomes stable (a
natural dark matter candidate)

® Dark matter cannot be detected

® But LHC can probe dark matter production using balance on transverse plane
® direct production, when high-pT jet/photon/etc 1s radiated
® 1n cascade, from the production of other SUSY partners

® Several new methods proposed since LHC started

® A large part of the parameter space was explored, particularly 1n the context
of Natural SUSY

® Now looking at the corners of the parameter space, where experimental
conditions are more complicated

® Deep learning (e.g., for jet tagging) will help us to deal with this 5§§x
— B
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Ol Search for New Physics BLHC

® We don’t know what we are

searching for B e o . ‘
16 ket wyparater § NOT Y&t {Eﬁf
chr«:‘or . TH'W&'“' ‘““k 3 M

® Our theory-inspired fully-
supervised hypothesis test
approach not guaranteed to work

"‘u::"'ix" Ve '&,’.Rt‘ "

® We know our background

® use (ALSO) a semi-supervised
approach:

® train on known physics

@® look for anomalies

® Tried on the same setup used for
trigger cleanup

s ;...:...- European
. -,‘.';’.':.0 28 Research
‘ -’,:’.‘.'.erc Council
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Rutoencoders

p /’/ -

2
® Autoencoders are a useful tool [

i | N \\\\ e
for anomaly detection NN
(R
\v/ Q}
® They consist of two parts: ( >©><
N
. . - /%X}
® encoder: compressing high- L ><7(/>\
dimensional input on a lower- ~ X
dimension latent space |
@ dECOder: decompress-ing the Latent layer across runs (W: -2, St: 1, Sec: 3) .ﬁ
point 1n the latent space back tie W
to the original representation T [122 e
— I 082 7
- ; . 7 9y ’ 0.6.°§’ ©
® Trainable with just “normal” data , . [958 W
e * - 0. 4
3
® Anomalies = failed compression- 2 e L
decompression 1 { ooty




d@ﬂ
\
N/

® Variational autoencoders
are a special kind of
encoders

® 1n VAE, the 1nner nodes
represent parameters of
a smooth function

® easier assessment of
anomaly by mean of
distance between
functions

log(sigma)

® can also be used to
generate events

e

—

S

)

(d& \
N/ \\\\\ - | — /////% \;//
(/Aﬁx\x( / \)N\ g ///Q@E\\\ SN AN 7‘% \)
S X < 7~ Av\/\e(/ _ i\%biw\' )&ﬂ >( ’\\Q 7 "/
VA" YN Ve 7S5\ N\ S N/ VR
(=00 XK RO=" )
= /%/\_/\ C /\_/\& A\>>< A
, \ /

N
N
A\
»

/\

(
%
Pe -
S
_

— //>\§/Ay/ — N\
(/ yﬁ/ N\ N
0.10 -
0.05 -
0.00 -
~0.05 - % Co
O Z with m=500 GeV
O A with mass 20 GeV
o W with m=300 GeV .'
W+jets -
—010 . - T T T T T
69—0.15 ~0.10 ~0.05 0.00 0.05 0.10

mean

\}\( \
v N —
// N4 ~ \)
"
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Juantifyuing asnomal

® Processing SM events (Monte
Carlo simulation) through
autoencoders, one derive an
ensemble of distributions

® An observed SM event would be
instances of this ensemble

® A observed new physics event
might 1nstead give a far-away/
broader Gaussian

® We could then use a metric of
function distance to quantify ‘
anomaly /AN

70 i




Juantifyuing asnomal

® Information

theory tells us . /\V KLy

to use KL Red = Y o & -‘%—?‘f) L B l

divergence | ﬁ\Ji <
C-VACUE \(Ld

® Th1is 1s embedded |
1n the loss 0, - » VRNN
function used for | S
training (KL
regularization)

120} — LRU

KLD
negative VLB

0 2 4 6 8 10 12 14 0 20 40 60 80 100
@ K L 7 0SS = # O f Frame Training Iteration (x 1e4) Training Iteration (x 1e4)
extra bits needed

. 0O 1 2 3 45 6 7 8 9 PRE-RECALL INTERVAL (/) RECALL INTERVAL (k)
to encode p 1in q. BRI BRI D R T 2]
Measures p being
https: iv. f/1702.04649.pdf 24355855 | pesearch
anomalous or not ps://arxiv.org/pdf/1702.04649.pd ercc ooooo .

