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Low PU run at 5.02 TeV

5.02 TeV pp measurements important as
reference for heavy ion analyses, but also as
SM stress tests.

Profiting from low number of simultaneous
interactions per bunch crossing (PU~?2).

Clean environment allow for very precise
measurements with low luminosity

But trade-off with low statistical power.
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t-channel measurements

Dominant single top quark production process (70% of single top).

Measured at the LHC at different centre-of-mass energies by CMS and ATLAS:

= 7 TeV:JHEP 12 (2012) 035, Phys. Rev. D 90, 112006
= 8TeV:JHEP 06 (2014) 090, Eur. Phys.J. C 77 (2017) 531
= 13 TeV:Eur. Phys. J. C 80, 370 (2020) , JHEP 05 (2024) 305

ATLAS+CMS Preliminary t-channel
|- LHCtopWG B ATLAS pLssss 024138725, PRDSO(014)112006, EPUGTT(2017)531, JHEP 052024305 _|
® CMS 3
. . | Single top-quark production "if ¢ LHC comb. ureposzoranss |
ATLAS measured it at 5.02 TeV in 2023 May 202 w
* t-channel B ATLAS PLo716(2012)142, JHEPO1(2016) 064, PRD110 (20261072010
® CMS rau

Phys. Lett. B 854 (2024) 138726 with a 10°

precision of 22%.

L P -I s-channel

tw

Inclusive cross-section [pb]

¢ LHC comb. uxeposizorsjoss I 2

| i B - = = NNLO MCFM, JHEP 02 (2021) 040

CMS has never measured it at 5.02. I }H 8 e e

- = = aNNLO +aN°LL JHEPO5 (2021)278
PDF4LHC21
tW: ff contribution removed
10 -- scale® PDF ® o, uncertainty, m_ =172.5 GeV
s-channel = == NLO CPC191(2015) 74
GT10nlo, MSTW2008nlo, NNPDF2.3nlo
Ho=He= Mgy
=E= scale ® PDF @ o, uncertainty, n}ep:W 72.5 GeV
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t-channel measurements

S

Dominant single top quark production process (70% of single top).

Measured at the LHC at different centre-of-mass energies by CMS and ATLAS:
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Samples/Corrections

« Data: -« 2017 data, for an integrated luminosity of 302 pb-1
* Usage of single-lepton triggers

* Mean number of pp interactions per bunch crossing = 2 -> low PU

e MC: Process Generator + Parton Shower Cr(;;sosrje(c;]go)n, Order of 0,4, approximation
t channel POWHEG + PYTHIA 8 303+0.6 NNLO [13]
tt POWHEG + PYTHIA 8 69.5+3.6 NNLO + NNLL [47,48]
tW POWHEG + PYTHIA 8 6.54 £+ 0.36 Approximate NNLO [44]

W+jets MADGRAPH5.aMC@NLO + PYTHIA 8 21160+330 NNLO [QCD] + NLO [EW] [45]
DY MADGRAPH5_aMC@NLO + PYTHIA 8 3647 +£63 NNLO [QCD] + NLO [EW] [45]

 Corrections:
* Lepton (e and ), trigger, b-tag SFs, JECs.
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Event Selection

d Common to all:

. Exactly 1 lepton (pr > 20 GeV, [n| < 2.4).
« 2o0r3jets (pT > 25 GeV, In| < 4.7).

e« MET>30GeV
e MtW > 50 GeV Reduce
H;'> 170 GeV QCD

1 b-tag 2 b-tag
jet jets

MET + jet p +le
( jetpr ppT)/

s N .
Signal
2 jets . X
Region lepton lepton :
i flavour x charge -> 12 categories
3 iet tt Control tt Control , o ,
Jets Region Region » Selection optimized to achieve
- J

good SVB = 5.7
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Event Selection

» All processes estimated using Monte Carlo but for QCD. ¢Mms prefiminary

Signal:

