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* CMS produces more data than what we can handle

[Chin. Phys. C 40
Total oo (2016)]
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* Two-level trigger to capture interesting physics

* Need quick decisions w/ large data rate

LI runs on FPGAs
(w/ 3.8us latency & | 10 kHz output rate)

Cross section o/ p

Discard a lot of this

Retain much of this
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Introduction 2= Fermilab

« Objective of a trigger: Manageable rates, Enhance sensitivity to BSM / rare SM

* Discard typical events, Retain only interesting (atypical) events

* Atypicality through kinematic selection .
Simple

* Low sensitivity, Model independent Kinematic cuts

 BSM / Rare SM model signature basis

* Higher sensitivity, Model dependent

Model Independence

Model Dependent
Triggers

Rate reduction
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Introduction

« Objective of a trigger: Manageable rates, Enhance sensitivity to BSM / rare SM

Other

Dark Matter

Extra Dimensions

Excited
Fermions.

Heavy
Fermions

Heavy Gauge Bosons

CMS

Overview of CMS EXO results

March 2024

String resonance "
2y resonance "
Wy resonance "
Higgs y resonance "
Color Octect Scalar, k2 =172 "
Scalar Diquark "
tE+9, pseudoscalar (scalar), g7,  BR(9-21) > "
ti+9, pseudoscalar (scalar), g,  BR(9-21) > "
PP+ 2Zly+X "
X499, My = 0.02My, ¢-+(yy) merged diphoton pair e
Wy Resonance leptonic "
SUEP Offline, T = 3 GeV, my =3 GeV, Br(A™nm) = 100% "
Split SUSY, HSCP gluino with infinite lfetime, £, = 0.1 M
stau pair production, HSCP with infinite lfetime e
Doubly-charged tau’, HSCP infinte lifetime, DY production iz

001501075 1911.04968 (31, = 41)
0:108%0/341911.04968 (3¢, = 41)

05:7:91911.03947 (2j)
0.35:4,01712.03143 (24 + 1y; 2¢ + 1y; 2j + 1y)
1580210610509 (1 + 1y)
0.72:3.251808.01257 (1j + 1y)
05:3171911.03947 (2))
057151911.03947 (2])

O6-16CMS-PAS-EXO-19-000 (pp + I, pp +Y)
0.0-1:2CNS-PAS-EX0-22-022 (2(yy))
0.32,0CHS-PAS-EX0-21-017 (L + pP'™* +y))
0.2:2,0CHS-PAS-EX0-23-002 ((SUEPOffiine))
010:2:13CHS-PAS-EXO-18-002 (dE/dx)
0.0:0,69CMS-PAS-EX0-18-002 (dE/dx)
[0

ABCMS-PAS-EX0-18-002 (dE/dx)

quark compositeness (1), urg =1 s
quark compositeness (1), fup = —1 i
Excited Lepton Contact Interaction "
Excited Lepton Contact Interaction "

0/0:24102103.02708 (21)
00:36102103.02708 (21)

0:2:562001.04521 (2e + 2))
0257200104521 (241 + 2))

vector mediator (gd), g
vector mediator (1), g,
(axial-Jvector mediator (qd). g.
(axial-Jvector mediator (xX). g
(axial)-vector mediator (tf), gq

Baryonic 7/, gy = 025, gon = 1,y
2’ mediator (dark QCD), Maarc = 20 GeV, riny = 0.3, cark = afisy

1,m, =100 GeV.

Leptoquark mediator, =1, B=0.1, & o = 0.1, 800 < Mo < 1500 GeV
axion-like particle, -1 =12 Tev1

inelastic dark matter model, y =105, @y = 0.1

inelastic dark matter model, y =107, ap = 0.1

dark Higgs, g = 0.25, gow = 1.6 = 0.01,m, = 200 GeV, mz =700 Gev

zzzzzzzzzzzzzzzTT T

035:0.71911.03761 (2 3))

02:1:922103.02708 (2e, 2)

05:2/81911.03947 (2))

0.0-1.952107.13021 (= 1j + pf*)

