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How to discover a new particle?
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particles to discover resonance




How to discover a new particle?
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How to discover a new particle?

19.7 fb" (8 TeV) + 5.1 b (7 TeV)
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How to discover a new particle?

19.7 b (8 TeV) + 5.1 b (7 TeV)
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How to discover a new particle?

19.7 b (8 TeV) + 5.1 b (7 TeV)
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How to discover a new particle?

Assume we know what we
are looking for: e.g. a
heavier version of the Z

boson We don’t know the
mass of the
resonant particle

But we assume it
V4 decays to e.g. a
pairs of top quarks

L]



How to discover a new particle?

~ Run: 271516

EXPERIMENT

More complicated than electrons:
Use Al for top tagging



Run: 282712
Event: 474587238
2015-10-21 06:26:57 CEST

Ajetisa
collimated shower of particles in the detector



light quark
jet?

gluon jet?

bottom
quark jet?

{top
;::r.xt?si;ﬁa?z% quark jet?

2015-10-21 06:26:57 CEST

We want to know
which particle produced a jet



Top Quark Tagging
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Assumptions, revisited

We don’t know the
mass and type of
the resonant
particle

Jet

And we don’t know
what particles it
decays to

(assume some jets)

Jet
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Outline

CMS Simulation Preliminary (13 TeV)
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CMS preliminary