Main backgrounds:

Wijets: the main background 45%. Splitted
according to jet flavour into \W-+b (1/%),

() and (7%).

tt: the other main background 23%

tW: relevant but less influence than the
previous 9%

Minor backgrounds:

06/11/2025

Drell-Yan: 2%

QCD: data-driven estimation in a region with
non-isolated leptons and extrapolated to the
SR. Similar strategy to other analyses at this
energy and final state. 5%

Javier del Rieao - U.Oviedo
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t channel
.t
. twW
W+jets (1)
1
et +jets E

Weijets (¢) 1
. WHjets (b)
B Drell-Yan |
B QCD

1
e~ +jets |

302 pbl‘l (5.02 TeV)

i + ut +jets U~ +jets

XSGR KX, X P XK XX 55 K XK X S Pl
5 1 fad A § AT [3

1 + 1
N M mM N M M N mM M 8§ m ™
NOTE: All the numbers calculated

inclusively in £2j1b categories




QCD Estimation ‘ABCD’-like

* Splitted in two parts: normalization & shape

1) Define a control region: “non-iso” A
We invert the lepton MVA cut or the isolation requirements to obtain a region enriched in
QCD events. > Fake
2) Define orthogonal region using low-MET events: MET < 25 GeV rate
Assuming that the reconstruction of a QCD Llepton does not depend on MET, we compute
the fake rate from the control region to our signal region using low-MET events. Dy
3) Difference factor
Compute difference data-MC in CR (yields per category)
1) Usage of QCD MC to estimate a unique shape ) Shape
Sum of all categories and removal of MET, m¥, H'; selection to get statistics.
CR.incl . ATSR . _ NSR _
NSR _ NQCD,MC (blll) ( CR _ ; IIrCR,) % A obs, low pmss N MC, low pmiss
QCD — NCR,incl rields “‘obs “YMC) yields N CR — NCR
QCD,MC(} ek b) U ~ obs, low p%liss “ MC, low p?issj
06/11/2025 Javier del Rieao - U.Oviedo Y 10




Analysis Strategy

» Targeting the measurements of o(tq + tq), o(tq), o(tq) and Z_.,

» ML fits done to MVA score/leading untagged jet’s 1 distributions in the £+2j1b/3jNb
categories of the analysis _ _ _
~ Single POI for extracting o(tq + tq)

» Three independent ML fits done < 2 POls for extracting o(tq), o(tq)

\_ 2 POls for extracting o(tq + tq), Zr_cn

06/11/2025 Javier del Rieao - U.Oviedo 11




Analysis Strategy

>

« MVA details:

* Trained a Random Forest using sklearn library in Python
* Signal: t channel + t channel vs Background: tt & W+jets (as one source)

 Hyperparameters fixed to 300 trees with a max depth of 7, min samples per leaf of 4
and min samples to split a node of 14

* Training with 13 variables (next slide). AUC=0.88

06/11/2025 Javier del Rieao - U.Oviedo 12




MVA details: variables and output

CMS preliminary 302 pb~! (5.02 TeV)

Variable Definition £+ 2j1b 4 Data
My The absolute value of 7 of the leading untagged jet ) 300 t channel
|Ay(ug, by)]  The absolute value of the difference in 1 between the 250 f— ::N

. . |
w leading tagged and untagged jets _CE> Wets (1)
e The transverse mass of ¢ and pf*** <2 W-iets (c)
Mg The invariant mass of the reconstructed top quark 42 1 — W-jets (b)
ARped(j-i')  The median AR between all possible combinations of two :>JJ = g::eg'Yan

m(j,j')

m(f,b)
m(u,b)

Hr (j, ¢)
Hy
|An(t,u)l
|AP(W, ub)]|

|Apr(W, ub)

jets

The minimum invariant mass of all possible combina-
tions of two jets

The invariant mass of the lepton and the b-tagged jet
The invariant mass of the two most energetic b-tagged
and non b-tagged jets