0.0:0.291901.01553 (0, 1 + = 2] + pF™)
0.05:0:42107.10892 (0, 11 + = 2] + ™)
00

0.0-0.472107.13021 (2 1§ + p*)
0.0:031901.01553 (0, 11 + = 2 + p§*)
0.05:0422107.10892 (0, 11 + = 2§ + p§*)

0.2:4642103.02708 (2e, 24)

1552107.13021 (2 1j + p7*)

0.0:1:541810.10069 (4])
0.0-161908.01713 (h + pp*)

03:0.61811.10151 (1p + 1j + pP'™)

1551211211125 (2] + p§™)
0.5:3.11908.01713 (h + p§*)

0,5:2,0CMS-PAS-EXO-21-007 (pp +YY)

0.003-0.08 CMS-PAS-EX0-20-010 (2 displaced u + py'™")
0.02:0,08 CMS-PAS-EX0-20-010 (2 displaced i + p§'™)

0.16:0:352CMS-PAS-EXO-21-012 (12 + 2] + PF™, 20 + pF'™)

RPV stop to 4 quarks
RPV squark to 4 quarks

RPV gluino to 4 quarks

RPV stop scouting boosted

RPV mass degenerated higgsinos to tijet boosted scouting

zzzzz

0108:01521808.03124 (2]; 4))
OI1201721806.01058 (2))

O/I1411806.01058 (2))

101072012 CMS-PAS-EXO-21-004 (scouting boosted dijet)
0.07-0.075 & 01095-0.105 CMS-PAS-EXO-21-004 (scouting boosted trijet)

ADD () HLZ, neo =3
ADD (yy. £ HLZ. e
ADD G emission, nzp =2
ADD QBH (i}, e
ADD QBH (ey), neo =4

ADD QBH (€7), nep =4

ADD QBH (ut), nep =4

ADD QBH (), neo = 6

RS (), kiffp = 0.1

RS Geelqd, gg). kiMn = 0.1

RS QBH (j), nep =1

RS QBH (1), neo =1

non-rotating BH, Mo = 4 TeV, nep = 6
3-brane WED gl + 9 -999). Ior ,€=0.5, m@Vmiga) =0.1  mige)
splitUED, =2 Tev j
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010:12101803.08030 (2)
010:9111812.10443 (2y, 21)
0.0:10:82107.13021 (= 3j + p7"™)
010:8121803.08030 (2))
010:5162205.06709 (ew)
105122205.06709 (eT)
0,0:502205.06709 ()
2OTIECHS-PAS-EX0-20-012 (y +])
0.0:4:782103.02708 (21)
0521619103947 (2))
010%5191803.08030 (2))
20512CHS-PAS-EX0-20-012 (v +])
010%171805.06013 ( 2 7j(L, v))
200%132201.02140 (2))
0:4:2:82202.06075 (1 + p=)

