Introduction to Data Analysis at CMS
concepts examples, how-to-s & more

Antonis Agapitos
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CMS

Outline: In this talk

Break

1. Intro: CERN, LHC, beams, & collisions

2. Detector basics, physics objects, & Trigger

3. The Physics objects we use: e, |, T, jets, Y, “MET”

4. LHC collisions’ kinematics & variables

5. CMS PAGs & POGs, overview

6. What is data analysis¢ The concept of Signal & BKG.

/. Measurements & Searches

8. Resonances: examples

Q. Production modes & BRs

10. How to... (read plots, pulls, limits, ROCs, etc.)

11. Jets reconstruction, clustering, substructure, & tagging

12. The taggers we use (DeepAKS, Particle Net, Part. Transformer)
Analyses Examples:

1. Search with 4 jets in 2 pairs, prediction with parametric fit

2. Search in diphoton spectrum (reso & non-reso cases)

3. Search for resonant X>gWW in fully hadronic mode.

- Selection, binning, data driven prediction, post-fit results, etc
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CMS

CERN'’s Accelerators complex LEP/LHC

* LINAC2 250 MeV

* PS-Booster =21.4 GeV (0.16 km)
* PS-Rink 226 GeV (0.63 km)
.« SPS 450 GeV (7 km)
. LHC >7 TeV (26,7 km)

CNGS

b p (proton) PP (antiproton)
p ion =<4~ proton/antiproton
p neutron p neutrino

EastArea

BOOSTER  SOL0E

——
9 ~" " Bunch Cross e 2beams x7 TeV = 14 TeV, L~ 1034 sec’'cm™2
0 g * ~2800x2 proton-bunches, 25ns, 7.5m spacing, 7.5
s 2 Proton Collision cm length, 1 mm (16 um) width
VR Parton Colisions « 4 collision points: ATLAS, CMS... PU~25--80
8 By b b e 40 M bunch-x-ing/sec 2 800 M pp collisions
(Higgs, SUSY, ....) *  Physics on: pp, p-Pb, Pb-Pb
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Vacuum vessel

Alps. /
= f Thermal shield
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= % Superinsulation

e
ATLAS |,

Shrinking cylinder / Helium vessel

Main quadripole bus-bar

Magnetic insert

Iron yoke
Non-Magnetic collars
Superconducting coils

Main dipole bus-bar

Thermal shield

* 40-175 m bellow ground
* 1232 dipole magnets ~ars
* 392 quadrupoles Auitary bus-bar
*  2x8 RF-cavities
* Revolution freq: 11.3MHz,

* B=833T ’ Bunch of 10'" protons

° ~
I .I 2500 Ampere’ 09-Aug-2022 19:58:44  Fill #: 8113 Energy: 6800 GeV I1(B1): 2.41e+14 1{B2): 2.37e+14
ATLAS ALICE CMS LHCb

o q
NbTi SUpercondUCfor Experiment Status STANDBY

° T = ]9 K = _27] 3 CO (He) Instantaneous Lumi [{ub.s)"-1] 15769.353 8.479 15462.443 329.060

Heat exchanger tube

CryoLine (QRL)

Bunch of 10'! protons
Beam 1, anti-clockwise

BRAN Luminosity [{ub.s)™-1] 0.0 8.8 0.0 293.3
° V ~100 nP ~ Fill Luminosity (nb)~-1
qacuum nra - ill Luminosity (nb)~- 52315.465 30.874 51219.820 1126.716
Beam 1 BKGD 4.753 1.903 10.206 0.195
Qo
e 4 CO”ISIOI’] P- ) 4 Exprms Beam 2 BKGD 4.531 2.236 12.930 3.227

Beta* 0.33m 10.00 m 0.33m 2.00m

Crossing Angle (urad) -160(V) 200(V) 160(H) -200(H)

bunches
LHCb VELO Position Gap: 53.9 mm TOTEM:

2.5E14+ L

protons o000
> 214 5000 3
. 2 2
o a d 4000 3
Interaction ¢ 1.5E14 5
Poirt & o 3000 g
partons B | 2000 &

{(quarks, gluons) BEL 1000

‘ : - . : - r 0
Relative beam sizes around IP1 (Atlas) in collision 20:00 23:00 02:00 05:00 08:00 11:00 14:00 17:00 3

— 1{B1) — I(B2) — Energy



CMS

Collisions at the LHC: summary |

Proton - Proton 2808 bunch/beam
Protons/bunch 10"
Beam energy 7 TeV (7x10'2 eV)

Luminosity 10%cm2s™!
;:.j: ad 3 N 4 Crossing rate 40 MHz
Via? T¥e g s 7 proton 1 proton 2
Proton %
O
Parton

(quark, gluon) c\‘ '

b il | Higa New physics rate ~.00001 Hz
Particle - o - Event selection:
jet% \‘jet e Susy.... 1in 10,000,000,000,000

While the protons have 7+7 TeV energy, the partons have a small fraction of that,
—> the parton interaction has energy about an order of magnitude lower than 14 TeV

19/1/25 Data analysis/Searches - Antonis Agapitos, CMS winter camp25 4



11

Realistic
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picture” of the collisions at CMS
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<p> =52

<w>=46 |7
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https://cms.cern/collaboration/cms-institutes

CMS,

CMS overview

Pixel Tracker

—=

ECAL HCAL Cylindrical symmetry

5 Barrel Wheels
2 Endcaps

Endcap

( : ~_ Muon
( Chambers
] CASTOR

Endcap 3 T‘\ . M\~ | (location)

|

Cryogenics
Cooling System  Muon
Chambers

Iron Yoke
Magnet

Multipurpose experiment
Many sub-detectors
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CMS sub-detectors

VTA
ECAL

Pixel I
16 @)>
21
] SiStripg”//
> Tracker 4

ECAL”

Zd;( ~ n=-In[tan(6/2)] ‘Aizcsc HEF r-lj:l]“

Pixel & Silicon Tracker ECAL (e*y)
- 70M pixels. - 76k crystals PbWO,,. Solenoid Magnet, Iron Yoke
- “e-holes” pairs—=> signal. - Xo~0.9cm, In|<3. - NiTi, T~1.8K, I~19kA, B~4T.

- Inl <2.5, 2.4 (hits:] 0-1 3).

- V)
& Py 2
. S

Muon chambers:
- DTs, CSCs, RPCs, | n|<2.4.
- Argon-based gasses.

S, : o N
e g N

Photo multiplier

A0 B N HCAL (p*n,mKA...)
v\;_-;\ TR - HB, HE(16 leyers), HO, HF. Trigger: L1 2HLT>DAQ

Wy

) » mar e Il - Plastic scint.:Quartz fibers. - 40M—>40K>~100 ev./s
." ] % ’u:‘ - “‘.':. :: ‘{ - quss(CU-Zn) absorber - Store:Tier-0-1-2>GRID...
[ | .ﬂl.. ila‘.;v ny !3 ' - XO~] .5cm, | r] | <3.
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\lNlp

D F s > Ph bject e
1508 £ ossp E ——
g “g . OE/E ~pijet) \ﬁ OMET/ ME MET
g = PF-jet vs calo-jet | *% -i
€ Main Strategy: “Particle Flow”. % E folr: In|<1 5' | aefi ¢ meo:r-eit\;sl :?/I:n::t
- Input: vertexes/tracks/calo-clast. i N e M\\Q - ’
- Clustered to 5 type of particles: LI T o2 \\q\ﬂ\m-%
E T | -
y, et 1tt, had0, o'ozi_ L B RN 0 S :r:;_—. | 1;] 1iu ww
" p, [GeVic] True ET™* [GeV]
LEPTONS:
€ Muons [ pt ] (~stable, T~2 ps)
- Reco: Tracker & p-chambers info.
- Purity-Eff. enhance with cuts:
hits, Iso, d.,...
o |
+
P Muonp;: | AT
‘ Electrons [ ei’ ] - \ : 2:.;';;gv/c( I'l
- e* interact with tracker = radiates “y”. ‘ & L ‘,‘
e .
- Reco: ECAL & Tracker info. /’ ™ —
- Correct for brem-y > fit to get “e*”. IR —— Y e
- Reject y-conversion. i éxtrapolated zow )F/MfT
- Purity-Eff. enhance cuts: \ track \I(
X2/ndf, hits, Iso, d, .., E/p-match, E/H, Ad,,An;, i targets
—> Correct MC eff-SF. T %JZ§§V/ Jet

Run: 163385
Event: 82718301
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TARE
e
5

From signals - Physics object reco

LA Tae) HCAL
COMPOSITE OBJECTS AR = /(An)E + (Ag)? & Clusters

&

€ Jets = hadronized q,9
- Flow in cone: AR, n-¢ plane:

- Jet = “PF-objects” + clustering algorithm.
- “anti-k;”, R= 0.4 or 0.8 or 1.5.

® b-jetfs _..l.c\ | o
- b-hadrons: long-lived i =7\
- Fly ~mm. b>Wc/u | ’

1

- Produce “SV” in a distance from “PV”.
- Identify “SV” = build variables CSV—2> b-tag

I b quark
‘ MET [ b from gluon splitting
. [ c quark
- Momentum imbalance I uds quark or gluon
in “xy”-plane using all PF-objects: ’

CET = — Ziﬁ@ A B el k

Primary CSV b-tag dlscrlmmator

Vertex

17 Gk

(I will skip “y”, “t,”, g-tagger, t-tagger, performance plots & calibr. Technics)
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A}
Detectors
Digitizers .
e 40 MHz crossing rate. CMS BB LHC delivered: 389.35 i Run3
Front end pipelines 350} [0 CMS recorded: 359.01 fb™

300 |

*  We can’t record and store all... 250/

Readout buffers
200+

. o o 150+
We need to make a wise decision of Switching networks

which events to keep for offline analysis I

—> this is done by the “Trigger”

Total integrated luminosity (fb™

Processor farm 501,

EN2 AN aD B Wl aB a2 D A 'L q:b 'Lb‘
yaf‘ ye}(‘ 5@“ ya‘«" _\a(‘ NEIERTC AN ST AN ST Y- AR AR
Date

CMS trigger has two tiers: Run 3 pp data certification efficiency 93%
> Level 1 Trigger: 40 MHz = 100 kHz (reduction by ~400)
—> High Level Trigger (HLT) 100 kHz = 1000 Hz (reduction by ~100)

* Most of events are QCD (not interesting)

- CMS data flow (2018) — * Physics criteria on what to keep, like,
L Regular data stream: fompt. . .
= 1kHz eEuLEIon high energy leptons, MET, b-jets, H, ...
= |-
el Level 1
md  Trigger . [ i |
s Parking data stream: Delayed Year Standard rate [Hz] Parking rate [Hz] Scouting rate [Hz]
g s 100 kHz Eul r 1 kHz reconstruction
E :: information and 2011 100 - 400
8| fEschiion 2012 100 500 500
= i . No
- BRI = R | | | construction 2016 1000 500 500
— e — 2017 1200 500 4000
2018 1350 900 5000
| Discarded data | | Data reconstructed and stored at Tier0 |
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CMS

HLT paths & Trigger efficiency

. . HL-Triggers:
* In the offline analysis, we take : :
7 L ; « M: Single_Muon OR MET
data events from a “dataset « e: Single_Electron OR Photon
depending on what physics we do Ped [ Chaal | Duost | Tiggnas
. 2016 electron | SingleElectron | HLT Ele27 WPTight Gsf_v*
e.g., sing le u/e, phofon, JetHT, ... . OR HLT Ele115 CaloldVT GsfTrkdT v*
SinglePhoton | HLT Photon175.v*
Sample name u SingleMuon HLT Mu50.v* OR HLT-TkMu50.v*
/]etHT /Run2018 A-UL2018 MiniAODv2-v1 /IVHNI.AOD MET HLT_PFMEI'NOMU120_PF1:/IH'INOMu120_IDTight_v‘
/JetHT /Run2018B-UL2018 MiniAODv2-v1/MINIAOD el kS b b 0
/JetHT /Run2018C-UL2018_ MiniAODv2-v1/MINIAOD SinglePhoton | HLT Photon200.v* )
/JetHT /Run2018D-UL2018 MiniAODv2-v2/MINIAOD # L e LR
2018 electron | Egamma HLT Ele32 WPTight Gsf _v*
OR HLT Ele115_Calold VT GsfTrkIdT v*
* Each dataset can have events QL Ll s
SingleMuo: HLT Mu50-v* OR HLT-OldMu100-v* OR HLT-TkMu100_v*|
qacce pfed by several “HLT quhs"; " v HLT_PFMEINoMu120_PFNH{INoI\‘;Iu120_IDTight_V‘
Trigger name act. lumi  eff. lumi : T —an’”
HLT_PFHT1050 v* 59.96 59.96 Trigger “turn-on™ curves _
OR HLT PFJet500_v* 59.96 59.96 CMS Preliminary 2017 (13 TeV) Triggers:  [2016 DoubleEG data, 35.9 fb]
OR HLT_AKS8PFJet500_v* 59.96 59.96 é‘““, o ] + Use HLT_DoublePhoton60
8§ ggﬁgggﬁgggﬁmﬂig—“ gg-gg gggg g | . JotHT ot PS 1 "or” HLT_ECALHT800 for main analysis
et420_TrimMass30.v* . : £ ., Triggers(JetHT at i .
OR HLT AKSPFHTSO0 TrimMasss0 v+ 5996 5096 59 990 ) Use HLT_Ele27_WPTight_Gsf
OR HLT AKSPFHT850 TrimMass50.v* 5996 ~  59.96 I — for Z — ee control sample
OR HLT_AK8PFHT900_TrimMass50_v* 59.96 59.96 ol 1 (energy scale and efficiency measurement)
R 1 CMS Preliminary L =35.91b"' {s=13 TeV
. ---- = L R A AR R I
* Each event has HTL val. either 08 § 1 Peesseesergrgy TH o -
accepted (1) or rejected (0). — o os- i |
W | . ££ Usi * — HLT APriasoo " i eff.~100% for ]
° — _PFJet! ] H N
e evd UCﬂ'e trlgger eTrT. USlng L - :tl:ﬁﬁfl?:;:t:miTanassﬂo7 0.6/— EpT(VZ)>75 Ge __
0.4 —_ et rimMass30™| H
another orthogonal dataset - T T | - ]
—— HLT_AKSPFJet420_TrimMass30 A el i
fr( trigger) o T e e
e var = x,irigger 1 - HLTiAKEPFHTa&OiT:::M::::l)— 0.2/~ .
Nevents(var > x && trigger == True) I T RLT ASPRHTI00.TimMassso | Lo
= om0 L — — Py PP - AN B RPN TR IV PR W
200 400 600 800 1000 12 0 100 200 300 400 500 600 700
Nevents(var > x) Higgs candidate pr Subleading Photon p_ (GeV)

19/1/25 Data analysis/Searches - Antonis Agapitos, CMS winter camp25 12



* Natural variables would be: p, 6, @,... but...

* Longitudinal momentum & energy: p,, E, can NOT be used
- they are conserved, but are unknown
- particles close to beam axis escaping detection have large p,

* More useful transverse momentum: p;

pr = \/p; +p; = |p|sind

pp collisions’ kinematics

CMS

Pr

P
L

Parton CM (energy)’ —5 = x,x,s

* Lab frame # parton-parton CM frame CM
- additionally, p, E & 6, are NOT Lorentz invariant g* —
along z-axis boosts.
1. E+p. 1. 1+ fcosl
T TR L] i"E—ln—l)_':_ln ﬂ
. Rapidity “y 2 E-p. 2 1-pcosé
B—>1 (m << p,): 1
. Pseudo-rapidity “n” ,A_dvqntqge"'
o . _ . An is invariant under
(it is just a function of 0) n = —Intan—
2 z-axis Lorentz boosts
* Distance between 2 particles: AR = \/Arf + Ai¢quso an invariant.

- To take away: particles are described by pT, n, ¢ coordinates
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Kinematics & variables used (1/2)

l159%

1. Mandelstam invariant variables: (a) t-channel and (b) s-channel diagrams

s=(p1+ p2)2 = (p3+ p4)‘ (Er + E2)l + (p1 "‘52)27 contributing to Bhabha scattering in the SM.
t=(p1 —p3)* = (p2—pa)* = (E1 — E3)* + (P — Ps)?, ; °

W= (1 = (52— 2 = (Bs — P+ 5 — 7P ) - ¢
where in the relativistic limit ((p;/E;) — 1) turn to: » ¥

s = 2p1p2 = 2p3ps

t = —2p1p3 = —2paps ¢ & o .

= —2p1py = —2pop3
where momenta (p; = p!’) stands for the generic interaction “142—3+4"and thus p; + py =
p3 + ps. The /s is the total (initial and final) energy into the lab-frame; it is also true that:

s+t+u=mi+mi+mj+mi.

Transverse momentum: pr = \/m = |p| sin 6.
Transverse energy : Er = Esinf = pr(E/|p|).
Transverse mass (of a single particle): my = \/gm
Rapidity: y = 5 In[(E + pz)/(E — pz)].

Pseudorapidity: 7 = limyg/p) 1y = — In[tan(6/2)].

2 A

=~

Invariant 7-¢ solid angle: AR = /(An)2 + (Ag)2.

8. Four-momentum of a particle as function of different variables:

F(E,pz,py,p2): P* = (E; paypy.D2),
(mT Pzs Py y) p” = (mT cosh y; Pz, Py, MT smh’y),

f(mT pr. Y, @ ) pt = (mT cosh y; prcos @, prsin @, mTSil'lh?J)a
(

flm,pr,m, ¢): pt = (\/ m? + p2 cosh®n; pp cos @, prsin ¢, ppsinh 7).
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CMS

Kinematics & variables used (2/2)

9. Invariant mass of n particles: M = /(p}' +ph +... +ph)? = /(E1 + B2+ ..)2 — (py + P + ...)%

10. Invariant mass of 2 particles: M = \/E} + E3 + 2E,Ey — p; — p3 — 2Py * Pa.

11. Invariant mass of 2 particles for (E;/p;) — 1: M = \/2p1pa(1 — cos#).

12. Transverse mass of 2 particles: My = \/(El + E2)? — (Pr1 + pre2)?.

13. Transverse mass of 2 particles for (E;/p;) — 1: My = \/2pr1pr2(1 — cosd).

14. Transverse hadronic activity: Hp = Y, pr(jet[i]) (where the sum runs over all jets above some
thresholds, which in particular analysis are pr >30 GeV, |n| <4.5).

