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» Data taken in 2017 (and 2015) intended to be used as calibration data for HI run
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> (Clean environment allow for very precise measurements with low luminosity

% Data used already by CMS for top and diboson

cross sections
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PHYSICAL REVIEW LETTERS 127, 191801 (2021)

Measurements of the Electroweak Diboson Production Cross Sections
in Proton-Proton Collisions at /s =5.02 TeV Using Leptonic Decays

A. Tumasyan et al”
(CMS Collaboration)

® (Received 2 July 2021; accepted 22 September 2021; published 2 November 2021)

The first measurements of diboson production cross sections in proton-proton interactions at a center-of-
mass energy of 5.02 TeV are reported. They are based on data collected with the CMS detector at the LHC,
corresponding to an integrated luminosity of 302 pb~". Events with two, three, or four charged light leptons
(electrons or muons) in the final state are analyzed. The WW, WZ, and ZZ total cross sections are measured as
oww = 37.033 (stat) 13 (syst) pb, oy, = 6.4727 (stat) 103 (syst) pb,and o7, = 5.3737 (stat) 103 (syst) pb.
Allr are in good 1t with theoretical calculations at combined next-to-next-to-leading
order quantum chromodynamics and next-to-leading order electroweak accuracy.

DOI: 10.1103/PhysRevLett.127.191801
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A= 4%

A=12%

A= 8%

“ The analysis shown here uses
2017 data and events with 1
lepton (and then combines with

the existing 2 lepton result)
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NNLO+NNLL PRL 110 (2013) 252004

scale uncertainty
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———t—
total stat
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JHEP 06 (2023) 138, L =257 pb!
CMS, l+jets W S
\JHEP 03 (]2018) 15, L =274 pb’! 669£65+6.1+1.6po
CMS, eu H—e—4 + + o
JHEP 04 (2022) 144, L _ =302 pb’ 60.7+£50+2.8+1.1pb
CMS combined T 63.0 + 4.1+ 3.0 pb

JHEP 04 (2022) 144, L = 27.4-302 pb”
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CMS . 302 pb~! (5.02 TeV)
< Exactly 1 lepton (electron or muon) (p; > 20 GeV, | t o= oo weies 4y Predit
tw QCD

|r]| < 24) 600+ ™= tchannel XX, Unc.

e +jets

< Atleast 3 jets (p; > 25 GeV, |n| < 2.4)

AAAAA

 MET > 30 GeV

AAAAA

< Events are further categorized into 8 categories '

depending on the number of jets and b-tagged

jets, and the lepton flavour

Data / Pred.
=
o

o
o
4j2b +e— X

> All are signal-dominated s 3
> [+3j2b and {+4j2b are purest in signal (89% of total MC)
> [+3j1b provide the greatest contribution from tW and W+jets backgrounds

(12% and 18% of total MC)

j1b
1b

* 4 main backgrounds: Single top (1 + t-channel), W+jets, QCD multijets and DY
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% A Maximum Likelihood fit is done simultaneously to these distributions
> median(AR(j, j’)) + MVA Score (3j1b category)

> Final distribution of 27 bins x 2 (e/u) = 54 bins

140 CMS 302 pb~! (5.02 TeV) CMS 302 pb~! (5.02 TeV)
e + jets, Post-fit t Data . W+jets o U + jets, Post-fit t Data . W+jets
120 ) et B Drell-Yan , et B Drell-Yan
3j1lb : tw I QCD 1751 3j1lb ; tw I QCD
1001 ! B t channel 006 Unc. ! B t channel 006 Unc.

4j2b

ol 2 Lo 4] 4j2b

Events

1.5 o L5
= | I = 1.0 KGRI s s dch ” L boobed . 4ok
%lowwwvv\;\ﬂ/}f\ ioae 4 s *M f poopet + %1-0><>{><><)<><><X><>Q>C”F"Y‘ ' f/vvvx;(xxxxx LA ¥ POSPOX] J{~ "f"} %
8 } f |
0.5 0.5
0.2 0.4 0.6 L5 2 2.5 3 15 2 2.5 3 15 2 2:5 3 0.2 0.4 0.6 L5 2 2.5 3 15 2 2.5 3 15 2 2:5 3
MVA Score ARmed(i.i") ARmeali.i") ARmealii") MVA Score ARmeli.i") ARmedl(i,i') ARmed(i.i")

A= 5.5%

M) = EmsiiT o7 = 62.5 + 1.6 (stat)*58(syst) + 1.2 (lumi) pb
o = 09.9_37pb
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—— -1 impact (obs.)
-1o impact (exp.)