ADD (1) HLZ e " OUOSICHS-PAS-EX0-22:024 (vY)
RS Gu(yY), kiffp " OIOAGCMS-PAS-EX0-22:024 (vY)
excited light quark (qg), A " 0553191103947 (2))
excited light quark (qy), " LOB.0CMS PAS-EX0-20-012 y +])
excited b quark, f; " TO22CHS-PAS-EX0-20-012 (y +])
excited electron, 5 " 012533191811.03052 (y + 2€)
excited muon, f; " 0:25:381811.03052 (y + 21)
" 0.001-1.241802.02965; 1806.10905 (3p; = 1)+ 24)
=10, V=10 " 0.001-1.431802.02965; 180610905 (3e; = 1j + 2€)
UMSM, [VerVyu 2| Venl? + Vi) = 1.0 I 0.02-1.61806.10905 (= 1j + p + &)
Type-lll seesaw heavy fermions, Flavor-democratic " 0.1:0.982202.08676 (31, 241, 17+ 31, 27+ 20,37+ 14, 1T+ 20, 20+ 11)
Vector ke taus, Doublet " 0.11,0452202.08676 (31, = 41, 17+ 31, 2T+ 20, 3T+ 11, 11+ 20, 2T + 11)
Vector like taus, Singlet " 0.125:0.152202.08676 (31, 241, 1T+ 30,21+ 21, 3T+ 14, 11+ 21, 2T+ 11)
Zo, narrow resonance, €% = 8 x 10°° (90% C.L) " 0,01150/075 1912.04776 (20)
2o, narrow resonance, €€ = 4 x 1075 (90% C.L) " OT021912.04776 (24)
2o, narrow resonance, £ =7 x 107 (90% C.L) " 0,0011-0.0026 CMS-PAS-EX0-21-005 (24)
2o, narrow resonance, £ = 3x 10°5 (90% C.L) " 00042010079 CMS-PAS-EX0-21-005 (24)
SSM Z/(1) " 0:25/152103.02708 (2e, 2p)
S5M Z/(qd) " 0/5:2,91911.03947 (2j)
Z(qd) " 010140125 1905.10331 (3, 1y)
Superstring Z,, " 0:2:4162103.02708 (2¢, 24)
LFV Z, BR(en) " 0.2:502205.06709 (ep)
LFV Z, BRet) = " 0.2:4:32205.06709 (eT)
LFV Z, BR(u7) " 0.2:4,12205.06709 (k)
SSM W(tv) " 0:45:72202.06075 (1 + ™)
Leptophobic 2/ " 0105:0,451909.04114 (2])
SSM Wqd) " 0536191103947 (2))
LRSM Wi(le), My, = 0.5My, " 01055102112.03949 (24 + 2))
SSM Wi(Tv) " 0,6:4.82212.12604 (x + py™*)
LRSM Wa(eNs), My, =0.5My, " 0,0:4:72112.03949 (2€ +2j)
265-L:) " 0.35:0.52307.08708 (Z-p + = 1b)
LRSM Wa(The), My, = 0.5My, " 0/0:3151811.00806 (27 +2j)
Axigluon, Coloron, cotg =1 " 0/5%6161911.03947 (2))
2, HSCP tau' 600 GeV mass with infinite lfetime e 0.0:4.76CMS-PAS-EXO-18-002 (dE/dx)
Selection of observed exclusion limits at 95% C.L. (theory uncertainties are SGE fcluded). 0.010 0-100 1.000 10.000
Mass Scale [TeV]
—_— T T ———
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Model Independence

2= Fermilab

Simple
Kinematic cuts

Model Dependen
Triggers

Rate reduction
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» Objective of a trigger: Manageable rates, Enhance sensitivity to BSM / rare SM

Overview of CMS EXO results

String resonance "
2y resonance "
Wy resonance "
Higgs y resonance "
Color Octect Scalar, k2 =112 "
Scalar Diquark M
tE+, pseudoscalar (scalar), g7, x BR(¢-+21) > =0.03(0.004) "
t+, pseudoscalar (scalar), g2, x BR($-+21) > =0.03(0.04) "
PP+ 2ZIy+X "
X6, My = 0.02My, ¢~(yy) merged diphoton pair e
Wy Resonance leptonic "
SUEP Offine, To = 3 GeV, m, = 3 GeV, BriA’»mn) = 100% "
Split SUSY, HSCP gluino with infnite ifetime, fy, = 0.1 "
stau pair production, HSCP with infinite lfetime e
Doubly-charged tau’, HSCP infinte lifetime, DY production w2
quark compositeness (1), urg =1 N
quark compositeness (1), fup = —1 N
Excited Lepton Contact Interaction "
Excited Lepton Contact Interaction "

vector mediator (gq), gq = 025, gou =1, my =1 GeV
vector mediator (1), gg .01, my >1TeV.

(axial)-vector mediator (1), gg = 0.1, gou =1, 9, = 0.1, m, > Mpnesl2

scalar mediator (+t/tf), gq =1, gom =1,m; =1 GeV

scalar mediator (+£0), gq=1,gon

scalar mediator (fermion portal), A, =

pseudoscalar mediator (+/V), g

pseudoscalar mediator (+t/tf), g

pseudoscalar mediator (+t0), gq = 1, gou = 1,m, =1 GeV.

complex sc. med. (dark QCD), M, =5 GeV, €Ty,

=Lm=1Gev

2 mediator (dark QCD), Meare =20 GeV, finy = 0.3, Qaare = afoat

v

Leptoquark mediator, =1, 8=0.1, A ou = 0.1, 800 < Mo < 1500 GeV
axion-lke particle, ! =12 Tev-!