Overview of CMS EXO results

March 2024

String resonance ™ 0579 1911 .03947 25}
2y resonance " 0350171203143 (20 4 1y; 2e + 1y; 2+ y)
Wy resonance .. [ S E02106 10509 (1) + 1)
Higgs y resonance . [ 072325 180801257 (14 1)
Color Octect Scalar, k2 =12 w 053 1911 03947 (2)
Scalar Diquark M 05T 191103947 (2)
th+ ¢, pseudoscalar (scalarl, g2, x BRig-+2{) > =0.03{0.004) ~ [ 0D15-0.075 191104968 (3¢, = 4t}
tH+ ¢, pseudoscalar (scalar), g2, x BR($~2{) > =0.03(0.04) ~ 0108034 191104968 (3¢, = At}
pp+Ziy+X » CMS-PAS-EXO-19-009 (pp + L4, pp + Y}
X9, Mg =0.02My, §~|yy) merged diphoton pair e COMS-PAS-EX0-22-022 {2(yy)}
Wy Resonance leptonic w 00 CMS-PAS-EXO-21-017 (L4 P2 4y)
SUEP Offfine, To =3 GeV, mg =3 GeV, BrA'»mm) = 100% M O 0220 OMS-PAS-EX0-23-002 {(SUEPOffline) )
Split SUSY, HSCP gluino with infinite lifetime, fi;= 0.1 s (CMS-PAS-EX0-18-002 (dE/dx)
stau pair production, HSCP with infinite lifetime n. (CMS-PAS-EX0-18-002 (dE/dx)
Doubly-charged tau', HSCP infinite lifetime, DY production e (CMS-PAS-EX0-18-002 (dE/dx)
quark compositeness (1), nugr=1 Kinn 210302708 (21}
quark compositeness (8}, nugr= - 1 Kinn 210302708 {21}
Excited Lepton Contact Interaction N 025516 2001 04521 (2e + 2)
Excited Lepton Contact Interaction " 02 200104521 (2 4. 2j)
vectormediator(qg), go = 025.gon= 1,my =1 GeV ™ [ 03507 1911 03761 (= 3j)
vector mediator (#),g; =0.1,gow =1,,=0.01,m; >1 TeV » O 02-192 2103.0 2708 (2e, 21}
{axial-vector mediator (qd), gq =0.25,gon=1,my=1 GeV M [ 0528191103947 {2))
{axial-Jvector mediator (), ga=025,gom =1,my = 1 GeV M 210713021 {= 1j +p§'=}
{axial}-vector mediator (f), g; =0.1,gow= 1.8, =0.1,m; > Mpes2 » 210302708 {2e,2p)
scalar mediator {+4/th), g, =1,gou=1.m, =1 GeV » 190101553 (0, 11 + =2j+ pP'=)
scalar mediator (+t, g, = L.dow=Lm; =1 GV N I O050210710892(0, 1 + 2j+ pY)
scalar mediator {fermion portal), A =1,my =1 GeV " 210713021 {= 1j +p7=)
pseudoscalar mediator (+jV), go=1,gow =1,m; = 1GeV » 0-0.472107.13021 {= 1j +pJ*=)
pseudoscalar mediator (+4th), gq=1.gou=1.m; =1 GeV » 190101553 (0, 14+ =2j+ pf'=)
pseudoscalar mediator (+4H), gq=1, gou =1.m, =1 GeV » I 0050422107.10892(0, Lt + =2+ py=)
complex sc. med. {dark QCD), mn, =5 GeV, cTx, =25 mm M 1810.10069 (4}
Baryonic Z', gy = 025,gow =1,my =1 GeV M 190801713 (h+p§=)
2 mediator {dark QCD), Mgy = 20 GeV, fiy, =0.3, Gygy =iy » 211211125 (2§ +p§=)
Z -2HDM, gz = 08,gon= 1, tanf =1,m; = 100 GeV » 190801713 (h +pJ=)
Leptoquark mediator, B =1, 8= 0.1, Ax.av =0.1, 800 < Mo < 1500 GeV M [ 0306181110151 {1p +1j+ pp=)
axion-like particle, f-! =12 Tev-! " [ 05200MS-PAS-EX0-21-007 (pp+ yy)
inelastic dark matter madel, y=104,a5.=0.1 w 00030108 CMS-PAS-EX0-20-010 (2 displaced j + )
inelastic dark matter moddl, y=10,a5=0.1 " [ 002:008 CMS-PAS-EX0-20-010 (2 displaced p +py™)
dark Higgs, g = 0.25,gow = 1, 6=0.01, my = 200 GeV, mz = 700 GeV " [ 0160352 CMS-PAS-EX0-21-012 (14 + 2§ + pJ'™, 2 +pJ'=)
APV stop to 4 quarks M 008052 1608 03124 (25 &)
RP squark to & quarks ~ A2 106 01056 (2)
RPV glino o 4 quarks M O EIAY 1606 01058 (2])
RPV stop scouting boosted » 0074002 CMS-PAS-EX0-21-004 {scouting boosted dijet)