—— +1o impact (obs.)
+1o impact (exp.)

CMS

—e— Fit constraint (obs.)
Fit constraint (exp.)

ME and PS matching (P armp)

Heavy-flavour b tagging

Trigger efficiencies

Final-state radiation

L1 inefficiency

DY MC stat. in dilepton analysis
tW normalization

JES-Flavour
tW MC stat. in dilepton analysis

W+jets norm. in 4j1b
Muon efficiencies
Electron efficiencies

MC stat. in bin 4 of u-3j1b
JES-RelJER

MC stat. in bin 0 of u-3j1b

. o = 62.3+ 1.5 (stat) + 2.4 (syst) + 1.2 (lumi) pb
o(SM) = 69.5 732 pb

A=4.9%
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CMS

G . summary, Vs =5.02 TeV

NNLO+NNLL PRL 110 (2013) 252004
"""" Mygp = 172.5 GeV, o, (M,) = 0.118+0.001

scare uncertainty

scale ® PDF @ ag uncertainty

CMS, e+jets

Ly =302 pb™”
CMS, u+jets

Ly =302 pb”
CMS, l+jets

L =302 pb”
CMS, ep
JHEP 04 (2022) 144, L =302pb’’
CMS, combined

Ly = 302 pb™”

ATLAS, (ee, uu, eu)
JHEP 06 (2023) 138, L =257 pb™!

ATLAS, l+jets
JHEP 06 (2023) 138, L =257 pb!

ATLAS, combined
JHEP 06 (2023) 138, L =257 pb’!

H.H.

PDF4LHC21 J.Phys.G 49 (2022) 080501

: NNPDF4.0 EPJC 82 (2022) 428
I I MSHT20 EPJC 81 (2021) 341
CT18 PRD 103 (3021) 014013

Pl '|I' L1 (1 )I L1 |

L 1 P | ]
| 1 b 1 1
total stat

Oz + (stat) * (syst) = (lumi)

61.8+2.6+3.6+1.2pb
63.6+2.1£2.7+1.2pb
62.5 +1.6 +2.5 + 1.2 pb
60.7+5.0+ 2.8+ 1.1 pb
62.3 +1.5 £2.4 + 1.2 pb
65.7+4.5+1.6+1.2pb
68.2+0.9+2.9+ 1.1 pb

67.5+0.9+23+1.1pb
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I I /o
250 — 7/ 1/ ' 7/

C M S I LHC delivered: 220.20 fb™
1 CMS recorded: 203.21 fb™

% pp collisions @13.6 TeV

)

b
N
o
o

150 |-

100 |-

«» With the new data we can extend further

our knowledge of the SM 5| /
> First measurements are also important to 0@, ] | ]
Q22 023/ ‘ZQZA 21025/ 2025

20231 /

Total integrated luminosity (f

2

test the performance of the CMS detector Date

% The analysis presented here uses the 2022 dataset
> Targets final state of tW — e*u™ b jet + MET
> tt was measured at 13.6 TeV using a smaller dataset of 1.21 fb~! (2022 data)
[JHEP 08 (2023) 204]
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x10° 34.7 o' (13.6 TeV)

» 180 | | | | |I:) t | =

< - 00 F ¢ Dala —

< Events with 2 leptons of opposite flavor and 140F- —1 =
o - mVVV -
opposite sign (p; > 20 GeV, |n| < 2.4) 120 mNon-W/Zz =

T < ¢ Uncertainty

10018 2 =

80 SR CR

% Events are further categorized into 8 categories

depending on the number of jets and b-tagged 20 R ik

jets

0,0) (1,0) (1,1) (2,0) (2,1) (2, 2)(|2 3, 2(5)
(Number of jets, number of b-tagged jets)

«» A Maximum Likelihood fit is used to extract the inclusive cross section

Data / Pred.

> 1j1b: Random Forest (RF) multiclassifier to discriminate DY vs tt vs
> 2j1b: RF multiclassifier to discriminate tt semileptonic vs tt vs

> 2j2b: subleading jet p;

Enrique Palencia (Oviedo) Top Production at CMS — EPS-HEP 2025 July 7, 2025 14/25



» A ML fit is performed using the two RF outputs and the subleading jet p_.

Data / Pred.