inelastic dark matter model, y =105, ap = 0.1

inelastic dark matter model, y =107, ap =01

dark Higgs, gq =0.25. gow = 1,6 = 001, my = 200 GeV, m; =700 GeV.

zzzzzzzzzzzzzzzTT T

RPV stop to 4 quarks

RPV squark to 4 quarks

RPV gluino to 4 quarks

RPV stop scouting boosted

RPV mass degenerated higgsinos to trijet boosted scouting

zzzzz

ADD (j) HLZ, nep =3
ADD (yy. 1) HLZ, neo =3
ADD G emission, nep =2
ADD QBH (), neo = 6
ADD QBH (e, o
ADD QBH (€7), neo =4
ADD QBH (1), neo =4
ADD QBH (1)), nep =6

RS G(tt), kiFip = 0.1

RS Gi(d, g9), kil =0.1
RS QBH (j), neo =1

RS QBH (y), neo =1
non-rotating BH, Mo = 4 TeV, nep = 6 "
3-brane WED gield + 9~ 999). Igray , £=0.5, m(@)imigk) =0.1  miged
SPI-UED, 2 TeV. "
ADD (yy) HLZ "
RS GelyY), kiffp "

zzzzzzzzzzzz

excited light quark (qg), A
excited light quark (qy), f
excited b quark, fs LA=m;
excited electron, fs=f=f=1,A=m;
excited muon, fy = f=F=1,A=m;

A=m;

zzzzz

VMSM, [Vey[2 = 1.0, [Vl =1.0
VMM, [VerV o PH(Venf? + Vi) = 1.0

Type-lil seesaw heavy fermions, Flavor-democratic
Vector like taus, Doublet

Vector ke taus, Singlet

z=zzzzx

Zp, narrow resonance, £ =8 10°° (90% C.L.)
Zp, narrow resonance, £ = 4 x 10 (90% C.L)
2p, narrow resonance, &2 =7 x 107 (90% C.L)
Zp, narrow resonance, &2 =3x 10 (90% C.L.)

Superstring Z,,
LFV Z, BR(en)

LFV Z, BR(T)
SSMW(ty)
Leptophobic 2/

SSM Wqd)

LRSM Wa(iNe), My, = 0.5My,

SSM Wi(Tv)

LRSM Wa(eNs), My, =0.5My,

2(85-12)

LRSM Wi(tha), My, = 0.5My,

Axigluon, Coloron, cotg =1

2!, HSCP tau'’ 600 GeV mass with infinite lifetime

zTz=zz=zzzzzzzzzzzzTIz

F

Fermions.

.001
Selection of observed exclusion limits at 95% C.L. (theory uncertainties are 86001 dea).

CMS preliminary

March 2024

191103947 (2))
1712.03143 (21 + 1y; 2e + 1y; 2 + 1y)

e LU
_]Bﬂﬂ 01257 (1j +1y)
e osanono @

1911.03947 (2))

OIS 0075 191104958 31, 240

191104968 (3¢, = 41)
CMS-PAS-EX0-19-000 (pp + I, PP +Y)
CMS-PAS-EX0-22-022 (2(yY)
T 0320CHS PAS-EXO-21-017 (L + pP + )
PO 0.2:2.0CMs-PAS-EXO-23-002 ((SUEPOffline))
CMS-PAS-EXO-18-002 (dE/dx)
/CMS-PAS-EXO-18-002 (dE/dx)
CMS-PAS-EXO-18-002 (dE/dx)

_2001.0452] (2e+2))
O S.12001.09521 (2 +2)

PO 0003:008 CHS-PAS-EX0-20-010 (2 displaced 1+ pF™)
T 0.02:0.08CMS-PAS-EX0-20-010 (2 displaced p+ py'**)
C 0160352

[ 035071011.03761 (23))
12103.02708 (2e, 2p)
Lo osamnone )

2107.13021 (= 1) + ™)
2103.02708 (2e, 24)

Simple
Kinematic cuts

A—

190101553 (0, 1¢ + = 2+ pF'™)

D osamnonins 0.1+ a3

2107.13021 (2 1 + p§™)