15. Hadronic recoil: Hp¥** = — 3", fy(jet[i]) where the sum runs over all jets. (Usually used in Z+jets

samples where is equal with the py(Z)). It is true that: |H7*5| # Hy due to the threshold(s)
imposed to selected jets in Hyp.

16. Transverse missing energy (or momentum): Vr = — >, pr(i) where the sum runs over, all
reconstructed objects: jets, leptons, taus, photons (without cut thresholds).
: | |
]‘]:0 41 — = —In(tang) = | ]
R 2 4 (6,m,) *
2 2 g
) 2 AR :
n=0.88 3 g s
H=90° /' : 0 ?
5 @ < A——
3 Olto,n) 2070, 9,
0=45° @
&~21 -2
c
0:00._»"‘]:& T [ L " PP :
Z-axlIs 0 nf2 n 0 05 115 2 25 3
6 (multiples of m) azimuthal angle ¢ (rads)
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240-  Show all Total Exotica Standard Model Supersymmetry Higgs Top Heavy lons

B and Quarkonia Forward and Soft QCD Beyond 2 Generations Detector Performance
N @M
180 - :

160 -

140 -

120 -

100 -

Physics program at CMS

e 1347 collider data papers submitted (as of 2025-1-1)
* Publication statistics Run2 not yet at plateau!
*  ~90 analyses in CWR or beyond, ~200 in AWG progress

https:/ /cms-results.web.cern.ch /cms-results / public-results /publications-vs-time /

* Physics Analyses Groups (PAGs)
- (BSM) Searches : SUS, EXO, B2G
- SM Measurements (mostly): SMP, TOP, BPH, HIG, HIN

600 —®- Run1:583
-e- Runl2:10 owmmne OO
soo| O Funz:63l
-~ Run3:1
400
300
200 -
100 1
B I S s Y

BPH

HIG
B2G

TOP
HIN

SMP

CMS titles

600 “Search”

52 “Observation”
21 “Evidence”

336 “Measurement
42 “Study”

"

o 8 b e .
g0 o s e
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https://cms-results.web.cern.ch/cms-results/public-results/publications-vs-time/

How is our community organized?

CMS organigram at Physics
coordination areas: POGs & PAGSs

CMS

Physics Coordinators

Physics Officers

Incoming M. Pierini x-POG: S. Pigazzini, J.R. VIimgnt
S R. Salerno Phys Comm: C. Lourenco, A. Jafari
Continuing Trigger: M.Tosi, J. Alimena
Shared groups
MC generators ely Muons SM Physics Higgs physics
M. Lu A. Kapoor L J.F. Schulte A. Gilbert L A. De Wit
B. Bilin R. Salvatico F. Primavera M. Pelliccioni E. Di Marco
Machine Learning Jets/MET B-tagging & Vtx Top physics SUS
J. Ngadiuba A. Kalogeropoulos i S. Mondal J. Kieseler e M. Masciovecchio
J. Duarte A. Benecke S. Wuchterl A. Grohsjean C. Caillol
Particle Flow Taus Tracking B physics EXO
S. Mukherjee D. Winterbottom i S. Krutelyov C. Rovelli i L.Soffi
R. Bellan A. Cardini K. Skopven D. Kovalskyi C. Pefa
Common Analysis Tools Luminosity Protons Heavy lons physics B2G
C. Langg A. Babaev 1 G. Gil da Silveira G. Krintiras 1 L. Gouskos
P. Lenzi F. Romeo A. Bellora J. Wang A. Reimers

19/1/25

POGs

>

Physics Object Groups (POGs)

PAGs

>

Physics Analysis Groups (PAGs)

Data analysis/Searches - Antonis Agapitos, CMS winter camp25
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CMS

Several SM measurements (summary)

June 2021 These are from SMP, HIG, TOP

— = t t
-Q E ? t ? t
105k Z/y
b B - i i
. Peking Univ. has . .
o 10%E njersy | Significant contribution: 2305.13439
@) 3. 1. SMP-13-012, CMS 138 16" (13 TeV)
+ - 2. SMP-13-009 i v | [ e
3 | 4 2 B 0.6
p 10°: 3. SMP-19-002, 4 % 05 oo
7)) - ¢ = |4 SMP-14-018/SMP-18-007/SMP-20-016, | |
) 102 N a=l 5 SMP-14-011/SMP-19-008 /SMP-21-011, ¥ T et — -
7)) E 3 { 6. SMP-20-001, - L anwesioamss ]
o - % 7. SMP-20-006, 2ss| - e
O 10 . 8. SMP-21-003, S -
- ~ Expected
C = 9. SMP-22-006 Combined ;-._ %ggzgxzupperlimit 495_3
@) B (these are analyses “code numbers”) TN A T P R N T
- — | - i 2 4 7 01234567
1 . 0 3 5 6
"6 g + . , ; . 5. /gh  Significance (SDs)
- n b= 5 T 78 /RN R
O4n-1L i - <
01 0 E - E
E - f ]
- N < i ]
2| 2@ - ] -
10 s i T f _1;.:‘ o |
3L LRE: ]
1073}
- - .

I I [ I I I I I I I I I I I
GIW GOZ WW oy SWW GZy QaWZ quEZ on Ty 1Zg HZ ty #W titt ggqggﬁ VHWHZH ttH tH HH
EW, Zyy,Wyy: fiducial with W—iv, Z—lI, I=e Th. Ac,, in exp. Ac

4
| [ | | [ I I I I I I I I I I I I I I I I I I I
10 W Z WTZ?WWZZZ VWY WWWWWZ Wzz zzz WVy Wyy Zyy EWEW T Ew Ew ew Ew ew t ot tWt

All results at: http://cern.ch/go/pN;j7
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined
https://arxiv.org/pdf/2305.13439.pdf

Excl. limits from several searches (summary)

e These are from B2G only (more here)

36 — 138fb~! (13 TeV)

bR s gAY - WY (G =0 1, A = aMx) My | PLBB26 1022) 130088 — 0711
E W gAY < WY (g = 0.1, A = aMg) MM PLB 826 {2022) 136888 o.n-1.4a
ZH = qqTT Mz MEP 01 (2029) 051 0.9 - 2.2 B 38fb
@ ZH = (18 voIbb Mo | EPIE 01 (2021) Gan > 36}
o | e t'E o tat : o008
- - - o " - L] el
R A | s > - tgtg, 1/ (spin-1/2) B2G-22-005

B2G-22-005

JHEP 12 (2021) 106
JHEP 12 (2021) 106
JHEP 12 (2021) 106
JHEP 04 (2022) 048
JHEP 04 (2022) 048

PLE 798 (2019) 134052
IER 00 (2018 101

PRO 106 (2022) 012008

EP 04 (2022) 087

Wire o1 (2019) o1

PLs 844 (2023 23713

PRO 105 (2022) 032008

PRO 105 (2022) 032008

WEP 07 (2022) 067

PRO 108 (2022) 012004

pEp 03 2039 051

2403 16926 sub_ ta Phys. Rep
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G

CMS

Analysis: Sighal & Background

* What is Data Analysis?
- The offline “Data Analysis” refers to the processing of real data (and MC simulated) events
(samples) in order to make physics conclusions. Examples will follow.

What is Signal (S) and Background (B)?
—> For each analysis there is a process which we want to study or search for, this is Signal (S).
Other SM processes which have similar kinematics and final state appear as Background (B).

* Every analysis has as common goal: to select Signal and reject Background.
This is done by exploiting kinematics and applying cuts on kinematic variables.

We optimize these cuts based on signal significance e.g. S/\/E (or others)

Finally, we count S & B events in some bins and make inferences on physics.

Two general types of analyses in HEP:
Background 1.

: SM Measurements:
hypothesis

We measure events of an existing physics process.

Density

Signal region

> (selected) 2. Searches for BSM physics:
We look for a process which is not predicted by SM
but from by BSM.

™
If such a process exists, it will appear as an excess of
=0 \PP\ events compatible with the BSM model simulation.
O -
Decision Test statistic
threshold
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CMS

Kinematics: Resonances ( particles)

e G
< = ; — Fit ]
p 12 ml % 40000 e Background 3
. > - =
Invariant mass of a P E ook E
M . ] o <
system of 2 particles: - 3
b [3 me E_ =
M* = (Bi + E2)* — |py +pul” P2, M2 10000; H—yy. m, = 125.09 GeV .
=m? +m}+2(E1E; —p, - ps) 2 1500F ' 3
S 1000 3
% 500F =
M? = (B + B3)* — ||py + po’ g okt ;
= [(p1,0,0,p1) + (p2,0, p2 sin 6, p; cos §)]* For massless $  sooE’ t ; ; ; E
2 g .9 2 particles a 110 120 130 140 150 160
= (p1 +p2)” — p3 sin” @ — (p1 + p; cos b) m,, [GeV]
= 2p1p2(1 — cos ). .*CMS Preliminary 137 fb™' (13 TeV)
E - ﬁayl‘f‘ m,, =|‘125‘38I GeV I Jlﬂ\ll Catelgori_es I .
M? = 2pripra(cosh(m —mz) — cos(¢s — 2))  (using n,p) 3 CpAR-tee SHE+B) weightnd
§ ao — S+B fit =
% g ----- B component ;
R ~ ~ £ %0 E+1c =
Diphoton example: g (220 ]
20 |— —]
4 3 of E
. & f |
Slgnql: h=--=- h=--- W PN PP PP ENUPET BRI EPAPEPE R PR
W f:x I I B colrnponerlﬂ sublnlacled:é
1000 —=
500 —=
T Y o .
100 110 120 130 140 150 160 170 1:!0
] m,, (GeV)
9 \QQQQ; - Y q —+—(\/\VVV\ Y e q
Background (QCD): il )i i
9 \QQQQ, > Y 9 ——"/N\N/VV\ Y y
q
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Kinematics: Resonances  particles)

CMS

> FroTrToT | LU | | 5 B2 B | I L I L ] L I | G = ] I L I .I | T 13
S ,,,[ ATLASPreliminary H-—zz' >4 ]
[To) - 2 13 TeV, 139 fb ™" .
Invariant mass of a system Py, My & - g - H i
/_\/ _.2 120 — ;Higgs(125GeV) =
. L i il
of 3,4... particles: Pypymy 2 ool Do
D +jets, 1]
... Similar formulas - it R
P, My 80 [~ e
60 [ -
40 |- ~
Signal: H - ‘
L o m
80 90 100 110 120 130 140 150 160 170
m,, [GeV]
< 240 CMS Freliminary 2016 + 2017 + 2018 137.1 b7 (13 TeV)
:"I TT |III|IIIIIII||III||||IIIIIIIIIIIIIIIIIIIIIII'|:
8 220 # Data =
Background (QCD) SO EH(125) E
— 200~ } [Daa—2Z, Zy* ]
q ¢ q £ S 180[ =§E;ZZ' oo
o L 160 =
Z . 140F £
€ 2 120 E
v, ook -
7(%) o+ 80 =
) # o 3
S0F E
40F- 3
_ _ i 2 #
q - q # 20 =
0 80 100 120 140 160
MC samples are used to simulate both signal & background m,, (GeV)
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https://www.google.com/imgres?imgurl=https%3A%2F%2Fwww.researchgate.net%2Fpublication%2F323257260%2Ffigure%2Ffig1%2FAS%3A595584998182918%401519009937710%2FFeynman-diagram-of-the-three-body-decay.png&tbnid=D2Vf47MmyRsruM&vet=12ahUKEwiE_auTzMiDAxUZ_rsIHbt4Ao8QMygAegQIARBH..i&imgrefurl=https%3A%2F%2Fwww.researchgate.net%2Ffigure%2FFeynman-diagram-of-the-three-body-decay_fig1_323257260&docid=6dmIS7kCsJJpAM&w=433&h=192&q=many%20body%20decay%20diagram&client=firefox-b-d&ved=2ahUKEwiE_auTzMiDAxUZ_rsIHbt4Ao8QMygAegQIARBH

CMS

Transverse mass of a system of 2,3,{ > 20007+ T T T T T
. . o e e 8 L L. -9~ Data ]
particles, with 1 (or more) invisible S 1800F ATLAS Preliminary X Uncertainty :
(like neutrinos: v) > MET Z 1600F H—>WW*—>evuv, N < 1 = e :
% 14005_ Vg - 13 TeV, 361 fb-1 l:] Mis-Id ]
M2 zmﬂ—l—m?—l—E Eri1Ers —prq -1 2 C B zy ]
r=mi+m;+2(BriBr = 1 1200F ] fiwe 5
For massless particles M% — 2ET,1 ET,.‘E (]_ — 1000: B Higgs |
800¢
(see here for more, also search for Jacobian p
600¢
Asymmetric peak, a bit lower than t 400;
nominal masses. 200}
6 W=(-> 1) + X o O
SglE;r+NNl:§)jET Nl:f; v Vs =1.96 Tev é 300
S 014 NLO N3LO o]
Goz T 200
: 0.10 NNPDF40 nnlo D
EE"G'DH F-pullzl::cl:iliv;::atlon 1 OO
:.g._(].ﬂﬁ
%0.04
=0.02 0
21_04 l=— gft =1.00GeV —— g =075GeV —— gt =0.5GeV
m; [GeV]
m; [GeV]

Q: why the evuv channel has been selected?

0 20 a0 60 80 100
.
m¥* [GeV]
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https://en.wikipedia.org/wiki/Transverse_mass:~:text=The%20transverse%20mass%20is%20a,is%20the%20(invariant)%20mass.

The pp collisions are essentially parton collisions
where gluons and quarks interact—=>

Several different way to produce a particular
particle (e.g a Higgs) and a final state.

Let’s study Higgs production = 4 main mechanisms:

g
t/b/c

t/b/c

What Is the production mechanism?

CMS

Another important production mechanism

(which does not apply to Higgs production)
is the Drell-Yan (DY) production.
This is ggbar-annihilation essentially:

TTT81% 7 1% 77

a: gluon-gluon Fusion (ggF) -
b: Vector Boson Fusion (VBF) 10 7
c: V-boson association (VH) % i %
d: top pair association (ttH) g5 H\Nuyqé‘??-‘-' \NNLooomé
e: single t association (rare) . ;wﬂm‘«w?"‘ = ' _ _i
ot 550
* Final state provides evidences for the PoaE e -
107 i My =125 GeV 3
production mode, e.g. forward jets | | I I 1 MisTW2008
in VBF, b-jets in ttH, efc. T NI T
* Similar stands for all others W, Z, tt,... N [reV]

*  We rely on MC for the correct productions which is usually inclusive.
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Unstable particles (have decay widths and) decay into two or more particles.
The relative fraction of each decay mode is called Branching Fraction or Ratio (BR or BF).

BRs: how to & what to remember

+ [ i .
W™ DECAY MODES _ Friaction (/1) Z DECAY MODES Fraction (;/T)
. + 0
All BRs can be found in PDG £+u [b] (10.86+ 0.09)./. pra— T { S.305.40,0002)%
(there is also an app here) e+” (10.71+ O'IG)f' ptp [A]  ( 3.3662+0.0066) %
. P v (10.634 0.15) % _

You can find tables like> f:+,, (11.38+ 021),; Thr (Al ( 3.36960.0083) %
had ‘ ’ °° et e [b,h] ( 3.365840.0023) %
amrons (6.7.{11:{: 0.27) % | | p+ p— p+ p— [i] (455 4017 )x1
invisible [h] (20.000 +0.055 )%
With these BRs, we can estimate r— DECAY MODES  Fraction (F;/I | hadrons [h] (69.911 +0.056 )%

the BRs for pairs or particles HoVyu vy
like tt, tt, HH, WW, W1, 77, etc. K Vulry le]
(We can use double-entry matrix like this € Vevy lg]
to help calculations) € Vevr?y [e]

(€] (17.39 + 0.04 ) %
(367 + 0.08 )x 103

(17.82 + 0.04 ) %
(1.83 + 0.05 )%

77 decay modes tt — bbWW decay modes

g = i
c s - 13
CS
33% 2 1§
= 1%
2 :
€Th UTh all jets g0
ud
34%
107
T . F
11% T + jets
no Z
1% p + jets Ny A \ N
& - .
[ o e + jets 100 120 140 160 180 200
et pt vt ud c8 M [GeV]
11%11%11% 34% 33%

25
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https://pdg.lbl.gov/2023/download/db2022.pdf
https://pdg.lbl.gov/2022/html/booklet.html

Exercise:
Can you estimate the 0I,11,2] BRs in tt decays? *

In CMS we consider “leptons” the e & U (as are ~stable)
* The T (unstable) has lep. decays ~35% and hadronic (t,) ~65%
* BR(t=2>bW)~100% (because of CKM matrix...)