34 7 fb (13 6 TeV)

LN RN U IR ALY LR LR A 1]

6000: CMS # Data -VV+ttV ]
C tw [ Non-W/Z 7

5000:_ Prefit B it & Uncertainty
L - DY =
T ety ] E

40005 (1jb) ]
-

P

>4 6 8 10 12 14 16 18 20
RF discriminant bin

34.7 b (13.6 TeV) x10° 34.7 fo'! (136 Tev)
i) AL A A I PR AR O T R e e L L L L L L 3
& 8000 CMS ¢ Data [ VV+itV 948 12 oms etu® (2j2b) ¢ Data 7
D 7000E WUtW [ Non-W/zZ 4 o W .
- Prefit Wt %% Uncertainty 1 = 10 Prefit Bt -
6000 et DY —; % MDYy i 7
5000 (2i1b) E R B VVAY
z T [ Non-W/iz
R & Uncertainty _]
'c .
s 2
S 3 o
g 46 8 10 A2 @ UOEgee e S
< o - B 40 60 80 100 120 140 160 180
= RF discriminantbin 3 Subleading jet p_(GeV)

oo = 82.3 & 2.1 (stat) 75 (syst) & 3.3 (lumi) pb

JHEPOS «_
(2021) 278 L Oew = 87.9275(scale) + 2.4(PDF + as) pb |

¥ Measurement dominated by systematic uncertainties
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—e— Fit constraint (obs.) —— +1o impact (obs.) —— -1o impact (obs.)
Fit constraint (exp.) +1o impact (exp.) -16 impact (exp.) CMS
JES - absolute "—0-'—' ' ' ' !
JES - quark/gluon (b jets) : R : : H
Top P, reweighting —— :
Underlying event — J
b tagging —e—— .—.
Colour rec. (QCD-inspired) — —_—
Electron reco. eff. —— -——-
Colour rec. (MPI tune with ERD) — .—iﬂ..
Electron ident. eff. —_— —_—
JES - relative sample (2022PostEE) . 1 K T
Luminosity P ———— —_—
tt normalisation = ':'_'
JES - quark/gluon (light jets) —— ——
JES - relativeBal " '—:j
VV+ttV normalisation 3 —_
ME/PS matching (tf) —— e
Initial-state radiation (tt) ——— :—'
Trigger eff. (2022PostEE) —— .__.
b tagging (2022PostEE) B —
JES - relative sample (2022PreEE) : ————: : i -%- i
-2 - 0 1 . 2 -0.05 0 0.’95
(8-6,)/A6 Al

% The leading uncs. are the ones associated with the energy of the jets and b tagging

< But also, the modelling uncertainties: top p. modelling and underlying event
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+» Results are normalised to the fiducial cross section and bin width

%107 34.7 fb" (13.6 TeV) 34.7 fb" (13.6 TeV)

< 10 e L L L L N
8 - CMS +_I?atta| . =
o i otal unc. i 3

= 25[ mm Stat unc. - n - poavoL

— i + tWPHDR + P8 i Q

Q i o tWPH DS + P8 -+ S -

8 20__ A tW PH DR + H7 ] N 5 §
= % eeRRs e : ) -
k) [ 0 a + - ]
> (5l o tWaMC DS+ P8 - = o8f -+OAVOD:} Data .
Qo . — 06k mm Stat unc. N
5 + tW PHDR + P8

S - o tW PH DS + P8 :
© 0.4 A tW PH DR + H7 -
3 i v tWaMC DR + P8 1
o - o tW aMC DR2 + P8 1
= 0.21 o tW aMC DS + P8 ;

i ¢ tW aMC DS dyn + P8
O 11 1 | | L1 1 1 | L1 11 I 111 1 I IIIIIIII I L1 1 1 I IIIIIIIIIIII
L) L1 2_""I""I""I""I""I""I""l""I""I""_
[\] © [ ]
()] o 1 B Qb ;QgﬁJrOAVODﬁ
-E).; - | | | | | | ] 8 g é
a 0 40 60 80 100 120 140 o % 01 02 03 04 05 06 07 08 09 1
Leading lepton P, (GeV) Ao(e*, u¥)/m

% Fair agreement between the measurements and the predictions from the different

event generators

% Limited sensitivity to the different models
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B ATLAS PrLB854(2024)138726, PRD90(2014) 112006, EPJC77(2017)531, JHEP 05(2024) 305 _|
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< Same objects as for tt but larger jet |[n| coverage (up to 4.7)

% Same selection as for tt and: m_(W) > 350 GeV and H' . >170 GeV (MET+jet p.+ £ p.)