D 0050221071089 (0,10 221+ 5)

2107.13021 (= 1j + p7')

181010069 (4]
1908.01713 (h + py™*)

2112.11125 (2] + py9) —

190801713 (h + p§)

100 0306181110151 (1p+ 1j + pPss)
S os20

JCMS-PAS-EXO-21-007 (pp + YY)

CMS-PAS-EXO-21-012 (11 + 2] + PF™, 20 + )

0080152 1808.03124 (2 4))
I OREO721806.01058 (2))
1806.01058 (2j)
[ 007:012CMS-PAS-EXO-21-004 (scouting boosted dijet)
0.07-0.075 & 01095-0.105 CMS-PAS-EXO-21-004 (scouting boosted trijet)

1803.08030 (2j)
1812.10443 (2y, 20)
107.13021 (= 1+ pP™)
1803.08030 (2))
2205.06709 (ep)
12205.06709 (e)
12205.06709 (wt)

MS-PAS-EX0-20-012 (y +])

2103.02708 (2¢)

052615110397 3)
1803.08030 (2j)

[ 2052CMS-PAS-EX0-20-012 (y + )
1805.06013 (= 7j(L, v))

220102140 (2j)

L 204
22202 6075 L+ 55)
[CMS-PAS-EX0-22-024 (yy)

MS-PAS-EX0-22-024 (yY)

OSB3 511 0947 (2)
S BCHS PASX02002 1 +)
[ O2CMS-PAS-EXO-20-012 (v +])

DO 0305 y +26)

025 381811.03052 (y + 24)

Model Independence

i 0.001-1.241802.02965; 1806.10905 (3p; = 1)+ 24)
; 0.001-1.431802.02965; 180610905 (3e; = 1j + 2€)
H  0.021.61806.10905 (2 1j+p+e)

0.1-0.982202.08676 (31, = 41, 17+ 31, 27+ 21, 37+ 11, 1T+ 21, 21+ 1)
0.1-1.0452202.08676 (31, = 41, 17+ 31, 2T+ 20, 3T+ 11, 1+ 21, 21+ 1)
0.125:0.152202.08676 (3¢, =41, 17+ 31, 2T+ 20, 3T+ 14, 1T+ 20, 2v+ 11)

Triggers

[ OIS 01075 1912.04776 (2)

CMS-PAS-EX0-21-005 (2h)
CMS-PAS-EX0-21-005 (2p)

1912.04776 (21)

Model Dependen

2103.02708 (2e, 20)

052191103847 (2)

Rate reduction

2202.06075 (£ + pF™))

191103947 (2))

CMS-PAS-EXO-18-002 (dE/dx)

0.010

0.100 1.000 10.000
Mass Scale [TeV]

T ——————————
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Why Anomaly detection ? 3¢ Fermilab

« Main objective of a trigger: Manageable rates, Sensitivity to BSM / rare SM

* Discard typical events, Retain only interesting (atypical) events

* New Approach: Anomaly Detection Q Simple

S Kinematic cuts Anomz.lly

* High sensitivity, model agnostic _:é) Detection
Q

. . . ° q)

* With Machine Learning @ LI trigger 2

* Trained directly on data (ZeroBias) '§
= Model Dependent

* Unbiased approach to capture new physics Triggers

Rate reduction
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Why Anomaly detection ? 3% Fermilab

« Main objective of a trigger: Manageable rates, Sensitivity to BSM / rare SM

* Discard typical events, Retain only interesting ( ) events
* New Approach: Anomaly Detection Q Simple

S Kinematic cuts Anom'flly

* High sensitivity, model agnostic _:é) Detection
Q

. . . ° q)

* With Machine Learning @ LI trigger 2

* Trained directly on data (ZeroBias) '§
= Model Dependent

* Unbiased approach to capture new physics Triggers

Rate reduction

« Two complementary approaches in CMS: ¢ AXO0! | TL and CICEDA

* Anomaly eXtraction Online Level-| Trigger aLgorithm Check out Andrew’s talk
for all Novel Run-3 Triggers

* Calorimeter Image Convolutional Anomaly Detection Algorithm
Abhijith Gandrakota
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https://indico.cern.ch/event/1291157/contributions/5876911/