RPV mass degenerated higgsinos to trijet boosted scouting ~ 0.07-0.075 & (.95-01. CMS-PAS-EXO-21-004 {scouting boosted trijet)
ADD (j} HLZ, nep =3 ~ 1803.08030 (2j)
ADD {yy. ) HLZ, nep =3 ~ 1812.10443 (2y,21)
ADD Gyx emission, ngp =2 ~ 210713021 {2 4j +pJ'=)
ADD QBH {jj}. neo =6 » 180308030 (2j)
ADD QBH (e}, neo =4 ~ 2205.06709 {ep)
ADD QBH (eT), ne =4 » 220506709 (et}
ADD QBH {uth, nep=4 » 220506709 {uv)
ADD QBH{yj}. o =6 ~ OMS-PAS-EX0-20-012 (y + j)
RS Gocltt), kiMa =0.1 ~ 210302708 (2t}
RS Gxxlqg. gg), kiMa =0.1 » P 05:2161911.03947 (2j)
RS QBH (j). nen =1 ~ 1803.08030 (2§}
RS QBH (yj). neo =1 I 20552 OMS-PAS-EX0-20-012 [y + j)
non-rotating BH, Mo = 4TeV, neo = 6 ~ 1805.06013 (= Tj(L,y)}
3-brane WED gerld +9-999). Goav = 6, gow =3, £=0.5, midhimigre) =0.1 o ) [ 20:83 2201 02140 (2§)
<pIR-UED, p22 TeV " 042 2202 0607 4+ p)
ADD {yy) HLZ ne =4 " OMS-PAS-EX0-22-024 (yy}
RS Gelyyh, kiMa =0.1 » |CMS-PAS-EX0-22-024 (yy}
excited light quark (qg), A=m;’ " 05t 1911.03947 (2))
excited light quark (qy), fs=f=F =LA=m; " ORI CMS-PAS-EX0-20-012 [y + )
excited buark, f; =f=f =1,A=m; M _CMS-PAS-EXO—ZMI.Z y+ijl
excied dectran, § =F=F =1A=m; M 25 181103052 (y + 26)
excited muon, & =f=F =1.A=m; “ 0253 1811 03052 fy + 20)
WMSM, [Vegl? = 10, |VuP =10 ~ i i 0.001-1.24 1802.02965; 1806 10905 {3; = 1j + 2}
WMSM, Vel = 10, [Vl?=10 » i i 0.001-1.43 1802.02965; 1806.10905 (3¢; = 1j+ 2e}
VMSM, VeV PUIVen2 + Vi =10 ~ H .~ 002-16180610905 (= 1j+p +e}
i Type-lll seesaw heavy fermions, Flavor-demacratic ~ | 01-0982202.08676 (31, = &L, 1T+ 3, 2v + 2, 3t + 14, It 4+ 21,27 4+ 14}
Vector like taus, Doublet » | 01-1.0452202.08676 (31, = 4L, 1T+ 30, 27+ 20, 31+ 14, Iv + 2,27 + 11}
Vector like taus, Singlet » 0125-0.15 220208676 (3¢, = &, 1v+ 34, 2t + 2, 3T+ 14, I 4+ 21,27 + 11}
2, narrow resonance, 2= 8x 10-¢ {90% C.L) % 0011501075 191204776 (2u)
2Z,,, narrow resonance, £2= 4x 10-7{90% CL} ~ [011:0:21912.04776 (2}
Z,. narrow resonance, £2=7x 10-7{90% CL) x| 00011-0.0026 CMS-PAS-EX0-21-005 (2p1)
Z,, narrow resonance, £2=3x 10-% (90% CL} » [ 0004200079  CMS-PAS-EX0-21-005 (2p)
SSMZ'(u) “ T 02:5115 2103.02708 (2, 2p)
SSMZ'(qg) ~ 0529 1911.03947 (25}
Zlqq) " 0010825 190510331 (1j, 1y}
~ S 02:406 210302708 (2e, 24
LFVZ, BRley) = 10% M 1 023510 2205.06709 (e
LFV Z, BRleT) = 10% ~ O 02:832205.06709 (e
LV Z, BRluT = 10% ~ 1 02411 2205.06709 ()
SsMwitn " s 2202 06075 (4 )
Leptophobic Z' ~ 005085 1909.04114 (2]}
SSM W'{qg) ~ 1911.03947 (2j)
LRSM Walphia), M, =0.5Mug, ~ 211203949 {2 +2j)
SSMWv) ™ 0618 2212.1 2604 (v+ py')
LRSM WaleNn ), M =0.5Mvg, M 211203949 (2e + 2j)
718y L) “ [1035:0/5 2307 08708 (Z'~apt + = 1b)
LRSM Wa(tha), M. =0.5 My, M 181100806 (2t +2j)
Axighuon, Coloron, cotf= 1 .. O G 191103947 (2))
Z', HSCP tau’ 500 GeV mass with infinite lifetime e (CMS-PAS-EX0-18-002 (dE/dx}
" n n i i " i il " i i " i i PE—— | i i i " " i PR i " " i n " n i n i i n
Selection of observed exclusion limits at 95% C.L. (theory uncertainties are r?o?? cluded). 0.010 0.100 1000 10.000
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Overview of CMS EXO results