/1



Ol \VAE for Anomaly detection

® Experiment: consider a 1 W with m=300 GeV
. 10000 - ] Z'with m=500 Ge\'
sample of W+jets events, 1 A->41with ia.s 20 eV
. W N W+ils
selected by single-lepton % ew-
trigger 5 e
. g 4000 -
® Train a VAE on them 2 T
2000 - J

® Use the encoder to compute 0-
the KL loss for

0002 0004 0.014

p-value of KL Distance distribution in event

10°
W+jets

C—J W with m=300 GeV
] Z with m=500 GeV
] A with mass 20 GeV

® W+jets events

-

@A W with m = 300 GeV

Number of examples
—

@A Z> with m = 500 GeV

2
A AAAA‘

_a—
P)

European

BRI
AL Research
'_-'.-.'-:.'..e! c Council
-....o........:z ..'
rrele PO LA

©A light A-> 4¢ with m = |~ U

10 GeV —= 0.0 0.2 0.4 0.6

p-value




VAE for ANnomal

detection

® Experiment: consider a

sample of W+jets events, 10000

selected by single-Tlepton £ aw

trigger 3 oo
® Train a VAE on them :
® Use the encoder to compute 0-

the KL loss for

® W+jets events

@A W with m = 300 GeV

@A Z> with m = 500 GeV

@A light A-> 4f with ma =

10 GeV 73

L W' with m=300 GeV
] Z'with m=500 Ge\'
) A->4| with .na.s 2P eV
B W+ s

0002 0004 0006
Fraction of events with p-value<0.00001
Wprime: 0.000612
Zprime: 0.065976

A->4mu: 0.069271

Fraction of events with p-value<0.001
Wprime: 0.013600
Zprime: 0.390918
A->4mu: 0.324071

Fraction of events with p-value<0.0l
Wprime: 0.039953

European

Zprime: 0.476635 Rescarch
A->4mu: 0.412282 Council




The ULHC Blig Data Problem

1 KH=z

100 KHz

1009 -

Complicateo: ) | Easy

OK
y
need to be fast (e 7 —
(10 ms) and with -

8

bkg. mistag

very small |

8

resources |

HLS4ML Preliminary 8

10-3 | | | S outputs
0.0 0.2 0.4 0.6 0.8 1. O activation: SoftMax

/4 sig. efficienc y




Bring DU to L1

® The L1 trigger 1s a complicated T “FULLY CONNECTED”
E l_—,—_ -‘; * 01 2 3
i EBiE  EC

'O

environment

- -
. . . £ S b 323 !-&E.I-;*C:' -
® decision to be taken in ~10 psec gk
. Iy " |M$ e
B (% o -5 G B
@ only access to local portions of ERIE  EiG)
/O g = R
the detector iCE ous| HeEHousf ick _
|,‘,O.F < i
0= SiiE =0 01 23
® processing on Xi1linx FPGA, with o ¥ & [ CONNECTION BLOCK
I1mited memory resources HLS4MuU: CERMN/FNAL/MIT collaboration
® Some ML already running @L1 coras
yT.O.l‘Ch Co-processing kernel

® CMS has BDT-based regressions his 4 ml
coded as look-up tables

_ o _ “dd | Hs |,
@ WO rk 7 ng to fa C 7 7 7 ta te DL SO 7 u t 7 Ons e Custom firmware design

@L1 with dedicated Ilibrary Usual ML Vt

software workflow tune configuration
precision
reuse/latency

75


https://hls-fpga-machine-learning.github.io/hls4ml/

cﬁﬁy
\
N/

[Make the model cheaper

® Pruning: remove
parameters that don’t
really contribute to
performances

® force parameters
to be as small as
possible
(regularization)

—

w

Ly L(w) + A||w|]

® Remove the small
parameters

® Retrain

his4ml 59 95%
700 4 . fc3_relu : :
I output_softmax ! !
B fc2_relu : :
6007 mum fc1 relu ! !
l l
9 500 1 ! !
_‘<_§» I I
s | |
400 - =
-
st It 1 | |
- 1st iteration |
| |
£ 3001 ! !
2 I I
I I
200 A ! '
|
I
100
0