* The W has BRs: ~11% pv, ~11% ev, and ~11% x 0.35 1.,V

- BR(W%'V) ~ 25% W-2lv WDjets
> BR(WDjets) ~ 75% 25% 7%

a) BRIWWOI) ~ (75%)? ~ 56%
b) BRIWW1I) ~ 2 x 75% x 25% ~ 38%
c) BRIWW2I) ~ (25%)? ~ 6%
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CMS

read plots, ratios, & limits

q q
s
i —
zy Hy Z it
+
weow owes &
v
q/l qlll
. . + .
SR for DY SR for VBF Limits on Hz oBR in VBF
% 600 T T T ] |. T T T T | — % [T 7 17 |. ‘. | L T T ]
© | ATLAS Preliminary 1 ¢ | ATLAS Preliminary 4 pata ]
© | Vs=13TeV, 139" 4 Dpana : 225;E=13Tev,1391b'1 WZ-QCD I e —
% 500|— Post-fit Wz-QCD — % [ Postit WZ-EWK ] % .| ATLAS Preliminary Obs. 95% CL upper limit
i [ Drell-Yan SR I vvv+ty ] - VBF SR zz A E 10 Vs=13TeV, 139 fb™ — — Exp. 95% CL upper limit 3
C 2z ] L [ vvvaiv aJ VBF SR . ]
400_—* i WZ-EWK - - Fake/non-prompt B "5"’ 28 O local - Expected I!m?t o) ]
L + Fake/non-prompt i B Postfit uncertainty | @ [ ] Expected imit (-20) i
C Post-fit uncertainty ] r N VBF H; 375 GeV x 0.5 7| ; 160 global
300 + ------- HVT Model A W' 800 GeV—| B HE e VBF H; 600 GeV x 3
:f % s HVT Model AW’ 1.4 TeV | C | i ] 7
- i | 71 7 -
201 B I ] |
i t . ’ % 1 10
100; 4 E "g _ :."fﬂ —
- H T seenes - H L n PN N N T ST TS N S A S T S N S T AN ST SO
- +¢_j g . i 200 300 400 500 600 700 800 900 1000
:| o : 4 ; o m,; [GeV]
of ..'."'.‘Jnmu-‘-f: fpeesees e eaee [eeee- o S ) 0 [ | -
£ 14F ‘ £ 7]
8 12y 8 3 S O B S It is important to distinguish the probability to find
S 1 g R A o : .
5 o8l & osf l ] a fluctuation in some particular location from the
0_6— ) | \ ) . ) — .| . X . . ) — e . .
500 1000 1500 2000 2500 3000 200 400 600 800 1000 1200 probability to find such a fluctuation anywhere.
m(WZ) [GeV] m(WZ) [GeV] The former is called the local significance
o ) . Excess of data events whereas the latter is referred to as the global
Data & prediction (postfit) are in t ~350 GeV significance.
ar ~ e . .
agreement W|'rh|ng stat. LLE is the reason these two are different.
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https://en.wikipedia.org/wiki/Look-elsewhere_effect

Pulls: (Data — Prediction)

CMS

| O

138 fb™' (13 TeV) P 138 1™ (13 TeV) = 10° 138 0" (13 Tev)
> [T T T T e ¢ Data E 3 N
10 ¢+ Data @ CMS 3 o 10 CMS preliminal ¢ Data
8 CMS —— Background fit ": B Multijet 34 E 1 ” LO QcD MC
b= 10° = Preliminary EEs + g unc. S tt, single t E 'é 10 o>0.1 - PowExp-8p fit
= - - - W+ets -~ - Other (VV, V+jets) 3 F 1 — ModDijet-5p fit
1%] 10° Z:::en:iz:\\il T Eﬂets "g “ Systematic uncertainty —: .g 10™" -+ Dijet-5p fit
c etz - - I = —2
S 10 I Z (3 TeV) - ZH o my,_=25TeV,my=02TeV 7 g 10_3
v (x 20) T e e I T my, =2.5TeV, m, =125 TeVi 1074 M’n
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_ I 1 0-9 = M(x)/M(S) = 0.25
1 By 1 ‘ n=:: 4 ' I .‘ + (Data- Predlctlon)losmT = ‘ !
o 1 e * N R R TR M =
= 4; ' ' " ' ] (ho o dle 1 +.'++ l‘}.kl+*|||l| . L(t
&lo 2k I LAF A ARRN AR Biaasanasil:
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Dijet invariant mass [TeV] mJJJ( e ) Four-jet mass [TeV]
- — m, =25TeV,my;=1 TeV
ol t (Data-Prediction)s__, T ma 25TV, m:—025 Tov CMS
00 s mW =35TeV,m;=021TeV 138" (13 Tev)
o oo . SR1 2_1 $ I'I* Al I i "l--J ol 1Il S |I1 L4 +I1 i
* The errorbars are by definition of size 1; A AR RRARRARARAARRARIRE
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a point is from the horizontal line of zero. -2t t J AN , o
2_ ]4:_L_I 1-- T T T ]
59 apbarmppe bbby
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. . . . m.. €
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CMS,

How to read lImItS: on oxB, 1 parameter

. 1809.00327 35.9fb" (13 TeV)
* 1 parameter to scan: Graviton (G) mass mg 3 10— . : —
£ [ CMS \ X = 0.01, J=2 ]
*  We set upper limits on oxBR g E \ - - - Expected limit -
Expected = limit based on prediction without use ¢ e Pied \ B0 +1std dev .
+2std d -

of data. \ ob sacey

o \ — Observed limit

Observed 2 limit resulted form the data. 1

\ — = G—7yy (LO)

olpp — G
I IIIIIII
| IIIIIII

* Limits are at “95% Confidence Level (CL)”.
- The “signal hypothesis” is excluded at 95% CL;
i.e. 1 out of 20 repetitions would result in the

opposite (on average). 10" o
~ Viable
* Area above lines (0xB here) is excluded. - \
* Area below lines is “viable”, i.e. might hide the _ L , \,
process but statistics is not enough to probe it. >  5x10? 10° 2x10°  3x10°
These are upper limits. mg (GeV)
* Spikes (deeps) in observed limit indicate local
* The expected limit evaluation comes with excesses (deficits) of data events.
+10 and £20 standard deviation belts.
(These comes from the likelihood scan...) * Theory model (red) predict the oxB vs mg;

here mg below ~2100 GeV are excluded.
This is taken from intersection theory&obs.

Limit at mg=500 GeV is 4 fb > we exclude scenarios which predict 4x36xEff. events at 95% CL
Limit at mg=4 TeV is 0.09 fb = we exclude scenarios which predict 3 events (=0.09x36xEff.)
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https://arxiv.org/pdf/1809.00327.pdf
https://arxiv.org/pdf/1809.00327.pdf

How to read lImits: 2 parameters (masses)

Al (@)
G Y
Ui

2 Y
* 2 new particles W, R Jet
= 2 masses to scan for setting limits &
ql
° ° W W —r
*  We set upper limits on oxB for all masses q
. a)
these are model independent. fet q (v) Jet )
qa®
. . —1
*  We set lower limits on Wy, R masses, _ , 138 (13 TeV) -
- . > i o
this is shown as a contour line (it was a single point in® 55t CMS a2
parameter case). ~ ! pp —» W, — WR - WWW S
o A E=
£ 3t % Expected £10,, o 8
* Area lower-left of the curve is the excluded [ — Observed limit 107 "
parameter space. 2,57 3
. - o
This is model dependent result. [ c
o
2' =
! S
*  Observed and expected are shown: 15l =
Expected has only £10 band (in red—>) 10° §
1- =5
[ -l
* Here we have observed ~10 weaker than the O
i 3
expected (due to excesses in data). 0.5 %
5% 25 3 35 4 45 5 0

my, (TeV)
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CMS

How to read ROCs

Assume we have 5 variables (classifiers) which separate signal from BKG

3"‘3"" e Swgnlal'PavT.HW‘\A;vSOCD", 3 - signat ParT.HIWW-\rs';JI. 3“““’ r T gt F\shen“‘classil\er’ 3 ! " signal Neu.alnen‘u‘umscore, 2:0_,_ T IA;—ISléna::NleurIalli\et\;v;)r;(s;:m;
— BKG: ParT.HWW vs QCD 0251~ — BKG: ParT.HWW vs All - — BKG: Fisher Classifier N — BKG: Neural network score — BKG: Neural network score
BKG Signal
[|BKG
: st N oy L Sienal
o * * " HWWIHWW + QCD) M ¢ “ A HWW » AlLBKG) . ™ Fisher Outpul(Using &7 raws scores) 9 L B ™ Neural network(Using 128 hidden neurons)
OOCMS Simulation 2018 (13 TeV)

/—.\ :I LB | L N UL I LI | L | UL I L | TT 17T | T 1 17 ‘ T 1

s [ i

- u . . n [ ] . 1 1 1 H

é " ROC with different tagger 1 ROGCs: Receiver Operation Characteristics

: I | . . . . .

ST 1 * Use in binary classification problems to evaluate

o 0 | prediction performance (separation power) of a variable.
Q . ]

g I ]

T } . * BKG eff. vs. Signal eff. or similarly:

o | | “1-False positive” vs. “True positive” signal

2

8 0 S L O _b_e_i_'_e_r _____ —

o ; * The higher the S/VB the better the performance.

E’:, i — Fisher(All 37 raw scores) ]

ICE — ParT. HWW vs All 1 . .

© i PalT. HWW ve QD * In this example the orange (NN 128), it has the best

2 | —— NN(Using 126 hidden neurons) | performance at 102 BKG rejection rate.

+— NN(Using 37 raw scores)

IQ 10—3 bl X LAl | Ll Ll I Ll I - | Ll Ll I - l | -

= 0.0 0.1 0.2 0.3 0.4 0.5 0.7 0.8 0.9 1.0

0.6
HWW signal efficiency
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Quarks & gluons hadronized into

“sprays of long-lived” particles.

These propagate in similar directions

to the initial q/g forming jets.

We use the anti-kT algorithm
to cluster individual particles

(PF candidates) into jets
—> PFlets (using clustering par. R)

-4

Details & illustrations here.
10k-citations paper!

| antik,R=1

/ .
o
.
R
quark S .=
P8 K
= -
E £ 0
e
I Kt
c ©
58 — -
=) ey
N .
L]
E;(GeV)
80
Jet 1
60
40
20 >
0
-4
-2 R ..- R ...
" N ‘ -
- -
S S
0
-2 (]

Jet 2

Anti-kT algo. forms “conical” jefs,
—> i.e. circles in n-¢ plane with radius “R”.
(This R is the “clustering parameter”).

Circle’s center is the p# direction of jet.

The n-¢ distance of 2 jets
is  AR=/(An)?+(A¢)? >R=1.0
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https://arxiv.org/abs/0802.1189
https://cms-opendata-workshop.github.io/workshop-lesson-jetmet/aio/index.html
https://inspirehep.net/literature/779080

CMS

Boosted objects = small angular separation of the products - merged to one jet

Boost should be significant: AR~ 2my/py; < 0.8 > p(W,...) > 200 GeV for merging.

AK4: narrow jets AKS: fat-jet
' W,ZH

y
with 2 subjets o;.?

. :% We can make use
of the different
substructure and

y : separate QCD
q/gyl, ‘ 355 from W /Z/H/t
> B K . e .

originated jets

Boosted jets: Increasing transverse momentum

q
 2sub-jets: W/Z-> qq, H-> bb/cc, H-> 171 W“N“~<:

. 3subdets: t> bW > bgg, H > WW > lqq  t—ee g

. 4subjetsiH > WWIZZ > 4q e —ei
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» 37 classes in total:
16 Signal + 21 Background

* Link of Conggiao’s talk in
JMAR meeting.

H>Ww 4

t>bW <

(H—«“Jxé

% ol QR

N
r/1>:

o Qe

Aﬂ
> <l

H>qq/rr ' —<Z ;

g
QCD

q(b/c)
q(b/o)

q @99
q

19/1/25

S ESIESES]

(Tev)2

(rev'), .

o
o

no e

Th

q(b/c)

ParticleTransformer Classification

CMS

ParticleTransformer(abbr. ParT) 37 raw scores

H > Ww
full-hadronic

H > Ww

semi-leptonic

3q(0c)
3q(1¢c)
3q(2¢)
4q(0c)
4q(10)
4q(2¢)
evqq(0c)
evqq(lc)
kvqq(0c)
kuvqq(lc)
e3vqq(0c)
e3vgq(lc)
H3vqq(0c)
H3vqq(0c)
Thvqq(0c)

thvqq(lc)

t=> bW
hadronic

t> bW
leptonic

H-> qq

H=> 1t

QCD

Data analysis/Searches - Antonis Agapitos, CMS winter camp25

Signal Label Background Label
Category Category

bq(0c)
bg(1c)
bqq(0c)
bgq(1c)
bev
buv
btpv
btgv
bt,v
bb
cc
qq (q=u/d)
ss
ThTh

ThTe

Thtﬂ

bb

cc

others
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CMS

NN classification & jet identification

Output: classes scores
Training on which sum to 1

Graph NN or We form ratios of scores

Input: all PF info y ' |
. . . t t !
from MC simulation attention-based NN mfcﬁ'srr use them as taggers

59.8 b (13 TeV)
L —

v wnon )
o c LowMET aco :

r q or Deep learning NN 2 1 =t =

H 21_ H E w 14 -ﬁ\ilnglgleetz; E

q q (training with labels) - Rest (V. Zots)

e e R

H 9WW< q q ----ggF. x 100000
H — H L VH. x 100000 ]

__\%ﬁ q —“‘Q?\:ﬁq ttH.x 100000

= e, p =

; ) ey —_ 5

: bt SN £

i, S Lot

b b oz ~ e artriebeie L Lo )

t>bW < ¢ i, ¢ (TeV_),____.: . @m; r98.2% e32.0% si2726% SisrB023| |2
1 b —; Boool- - =h

[ Y Y Y LIl dalut -t B

0.1 02 03 04 05 06 07

= CCE
u q H () Input layer HWWvs.All:a
H%qq/n- —< iy —<: Hidden layer 100 CMS Simuation 2017 (13 TeV)
q Th O T T T T ]
5 I —— ParticleTransformer-MD
g i ParticleNetHWW-MD v1 (Mar 8)
9 q(b/c) q(b/c) S |~ ParticleNetHWW-MD v2 (Aug 9)
- — 2101k 4
QCD 1o - |
2
Q
3]
o

q_@gg g : :
STEETD &
q 9 -

1072 E

F H—- WW 4q vs QCD
400<pr, <600 GeV, Inl<2.4 |
60<mgp <150 GeV )

104 P RS IR § S i H S S S RS S
0.0 0.2 0.4 0.6 0.8 1.0

Signal efficiency
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The “full story” in Congqiao’s talk earlier today!



https://indico.ihep.ac.cn/event/24586/timetable/?view=standard#33-machine-learning

3\ Event with 3 AKS8 jets, each with 2-prong substructure, all 3
4 tagged as originated from W->qq with Deep-AK8 algorithm

AK8 = Anti-kT with R=0.8
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Let’'s examine real analyses examples

Data analysis/Searches - Antonis Agapitos, CMS winter camp25

CMS

38




EXO-21-010

2 pairs of 2 jets: A> XX > (D) =

+ 4 narrow (AK4) jets > paired to 2 di-jets, symmetrized masses, we select 2212l g 1.

mjjq +mjjz

- Search over: m,; and average di-jet mass m;;; fit param. function to the data in slices of il -
4j
138 fb" (13 TeV)

R ] L R R I I I I I =" ;104 T
H 4 r I n 3 CMS Prelimina ata
Ultraheavy dl_quark 9 E - CMS Prtminary /--”"__-\ N ] % :Ilgz o :P ’ﬁt ry/m4 iEotn:\cl:: mc
H 44 B - - ‘\\ \- ] ]] ] ------ PowExp-5p fit
to vec-like quarks & L0 w0 = 10 . WodDijorap
. “g 2 Data A [ w—— & B
1810.09429 = L 'L\ e i
u X Eg‘ : \, S— '/r :
) - / _
= 1.5_ M 4 5
0:) : - : Diquark: S — yxx — (ug)(ug)
- - e - - Z | . _,E —— M(S)=8.6 TeV
11— = — 1077 ... M(S) = 5.0 TeV
S"u :-‘Jll ] 1 0:2 --------- M(S) = 3.0 TeV
X - ] 10°k N:(x)lM(S) = 0-25,
Uu ,
0‘5! Diquark: S — ¥y — (ug) (ug) — X
68% and 95% -
U = contours
ety b b by b b b by Tl
g 2 3 4 5 6 7 8 9 1( H : -
Four-jet mass [TeV] > 3 4 5 6 7 8
—_ ey 38 67 (13 TeV) 138 fb' (13 TeV) Four-jet mass [TeV]
g 1 f T ‘ 3 @ A B L L L B B B @
—_— “~.. CMS Pprelimina Y XX . — - . Y— XX — (i) 34D o
< » .._"V‘ Preli ry — — ()3 N g = CMS Preliminary MX)/M(Y)= 0.25 —|1 g
%10 95% CL limits E T o s S o e o
[a'a) —— Observed 7 © A R, W JES VNS SO I &=
X102 B Expected + 1s.d. _| 810_1-_ o
E c
o S - | Expected + 2 s.d. 3 - a/. x4 N )
3 _ M(X)/M(Y)=0.25 1072
104 I T+ E 0.5
. L oA _
1 075 ————— Diquark: S — ¥y — (ug)(ug) _ 104 E 10-1
Yy, =04,y =06 E e
arXiv:1810.09429 = 7% e e "
10—6‘Hw‘...l....\“H\....l....l....' 10 107
2 3 4 5 6 7 8 9 2 3 4 5 6 7 8 9 10
Four-jet resonance mass [TeV] Four-jet resonance mass [TeV]
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-010/index.html
https://arxiv.org/abs/1810.09429

Search for new physics in diphoton spectrum Z

138 b’ (13 TeV)

=0.01, MG=1 3 TeV <02
1072

il H
=0.01, M_=2.2 TeV | I "m.

mr'rijii..

7 _— " E
Y 2405.09320 = - CMS EBEB t Data .
Gue 12 10°E y2/dof=77.1/111=0.7 sl PiResto
e 4 = Kk X -
g £ 1oL e =
3 g : P, 3
Y BSM % - fa: (1 +p1x)p o ]
/ 1E o f,o(1+px)* ° 5
Y "\ : i 3

SM .. M 107

- oY S

[
[
L " L L |

T

Pull
O NW

1. Signal from (Bulk RS) Warped Extra Dim. models

mmm (Data-Fit) / Unc.