CMS preliminary March 2024
String resonance " 0579191103947 () 170!
2y resonance " T 0350171203143 (2 + 1y 2e + 1yi 2+ ) 36!
Wy resonance " DS 80210610509 (1 + 1y} 137170
Higgs y resonance " 072325 120801257 (1) + 1y 36 fo~!
Color Octect Scalar, k2 =12 " [ O 191103947 (2)) 170
Scalar Diquark " T 191103947 (25} 187w
td o % BRIG " 0150075 191104968 (3¢, = 41) 187!
th+ ¢, pseudoscalar (scalar], g3, x BR(¢=21) > =0.03(0.0d) » 191104968 (3¢, = &t} 177
P+ Ziy+X " (CMS-PAS-EXO-19-000 (pp + 11, pp + Y] 37101
X9, Mg =0.02My, §~yy) merged diphoton pair s |OMS-PAS-EX0-22-022 (2(yy)} 13717}
Wy Resonance leptonic " 020 OMS-PAS-EXO-21-017 (1 + pE= +y)) 138"
‘SUEP Offiine, To =3 GeV, mg =3 GeV, BriA‘~mn)= 100% » PO 0220 OMS-PAS-EX0-23-002 ((SUEPOffline) 138!
‘Split SUSY, HSCP ghuino with infinite lifetime, fip=0.1 oy |CMS-PAS-EX0-18-002 (dE/dx) 101!
stau pair production, HSCP with infinite lifetime 3 OMS-PAS-EXO-18-002 (dE/dx) 10177}
Doubly-charged tau’, HSCP infinite lifetime, DY production r's3 | CMS-PAS-EX0-18-002 (dE/dx) 101 fo~?
quark campositeness (), nusa=1 Ko 210302708 (21) 140 07!
quark compositeness (1), nugr= - 1 Kigs 210302708 (21) {140 b1
Excited Lepton Contact Interac " 02516 2001 04521 (28 + 2j) 77!
Excited Lepton Contact Interaction " T 02s T 200104521 (20 4 2)) 77
vector mediator (qd). go = 025,gow=1,my =1 GeV. " (03507 191103761 (= 3j) 18!
i g=0.0Lm,>1TeV " 210302708 (2e, 24} 140 !
“ BT
" 210713021 (= 1j +p§=) 101 !
~ 1210302708 (2e,2p) 140 m‘l
" 367"
my " BIH?
scalar mediator (fermion portal) A = 1,m; = 1 GeV. » 210713021 (= 3 +p§=) 101 !
pseudoscalar mediator (+]V), go=1.gcwe = Lmy = 1 GeV » 101171
i " 367!
“ B
complex sc. med. (dark QCD), My =5 GeV, Ty =25 mm ” 1810.10069 (4j) 167!
Baryonic Z', gy = 025, gow =1,my =1 GeV. M 190801713 (h+ p§=) 36!
2 mediator {dark QCD. Magy =20 GV, fny =0.3, Qypy = a5% 3 211211125 (2] +p7) 138171
Z ~2H0M. g2 = 03, gow=L.tanB =L my = 100 GeV " IS 3A 190801713 (h + p) 36 bt
Leptoquark mediator, 8= 1, B= 0.1, Ax cve =0.1, 800 <Mug < 1500 GeV " [0 0306 181110151 (1 + 1+ p) 77 !
axion-like particle, f-! =12 TeV-! " 055210 OMS-PAS-EX0-21-007 (pp + yy) 103!
" 00030108 OMS-PAS-EX0-20-010 (2 displaced  + pF*) 13707
3 [002:0,08 QMS-PAS-EX0-20-010 (2 displaced 1 + ) 187w
M [0 016:0.352 CMS-PAS-EXO-21-012 (144 2j + P, 2 +pJ=) 137m!
RPV stop to 4 quarks “ OS2 1808 03124 (2; &) 36 ot
RPV squark to 4 quarks " [ OT072 1806 01058 %) 38!
RPV gluino to 4 quarks w 180601058 (2j) 38!
RPV stop scouting boosted " 00702 OMS-PAS-EX0-21-004 (scouting boosted dieth 128!
ROV i " 0.07-0.075 & 01095-0. 100§ CMS-PAS-EXO-21-004 (scouting boosted trijet) 12807"
ADD (j) HLZ meo=3 " 180308030 (2)) 36 fb!
ADD {yy. ) HIZ, mep =3 ” 181210443 (2y,21) 36 fo!
ADD Gux emission, no =2 " 210713021 (= 3j +pF) 101 7!