Autoencoders 2% Fermilab

* Unsupervised ML algorithm to learn efficient encodings of backgrounds in data
- Encodes inputs to latent space, from these decoder tries to recreate input data

- Trained to have a minimal difference between the input and output

- For a typical event, the output will have a minimal error compared to input

\ / \ / N "/ \ / \ /
/ \ ~ ~ / \
\ / N\ / \ /
/ \ \ / / \
\ / / \ \ /
/ \ \ / / \
) ( < ) ) {
\ / / \ \ I\
N ;N /o ~_\ /N /
/ \ /- ~ _\ / \
/ \ / — -~ \ / \
/ \ /_ —— ——= N / \
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Autoencoders 2% Fermilab

* Unsupervised ML algorithm to learn efficient encodings of backgrounds in data
- Encodes inputs to latent space, from these decoder tries to recreate input data

- Trained to have a minimal difference between the input and output
- For a typical event, the output will have a minimal error compared to input

- For a atypical event, will result in high reconstruction error!

\\\\ ////
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) ( X > ) (
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//// \\\\
& = |Ix — x|
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How do we train it ?

* Learning typicality : By training on Zero Bias dataset

RFAXOLITL

From calorimeter and muon trigger systems:

Pr n ¢
MET N/A
4ely
4p
10 jets

S

CICADA

CMS Preliminary 2023 (13.6 TeV)

S 3 S 3 3
Calorimeter Et deposit (GeV)

'
o

Objects : Jets(x10),ely (x4), u (x4), MET
Attributes: Pp, 7, ¢ in raw integer value

2= Fermilab

\\\\ ////
/ \ ~ -~ / \
A== I AN g AN v
\ / \ / \ /
/ \ \ /L / \

\ / / \ \ /

/ \ \ / / \

A ( o) {

\ / \ \ /

/ \ / \
I /- ~_ N \ /

/ \ \ - ~ / \
/ \ / /. Q) \ / \
\ / - ~ \ /

/ — - \
//// \\\\

Low level input :

Calorimeter towers, grouped as calo regions
Basically the energy pixels

Abhijith Gandrakota

10



How do we train it ?

* Learning typicalit

X AXO 1T

/\&{\\\;\\O&\
Pr n ¢
MET N/A
4ely
4
10 jets

CICADA
CMS Preliminary 2023 (13.6 TeV) /

v
o

B
o

10 11 12 13 14 15 16 17

i¢

0o 1 2 3 4 5 6 7 8 9

Calorimeter Et deposit (GeV)

—
o

0 1 2 3 4 5 6 7 8 9 10 11 12 13

in

2= Fermilab

( R s R
CSC RPC DT HBHE HF ECAL
TPs Hits TPs TPs TPs TPs
- J \ J
¥ v
Muon Link
Port Card Board
. J . J
] |
\ 4 Y Y
— r P - e W W = - - N
Layer 1 .' 1
CPPF TwinMux Calorimeter | ¢ Clc AD A :
Trigger [} »
_) _ s - - - 1 - - - -
- , o = = ~ . 1
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How do we train it ? 3¢ Fermilab

* Learning typicality : By training on Zero Bias dataset

X AXOITL

«y From Calo layer-2 and GMT:
e Objects : Jets(x10),ely (x4), u (x4), MET
dely Attributes: P, 7, ¢ in raw hardware value
\ \\\\\W—r. ,1—r///,/ ?\CM Y
BSM

New tools were developed for ML inference using FPGA:s.
NN can be implemented into hardware today!

o[

CMS Prelini oy

Low level input :

Calorimeter towers, grouped calo regions
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https://cds.cern.ch/record/2876546?ln=en
https://cds.cern.ch/record/2879816?ln=en

Shrinking the Autoencoders 3¢ Fermilab
RIFAXO ITL CICADA

 Uses variational autoencoder e Uses convolutional autoencoder

* |n training require the latent space is * Most suited for image like inputs
gaussian distributed ~ //(0,1)
* Knowledge distillation to compress the
* For atypical events from ~ #(0,1) autoencoder to a smaller model size