(Radion or Graviton) or Heavy Higgs. -2 | m— Signal / Une. (MC=2.2 Tev)
0.5 1 15 2 3 a
2. Simple selection: 2y with p;>125GeV, my1v3:3bee':/{)13TeV
t least tral |y|<1.44, yy-trigger. 35 L N B B
at least one central |y| , YY-trigger. ) CMQ\ oo 12 :
3. Background processes: we do not simulate them, & \ = Grs—17 (LO)
we use parametric functions instead: g : """ Expected limit
) T - == 68% expected .
9 \Q00QQ — 2 7 —+—VVVVV 7 N\ % - - - - 95% expected -
1 i i v I —— Observed limit
9 - v 4 —e—hAWN Y -
fi(x) = poxPrtralos®), E 1071 3 E
: % | I O 3 | ;
B f3(x) = po(1+xp1)™, 3 \
fa(x) = po(1 + xpy)P 7P, © \
_._'\/\/\/\/\/ 10—2 - 1 I 1 L 1 1 I 1 L ] 1 I 'Y L L 1 I L L 1 1
% g % A MW 1000 2000 3000 4000 5000
TR0 D m; (GeV)
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https://arxiv.org/abs/2405.09320

Search for new physics in dlphoton spectrum

j—
_138 fb (13 TeV) —

rl
2405.09320 > 10 e Emam ——r 3
(_9 + Data =
A 210° EBEB [ vy post-fit prediction 3
= I jv.ij post-fit prediction E
..%102 ---Pred + ADD GRW(MS= QTEV)E_
= ]
m —
10 .

107"

* Select Yy events. > %E - + [I B | IE

0|4+$44L$4-T++]+n¢+]n+“u+ ............
«  EBEB (here—>) and EBEE categories i H T gamreayioy,.,
-2 T Sl oo ]
_goo' 1660 1500 2000 2500 > 300(:3 5560
* QCD BKG prediction: m,, (GeV)
- YY: Sherpa scaled at NNLO with MCFM. 102 138 7 (13 TeV)

- iY.ii = fakes: 10-30%, data-driven with fake rate.
* Fit the two binned m,, spectra in range 0.5-4 TeV.

CMS
—— Observed |4
------ Expected
[ 68% expe

95% expected
Non-perturbative regime (k > M )

Lower limits on M (or /\;) scale vs number of ED: (~11 TeV)
Signal: GRW Hewett HLZ
negative positive ngp=3 ngp=4 ngp=5 ngp=6 ngp=7
Expected: 87707 73703  7.870¢ 103705 8707 7970f  7.3M0¢  691)¢
Observed: 9.3 7.1 8.3 11.1 9.3 8.4 7.8 74

-
o

95% CL lower limit on clockwork M, (TeV)

Interpretation on Continuum Clockwork Mechanism = -
Constrains on Mg mass vs clockwork spring “k”. L

k (Tev)
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https://arxiv.org/abs/2405.09320
https://www.arxiv.org/abs/hep-ph/9803315
https://www.arxiv.org/abs/1603.02663
https://www.arxiv.org/abs/1610.07962

CMS

Search for new resonances g,, 2 gR > gWw

2410.17303 * Use signal from Extended Warped ED model, (2201.08476, 2112.13090)
B2G-23-004 where the process: g« 2 gR 2 gWW is dominant.

*  We focus on the Ol channel: g« 2 gR 2 gWW = jets (BR~56%).

Jet
s Mg L 3
B\ N\
Wb C 0«\
q | 'e owed
L i MR”O‘ZMgff .....
R — :
MgKK
Strategy: Selection basics:
1. Tri-jet selection, 1. Nias=3: N,=0,
2. identify (tag) 2 jets as 2. prjem > 400 (200) GeV,
W-candidates with PNet, Ir]il < 2.4,
3. form m, (R) and m.. (g, 3. my,, > 50 GeV,
4. bin over my, fit m.. 4. H; > 1.1 TeV.
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https://arxiv.org/abs/2410.17303
https://arxiv.org/abs/2201.08476
https://arxiv.org/abs/2112.13090

CMS,
W—qq identification with ParticleNet tagger | =

vy

Jet o AE___ wmewtw) @ 1®8w0eTe)
o r ] o r ]
2410.17303 Syoof CMS  QcD multijet Preselection 1 Seook CMS  gaco multiet Preselection
B2G-23-004 "E F Simulation [HTop (tt, single t) sk ] g r Simulation [IITop (i, single t) 1
@350 .Other (VHets, VV) - g Bother (vV+ets, W)
w My = 1.5 TeV, m, = 0.75 TeV x300} § ] wS00- “My = 1.5 TeV, m. = 0.75 TeV x300
300 - k
g My = 3 TeV, m, = 2 TeV x10000 : ] Mok = 3 Tev, m, = 2 TeV x10000
KK 250 3

200

[ 150

100

50

q CMS 138 fb” (13 TeV)

1_II\I‘II\I‘IIII|III\|IIII|II\I‘II\I‘IIII|III\|III

S

— Signalm =1.5TeV, m, = 0.75 TeV
= o
SRb —

~

anti-kT, R=0.8 08

m‘ / 0.7
E (IL,t Conv
Uil
\ 06
’/lJ ,

is

Data events / 1000

(4]

0.5

pr>200 GeV

0.4

- Graph NN, treat jets as particle cloud

0.3

- Convolution on point clouds (EdgeConv 1801.07829) 02

* Tagger score: 5;=p(W—qq) / [p(W—qq) + p(QCD)]

* Define SRa and SRb based on scores—> 1 02 03 04 05 06 07 08 08_ 1

ja
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https://arxiv.org/abs/1902.08570
https://indico.cern.ch/event/745718/contributions/3202526/attachments/1753880/2842817/jet_as_particle_cloud_ml4jets_20181115_hqu.pdf
https://arxiv.org/abs/1801.07829
https://arxiv.org/abs/2410.17303

W—qq identification with Soft-drop masses

CMS

,  0CMS | | 813700 = 150 CMS 138 fo! (13 TeV) -
- I j " ) ) T T ) T T j T j j - r— . O
* Two highest PNet score g 400 73 Il aco ERCR = Sionalmy, = 1.5 TeV.m =075 TeV °
. o o o d I'uasof— W+jets —E E& i}
jets: |, i, are assigne i: — - 5
as W-cand. (gluon is j ). - [ single t E o
250 -+ [ Rest (W ,Z+pets) E g
200 I, (3000,1500) GeV x 1000
*  Demand SD masses: Mig i S T 00 <
! 150 |-
to be on W-mass peak: =
100 |-
mgg = J (mj, + 85)2+(myp, + 85)2< 15GeV  so-
- Circular area has better @ - ]
performance than soof- 175.4% e805% [si62.3% SisrB 0.08 ]
w [ [ ]
rectangular. R R R TR P T 2{)& \% 70 80 90 100 110 120 130 140 150
-85 GeV values optimal e e m, (GeV)
o T T T 3 <10° 138 b (13 TeV)
—> Cut value of 15 GeV appearg *®f rss B oco 1 3 e
. . > F 1 (m4s50F i ,
optimal for all points tested. U ol Waets 4 97 gmgaﬁm MacD mutijet Preselection
- _ 4 - Top (tt, single t)
- tt B 400
200 - = single t _ % WOther (V+jets, W)
. . —_ m LLL} = =
* Signal Regions (SRs) have: mgg < : B Rest (VV.Z+ets) >350 __zgxng-:J:V,n];‘z:;fj::;/ozzﬂo
15 GeV. 150 — ---+ (3000,1500) GeV x 1000 300 oK 'k
muf— 250
* Control Regions (CRs) are: mgs > | 200
50—
15 GeV & mgy < 50 GeV :
- 150
n
s . @ g 1 100
* Validation Regions (VRs): =40F r75.4% e 620%- |si24.9% SisrB 0.07 E
15 < mgs< 20 GeV Pa00p | -
85 . - :
O—36—40~"60 80 100 120 140 "1'61{"15%;;5?'&:9_6‘ % 20 40 T80 -
mes = V (my, —85GeV)2 + (my, —85GeV)?
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CMS

R, gKK reconstruction & SR binning

100

3 138 b (13 TeV) 3 138 fb ' (13 TeV)

[ ] MR reco. from iq' ib: % >j1fnl T T T T I T T T T ‘ T T L I T T L ‘ T T T % ):<1\0\ T I LU 1 T 171 I T 1T T 71 | LU I T 1T 1 7 [:
0500 ; %mgla tion Maco r_nultijet Preselection _] 24003_ gmga tion Maco r_nultijet Preselection ]

mjj* = mjj — mja — mjh + 2(85 GeV) s - Top (tf, single t) 1 S Top (tf, single t) ]

= [l Other (V+jets, V) ] =350} [l Other (V+ets, VV) =

. . . *%400 i Mgk = 1.5 TeV, m. = 0.75 TeV x300 { "q&; E Mgk = 1.5 TeV, n = 0.75 TeV x300 E

* My reco. from i, i, i b "My =3 TeV, m, =2 TeV x10000 ] e "My = 3TV, m, =2TeV x10000
mj;% = my;; — mj, — myp, + 2(85 GeV) - 3 E

jii™ = Hijj ja jb 1 3 E

* > i.e. we correct invariant . - E
masses to mitigate reso. effect ] : E

from jet SD masses.
- sharper peaks

L . 500 1000 1500 2000 2500 1500 2000 2500 3000 3500 4000
- ~3% significance gain. m;* (GeV) m;* (GeV)
10° 138 b (13 TeV) CMS 138 b (13 TeV)
% )_<|6MS]THl|l|||[lTlr1711|1|1|||r|7|[1711|_ ﬁ2200||w|r|w|[||w 45§
. . - CD multijet - > =
* From ratio m”* / mm* and define 2 | Simuation .‘T)(’ it Preselection 3 o
. 2501 p (tt, single t) 2000 2
5 bins SR1—5 - - M Other (V+jts, W) - 58
. . C My = 1.5 TeV, m, = 0.75 TeV x300 1800 o
* Effectively binning over m,. 200~ o= 3TeV, m. = 2 TaV x10000 oo D§

SR1 SR2 SR3 SR4 SRS
* In each of these 5 SR we have 2 ™ ' : : '
SRs (SRa, SRb) based on PNet

TTT [T T T[T T [TT T[T TT[TTTIT

100; 1000
scores. B 800 2
r SR1
50: 600
° ThUS, we hqve ] O SRS. C 400 £ : Signal M ™ 1.5 TeV, m, = 0.75 TeV
0 5
H %k 0. B . . . i . K B 2500 3000 3500
- We fit the m..* spectra. m*/m? m,* (GeV)
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https://arxiv.org/pdf/2112.11876

QCD prediction, Results, & Limits

— ./
138 b (13 TeV) 138 ' (13 TeV)
T T T T

2wk cms ' "4 Data 20k cms ‘ "7 D
© SR1a moco muer | 0 SR2a moco mutel
. . op (i, single op (tf, single
° Deflne CRS N md ‘b SIdebcmd Wlfh: ﬁw [ Other (V+et, W) S [ Other (Vet, W)
19| E 5& Systematic uncertainty E #: Systematic uncertainty
<My = 2 TeV, m_ = 0.5 TeV <My = 3TeV, m, =1 TeV
mgs>15 GeV & my<50 GeV. 5 | : 5 ™

1 10 i

* Form 10 CRs: CR1—5a, CR1—15b.

. D QCDg
e Predict QCD as: Predgﬁy = [Data —Rest]CnyQCD Rxy
CRxy .
*  MC for the rest processes. g " Signalio 3 T Sigralio g3
a? : TS e
of: o sk et E
o T T LI
° E | o | . t B d . B + + (Data-Pred.)o,,, + -:Dzna-Pr\ed-)l'tss,‘a.T sé%ﬂsysfﬂm E
xclusion limifs on OXb and on masses: - 1500 2000 2500 3000 3500 (Gnto\i}T; 1500 2000 2500 3000 3?@?!\'?:3
R m.* (Ge > (Ge
138 fb' (13 TeV) o
; S 3 cms | ypaa TR cms Y AR
3500_ 5 c multije 5 multijef 3
Chaantt CMS s ¢ soa mocon E SRis  mocoome
< [ ppog, > R->GWW I by 3 e oy
14 - —= Expected E My =3 TeV, m_ = 1.5 TeV *5' - My =3TeV. m =2TeV 3
£ 3000/~ P S 2. §
- - -- Expected, 68% CL 10°0 7 I
. — Observed £
_— : 10! 1
2500 - g_ = 4 --!'Signalfcm;é = --Signallﬁ.h::
- o [ [ % Py
B = of L R L
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102 o) (o)
- m.* e rqjj* e
) il
- 8 : : . ‘ 138Ifb"(13Tal\n')
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Hands-on exercise: Signal discrimination S

optimization, significance evaluations

1. Generate distributions for B & S. Gamma distribution
- get simple python code from here e a> 0 shape
- or you can get the coping from Ixplus: *B>0rate
“cp /afs/cern.ch/work/a/agapitos/public/ WWW /gKK /ForSYSUschool /1 D-optimization.py ! T c (0, OO)
- L34 we define a BKG distribution (gamma function) BY a1l g
. flz) = ——x% "¢
- L40 we define a signal distribution (gaussian) I'(a)

- check the number of events and the parameters set
- run with “py'rhon 1D-optimization.py &

2. Find the optimal cut value of x variable, based on significance S/\/E,
- Need to loop over the different bin configurations from left and right
- comment in the L69-99, and run again. Do you see the two for loops...2

3. Repeat with different signal:
- comment out/in the L40/41 = use flat distribution for signal

4. Change normalization of S or B and redo optimization.
- What do you observe /conclude...2
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https://cernbox.cern.ch/s/KhD05UVjJCAINxj
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CMS

VH production with H->cc probe

We want to measure H2cc (x-sec, couplings etc.) Rare mode BR(cc)~3%
Which production mode would you use and why2 2VH ~4% but low BKG! —

< . g g H "l< C

W/Z
(13 TeV)
E CMS DeepAK15
3 channels based " Simulation —s— ParticleNet

—

anti-k, R=1.5 jets
P, > 300 GeV, n| <24

on W/Z final states: | -'H H
© ZDw
* W 2 uv/ev o~ &

LS
.
.
.
.
.
.
.t
ot
.t
)
.
s
.
.

Background efficiency

_1_
* I>ee/up resolved merged e e
Selection basics: e
1072
« 0,1,2 :
* 2 AK4/ 1 AK15 E ----- H—cC vs. H—bb
* ¢/ cc-tagger o3l — HosGT vs. Viets
il 1 | | 1 | | I | | 1 I | 1 | | 1 | L
0 0.2 0.4 0.6 0.8 1

Signal efficiency
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https://arxiv.org/abs/2205.05550

CMS

VH production, H->cc, measurement

138 b (13 TeV) 138 b (13 TeV)
0 | of
= L —5¢8), n=1. = 10°F =7.
5 0 CMS o Breswl 5 CMs T
R I d Lﬁ 10"k VZ{Z—cz) O Il single top |_|>J 107? VH(H-cT) Ot Ml single top
esolved case: [ wiother)  []vz(z—sbb) of [CIwWather)  [Jvz(z-sca)
e Use BDTs to 10° == I VH(4-o05) ([ VHH-cD) 0 o —=— []vzzotb) [ VH(H-bB)
E * % B uncertainty 5 % B uncertainty
10° 10° ¢
discriminate signal -
*  What is a BDT? ok
- LM technique which 102k
combines input variables... 1ol
- Advantageous in case 1
where several variables m"é 1; — expacaa =) ___ﬁ m‘g 1; [P
have poor discrim. power. g 1—e - . - 82 1—e RS- ~
80,5.‘..\..‘.|‘..‘|.‘..\..‘.|‘..‘ 80,8..‘.|‘..‘|.‘.\..‘.\‘.H|H.‘
-3 -25 -2 15 -1 -05 0 -6 -5 -4 -3 -2 - 0
* Calibration with Z>cc '?910(8"8) 13L°3;?f§:%2
] ) 138 b (13 TeV) e 138 0 (13 TeV
o FII"ST Observqhon 5-70 1] VLIS B B I R R B ‘ —-—IObserv;d -I----Mecllianexp‘ected
% 1000 CMS —4— Observed B vH(HocE), p=7.7 | CMS B 68% expected
> [ z+jets ] W+jets 4 °
g Merged-jet [t ’ [ | Sin:le top i [ 95% expected
k! All categories [] w(other) vz 7 ) M
Merged case: £ O sismweighted  [vzwh ERwewn | Combned
. — %% B uncertainty ] served 14.
* Use SD mass of AK15jet £ 4, q o=
. o i erged-je
* FitZ2cc & H2>cc & 1 oty |
E 400 ] Resolved-jet
N Expected 19.0
. . 00— [ e ; Observed 13.9
Result: upper limit on oB: oL
. . Expected 12.6
Observed x14 SM prediction 0E Observed 183 | |
. 4. 100 ' ] 1L
B subtracted | xpected 11.
Expected x7 SM prediction o subtracte Specesrts | |
0 s 2](-3 .
50 X ) X ) ) + ) E)bpsecnlre‘:!gti il T T
Y760 80 100 120 140 160 180 200 0 5 25 30 35 40
Higgs boson candidate mass [GeV] 95% CL limiton p

VH(H — ct)
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CMS

A portrait of Higgs 10y after its discovery

Nature
CMS 138 b (13 Tev) CMS 138 o' (13 TeV)
* Observed [ 141D (stat) * Observed [ +1 5D (stat) CMS 138 o™ (13 TeV)
= 11 SD (stat ® syst) [ |+1 SD (syst) = +1SD (stat @ syst) L] +1 D (syst) £l 1 1253806y o w z‘ [
— +2 SDs (stat @ syst) — 12 SDs (stat @ syst) E o' ]
B : Stat Syst B : Stat Syst :
: 1 + — -1l
Hoan = 0979% oos 0% g - (130m o 07 |5 10
i - - § £l b
yrd E 0.97°012 +008 000 52_
Kee —@-— 0.80:012 ‘0% 0% H | o -0o07 008 1072k :? 4
| ; 3 Vector b
pww ———— 0.97:008 005 008 : : orbosons
uWH -._.E._ 144708 o, 1016 103k $ 3" generation fermions
' N -0.25 - -0.15 — ' - 3
o I;_ i 2™ generation fermions 3
B W = 0.85:0.10 006 +0.08 . - i
W —é— 129702 +0.09 L SM Higgs boson
ZH ' e g5 W Gy : 1074 L .
: : 40.22 +0.16 Ll Ll PR | L N
- 10555 015 4is = 14 T T T T N
: 020 s (g 1.2F } 1.05F ﬂ ]
Hin _E'_ 0945 015 L5 (045 s0a2 w017 P O o *+ """""""""""" e S R
H 12 ~042 -038 -0.16 -g 0.8F 0.95F E
B : e 0.6 Lol Ll L el i
u 5 §.05t268 <206 +169 S.07 4097 4045 107 1 10 10?
tH : 242 199 138 2.59 h
NN TR T e e Particle mass (GeV)
0O 05 1 1. 2 25 3 35 4 45 0 05 1 15 2 25 3 35 4
Parameter value Parameter value

* We are in the era of precision measurements of H sector

* Production modes

* Decay modes

* Measured coupling modifiers to fermions & bosons, as functions of masses
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https://arxiv.org/pdf/2207.00043.pdf

Search for new resonances Xx->WR->WWW

CMS

Step 1: Focus on the topology / final state, and based on this make a preselection: PRL

1(q)
v(@)

ql

o OMS Ereimney | N,=2 lepnannel 3711103700
%roooo — PS> Wets =
(O] = tt 4
Spo000 | single top ]
— - s VYV, WV ttv .
B = — QcC =
+£50000 [— -t (2000 200) x 300 2.0 —
[+ - - (2000, 400) %< 300 6.1 —
le.l Z 2000, 1000) x 300: 13.1 .
0000 [— : 3500, 210)'x 19000 0.2 =
- : 1. (3500, 350) x 1(?000 0.3 -
30000 - o (3500, 1750) i -roooo 2.0 =
20000 [— —
10000 |— - —
n:. i P SO

H1o® T
Mio?
= 10 o e T
1 e TR v

107500 1000 1500 2000 2500 3000 3500 4000 00

||Iv (G V

*  Q: Which trigger would you use?