1073 104 1073 1072 107! 100

Absolute Relative Weights

1077 10-°

2nd jteration

7t iteration

/76

Train
with L1 |

Number of Weights

Retrain
with L
S

Number of Weights

Retrain
with L1 ¢
—_—

Number of We

400

350 ~

w

o

o
1

N
u
o

N

o

o
1

=
u
o

fury

o

o
1

Ul
o
1

o
I

300 ~

250 A

N
o
o

150 1

100

50 1

80 -

60 1

40 A

20 A

his4ml 5%

B fc3_relu
I output_softmax
B fc2_relu
m fcl_relu

0 .
mm fc2_relu

120
100 A

1077 10°° 1073 10~ 1073 1072 107! 100
Absolute Relative Weights
his4ml 47.5% 95%
m fc3_relu : :
B output_softmax : :
mm fc2 relu : :
B fcl relu : :
I |
I I
I I
I I
:
|
|
|
I
I
I
I
I
I
I
I
|
|
|
I
I
|
1077 10°° 1073 10~ 1073 1072 107! 10°
Absolute Relative Weights
| |
| ]
|
his4ml 71.7% 95%
BN fc3_relu

B output_softmax

mm fcl_relu

1073 1074 1073 1072 107t 10°

Absolute Relative Weights

10-°

1077

Prune

Prune

Prune

400

350 ~

w

o

o
1

N
w
o

Number of Weights
= =
w1 o (9]
o o o

o

300 ~

250 A

Number of Weights

100 A

50 1

140 A

120 A

=

o

o
1

Number of Weights
N B )] ©
o o o o

o

hisdml 32.7%

N

o

o
1

N fc3_relu
I output_softmax
B fc2_relu
m fcl relu

107> 104 1073 1072 107t 100

Absolute Relative Weights

1077 1076

hisdml 47.5% 95%

N

o

o
1

150 1

B fc3_relu
I output_softmax
I fc2_relu
I fcl_relu

1073 1074 1073 1072
Absolute Relative Weights

1077 10°° 107t 100

his4ml 71.7% 95%

I fc3_relu
B output_softmax
mm fc2_relu
mm fcl_relu

107t 10°

107> 1074 1073 1072
Absolute Relative Weights

1077 10°°
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[Make the model cheaper

@® Prun 'ing . remove before pruning after pruning
parameters that don’t
really contribute to
performances

pruning
synapses

- - >

® force parameters
to be as small as
possible
(regularization)

pruning
neurons

-—>

Ly(w) = L(w) + Al|wh |

— 70% reduction of weights
and multiplications w/o

performance loss
® Retrain ercEw

77

® Remove the small
parameters




Bl Make the model cheaper

® Quantization: reduce the = oot softmax
number of bits used to < weights = e
represent numbers (1.e., 0101 1011101010
reduce used memory) F e
1

ap fixed<l4,6 4>

® models are usually trained
at 64 or 32 bits

® this 1s not necessarily — S
needed 1n real life o
® In our case, we could reduce = ' point performance with
to 16 bits w/o loosing : 1p-bitpxedpoint | _
precision gexo T~ Pruned
| 4 o ateager
® Beyond that, one would have to — Lt
accept some performance 1oss oo oo ar we . are) e
78 < total bits, integer bits >




Speed vs (Memory

Less resources/
Less throughput

Fully serial

reuse =4
use 1 multiplier 4 times

reuse =2
use 2 multipliers 2 times each

reuse = 1
use 4 multipliers 1 time each

Fully parallel

Reuse factor: how much to parallelize operations in a hidden layer

/9
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Performances

hisdml preliminary

3-layer pruned, Kintex Ultrascale

60

50 A

20 A

10 -

SEERR

Reuse Factor =1
Reuse Factor = 2
Reuse Factor = 3
Reuse Factor = 4
Reuse Factor = 5
Reuse Factor = 6

2

15-40 clock cycles (75-200 ns)

<8,6>

<16,6>

<24,6> <32,6> <40,6>

Fixed-point precision

le3 hisdml preliminary 3-layer pruned, Kintex Ultrascale

trrtite

Reuse Factor =1
Reuse Factor = 2
Reuse Factor = 3
Reuse Factor =4
Reuse Factor =5
Reuse Factor = 6

Max DSP

<8,6>

<16,6>

<24,6> <32,6>
Fixed-point precision

<40,6>

MNB: FPGA emulator over-estimates resource Needs by a Factor

=-4 (tested our emulation vs actual deployment]
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