- Solution: Deploy only the encoder

—> u c 0 o
T o
'S ege e n L
3| Probabilistic . > 3 I E
= Encoder O | E N | ” . /”2
c “—*$§ . | 1 X X
,/ E ' ' E 15 Dense
O | I::f Dense
C 252
<
5 * Compressed model outputs the

Anomaly Metric = u reconstruction error

Abhijith Gandrakota 13



Shrinking the Autoencoders 3¢ Fermilab
¥FAXOLITL

e Uses variational autoencoder CMS Preliminary 2023 (13.6 TeV)
% . ‘ o scorecs | ]
o (@) 6 : - - score =25 |
Deploy only the encoder S10°F e e
E : - score = 1250
1051 —— HLS Emulation _
3 —— QKeras |
8 104? : E
> U = : :
- l
T O 0 E
') ey . wn F I
> Probabilistic = S
—> > ’
£ Hicoicr ¢ 0 10%F | |
< b
5 |
c F
< i3 R e e
IOI - lZSO 500 750 1000 1250 1500
, 9 ,_ AXOL1TL Score
Anomaly Metric = E U — ——

Different anomaly thresholds for
targeting different rates

CMS-DP-2023-079 Abhijith Gandrakota 14



https://cds.cern.ch/record/2876546?ln=en

Shrinking the Autoencoders 3¢ Fermilab
¥FAXOLITL

* Uses variational autoencoder * Preliminary physics performance
» Deploy only the encoder e Evaluated on H — aa — 4b MC
s
O
> U <
— G axo | kHz 5 kHz
=] N Probabilistic . >
= Encoder Y Signal
(q¥) ) )
| CE) Efficiency gain 46% 100%
-
<
: 2 : .. :
Anomaly Metric = Z u * Large increase in signal efficiency for a

small increase

CMS-DP-2023-079 Abhijith Gandrakota 15



https://cds.cern.ch/record/2876546?ln=en

o o * n
Shrinking the Autoencoders 3¢ Fermilab
XX AXOITL » YA

 Uses variational autoencoder

* Deploy only the encoder

Probabilistic
Encoder

Input
!

Anomalous or not

Anomaly Metric = Z ,u2

Abhijith Gandrakota 16



Shrinking the Autoencoders 3¢ Fermilab

XFAXO ITL o

T

’ -y
* Uses variational autoencoder = J"* WNNRT 7/

+ Deployonlythe e 15 do we deploy NN on FPGA? I V

! IA x7
Does it even work in a e
realistic setting 77 =~ e 4

Probabilistic
Encoder

Input
|

V
i
|
3
l

Anomaly Metric

Abhijith Gandrakota ' 17



Algorithm development 3& Fermilab

\

\_"‘-a
ZB - |
4 |
Train QKeras
his 4 ml

Evaluate QKeras

|
Plots
Thresholds
0 250 500 750 1000 1250 1500
[=
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Technical implementation

2= Fermilab

—_—

»  CMSSW Emulator |
(s i
UGT HLS fWk am ’ CMS 2023 HCAL Nzs }
Prelimina Run 368566 ‘
UGT HLS (C++) > B F' |
— L
‘ ‘°°&> § 0"’0\’? & & ¢ =
* 5 Model HLS (C++) L1 NTuples (W/TC) Eo g §
l»@}/ 0Jna11
Collisions T
Standalone uGT Test Crate

Emulator (Py)

Vitis™ HLS

CMS i 8882

N ot
|

22 2P ¢ o ¢ ¢ & P ¢ ¢ ¢

Abhijith Gandrakota
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RFAXOLITL @ LI Trigger 3% Fermilab

* Implementation of NNs @ LI FPGA
* Powered by hls4ml

e On XilinxVirtex-7 XCUP9P uGT
boards

— o
& 5

Needs ultra fast inference

=

CMS DP- 2023 079

‘Latency ’LUTs ‘FFs |DSPs |BRAMs

* Achieved inference time of 50

ns ! AXO 'TL §§§'§s 21% |~0 |0 0
. . CMS Preliminary 0.767 fb~1, 2024 (13.6 TeV)
« AXOL1TL trigger is successfully N R —
— 1065/ Fill 9707
integrated g — S o .
—— AXO Very Loose - * it
10°4 : 2?8 Il:lc:::?nal —
,1 —— AXo Tight A - \
. . . 1074 Ax0 Very Tight l
« AXOL1TL is collecting data in CMS ] e |
since last year !
10714
. o U®§®ﬁ@ﬁ®ﬁ ﬂwﬁ@®®® &®&@&®®®®®&@®®®@®®0 9®@
e Data collection started in 2024 Time [UTC]