19/1/25

* Signal comes from the
Extended Warped ED model

* 2 Branes, EW propagated
into extended bulk

* 2 New particles involved
Di-resonant signal

138 fb ' (13 TeV)

SR4 t D
WHjets
tf, single t
- Other

% systematic uncertainty

— My, = 25TeV, mg=1TeV

(TeV)

lev
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https://arxiv.org/abs/2201.08476
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X2>WR->WWW, Selection

Step 2: we explore kinematics at preselection, i.e. we plot variables and check if further selection

cuts can improve sensitivity (S/\/E). Examples:

10 CMS _ Preliminay

B1ooo[- =& F t 3
S L PS0O W+iets 4 5 800 — PSO Wjets —
>+ o 1> E o =
w L mm single top 4w 700 m single top -
800— - VWV, VWV, ttV — = - VV, VWV, tV R

+ mmm QCD 4 r = QCD 7

- ------ (2000, 200)% 300 1.1 4 600 — - (2000, 200)x 300 1.0 =

. -- (2000, 400) x 300 1.9 . E - - (2000, 400)x 300 1.3 3
o0l 2000, 1000) x 300 2.9 . . E— 2000, 1000) % 300 1.3 E

L 3500, 210)x 10000 0.0 - F 3500, 210)x 10000 0.0 3

L 3500, 350)x 10000 0.0 = S 3500, 350)x 10000 0.0 =

. ... (3500, 1750) x 10000 0.1 1 oORS | 3500, 1750) x 10000 0.0 :

|

10° CMS_priminry

N, =1or2or3, ol 137.1 o (13 TeV)
I I I 1 !

@

/{1.2B+1
3
g

N =1or2or3, lepchannal 137.1 (13 Tev)
ey Tt

/\1.2B+1
3=
o

St Loud sl gl
n

0 4 -; [0
0% 1 15 F] 25 3 35 107
NAKSjets
PUPPI-AKS jets
x10° CMS _Preliminary N, =1 or 20r 3, lep-channel 1371167 (13 TeV) o)
0 LB I I I B L I o
= WHjets o
g 0 i ) anu
w [ single top c
. VV, VWV IV g
= QCD w

1.7
- (2000, 400)x 300 2.3
2000, 1000) x 300 2.2
3500, 210)x 10000 0.
3500, 350) = 10000 0.
3500, 1750) x 10000 0.

- (2000, ZDC:jx 300

ol b b b s b A

CHS-AK4 |

s/
-

e

ol Ly ol 10

1 2 3 4 5 6 7 8

NAKHals-emluslvs

05 1 15 2 2. 3 35 4 4
number of deep b-iets

CHS-AK4 jets (deepCSV)

0.2 Lofa R R Y T
deep-W ?OI' GU<MI <100 GeV

deep—Wmax

vy

CMS _Prefiminary
D Profnioary

N, =2 _lep-channel
LR e e

137.1 b (13 Tev)
T

S0 -
2 °F  ps2 Wjets E
O r o t ]
goooo = m single top —
2 | -_— 1
= [ CD 3
B5000 - ( -
S F - 2000 400 X300 6.9 E
g - (2000, 1000) 300 15.9 E
LLP000O [— . ol 3500 210 ) X 10000 0.4 =
r : 3500, 350)x 1[1000 04 ]
15000 :_ i ﬁﬂo 1150) % 10000° -32 _:
10000 |— o 3
5000 [— —
a E ] e
o 3
So* | E
10 g k|
@ r HilH
107" 560 1000 1500 2000 2500 3000 3500 400
S; (GeV)
3 : = 5
; i x10' CM§ Pmﬂmwl . 'N.—IZ le e = |'37;1:b'l1'3 'E.V
(] PS2 W+jets
2 160 s
o mm single to)
A -\, LtV
Z 1o == QCD
c
g 120
w

o ® 2
S & 3
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5
o

20
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At the end, we set a list of cuts which define signal region (SR)
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CMS,

SRs & Binning

SR1 SR2 SR3

Nj=1 | : Mjlv Mjlv : Wiﬂv
, IS
60 100 200 M.
A s s 1
deep-W > 0.7 deep—-WH > 0.7
Mjmin
100},
Mjv 4ESR4 deep-W>0.5 for 2 jets
60| ESRS > deep-w>0.5 for 1 jets
N=2
’ “M,,i SR6 :
¥ Mjmax
60 100 D00
Jet q(v)
q @
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The analysis full selection is defined

here as preselection + extra cuts
—> This defined the SR

The SR is further “binned”
into 6 different categories

SR1, SR2,..., SRé.

are the variables
where signal W, peaks

these are the “observables”

used for the fit.

to extract potential signal

The m,, and m,

ilv

from the data.

Figure 22: Signal region categorized into six orthogonal regions (SRs): SR1-6

SRs & Binning

e N=12;

o NM=0, Ni gxgexe <2

M7 60-..., (60-100) GeV for N;=1(2);

Taggers deep-W(WH)>0.7(0.7), for M;:60-100(>100) GeV;
while loosen to deep-W>0.5 in N;=2 with M >60 GeV case;

e Sr>1TeV;
o My, (Mjy,) > 1.1 TeV for Ni=1(2);
SR1 SR2
Nj=1 : IVljlv IVljl\.' E
60 100 200 Mj
Mjmin
100}
Mjy g€ SR4
: : Mjmax
60 100 200

Table 9: Differences in kinematic cuts between the six SRs.

CMS

Region | M[GeV] taggers M GeV] tagger NARS - NARE T N
SRT 60-100 deep-W >0.7 S - 1 20
SR2 100-200 deep-WH>0.7 1 <2 0
SR3 >200 deep-WH>0.7 - - 1 <2 0
SR4 60-100 deep-W >0.5 60-100 deep-W=>0.5 2 <2 0
SR5 60-100  deep-W > (<)05 | 60-100  deep-W(<)>05 | 2 <2 0
SR6 60-100 deep-W >0.7 0-60 - 2 <2 0
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SRs & Binning

a0
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CMS,

BKG composition in the 6 SRs

SR1 SR2 SR3

727.34 (46.7 %) W+jets

VvV 300.59 (63.9 %) W+jets

gle t le t

386.20 1336.76 (42.7 %) W+jets

BKG composition
in these 6 SRs =

SR4 SRS SR6

52.34 (38.2 %) W+jets 991.97 (42.7 %) W+jets

288.11 (49.5 %) W+jets

gle t ngle

VVV

gle t

+VVV

wWw

q / pwt d bar

7/ vu ¥

V\/\/\/\%/\/»<
u
b u bar
8§ — -
%

w/d

17#/ q
i

d
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CMS

BKG Data-Driven prediction with CR

*  MC very useful but it has limitations; not to be fully trusted.
= Need to either validate that performs well in data or
—> to be replaced... by a “Data-Driven prediction” using real data.
For this purpose...:

*  We define Control Region (CR), inverting a cut condition (tagger for this example).
* The resulting CR is pure in W+jets, signal free, has large stat. and

—> the Wjets has similar kinematics in CR and SR.
* Thus we use the data as [Data-rest] in CR to derive W+jets spectrum:

We do the assumption:

CMS _Preliminary N, =2, lep-channel 1371 fb' (13 TeV) CMS SR-vs-CR shapes comparison with normalized yields
T T T T T T T T T T T T T T T e i E e e e e e B i e o e e

[2] [2]
B [ 1 £ 12 —]
S E CRAW SF- Data 16,17,18 1 § °F : i
31400—_ ¢ Data/ﬁ/lo(r)r:::.tgg - ttV.Va‘fiGtS . L% B W+jets SRAW ] SR CR
200 sindle to E R 71 Pred [Data — rest]
=y == acp : T L W-+jets CRAW . =
C S 2000, 200 ] == - % SR CR
Lo O — 2000, 400 — 8~ - -
-4 L 2000, 1ooé) ] C I_r L : MC MC
800 [ 4 Sy %;8} - oL - —Data-Rest(MC) NS:1.03 ]
- ¢ 3500, 1750) . - 4_.1 .
L] * . E A L 1 l.e. we trust MC simulates well
« Control Region (CR) E . L | e SR/C i
- _ . - = 1 the SR/CR ratio of the
. i ) ] 2 B i _‘-L___ ]
200f e . - t, 1 spectra.
C ® e aag o ol - "=l=|__==“__ —
n L) n | Vet | | T L1 e——
(2) 1 z% ' L= 8 1 zi e CRlData-Rest)/CR(;Nﬂets) : SR(w+jels)/(ER(w+jets) ‘ j “ ”
3 1 byttt Hh iH* O Eldadyee,er aoat ot $441 +*"é We solve for “Pred”.
Sosf Pood st ©. 4 The resulting spectrum
‘R)E)O 1500 20b0 2500 3000 3%2;\, (Ge</6)00 ﬂ)(:JO 15I00 2000 2500 3000 SRﬂi(j)lv (Ge%o replqces MC as pl’ediCﬁOh.

(Find more here).
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https://indico.cern.ch/event/1015494/contributions/4261870/attachments/2205594/3731855/WWW_v49.pdf

19/1/25

4 Data
S Fn Wijets

I it single-t

- VV, VWV, 1 iV, QCD

L. Systlematic Uncertainty
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= Systematic Uncertainty
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1 IIIIMIl
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1.5 2 25 3 35 4
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Final “post-fit” prediction

We fit all 6 SRs simultaneously and get the “post-fit” prediction of the spectra.

Systematics uncertainties are considered with nuisance parameters in this fit:
(’rhese are for BKG predlchon rates of BKGs, PDFs, JES/R, ’rqgger eff|C|enC|es e’rc)

T
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Rz ¢
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Mj,v (TeV)

137 b (13 TeV)

100 + Data
SRé W+|'e|s
I i, single-t

- VV, VWV, 1 iV, QCD

e “ Systematic Uncertainty

Mw =25TeV.M —1 TeV
77777 MW =25TeV,M —04 TeV

e My, =35 TeV,M —021 TeV

Events /0.1 TeV
2 =)

+  (Data-Prediction)/s, 4 I £0,, /0, *

15 2 25 3 35 4
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imi CMS,
Limits on 2D masses plane

* Asthe data are in agreement with SM prediction - no evidence of signal / new physics.
* Thus we set limits to the model parameters / masses.

4 CMS 138 b (13 TeV) _
> pp — W, — WR — WWW g
= 35133 Expected £ 10, ... (combined) m
x — Observed limit (combined) 5 ©
E - — 10 cC
g[=E Expected £ 16 ,,rimen (1-1€P) - o
— Observed limit (1-lep) n ‘E
2.5} ;
Q
Q
2r -]
o
_3
1.5} 10" e
Ty)
[ ()]
1
05_ ummmuunmllll"“‘
1 1 1 1 1 1 1 1 —4
015 2 25 3 35 4 45 5 10
my, (TeV)

* In this example observed limit is weaker than the expected (why?) this is indicative of an excess of
events (present at SR6)
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CMS

Jets substructure & jet “tagging”

Boosted objects - small angular separation of the products - merged jets
with substructure:

W/Z - qq
H-> bb or H-> qgqqg, or H-> qglv
—> anti-kt clustering >

> Large-R jets: AR = V(A@2 + An2) = 2m/p; Boosted jets: Increasing transverse momentum
— "Groomed” Soft-Drop Masses: M;~M,, + 0.2 M,, |
TN = m Z}: PT.k min {ARIA AR-‘)_;‘-. AR AR\A}

Taggers based on (2-prong) substructure '
* Ty = N-subjettiness - ratios: 1,/1,=T,;, =2
 Decorrelated taggers 1,,°°T W,Z,H
Deep-NN taggers & Image taggers (soon)

plxelx

. acb

q/9 i,

0 107
0 5 10 15 20 25 30 35
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https://arxiv.org/abs/1011.2268

The CMS Collaboration ’

g

ZP@%
5 g

2o wp®°

251 Institutes

215 full members
8 cooperating

28 associated

1537/2125 PhD Physicists (18% 3)
TrOM uvees 665/1186 PhD Students (26% 2 ) Y )’
; . as of 21/05/23 32/1090 Engineers (14% Q) I
57 Countrles or Reglons 0/1321 Undergraduates (29%2)
0/400 Technicians,Admins 3
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CMS

The CMS collaboration

R Evidence for the Higgs boson decaa to CMS//g
S=: o Z boson and a photon at the LAC Moo 2

ATLAS and CMS

® Combined evidence of H->Zy from ATLAS and CMS (previously published) results

. ; , z
® Similar analysis strategy. Correlated (TH) and uncorrelated (EXP) systematic
uncertainties considered in the combination p
® Observe evidence for a signal with 3.40 significance (expected 1.60) H---- ¢  H----
® Observed signal cross section corresponds to 2.2 £ 0.7 times the SM cross section g
" The H->Zy branching ratio is measured (3.4 £1.1)x103 compatible within 1.90 with
SM prediction !
% :l I LI I L I T T \. I ] T 17T I L I 1T T 7 l: 20 —— ————————
@ [ ATLAS and CMS Preliminary ] E | ATLAS and CMS Preliminary
~ 60 - ~ 18fF —— ATLAS + CMS
» [ LHCRun2 ¢ Data ] ) ©LHC Run 2 ]
§ 501_ —— Signal + background 16F — CMs ]
g o ---- Background . r — ATLAS ]
2 ] 142_ 3.4 E
= B 12F e
[ r ]
= 30 = 10[
- 1 8
20F 3
- . o ]
BN A
@ of . 2
I 1 NN ]
_2; I 11 | L l | | I 1 1 I 11 | I 1 - I 1 1| -I: 00
5 120 125 130 135 140 145 "
/ mzy [GeV]
| Tz perilvestris LHCP 2023 34
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- U
o Standard Model Predlctlons & Measurements
Standard particles g = : ¢ 7 TeV CMS measurement (L < 5.0 fo" ) =
— 1 05 e $ 8 TeV CMS measurement (L <196 fo™) __|
. © = _%__._ S A — 7 TeV Theory prediction =
- - enjetis) 0 b — 8TeVTh dicti =
¢ SM: N S 104555j ) gn,e{{s) Z CMeS gs'yfcorl.yn?;i o =
= Eig B S E
O 3 : 3
o 10°e & @ @ : —
n S-SRI 3
n o §5 o - =
Quarks @ wrons @ Force poricies 8 10 E’ ? L e Elnjetj{.so)."'ﬁ =
5 = = i B =
* Very successful O ok § f =z -F!' ]
c =5 5 o : — 3
gauge theory. ke = j& : 3
) 1 T —
3 3 I TR TS B = A i; fi -
* Precisely predicts DE_ 10 T -
processes: E : Ez E
O""'[].O = 10 ] pb f 2 [ : 3 Combines 197" (8 TeV) + 5.1 (7 TeV)
10—3 | —T |W§ 1 Hosyy (Untagged) CM:?M m, = 125 GeV
E 22— Homr(EF i) Py, "0
All results at: http://¢S Al netzshown ':a: \;1; ((\tft: :Zg;
= = = S 10T BR(m,= e ;
€ Along with successful predictionfs * — Hobb : 57.8% | 2t
. H>WW*:21.6% H— WW (0/1 jet)
of Higgs BR > measurements... H>gg : 8.6% | Ho»WN(VBF tag
HOTT:64% | 1o o o)
10'2; H:))cE‘: 2.9% H:a?:'(g?tﬁi T
H>77" :2.7% > 12 (VBF tag
€ No evidence for any deviation(s) v 02% | YOTONEOL
B J “\ \ H— bb (VH tag) i
from the SM. 107100 120 140 160 180 200 o MHEOL. e
19/1/25 Data analysis/Sdarches - Antonis Agapitos, M, [GeV] Best fit o/og,,
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) & SM: Shortcomings in QFT frame

: : 2 - 2 _ 1952 GeV?2
€ m,. . renormalizable > my;, 2=my,. - = 1252 GeV

€ New Physics at: A_,~10%-108GeV €-> “Hierarchy/Naturalness” Problem
<~ A_~10'8GeV (Planck scale): ™

1252 = 12345678901234567890123456789012345 —

9 [12345678901234567890123456788996720]
A A if : >~
A ~10*GeV: p100p - 3 pne ~=QTevy @ Problemiif: A >~TeV

- There is a “missing”

1 .
o€ A ~ HO7TeVvy’ mechanism for m, convergence.
L pa . osTevy @ Maybe new bosons (?)

gauge loop +

Higgs loop +

i 2
:':rg: My 2 Mo = (1;?— 10— 5) x (200GeV)? at scales: A_,~102-10'8 GeV.
mass RAERN Tl 1m
squared Gauge | | 50 SV
(0.125 TeV)? ___Q___ ---—~+*--- | 4 Open Questions: | .
m2 _ -
" {3 Higgs - Unification “GUT”?
Top | o *  Gravity QFT ? N R
« 25 Free Parameters (why?) ¢
* 3 fermions families (why?)
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) & SM: Shortcomings in Cosmology

& Dark Matter:
1.6
[Milky way] ceodlaxy Rotation curve

|
S

i
N

Observed

=]

i

| “: "‘} "' 3

Dark Matter

o
[+ ]

Orbital Velocity (arb.)