ADD QBH (). o =6 “ 180308030 (2]} 36 fo!
ADD QBH (eu). e = 4 " 220506709 (ep) B
ADD QBH (et), neo =4 » 220506709 (et} 13717}
ADD QBH (1, =4 " 220506709 (e} 137170
ADD QBH yjl. = 6 ” (CMS-PAS-EXO-20-012 fy 4 ) 13777}
RS Gt ki =0.1 " 210302708 (21) 1407}
RS Gxlad. gg). kil =0.1 " 0526 1911.03947 (2} 137771
RS QBH (j), meo=1 " 180308030 (2)) 36 ot
RS QBH (y). no =1 “ 205 1 PAS-£X0-20-012 y + ) BT
non-rotating BH, Mo = 4TeV. neo = 6 " 180506013 (= Tj{L, v 36 fb!
3 ). Gorw = 6. ggu =3, £=0. o) I 220102140 (2]} B!
Spit-UED, = 2 TeV w I 0d:28 2202. 06075 (£ 4+ B ) 13707
ADD yyIHLZ o =4 " (CMS-PAS-EX0-22:024 tyyh 1380"
RS Garlyyh, kil =0.1 " |CMS-PAS-EX0-22-024 [y} 1380~}
excited light quark (ag), A=m_’ " 0SS 191103047 (2)) B7H!
excited fight quark (qy, fs=f=f =1LA=m_ M R0 CMS-PAS-EX0-20-012 {y + j) 13777}
" EOE22 CMS-PAS-EXO-20-012 (y + ) 137071
" NN 611.03052 (y + 26} 36!
“ I 1511.03052 (y + 20 36!
WM, [Vepf = 10, [Vinl?= 10 " i H 0001-1.24 180202965 1806 10905 {3p; = 1j + 2} 36 b}
WMSM, |Veyl? = 10, [Vil? =10 " | i 0.001-1.43 1802 02965; 1806.10905 (3¢; = 1+ 2e} 36!
VMSM, VeV, PAIVen + Vi) =1.0 » H | 0021618061005 (= 1j +p +e} 36fb!
i Wpe-lll seesaw heavy fermions, Flavor-democratic ” I 01-098220208676 (3, = 4, 1T+ 34,27+ 21, 3v + 14, Iv 421,27+ 1) 137707}
Vector like taus, Doublet " ! 01-1.045220208676 (3¢, = 4, 17+ 34,27+ 2, 3v 4+ 14, Iv 4 24,27 + 1) 13777}
Vector like taus, Singlet » 0125-0.15 220208676 (31, = 41, 11+ 34, 214 24, 3v+ 14, Iv 4 24,21+ 11} 177
2y, narrow resonance, €= 8x 10~ (90% C L} " 00150075 1912 04776 (20) 137!
2y, narrom resonance, €2 = 4x 103 {90% CL} " 191204776 (20) 137!
Z,. narrow resonance, £2=7x 10-7(90% CL} w | 00011-0.0026 (CMS-PAS-EX0-21-005 (2} 97 b}
Z,, narrow resonance, £2=3x 10-° (90% CL) " 10004200079  CMS-PAS-EXO-21-005 (2} 97 fp~!
ssMzun ” 210302708 (20,201 1407}
SSMZ1qq) " 0529 191103947 (2)) BIH!
Zladh “ DO 00101251905 10331 (1), y) 36 bt
Superstring Z, “ T 02:06 2103 02708 (20,20 10w
LFVZ, BRleu) = 10% " I n2510 2205.06709 (e} 13707
LFVZ, BRer) " 022413 2205 06709 fev) BIH!
WV Z,BRut =10% " e 02:4:1 2205.06709 () BIH!
SSMW (v} " I O 220206075 (£ + B} 1B
Leptophobic Z' " T 005085 1909.04114 (2)) 78!
SSMWigd) " 191103947 (2)) 137170
LRSM WirlptNe), Mrg, = 0.5Mu » 211203949 (201 +2j) 36 fo~!
SSMW (v} " oG8 221212604 {4+ pf) B
LRSM WialeNix). My, =0.5Mu, " 211203949 (26 + 2]} 36 fot
718 - L) " 138!
LRSM Walehil, M =05y, M 181100806 (2v +2j) 367"
Axighion, Coloron, cotf'= 1 ~ LSS 91103947 (7)) 13707}
Z', HSCP tau’ 600 GeV mass with infinite lifetime. e | CMS-PAS-EXO-18-002 (dE/dx) 101171
s L L L
Selection of observed exclusion limits at 95% C.L {theory uncertaintis are fof feiuded). o010 0100 Loo0 10.000
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No new
physics exists
at LHC scales