CMS-DP-2024-059
Abhijith Gandrakota 20



https://fastmachinelearning.org/hls4ml/
https://cds.cern.ch/record/2876546?ln=en
https://cds.cern.ch/record/2904695?ln=en

o . 3 .
Triggering strategy ar Fermilab
* Triggers currently in place for AXOLITL, will be shared with CICADA soon!

* Collects high statistics samples of anomalous events in Run-3 !

HLT Usage

Masked Online Monitoring

Passthrough (scouting) Analysis

21

Passthrough (prompt) Offline Monitoring

e
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Preliminary Insights

* Purity of the Trigger:
Many events triggered by AXOLITL are unique

Mostly orthogonal to the current LI Trigger
menu

* Features of events selected:
Preference of events with high object multiplicity

Key in identifying certain BSM signatures
(eg: SUEPs)

CMS-DP-2024-059 Abhijith Gandrakota

2= Fermilab
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https://cds.cern.ch/record/2904695?ln=en

Preliminary Insights 3¢ Fermilab

* Preliminary analysis performed on fraction of the dataset
e Distribution of search variables
* |nvariant mass distributions of the objects recorded with Data Scouting

* No sculpting and nominal mass distributions: Ideal for BSM (/ SM) searches

CMS Preliminary 0.527 tb~', 2024 (13.6 TeV) CMS Preliminary 0.527 tb~', 2024 (13.6 TeV) CMS Preliminary 0.527 fb~!, 2024 (13.6 TeV)
-'(2 § 1 1 1 | 1 1 1 | T 1 1 1 | 1 1 1 | T 1 1 1 | LI B -se 1 07 [ LI T T | LI T T | LI T T | LI T T | LI T T - U) 7 B T T T T T T T T T T T T T T T T T T T
S Run 380470 c | Run 380470 | £'%% Run 380470
T — JetHT 1 m109F — JetHT 4 ol — JetHT :
| Double Muon - : Double Muon ] Double Muon ]
10 3 — AXO Nominal - 10% — AXO Nominal 105k — AXO Nominal -
: — AXO Tight - - — AXO Tight § E — AXO Tight ]
104 104 ‘ E !
®, <o 10% S
10 109 10%
102} 102} 102}
107k J 107f 10" .
ol : of 0 _
10§\JJJIJJ]]II] WI‘WMMI{} |[|]||||§ 10§| L |||||-|-I| AT NN R N ST N RO N A | MR |§ 10;' L . | - 'I ||| 'I-ITh' l L | - - Jg
0 500 1000 1500 2000 2500 3000 0 100 200 300 400 500 0 200 400 600 800 1000
MHLT Scouting Jet, HLT Scouting Jet [G eV] MHLT Scouting Muon, HLT Scouting Muon [GeV] MHLT Scouting Photon, HLT Scouting Photon [GeV]
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https://cds.cern.ch/record/2904695?ln=en

How does anomalous event look like ?

CMS Experiment at the LHC, CERN
Data recorded: 2023-May-24 01:42:17.826112 GMT |
Run / Event/LS: 367883 / 374187302 / 159 &
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https://cds.cern.ch/record/2876546?ln=en

Summar)/ # Fermilab

* Anomaly detection great at improving efficiency to all new physics, even at low rates
* Cuts the rate down, but stays sensitive to BSM / Rare SM physics

* Will significantly expand the reach of current L1 Menu

AXO! 1TL and CICERDA

* Two complimentary approaches =%

* Enabled by huge support from L1 Trigger community!

ZPAXOLITL is running on CMS Trigger and collecting data

* Demonstrated how to implement AD in a highly resource constrained environment

* Rich insights for developing triggers for HL-LHC

CMS taking bold steps and entering a new triggering paradigm

Abhijith Gandrakota o5



Thank you !