. oo -t_’is-li ijl-lgjht-) . . !\’. : .’ PR . 3
Buige (ignt) | N e “. X-ray&optical
00 5 i : S e T Bullét-cluster nebula Gravitational Lensing over Galaxy Cluster
Radius R (kpc)
 ~5 times more “Dark” Matter than Visible Matter. Time in Gy
. . - kback ti for su v
* Particle-nature matter - which particle? o (i
Atoms Dark
4.9% E:;rgy
€ Dark Energy: - 68.3%
. Matter supernova data
accelerated expansion s \
(why? who?)
€ SM: cannot explain large scale observations.
SM - «effective» rather than fundamental. | I N

. . . 130 -88 44 !
Data analysis/Searches - Antonis Agapitos, PP I T 67
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SUperSYmmetry: SUSY

Standard particles New Principle of Nature

ud cd t Aspin = 1
o S b o
=

Fermion €= Boson

MSM-particle <Or<< MSUSY-Sparticle
SUSY: a translation is “Superspace”.

Quarky . Loptons . Force partickes L ind W Steptons 0 MWW

SUSY proposes solutions to SM problems:

@ Hierarchy Problem ¢ Dark Matter Problem y € GUT
" . Dark 50§_U(1)\ \\‘“\__ SM ’/:%
"""""" Eergy
. 68.3% s )
s
H i‘ t }i H 20_ /{/;”’ f _
: N 1065
Sparticle loops LSP = Dark Matter SUSY |
- - - » 0 L 1 s 1 s 1 L 1 L | L | N | N 1 1
cancel out corrections (1f “R-parlty conserved) 2 4 6 Eog1l?ca/<31§v> 14 16 18
(if A, ,~< 1 TeV) Pp=(-1)2s+3(B+L) a' converges @101° GeV
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B2G-21-003

X=>YH > 4Db

boosted

b > 1T I[||[1(13|TeV) Mx=1600 Gev Multijet
Jet 2 F CMS  CMS-DP2020-002 ; My=90 GeV
(5} N ] . . L
b g3 [ Simulation Preliminary ] o 1 CMS Simulation Pr 9"””'”5"]/ _ i}
B -1l Hobbvs. QCD multijet | S S
H o 10 500 <p™ <1000 GeV, ™ <24 E @ X i '
X - S 90 <m;, <140 Gev ] %
-~ o | DeepAKs ] 2
----- =<\ 2 10-2L -~ DeepAKEMD ; ) T
S S E— Parti : a
S m - - ParticleNet-MD B [ ] j Q@
Y [ * %) gl . g
" & DeepAKS-DDT (2%) ey PaticleNet g
b 10°F Ops points 3
Jet : ,0.98 >

sl ./|||\|1
0 01 02 03 04 05 06 0.7 0.8
Signal efficiency

10°

«  X)Y:scalars, My >> My
* Models: NMSSM o9101785, Two-real-scalar-singlet extension 190s.08554

0.8 0.94 0.98

. .0
H-candidate ParticleNet score

- 2D search over M;, MY variables
* 2 (wide) jets, myy,: 110-140(>60) GeV, |An;|<1.3
« Tagging with Graph CNN (ParticleNet), mistag~0.5%, eff~70%, calibration with g=>bb jets

a(pp = X = YH = bbbb) = 1 b |

10!

. CMS Prefiminary 138 fbo-'(13TeV) . CMS Preliminary 138f0'(13TeV) g0
_Ew T J T T T T c W71 T T3 >
2 Mx=1600 GeV - K] Mx=1600 GeV . 1 [0}

2 SR1 = Me1s0Gev = a SR2 ~ Mi-is0Gev = f ) o)
g My=2000 GeV 1 Multijet g 103 My=2000 GeV 1 Multijet | >_50
i} “77 My=300 GeV + Data o 7T My=300 GeV + Data s
__ Mx=3000 GeV . My=3000 GeV
My=400 GeV 102 " My=400 GeV

(PP — X = YH - bbbb) = 1 1o | 400

300}

200}

100

19/1/25

-
800
MY [GeV]

Il Il |
20 300 400 500

i
1000 1500

A T N B
2000 2500 3000 3500 4000
My, [GeV]

1000

CMS Preliminary

1500

138 fb~' (13 TeV)

Observed upper limits on

o(pp—X—YH—bbbb)
Most stringent to date

2000 2500 3000 3500 4000

Mx[GeV]
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https://arxiv.org/abs/0910.1785
https://arxiv.org/abs/1908.08554
https://arxiv.org/abs/1902.08570
https://cds.cern.ch/record/2707946/files/DP2020_002.pdf
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-21-003/index.html

et a®
% q (b)
V(H) :
X -
______ .<\~~
XS
. -
Jet
g

HVT. W, Z
RS Warped ED: R, G,

138 b (13 TeV)

= 30007 "+ Da E
= - + Data B
o . s M’s —— Background fit ]
o + Preliminary £ fo unc. N
< 2500 e -- - WHjets E
P r 55<mm2<215GeV —m Ztjets i
S 2000[125<m <60Tev — =
2 E [ Z (3TeV) 5 ZH ]
1500 o o E
F DY/gg VH HPHP category 7
1000}~ E
500 =
e - : o
- 4 I
= 2
Slo oF
8 . ‘T‘L-..TT-AF..J‘%
4

200
my, [GeV]

* Best limits to date =

« 2 modest excesses for W>WZ at ~2.1, 2.9 TeV

19/1/25

X =2>VV, VH

Events / 100 GeV

X=>WW, z2Z, WZ, WH, ZH

Production: DY/ggF & VBF targeted

2 wide AK8 jets, mj; ,: 55-215 GeV

extra 2 narrow fwd jets for VBF

Tagging with DeepAKS classifier:
W/Z/H - gq/bb, against g/g
- 10 categories

Method: 3D-fit of mj;, m;,, my;
138 b (13 TeV)
10" oms. R .
F —— Background fit
108 & Preliminary S + 1o unc.
F - WHets
105 ?55 <My < 215 GeV - Z+jets
F 65<m,, <215 GeV — i
10 [ Z (3TeV) —» ZH
(x 20)
10° DY/gg VH HPHP category
102

T T TTIT T T Ty T T 7T
T T

In DY/gg & VBF

B2G-20-009

CMS

CMs to, /o ——— G, (2 TeV) = WW (x 10)
Prefiminary " o ata-fity - Gy, (3 TeV) - ZZ (x 100)
Pulls St 138 b (13 TeV)
2 + + A 65 GeV < Mo < 105 GeV |
2 LHE
-2 H 65 GeV <m, <105 GeV |
3@“35% +yhttoy N
2 p—

nNoN

%mm_#ﬁu ++
+ T L

+ _L&|HJ. LS +
HHEHS

N oN N oN

++ A foog + e+ +
T T _
1.5 2 25 3 35 4 45 5 55 6
Dijet invariant mass [TeV]

VVHPLP VHHPLP VH LPHP W HPHP VH HPHP

L 4?7?T

138fb (13 Tev)

10 gy T T T T T T T T T T T T T
.E CMS ———=+—— Observed E
% 1 Preliminary PN Expected : 1 std. deviation B
E 360— local Expected + 2 std. deviation ;

oo RRRRERER Gy BRIW—WZ) HVT
;1071
>

x B(D
S

©103

- 10
bl
)
@©
(a qosbbo i b b bbb
5 3 2 5 3 15 2 25 3 35 4 45 5 55 6
Dijet invariant mass [TeV] Moy w- [TeV]
Model Observed limit ( TeV)
Radion DY/gg \A 2.7
HVT model B, W’ WZ / WH 44 /40
HVT model B, Z/ WW / ZH (1.3-3.1,3.3-3.5) / 3.9
HVT model B, V' VV+VH /VV / VH 48/45/42
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HDBS-2018-19

Xt > WZ 2> v L L viaver&Dy

b g & . Fullylep. (¢=elp)
X HE z F tt « Low BKG, but also low BRs
+ —> best for low my
wew ows E W ow ¢t
) v Y: * VBF: 2 jets, m;>100 GeV ANN classification
q q

_ « DY: pTimbalance: Pr_ 5 035
» Georgi-Machacek (GM) model nes, pLe mwz

- Fermiophobic 5-plet of scalars: H*, HZ, H?

- H; is probed here in VBF (WZ-fusion) topology * Reconstruct 254, Wi, and my;
«  HVT model: W't via DY or WZ-fusion « Prompt-{ BKG from MC, fake from data

ANN for VBF SR for DY SR for VBF lelts on H5 X-Sec |n VBF

8 . 3 600~ ! — =
S 10 ATLAS Preliminary * Data o ATLAS Prellmlnary ] ATLAS PreI|m|nary 4 Data = ATLAS Prellmlnary Obs 95% CL upper nmn
2 ~ WZz-QCD 2 ] 1 N 10 =
5 {s=13 TeV, 139 b Wz WK 3 [ Vs=13TeV, 13916 4 paa 1 5[ fs=13TeV, 139 b wz-QcD J = {s=13TeV, 139 ib™ — — Exp. 95% CL upper limit 3
& 10 L Postfi - £ 500 Post-fit WZ-QCD — [ Post-fit WZ-EWK 1 VEF SR e ) 3]
....... VBF H; 375 GeV o [ Drell-Yan SR I vvvatv b " VBFSR 2z g © xnacted limit (£10) -
et VBF H 1 TeV I Vv z 1 f I Vvt g 2.80 Iocaledimi 20 1
------- HVT VBF W’ 375 GeV Fake/non-prompt 400 r WZ-EWK A Fake/non-prompt - % —
~ HVT VBF W' 1 TeV Postfit uncertai ]
o [ Post unee i Fake/non-prompt ] Postit uncertainty ® e 160 global _
WZ-QCD VBF CR {VBF SR N Post-fit uncertainty I VBF H; 375 GeV x 0.5 ] 3
300 ¢ PP e HVT Model A W' 800 GeV—| R VBF H; 600 GeV x 0.5 B
------- HVT Model AW’ 1.4 TeV | i 7 i
200]- ; .
N ] 10
100 - = AP N N S S B PN wrrre
u N b i 200 300 400 500 600 700 800 900 _ 1000
10 ] m,,. [GeV]
_ YU VU & U I [y I i I 3 i ETER TR SPORSPOPPT FRRIST RIS Constra”‘]S also on:
£ 14 = 1ar b B
Ew.aj t 3 1.2 D - . ° H H
[ S T . i
Lkl | w7 param. sin@, in GM
o [~ X -
= o 5 08f 1
0.6 + 0.6 | 1 |
01 02 03 04 +-:)‘5 06 07 08 08 1 500 1000 1500 2000 2500 3000 800 1000 1200 ° HVT mOdE|S A B

Feeere e e my,,~ 2.4(2.5) TeV
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HDBS-2021-29

Interpretation of BSM Higgs searches in GM model

4 BSM Higgs searches are interpreted in 1 Ve
= - + -
Georgi-Machacek model neg, pLe g OQ_ATLASMW 7 2 HE Z Via
" E fs=13TeV, 139 fb" 7 W W w ¢t
113 [1] . 0.8 j
«  “HS5 plane” used, it refers to the 5-plet 1610.07022 op b o S SLuppert v
SE = Exp. 95% CL upper limit q,, q,,,
- mg: mass scale of 5-plet 06 I Expected imit (+10)
. .. F [ Expected limit (=20)
- sinB: mixing parameter (of the VEVs) 05 7] repmtD>00  yecen
04 ;— T(H)m(H) > 0.1
: . : .. 03F
« Constrains obtained comparing x-sec limits s
and theoretical predictions
Lo v b b Lo v b v L Lo ay
= 1 Mlarclh 2?22 - 400 500 600 700 800 grg'?; ca®
eI ‘\
% 0.9 \ | R - VV (semi-leptonic) VBE
0.8 ] Width=10%

Eur. Phys. J. C 80 (2020) 1165
C H" - W'Z VBB <Tightest constraint

0.6
0.5 ey ATLAS-CONF-2022-005
0‘4 ' - H—>ZZ ->4l+Ilvw VBF
0.3 o Eur. Phys. J. C 81 (2021) 332
0.2 EESCA .. T pp — H'H™ - W'W'WW*
' ATLAS~ -P-l:ellmlnary .................................... Via DY = x-sec independent of H5 plane param.
0.1 GM Model, 95% CL limits JHEP 06 (2021) 146

IF 13 TeV, 139fb’

o <White area is not excluded

O n 1 L
200 300 400 500 600 700 800 900 1000
m, [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-29/
https://www.sciencedirect.com/science/article/abs/pii/0550321385903256?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/0370269385907002?via%3Dihub
https://arxiv.org/abs/1610.07922
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q

H*H-—> 4/

2,3,4¢ (L=elp)

At least 1 SS ¢ pair (generic probe)
SS ¢ resonance: BKG-free signature

5 SRs: 2L up, ee, ey -
3¢ all together

ATLAS-CONF-2022-010
EXOT-2018-34

signal regions | SR2L  SR3L SRAL
etet  (ECEET O LHETEL

Channel e*u*
wEp*
Nr. Leptons ‘ 2 3 4

m(f*, fi)lead. [GEV] > 300 > 300 > 300
Pr(€*, €*)eaa. [GeV] | 2300 =300 -
AR(E*, 6 ) s, | <35

{— M [GeV]
: 4¢. 2 SS pairs } ]
« Left-Right Sym. Models P Zyto | d
production via DY
* Observable: m(¢,& > 300 GeV
¢ 3-3-1 models 1806.04536 (&8 eag
* See-Saw type-ll nep-phiosos2ss «  BKGs: VVV, Fake & NonPrompt (FNP) Upper limit on H**H-
« Georgi-Machacek nee e« CRs & VVRs sidebands for prediction production x-sec assuming
BH%pp = BH%ep = BH%ee =1/3
L~ UL LD RS B FURLE ZL LR L2 UL L R LR ST L
SEZI:; ERSL;: 5541" - g 10ATLAS Preliminary - Expected 95% CL limit
) e*u o et | AR A AR € RJs=13TeV,139f" M Expectedlimit=1o
c ATLAS Preliminary  + Data Drell-Yan % I arLas Preliminary  + Data  [[JFNP I *E 10*E ATLAS F’relimirl'lary I+ Data [FNP 3 ﬁ N Expected limit £+ 20
L%’ E:ISIBYJSQH:_:" #:Total M [T]FNP —:l%‘ © (s=13TeV, 139" & TotalSM [@Dboson 12 | Is=13TeV, 139 fb" # Total SM [Dibosan §8 k. — Observed 95% CL limit _|
SR2L (eu=), post-fit Eg'tm?n 7 20:— S—Hzlf ﬁ;‘i‘}%opoo‘::gl [Other E w 103§—SR4L (FFIT), post-fit _m(Hn)ﬂol_Olg:"‘ff 3 g L — Doubly chairggd Higgs _|
—m(H**) =700 GeV x 10 J L —m(H") = 900 GeV of —mH")=900GeV | QO E —opp—=>H"H) 3
— m(H") =900 GeV x 10 ] 155 - 10°E ERs] E “ olpp — H"Hy)
- 10E 18 5, BH= > F1%)=100% |
E 10
i 1F 10
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(Y) XX (j -) (j -) S CMS
Imy—my|
* 4 narrow jets - paired to 2 di-jets, symmetrized masses: ——— < 0.1
1 2
« Search over: my; and average di-jet mass myj;; fit 3p-function to the data in slices of -
4j
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-010/index.html
https://arxiv.org/abs/1209.0764
https://arxiv.org/abs/1810.09429

EX0-21-003 |CMS

VBF 2> N = “i“i Heavy Majorana N. & W.O. Probe

VBF HMN at Seesaw Type-l EFT Weinberg Oper. Dim. 5

i 2 — ; 1’
mixing element [V, y|* = 1 Wilson coef. C5 =1

L8 |

2011.02547

g 107

Al i T q ">—5 100 13 TeV LHC
=105
\\( \( 5 -
—— I ——If © 10°
\71/1 3
N ) = 10°
1 42 4 <~-_2102

—— 105 —— 15 = WW* (NLO)
wt w+ s

g2 g qz A 1

._
=

* Use VBF t-channel which dominates high my for first time
* 2p SS+2fwd jets; cuts on Any, my; fit on Hy/poy,:

ol o°
(=] o
00w N B OV

A Heavy Neutrido Mass, m,, [GeV]
CMS Prelimina 138 fb~! (13 TeV e -1
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2 120 . - ¢ Dala CMS 95% CLupper iimic & /f E
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2 100} Signal region Signal region b-tagged CR WZ CR WZb CR | Non-prampt :
(T § 1 .
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: X : A2t & First probe -
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-003/index.html
https://arxiv.org/pdf/2011.02547.pdf