CMS rpreliminary 302 pb~! (5.02 TeV)
< Events are further categorized into ¢ Data W-rjets (c) | |
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< RF trained with Sklearn to discriminate t-channel from tt and W+jets

2 13 input variables: |1,,, [An(uy, bo)l, m(W), m__,...
CMS preliminary 302 pb~! (5.02 TeV) CMS preliminary 302 pb~! (5.02 TeV)
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% Fits to MVA score in 2j1b and |n| of the leading untagged jet in other categories
> one parameter of interest (POIl) to measure o(tq + t q)

> two POls to measure o(1q), o(t q)

CMS Preliminary 302 pb~! (5.02 TeV)
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Fits to MVA score in 2j1b and |n| of the leading untagged jet in other categories
> one parameter of interest (POIl) to measure o(tq + t q)

> two POls to measure o(1q), o(t q)
CMS Preliminary

302 pb~! (5.02 TeV)
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CMS
G . summary, Vs =5.02 TeV

NNLO+NNLL PRL 110 (2013) 252004

% Most precise CMS result for the tt inclusive |~ mg;m2ssew sn=erswom et
scale ® PDF ® og uncertainty o, + (stat) + (syst) £ (lumi)
cross cross section at 5 TeV NS o
, e+jets T 61.8+26+3.6+1.2pb
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. . . CMS, l+jets } 62.5+ 1.6 +2.5 + 1.2 pb
> 8.4% — 4.9% wrt previous combination
CMS, ep 60.7+5.0+28+1.1pb

JHEP 04 (2022) 144, L =302 pb”

> Top quarks follows expectations at 5 TeV CMS, combined

Lo = 302 pb”
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https://cms.cern/news/top-quarks-follow-expectations-5-tev
https://cms.cern/news/not-quite-single-136-tev-top-quark-comes-association-w-boson

% First CMS result for the single top t channel inclusive cross cross section at 5 TeV

> Compatible with the SM prediction
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Back-up
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% Different observables were tested: m(j,j’), AR(, j’), m(b,)

s Median(AR(], ') shape is used in the fits in every region expect the 3j1b category

146 CMS 302 pb~! (5.02 TeV)
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* In the 3j1b category, an MVA is trained to further separate 7 from W+jets

302 pb~! (5.02 TeV)
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% Model: random forest trained with Sklearn. 500 trees with max depth 6

% Signal: 1t sample. Background: W+jets sample

» 70% for train and 30% for test

* 8 input variables

Variable  Definition
ARq(j,j/) Median AR between all possible combinations of two jets

m(u,u’)  Invariant mass of the two non-b-tagged jets
AR(u,u’) AR between the two non-b-tagged jets
Mmin(j,j/)  Minimum invariant mass of all possible combinations of two jets

m(¢,b)  Invariant mass of the lepton and the b-tagged jet

Hr Scalar pt sum of all jets in the event
AR(¢,b) AR between the lepton and the b-tagged jet
pr(io) pr of the leading jet
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o(SM) = 69.5 7532 pb

Enrique Palencia (Oviedo)
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% 8 input variables are selected for each RF based on:

> (Good discrimination power

> (Good modelling
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% Measurement performed in the 1j1b region vetoing events with low energy jets

«10° 34.7 o (13.6 TeV)
[

(loose jets)

[
- 0T (4 ¢ Data
50 CMS e*u* (1j1b) W

- m it

- mDY
40 m ViV
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s Uncertainty

Events

% Signal estimated subtracting background

30
from data

20

% Unfolding from detector level to particle 10
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level is performed using TUnfold
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Variable Definition

1y, | The absolute value of 17 of the leading untagged jet
|An(uy, bg)|  The absolute value of the difference in 1 between the

leading tagged and untagged jets
W

My The transverse mass of £ and ps®
Myop The invariant mass of the reconstructed top quark
ARped(j,i')  The median AR between all possible combinations of two
jets
m(j,j") The minimum invariant mass of all possible combina-
tions of two jets
m(¢,b) The invariant mass of the lepton and the b-tagged jet
m(u,b) The invariant mass of the two most energetic b-tagged
and non b-tagged jets
Hy (j, ¢) The scalar sum of the py of all jets and the lepton in the
event
H; The scalar sum of the py of all jets, the lepton and pS in
the event
|An (4, u) The absolute value of the difference in 7 between the lep-

ton and the untagged jet

|Ap(W,ub)|  The absolute value of the difference in ¢ between the re-
constructed W boson and the jet pair

|Apt(W,ub)| The absolute value of the difference in p; between the
reconstructed W boson and the jet pair
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