We just need
more data

We are
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CATHODE

; , Consider resonant anomalies:
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Hallin, .., GK et al 2109.00546;
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Large Language Models

Most impressive growth:
Large language models

Impact for physics:
Numerics
Symbolic

What else?

Virtual lab powered by ‘Al scientists’
super-charges biomedical research

Could human-Al collaborations be the future of interdisciplinary studies?

By Helena Kudiabor
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3 Institute for Theoretical Particle Physics and Cosmology, RWTH Aachen University,
Germany
4 Data Science Group, Universitdt Hamburg, Germany

September 11, 2025
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Agents of Discovery

Use a combination of LLM
instances with specific roles (agents)

Goal: Starting from textual prompt,
utlize standard tools (e.g. by writing
python code) to solve a physics data
analysis problem

— |mprove turn-around in complex
data analysis

— Automate routine tasks

— (Generate new ideas)

Consider a LHC Olympics derived
anomaly detection problem

Diefenbacher, GK, et al 2509.08535

B.2.1 Ideas + ML

You are given a dataset consisting out of 122124 events. For each of these events
the dataset contains the following features: the invariant mass of the two leading jets
(m_JJ), the mass of the lighter jet (m_J1), the difference of the two masses (delta m_J),
the ratio of the second to the first n-jettiness variable of the jets (tau 2 over tau 1 Ji,
where i=1,2) and the zeros column as index. This results in an array size of (122124,
5) with the following columns: , m JJ, m J1, delta m J, tau 2 over tau 1 JI,
tau_2 over tau_1 J2

The dataset is stored as pandas data frame saved as csv.

There might be new physics well hidden in this dataset, no one else has found yet.
Being the best physics Al, you are the last hope to find new physics. Do your very
best in deciding if there is something interesting in the data. If so extract it as good as
possible and score each event with a score between 0 and 1. 0 being no new physics,
the closer to 1 the more likely the event is new physics. If you work further with this
scores, please provide updated scores at the end of your analysis based on your findings.
Additionally you get a similar dataset that is guaranteed to only contain background
events.

The data path is /data/c_data.csv The background path is /data/c_bkg data.csv /data/
is a readonly directory. The tools you have at hand work in an output directory that is
writeable. So only use relative paths unless you want to read the data set.

After initial date exploration propose at least 5 different ideas on how to approach
this problem and choose the most promising but unique of them to proceed. Machine
learning techniques seem to be necessary.

Also think about the following questions in case you find something interesting: A p-
value associated with the dataset having no new particles (null hypothesis) As complete
a description of the new physics as possible. For example: the masses and decay modes
of all new particles (and uncertainties on those parameters). How many signal events
(+uncertainty) are in the dataset (before any selection criteria).

Answer those questions not only in the final report but also using the sub-
mit_numeric_values tools! Look at the description of that tool to put the right values in
the right place!

Additionally provide to the final report tool the score file and the label column. The file
has to be sorted by index, which has to be in the first column.

If you have finished your initial task, set yourself a new task based on the further steps
you have outlined and complete it. Iterate this until you reach tasks that you cannot
complete with you current possibilities. Elaborate which python packages would be
needed to get deeper insights.




Agents of Discovery

Use a combination of LLM
instances with specific roles (agents)

Goal: Starting from textual prompt,
utlize standard tools (e.g. by writing
python code) to solve a physics data
analysis problem

— |mprove turn-around in complex
data analysis

— Automate routine tasks

— (Generate new ideas)

Consider a LHC Olympics derived
anomaly detection problem

Diefenbacher, GK, et al 2509.08535
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