EX0-20-006 |CMS

Z 2> NN > ¢ Jj { Jj Heavy Majorana Neutrino pair | =

q
* ee, Yy (OS & SS), myy > 150 GeV
Wi
n 7 — 2500°M8 .":","“.’".‘*:V ............. 1387 (13 TeV, A
* Resolved & Boosted probed 3§ - Combined (exp.) "
N o [ Combined (exp. + s.d.) ]
VA o L , ) & 20001 Combined (obs.) ]
----- - * Binning on # of wide AKS jets: . OAKS (obs.) ]
- o N~ Tz 4
N, SR N(AK8jet) N(tight leptons) N(AK4 jet) 1500 ~— 1AK8(obs) .
g SR1 (0AKS) =0 =2 >4 C 2AK8 (obs.) i
SR2 (1AK8) -1 >1 >2 r .
Wg* SR3 (2AK8) >2 — — 1000 M 0s + SS -
N * « Reconstruct Ny as “jj¢" and my;  soof & ]
. ! T .. .. . L 4
* LRSM: Z', Wy, Nejy/e minimizing m(jj¢)-asymmetry g ]
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N, <m Wi 5TeV o m (GeV)
«  Off-shell WR . no mixing  ° Prediction from ey, my SBs My, = My /4
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-20-006/index.html

EX0-20-011 CMS

Heavy Composﬂe Majorana Neutrino N /4 9 [/ <qq5

i

CI domlnant

- Excited states of SM fermions Q{P% ;%
-> Effective interactions: gauge (Gl)

& contact (Cl) between ordinary . ee, pd (SS&OS), m(%)>300 GeV, >1 wide AKS jet

S ?:?Ne)’f(iggg fgrer\n/'c;{‘]s . Use ep, m,,: 150-300 GeV as CRs
v ’ * Fit: m(4]) constrain separately N, N, masses

2

Production
Il

o
Z

q “
AN / ¢
N ¢

q

« Composite-fermion models
1510.07988, 1707.00844, 1810.00374, 1903.12285

Decay
{
Il

o=
F
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-20-011/index.html
https://arxiv.org/abs/1510.07988
https://arxiv.org/abs/1707.00844
https://arxiv.org/abs/1810.00374
https://arxiv.org/pdf/1903.12285.pdf

UNIP

A toolkit for BSM searches: Objects

Boosted objects - small angular separation - merged jets
(W/Z->qq; H->bb/qqqqg/qqlv)

-> anti-kt clustering
> Large-R jets: AR = V(A@2 + An?) = 2m/pr
- "groomed” Masses: M;,~My £ 0.2 My,
\ g >

Taggers based on (2-prong) substructure

Boosted jets: Increasing transverse momentum

CMS:
1

* Ty = N-subjettiness = ratios: To/T1 =Ty =2 ™~v = = sz- min {ARy x, ARy, -- ,ARN}
« Decorrelated taggers 1,,°PT g ’ o
ATLAS: w.zH e
« Dy 2-point E/ 3-point E "§
» TCC-jets Track-Calo Clusters o= _ g (For)’ :

algo unifying tracker & calo info. 2 T (ECFz) ‘e
Deep-NN taggers & Image taggers (soon -

P e]¢) ge taggers ( | ) Eor =Y prs 9/g - i}}:
MET + lep from Boson: mwwe===2_ ' et
> Reco the W(H) assuming My=80(125) GeV Ecrz = ) _priprAR;;
]

b-jet tagging based on MVA, DNN Ecrs =Y pripripredR;ARKAR),

ijk
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Limits on x-sec. for k; = 0.5
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8

T assumed to couple to 3" gen.
Here: BRysy = %, my>1TeV

K; controls production coupling

" ATLAS —— Observed Limit (95% CL)| &
5 =13 TeV. 139 fb" - -- - Expected Limit (95% CL)

= All-hadronic T - Ht g2 Expected £ 1o

C k=05 ---- Expected + 2¢

C % =0. o

| Tsinglet Theory

12 14 16 18 2 22
m [TeV]

1

2 wide jets (R=1.0)

Tagging with:

- H: m;: 100-140 GeV, 1,
-t m;: 140-225 GeV, DNN
-b: RTrack, DL1 (DNN)

Classification 81 categories
based on:

“H, t, other” & “Ob, 1b, 2b” jets

-2 SR, VR, NR

Search over my >
QCD & tt, data-driven pred.

Constraints on coupling K; VS my

08"

C ATLAS

" {s=13TeV, 139"
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[_Tsinglet ]
- Observed Limit (35% CL) )
Lo-- Expected Limit (85% CL)
[ 85 Exectedt
[.--- Eewiiz

02f

Single Vector-like | - Ht =2 (bb)(bQQ) boosted

r/m, (%)
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CERN-EP-2021-249

D g0l ATLAS + Data
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https://arxiv.org/abs/2201.07045
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ATL-PHYS-PUB-2022-012
EXOT-2022-01

EXPERIMENT

4 scenarios; all decays in 3" gen quarks as final state
5 dedicated LQ searched + 2 SUSY searches re-interpretations used - exclusion m 4~1.2 TeV

LQ - mixed gen
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-012/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-01/

Resonant Triboson: X - WR-> WWW

Py
Extended (3 branes) Warped ED model
1711.09920, 1612.00047, 1809.07334
£2G-20-001 1-lep + jets Full-kradronic B2G-21-002
1@ Jet A Jet /AN
/v @ v q q
A W w
Jet Wik Jet Wik
q Sso A% q s~~
R ™ R W
q q
w w #; w w /1
Q(l) q
q am
Jet 1) Jet g ) Jet 1 et F5n)
a@m Merged R q Merged R
Resolved R Resolved R
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"% systematic uncertainty [ 11 g T I U [
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-21-002/index.html
https://cds.cern.ch/record/2300079/files/arXiv:1711.09920.pdf
https://arxiv.org/abs/1612.00047
https://arxiv.org/abs/1809.07334v1
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-20-001/index.html

B2G-21-004 |CMS

X=2LL=> Zgb,TT/TV/VV vector-like lep. pair

, , Intriguing new result from the LHCb
New results from L_HCb sh_own‘]g h|f1ts experiment at CERN
Of IEPton ﬂavor unlversallty VlOlatIOI'I The LHCb results strengthen hints of a violation of lepton flavour universality
Difference between
measurement and prediction BaBar
now at 3.1g for R, oo
Interestingly, the electron .
) LHCb 3 fb
measurement alone is rpeaiiae
. . . LHCb 5 !
compatible with SM, making the = oo
muon measurement the one that i N st

deviates in the ratio 05 | 13

23 MARCH, 2021

—_ . Belle
1.0 < g% < 6.0 GeV3/¢t

Rk =

B(Bt— Ktu*tu™) / B(B*— K*te'e™)
B(BT™— J(—= ptu")K) /) B(Bt— Jip(—ete )KT)

Similar results also present for RD* measurements
Deviation from SM at 3.4¢
The tau measurement is even further from SM compared to the muon
channel
A combined explanation of both anomalies hint to BSM with yukawa-like
structure favoring to third generation families
Among the many options, one that provides a combined explanation for

both anomalies is the 4321 model, extending the SM sector: R
SU(4)xSU(3)xSU(2)xU(1) s ¢
A Leptoquark (U,) is then predicted to exist as the source of LFV T R B
R(D*)
B+{ _ Kt Bt{_ LQ K+ R(DW™) = BB - DW= 7r,)/B(B° - D™~ puty,),
b S b—— ] R(D™®) = B(B~ — D™°r5,)/B(B~ - D™°u"5,),
- A =
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B2G-21-004 CMS
X=2>LL> > 3b TT/TVIVV vector-like lep. pair | =

Di Luzio, L., Fuentes-Martin, J., Greljo, A. et al. Maximal

The SU(4) extension also brings new families of vector-like e Enve',; O s R -
fermions (2 P BE@IBTEY g=35 2 NN @I3TeY g =35
In this talk: vector-like leptons g N z N
They are produced through Electroweak interactionsor £ g
pair produced with a Z', also required to exist due to UV e P_ i
completion = . - ™
Coupling to SM fermions through the leptoquark U, B A
resulting in a 3-body decay ff T M B S BT
g
-r
b L % )
Al A 5

10360 400 500 600 700

M; [GeV]
b L
i i i Table 1: Illustrative contributions from different VLL production and decay modes to the 0-,
The VLL IS a m u |t|p|€t Wlth a neUtral (N) and Cha rged (E) 1-, and 2-7 s:gn::l negin:m 'lt'hE decay pmriuclsl in pall')enrhes:es represent l{\e nbjecl: c:;minJ
from the intermediate vector lej uark, U, in the decay. For brevity, no distinction is mad
com p ane ntS berwete: patrlides anlj a:ti‘partifl:,:the mullipli‘cizesecff Zach decr.:y tn'}:ode aretnoitshnwn, an:
We will focus on second generation VLLs coupling to B ki | oot dep sndp] el atein
. . . EE — b(tv; )b(tv, 4b + 4§ + 2uv;
third generation fermions or EN bty | dbgen
. NN — t(tv )t(tv;) 4b + 8j + 2v,
In the resolved case, all final states contain at least 4 BE S bbrblie,) [T,
. . . 15 EN — b(tv, )t(bT) b +4j+ T+ v
b jets and a varying number of taus, neutrinos, and BN blri) | dta v
— t(bT)t(tv, +6+ T+
light jets from top decays EE = bibr)b(b) e
27 EN — b(b7)t(bT) ab +2j+27
= ~ NN — t(bT)t(bT) 4b +4j+27

Figure 1: Left and centre: example Feynman diagrams showing production of VLL pairs
through s-channel bosons, as expected at the LHC. In these diagrams L represents either the
neutral VLL, N, or the charged VLL, E. Right: vector-like lepton decays proceed through their

interactions with the vector leptoquark, U, and are primarily to third generation leptons and
quarks.
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(Y) > XX ; ( 'I ') ( 'I ') B2G-21-010 |CMS,
J J * <
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CMS

Majorana Neutrinos & Weinberg Op. Probe

Introduction: Physics Background

-> Neutrino masses: The Nobel Prlze in Physn:s 2015

The Royal Swedish Academy of Sciences has decided to award the Nabel Prize in Physics for 2015 to

Arthur B. McDonald
Su

sussaration

% Confirmed by neutrino oscillation experiments  Zexi: | &
g:. Not included in the SM “for the discovery of neutrino oscillations, which shows that neutrinos have mass™

-> Why no neutrino mass mechanism in the SM?
% SU2),xU(1)y EW symmetry & only Dimension-4 operators in Lagrangian
% Economical particle content:
> Only left-hand neutrinos, Dirac mass is thus forbidden.
-> To generate neutrino masses, one must go beyond the SM:
& Potentlal BSM particle solution: Seesaw models

SM + fermion singlet SM + fermion triplet

1 B : SM + scalar triplet H o~ o H Why named as Seesaw?

R LY : “Secondary Higgs” S 3 if{ The heavier BSM particle is,

L w 4 Typerll ﬁ The lighter SM neutrino will be!
X . f

| e

\ L L : \{"A,/ T N F |

! 1

I
]

|

! i

1

“Heavy Neutrino” a Type-lll
______ Tyeel | . N
BSM Model for kel N
This analysis
% EFT solution: Weinberg Operator Phys.Rev.Lett. 43 (1979) 1566-1570
Majorana Mass: Weinberg Operator
the unique dimension-5 extension F. Tanedo ot e
to the SM gives a neutrino MAS: CT. = = [d’ . L[] [Lf"b] '
mass without any new 2 <h 2 A
fields in the theory ’L H‘ — ‘—/—'VLVL +
A V20 ~ v+ h
= = 1 h 174 174
(o &) V2 (—99') Ls=— C—hhu,_, Ve — CsA L hvgvy
vy, A eel
LEFT-HANDED _ﬁNp EFT-H \‘ . —C2A Ve”t + H.c.
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@ Majorana Neutrinos & Weinberg Op. Probe [

o

{38

Experimental perspective of Seesaw Type-I

-> Type-l Seesaw model & Heavy neutrinos has been widely probed in
different collider facilities

% In CMS there are joint efforts in the past ten years. (Sihyun @ EXO

Workshop) Phys. Rev. D 103, 055005 Newly proposed
& 4 — 359" (13 TeV) approach:
z 1kcms ?i?-c;;xz:mns , o : = : =
107" El +2 std. deviation é —:{
4 _— (:):’ssat:;::vlallon i :‘ 1 -
10 s 1 > V— 13 TeVLHC - The t-channel prc_)cljgctlon
ol i fg:t:::;’wmmjj » ] have more sensitivity at
107 — cusa'r:\/"gm 4 g . i
o ‘ —a , E higher mass phase space
1 10 102 " (Ge\% g _j T E @ q,
s 102k - - 1
World best limit from 7 E e / W
CMS 2016 analysis! 2 ! e : i
i : ] L \\ Il \ N
Upper: EXO-17-012: : ¥ — P i
Trilepton I ——— : //,%\
down: EXO-17-028: Y 10? 10° 10* & &

Same_Sign Lepton +2 jets < Heavy Neutrino Mass, m,, [GeV]

Traditional heavy neutrino hunting strategy: Motivation 1:

S-channel production

| Vi [*

Make use of the VBF t-channel
production of heavy neutrinos to
enhance the sensitivity at higher

mass region.
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window, high sensitivity
e Cons: Cross section drops sharply when
i 2 away from mass window, low sensitivity

I
I
1
I
I
Pros: Larger cross section in the mass :
I
I
I
I



Majorana Neutrinos & Weinberg Op. Probe

Experimental perspective of Weinberg Operator

-> Weinberg Operator (WO) has been applied as the theoretical
background of neutrino experiments in the context of nuclear physics

% Weinberg operator offers Majorana mass to SM neutrinos, thus is suitable
for neutrino less double beta decay (0vBf) experiments
»  Stringent limits are obtained for electron channel

Red: inverted hierarchy
Blue: normal hierarchy

[ X =m1 +m2+ ms3

10-3 L

o sl L A4 4 iiid
102 1077

i sl i i il i i Ladal
10° 1072 1077
mgleV

10°
Z/eV

Annu. Rev. Nucl. Part. Sci. 2019. 69:219-51
% However, bounded by typical energy scale, nuclear experiments cannot

provide hints for 2 or 3 generations. Must turn to collider experiment for
help!
19/1/25
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Majorana Neutrinos & Weinberg Op. Probe [“2

, =L Aperimental perspective of Weinberg Operator

-> Here lies the abyss: Monte Carlo issue for WO simulation

% Head-on neutrino lines appears and makes it hard for Monte Carlo
g ene ratl on , Majorana Mass: Weinberg Operator

the unique dimension-5 extension
to the SM gives a neutrino

% Newly proposed solution:  Phys. Rev. D 103, 115014 wirhe pebtlin

fields in the theory

> Approximate head-on lines with a Majorana fermion line

velp) vi(-p) . ot 2 -

1 —zC’5v w My
—— =R TR
D

-> Thus, collider search for WO becomes achievable
% Typical process: VBF same-sign muon production

Wilson Coefficients g S S gy ,
s _— SM Higgs Doublet % ¢
cY ,_/; g9 . ) _
Ls= ~—[2 %Le,@] +He W Motivation 2:
) ==
~ SM Lepton  High order terms ) h

4\”2 . ] .
v = /2(®) ~ 246 GeV Higgs vev N same-sign di-muon production
/v/ﬂ\dv;/%\ Put limits to EFT Wilson Coefficient and
_ e 2 . .
mgy =G5 v /A e " thus effective neutrino mass
Effective Majorana Mass I

EFT Scale $ i Probing Weinberg Operator with VBF
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Motivation for a Diboson search

TEK 7
@jy@
G

41‘15'&

1898%

« SM shortcomings indicate some kind of New Physics (Hierarchy, Unific. DM, DE)

1. (Bulk RS) Warped ED, , Vv
spin-0 Radion (wer =35 4, =37<V) 2 Heavy vector triplet (HVT)

8xx - Models A, B, C g V/H

J v 3. Little Higgs models
4. Two Higgs doublets models (MSSM)
G 5. Extended WED models (V=2 RV)
g v 6. Technicolor models

* Predict heavy bosons at TeV 8 a q
« 3 production modes: g%@ D>m VB\/FZ
X X W X
« Decay modes include VV, VH g § o
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e
wzH B 1. Use large-R (radius param.) jets
5 2. Clustering with anti-k;
% 3. soft-drop or trimmed jet mass
v > Y .g 4. substructure, energy-flow, jet shape
Boosted jets: Increasing transverse momentum - X
5 observables
CcMs | Various substructure technigues @ Track-Calo Cluster (TCC) jets
, Most advanced available: deep-AK8 | LMY (utilize tracker & calo info)
—> classification to 17 jet categories - tagging with BDT and DNN
> flexibility forming modular taggers > subjets’ handllng with VR track-Jets
(13 TEV) /—6.104_ T T T T T T
:C? 1§ CMsl T T 3 En E _ gg.?:; ?TL.:?T::/mulatlon :
‘G [ Simulation — " e 2-aroptimised Trimmed anti-k, A= 1.0 jets -
% L W boson vs. QCD multijet ] T:’ 10% E tagger mlmel <20 3
107 gon o e 6 F ... D,, meem pie =[1000, 1500] GeV
'g F 1000?& 1500 GoV, In™"1 < 2.4 E 5 F [60 100] GeV W tagging
c [ 65 <mp’ <105 Gev 2
o g g n
g b E £V
© I . ] o r
m — DeepAK8 _é’ I
---DeepAK8-MD | S 10k
10-35— :BEST E m ok
—mg N,
104 bl 03 04 05 06 07 08 09 1
Signal efficiency Signal efficiency (€ )

N-subjettiness 7., or 1,,PPT alternative D, : 2-point E;/ 3-point E
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https://arxiv.org/pdf/1808.07858.pdf

B2G-19-002 | CMS,

X 2> WV, WH 9 lv qq/bb

q
J4
W —
v 7 ALY 5
X wy X q
W a Z o
g ql qlf qflf
° : e TR(8Tew) e 13T (13 TeV)
2D fit to the mJe%DI\fWV Masses 3500:_%:2"” 1, HP, nobb, LDy _:Ewa g:ﬂnsﬁnw i, HP, nobb, LDy |
« V/H-tagging: 1,,°°', double-b tagger T i Dea 19| Cpala
84001 mwsvt 5 ] W+jets
. W,, J, back-to-back : Cwes E0R e
. . W 300f S ;
« 2 forward jets for VBF, O b-jets :
. . . 200} =
« 24 categories based on 4 criteria: :
. 100 .
e/y, L/H purity, VBF/bb/nobb, L/H Ay,,, : - )
. 1 - 97 P R = - .
« BKGs: non-reso (W+jets), reso (it) TR i = R
. . . 8 o6k - 18 osk Il E
Pred|Ct|0n W|th kernel-approach at M O 720 40 60 80 100 120 140 160 180 200 1000 1500 2000 2500 3000 3500 4000 4500 5000
WV - (GeV GeV
13Tﬂ)'1(13TeV) 137m“(13TeV) ™ 1 (GeV) 137fb_1(13TeC';wv( ev)
E T T T T T T T T 3 rrrrprrTTTTTTT T T T T T T S T ] LI L |
a2 1 gr::: . s Gy, oWW,K=05 e 1 E'\:!s, . s WSWH, HVT modeIB E s 1;}9"1!5_ ----- s WsWZ, HVT model €, c,=3
—_ N 3 —_ reliminai —_ E refiminary =
§ 95% CL upper limits g I 95% CL upper limits g i Q 0 95% CL upper limits
T 10 —— Observed a T 10 —— Observed _ _T 10L . —— Observed ]
= --- Median expected = EON. e Median expected E § 8 Z ----- Median expected E
(Dm [ 68% expected E [ 68% expected % I 68% expected
w [ ] 95% expected = [ ] 95% expected > [ ] 95% expected
102 E A 102 o E & 102
% '(e\l )é ] Q X
X '\_6 -b«e © -
© 402 107 ; 10-3§
16 10—4; ; 10_4; E
1000 1500 2000 2500 3000 3500 4000 4500 1000 1500 2000 2500 3000 ‘3500 4000 4500 10001500 2000 2500 3000 3500 4000 4500
mg,, (GeV) m,, (GeV) m,. (GeV)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-19-002/index.html

B2G-20-008 [CMS,

g v q
Z 1%
v v/ Z 7
q
g q q’ qh' qm

« Use M;(J,p™ss) as observable; T1,, for V-tagging; vetob, |, 7, y, p™ss |l j events

 Categorization to 4 sample: VBF, ggF/DY topology |An|<4, n,n,<0,m;>500 GeV
T,, High/Low purity 1,,<0.35, 0.35<1,,<0.75
« SR: 65<m;<105 GeV; CR: m;sideband (m,. 30-65, 135-300 GeV)

« Dominant BKG: W/Z+jets, estimated from the data in CR per M; bin

1 o CMs Prsl:iminary : 137 fb"(13lTeV) c clMS Prefr'mr'ne‘lry ‘ 137 q:" (13 TeV) — 10° CMS Preliminary 137 fb'1 (13 TeV)
2106 ¢ data |:|Nun-resonan1bkg £105 ¢ data |:|Nun-resonantbkg .,.-g. L L |. I.I T IE
-.g 10° ¢ Post-it [ Resonant bkg ..g 10* ¢ Postit [T Resonant bkg ’I\T 95% CL upper limits 7
e 10° 7 4% postfitunc | ggFG 1 TeV (1) e F % postfitunc || VBFG 1 TeV (1 ) = — Observed i
L”wa wio di-modal signal for spin-2 T Expected
b SR HP ggF/DY 10° SR HP VBF > 10? B Expected £ 15.d.
10 10 E ‘ Expected + 2 s.d. 7
y o S W' (HVT model B) ]
% N
10~ 107" ’g'“ 10 & JHEPQ7(2018)075
.2 .2 E —— Observed 3
E 1 52 ] 1.5 E . U e Expected ]
o LE a U (=5 L ]
T Jreeeseet S 5 | i
§05- BOSE g R 2 | e s «e“
(=] 0: a 0’ 1 ?
B| 2 | 8| 2 | | B :
o o E ] N
& o 0 & o O:—l——-——'-_— ] i
8 -2 ) ) ) - tou _2:_. ‘ ‘ . —: 10—1|||\‘\\\\‘\\\||||||||||||||||||'i.-
= 1000 2000 3000 = 500 1000 1500 2000 1000 1500 2000 2500 3000 3500 4000 4500
m, [GeV] m; [GeV] M, [GeV]

19/1/25 Data analysis/Searches - Antonis Agapitos, CMS winter camp25 92


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-20-008/index.html
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1-lep: e/p, E{miss
- W=>Iv reconstructed by
M,,=80 GeV constraint

Higgs reconstructed:
2 small-R jets or 1 large-R jet

Observable: My,

BKG rejection with various mass

dependent kinematic selections on:

E;™ss, M, pryand more

Top
BKG: W Wehf
(flavor decomposition) W-hl, W+

CONF-2021-026 @

W%WH%IVbb ATLAS

EXPERIMENT

4 categories:

Resolved H: 2 small-R jets (r=0.4)
1 or 2 b-tagged jets (mv2c10)
m;: 110-140 GeV <> SR; sidebands - CR

Merged H: 1 large-R TCC jet (R=1.0)
1 or 2 b-tagged VR track-jets
m;: 75-145 GeV - SR; sidebands - CR

4 SRs & 4 CRs in total

Slgnal acc. xeff per SR for 1 -lep.

~ T T T T I —

i ATLAS Slmulatlon Prellmlnary +AII SIgnaI regions

Vs=13TeV,139 b 1 b-tag, resolved
r  HVT W'— WH —lvbb/cc

2 b-tags, resolved m
—— 1 b-tag, merged

-+ -2 b-tags, merged

__Resolved : Merged

Acceptance x efficiency
(=)
I

0.2—

1 1 1 1 L 1 1 1 : ) i i . | '
0 1000 2000 3000 4000 5000

m,, [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-026/

Resolved

1b

Events/GeV

ATLAS Prellmlnary *Da'a
V5 =13 TeV, 139 b
SR 1-lep.

1 b-tag, resolved

| &
B Z+hl, 2+
Multijet
W Whl, Wl B Other
Uncertainty
W (2.0 TeV)
. Scaled to 1 pb

vl v vl vod ol ol o

Events/GeV

2b

. — -

ATLAS Prellmlnary fDa‘a W Z+ht 2

B Z+hl, Z41 O

{5 =13 TeV, 139 fo” : 5

SA 1-lep. =m+::W| lL?mevri'tv §

+hl, W+ ncertain

2 b-i solved >

frtags, ro W (2.0 TeV) i
Scaled to 1 pb

Puond 1o ;\IHIIJ vl ol ol ool el 3o

CONF-2021-026

W' -> WH - |lv bb: Results

Merged

1b

2b

. . -
ATLAS Prellmlnary 4Data B Z+ht T 4t
5= 13TeV, 139 fo" = WPM : a:ﬂ Z+ %
+ er )
fg-:akpme ed 0 W+hl, W+l Uncertainty S
9 merd W (2.0 TeV) &

Scaled to 1 pb

W Z+ht

ATLAS Pre\lmlnary +Da1a
5=13Tev, 139 10" .w hf :g;:ll Z+
SR 1-lep. + or
" W Wehl, W Uncertainty
2 b-tags, merged W (2.0 TeV)
Scaled to 1 pb

0 o

R N i - T R 2P il T T ‘
5 09 ki T2 S ot ] , 1S o9 B s 09 T ;
8 08%m 1000 2000 3000 8 08955 1000 2000 ° 8 087355400 1000 2000 3000 & 0845 400 7000 2000 3000
My [GeV] My [GeV] My [GeV] myy [GeV]

E 102 | T T T T | T T T 7T |.| |. T T | L L | LI | LI I | | L | LI | LI} l? mu_ T T T I T T 1T | T T | | l T .1 1 | LI | | T T 1T

% ?ET_I.?SSTI;’\I'/eI:r;\én;:y All limits at 95% CL ] > 0.8 :—ATLAS Preli inarj( || |‘ E

= y — - . e r _:1 ]

1 = ‘\ -------- Expected limit = 3 - W' WH — |VPb/ CC || \ 3

. - . . 04 . .

I N [ ] Expected +1 s.d. - 5 - -___// i I N O

T N [ ] Expected +2 s.d. = £ 0.2 B -3 - .. 30TeV.

a \\ " HVT Model A, g =1 . = z_o_-_.v ..................... _J L ............... SGTey

S0 F N odel A, g, = Y 0ECTCTTTTT ST TTC-T=

C ' Fromsmemm s l ' eememmmemressananasananas ]

B -0.2 — ’ —]

10—2 E \ r —_"-\ : I I /""'_-- ]

S 0.4 AN I / =

F - \ agen| | [ .

107 & -06F [ | =

_Resolved Merged - | || : .

1 O_ —L L1 1 I L1 1 I 111 | I L1 1 I L1 1 I L1 1 I 111 FI 'I\ﬂ. N L1 1 _0.8 __ _ > 5% : I l Obs I mlts at 95% CL .

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 e e S

My [GeV] Higgs and vector boson coupling g,
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-026/

CONF-2021-016

X =2 HH - bbyy (Resolved)

EN

4 L H > | | - B = RN IS RN RARRE RS RN EARS MUY RRARS
g 8 1wk ATLAS Prellmlnary ¢ Data -4 =98 ATLAS Preliminary 7
e o E s =13 TeV, 139 fb™ I HH (SM) 12 | Vs=13TeV, 139 fb" ¢ Data
, b= E HH-bbyy Single Higgs é 0.5F- HHsbbyy —_ mx_‘_—e ESOO GeV_
ggF t/b __)Z__(‘ E i Common Preselection -;f%b 12™% _gnéle Higgs 1
\\\ 5 10 = gy:éhgrjetsj .5 T — SM HH N
., & "F ey 1304
g ‘g - ---qutiDaooegv e
: m, =500 GeV : 0.3
» 2 small-R b-jets (r=0.4) F ERPY:
(tagger: DL1r, eff.~77%) - 13 :
B 1 o04f
1= :
¢ 2Vs myy: 120-130 GeV SR T R—T B0 100 605 05 04 08 06 0.7 ogE;Tosg B
- - _* core
sideband - CR for fit Matry (V]
> 12 T ' T = 1000 ———r————r——r— =
R ATLAS Preliminary ¢ Data 1€ F o
® 4-b0dy Mmass. o of F»’|‘H_)1bstev 139 b I HH (SM) 13 900F ?;TL?D;STP{!eIEQnary E
(Y N 7Y SingleHiggs | T gnot e ]
m*. = Mppyy — Mpp — Myy + 250 GeV - T my=300GeV M tiyy 17 F HH-bbyy E
bbyy YY %’ o s 1% 1005 —+— Observed imit (965% CL)
(Canceling detector resolution effects) ¢ mowoens | g0 & e Expected lmit (5% CL)
- DataDrivenjj | : I Expected limit £ 10 E
6 ---m, =300 GeV —| 500F " =
L i E [ ] Expected limit £ 2 ¢ ]
- 2 BDTs are combined weighted ,} R E
. . . 300 ¢ =
(for yy+jets, single-H BKGs) 2 1 o :
1 1005 -
. L J S T R P P S e swwwn B0
« Search by: %10 120 130 140 150 G \1/?( 0200 300 400 500 600 700 800 900 1000
. B m e
= slicing m*,,,,, around signal peak ! _ my [GeV]
- fitting analytic function at m,, Also, non-resonant signal (k)

Is simultaneously probed
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EX0-20-001 [CMS,

. CMS Preliminary 137 fo! (13 TeV) CMS Preliminary 137 fb' (13 TeV)
Genel’IC qu+v SearCh Emooog | » DataCR + Data SR E L » Data CR (Norm) ¢ Data SR
- 9000E- CDy+jet @aco - &+ jet E@aco
q q = 8000E- ig. 1TeV (N) ---Sig.1TeV(®) | ¥ --Sig. 1TeV (N) ---Sig. 1 TeV (B)
.g- 0005 ig. 3.5 TeV (N) Sig. 3.5 TeV (B) g Sig. 3.5 TeV (N) Sig. 3.5 TeV (B)
W ] g
X q * s000F- w
5000
4000E-
5 3000 .
q / = R
# 2000F- A Lt ‘ t |
. 1000F 1 |
« W->qq merged (R=0.8) jet o ﬂ M‘I - ‘
. . Q 2 2
- W-tagging with 1,,, m®® 5§ 3 2 I {-;ﬂ i I CR
© 9 ° 6 i
« Central Y % 1‘ — = g i T EEE =
= og § 0.2 : &; L ] )
Main BKG: v+i W 4 N B0 0 8 N0 ;10([)Ge\1/] 1000 2000 3000 4000 5000 - ?;)]oo
° . j e
ain <D . Y Jets - 10 ECMS Preliminary 137 b (13 TeV)] _ CMS Preiiminary 137 fo (:/gYTeV)
o LOW mJ aS CR 8 4; —3%— Data SR é E
= 10 i ------ Data SR Fit - B
2 10FY, [ ivedoru N | I
« BKG estimate: fittin AN S PR NN e
. . g @ACE N, S f €3.1(2.8)o broad(narrow)
analytic function to M,, 10f 20 at M,~1.6TeV
o ik ol = b 1.7(1.1)c global
- Best limits to date on: ol WIN x |
& s i
X Br(X - \I||||!|\||WHH\||! |
) pp—X BI‘(X quY) » B |”‘||||I|""|||||"|||||||”|||IIIII|I|||mu Al é10—1 = Soing i
g Ak E Spin-0 Broa
| & ol s
. . . Tle o] - rX /mx = SOA).
e Model (|n)dependent limit8 -2 R, P I | | | | |
spin 0&1, narrow/broad 1000 2000 3000 4000 5000 60C 'O 1000 2000 3000 4000 5000 _ 6000

M;, [GeV] M, [GeV]
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-20-001/index.html

* First tri-boson search

- New model: Extended Warped ED
—> suppressed di-SM processes

- enhanced tri-SM processes

e X SU(? L X U SU(Q)L X U(l)y
Radion
K. Agashe, et al
arXiv:1711. 09920
i8htarXiv:1612.00047 " & KK W/g/y
KK g
SM g
L~
~ 0(10) TeV ~ O(TeV)
Higgs brane IR

. Only EW in extended bulk
dominant: Vgxg = RV - VVV

Di-resonant

« W-=Iv: reconstruction

» 1 or 2 AK8 massive jets, O b-jet

« deep-AK8 taggers for W & R

* Radion tagging with H,, & W,
« Calibration with SM-proxy jets:

top for R3a:4a W for Rlad

19/1/25

Events / 0.01 TeV

o~
-b-m

[os]
o

X > RW > WWW > v jets

Resolved Radion

Jet

Merged Radron mass

qv)
q @

137fb 13 TeV)

B2G-20-001

CMS

Merged Radlon

Merged Radlon tagger (13760

w
T

I

. __ CMS Simulation Preimiaf}’ J
g —Mw =3.5 TeV, M=0.21 TeV R’“‘""\Rf\.\"“"é q
E —-RT@%) g

= R (9%) a
. n‘““ 13q q
Eo (35%) = .
R W (8%) ’
. Rest (4 %) ,q%"‘: E -
- SR1 = i
- R

'

|
CMS Slmufarron Preirmmary

SR1+5R2+SR3
My, =3.5TeV, M.=0.21 TeV

M, (TeV)
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https://cds.cern.ch/record/2300079/files/arXiv:1711.09920.pdf
https://arxiv.org/abs/1612.00047
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-20-001/index.html

B2G-20-001 CMS

Triboson results

» Probe simultaneously merged & resolved 2 W-tagged massive jets + W, region:

137t (13 TeV)
R

- Categorize to 6 SRs: S Lol
SR1-3 = 1 jets (merged) > M, g °F Sl

SR4-6 > 2 jets (resolved )> M,

—— M, =25TeV, M1 Tev

:n
~
%2}
o
3
=
o
c
3
o
2 4
=
o
=1
b=
coc b b b b e by |

t (Data-Prediction)/s,, mW —2 g 193 M= (1) ”s Ieg CMS

. - e _ o
Pull o, Jo Wi M= Prehmmary
syd Ostat 0 c-e-e- MW —3 5TeV, MR—O 21 TeV 137" (13 TeV)

95% C.L. upper limit on cross section (pb)

2
SR1
o} M, (TeV)
of 137 b (13 TeV)
SR2 0 % 3.5r CMS Preliminary
|_
2r ~  lpp 5 W, > WR—WWW
2F E“: 3r ... 102
SA3 o £ Expected + 1 O g yperiment
— Observed limit
ok 251
2 -
SR4 0 2r
_2 -
2 15¢ 10°
SR5 0 g
s 1k
2t
L 1 + +
SR6 0 ¢ i { os :
ot 1T - v T T [t
(TeV) 05 5 25 3 35 4 45 5 10°
My, (TeV)

 First limits on o(Wgg = RW — WWW)

Results interpretation in Zxx = ZWW
and on [M«k, Mg] Space P K

Relevant search gxx = Rg — ggg at talk
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Summary Results & Conclusions

Summary of results (11 ATLAS searches) upper limits on oxBR (limits superimposed)
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 DNN techniques are exploited to probe very rare events:
- BKG suppression; Identify V/H in hadronic modes; b-tagging;

« Many analysis/channels are ongoing and more results will come soon

* The TeV-scale exploration is in the beginning (~5% of the LHC lumi. delivered)

We have long way ahead, with potential surprises and a lot of fun — stay tuned!
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UNIP

’ Motivation for a Diboson search

1898%

CMS

SM shortcomings indicate some kind of New Physics

(Hierarchy problem, Unific.of Gravity, Dark Matter/Energy)

Many BSM theories have been proposed: J 4
(Extended Gauge-Symmetry models; RS Warped ED;
Two Higgs doublet models; Little/Composite Higgs)
—> Predicting new heavy boson(s) X with
spin 0: Radion/Higgs g 1%
spin 1. W'/Z' (HVT) 4
spin 2. Graviton
at the TeV scale decaying to a pair of SM bosons> W, Z, H, y %4

VvV

T V/H
Therefore we can search for BSM Physics in Dibosons FSs

- HOW TO... search?
Probing Diboson FS at TeV-scale is a challenge to

19/1/25

oM BSM reconstruct boosted & merged V/H reveling substructure
/\ « Selection based on V-like objects suppressing BKG
‘  Predict in a Data-Driven way the SM BKG
My ] « Look for a peak-structure at M,,, tails
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