The scalar sum of the pp of all jets and the lepton in the
event

The scalar sum of the pp of all jets, the lepton and pitss in
the event

The absolute value of the difference in 1 between the lep-
ton and the untagged jet

The absolute value of the difference in ¢ between the re-
constructed W boson and the jet pair

The absolute value of the difference in pr between the
reconstructed W boson and the jet pair

X X X X xgX X x x X

NOTE: plots done in #+2j1b inclusive category.
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0 1 2 3 4 5 + t channel
[Muol =t
o - W
CS 200 W+jets (1)
-~ W+jets (c)
}’E’ 150 . W+jets (b)
o + s Drell-Yan
> e QCD ot
@ 100 ot
. . . X*XW
Discriminant output sy so: ‘—__
.0
e)
g 1.5 .
<10 b booocodoood.
E L4 T
©
0 0.5 T T T T - - .
. . . 0.1 02 03 04 05 06 07 08 0.9
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top quark reconstruction

 We reconstruct a t quark for each event from its decay  eneroy

conservation: Vo= (Eb,lab) We have this info
pI’Od ucts ST N " = (E,p;)
SHRE o (B, Ve e
i i Pr s [ detector level
* Reconstruction of W assuming x,y components of MET ~  w.",
are due to the v and apply W-mass constraint to extract z or
component:
P 4 Apy , |A Py ER-EP-A? h
P = Pri - Pr, P
my = (Eg+\ BT + P2, — (Fre+ B1)* = (Poe + Pz0)’—> 2 sols —>
. mi, -
* |f real solutions: choose the smallest abs value \ A= 2%+ fry Bt )

e If complex, we impose the discriminant to be 0 (modifying MET) => mp,, = m;; and

then we have 2 solutions pf = \/2|mpy + 1%| and take the one closer to MET
4 ’ 2

* Finally assign the W candidate and b-jet by taking the b-jet with greater b-tagging
dicriminator
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Fitted distributions Post-fit

 Final distribution of 44 bins x 2 (£*/ £~) = 88 bins:
MVA score (£+2j1b)+ leading untagged jet’s 1 (£+3jMb)

* 3 maximum-likelihood fits simultaneously to the distributions.

CMS preliminary ] 302 pb~! (5.02 TeV) 100 CMS preliminary ] 302 pb~1 (5.02 TeV)
+ Data Wjets (c) | 1+ +jets, Post-fit t Data Wjets () | 1 +jets, Post-fit
100 t channel . WHjets (b) i i t channel . WHjets (b) i |
e tE mm Drell-Yan : . . e tE mm Drell-Yan : . : '
. tw == QCD i} H+2jlb u+3jlb 80 - m QCD | u+2jlb % u+3jlb

WH+jets (1) X% uUnc. WH+jets (1) X% uUnc.

| e+3jlb e+3j2b u+3j2b

e+2j1b | e+3jlb e+3j2b

\ e+2j1b

Events
Events

0

1.50 1.50
Boltlf ) EE Seill ot |
2 2
% 100 Kb l N O ad ) >L<i><‘ «+/J i | | l 2 100 PN oY I#g\( } ‘ b do |
g PTG T ‘ TR | 8 | Al TEPRRT T
T 0.75 80.75 + * + +
(ol oY

0.50 11 0501 + | l

0.1 0.4 07 0 1 2 35005 15 25 0.1 0.4 07 0 1 2 350 1 2 5 0.1 0.4 07 0 1 2 35005 15 25 0.1 0.4 07 0 1 2 350 1 2 5
MVA Score [Nl 1Mol MVA Score [Muol [Nuo| MVA Score [Nl 1Mol MVA Score [Muol [Muol

06/11/2025 Javier del Rieao - U.Oviedo 15




Uncertainties

/' °

» Experimental < .

/

Dedicated samples

\

"

» t-channel
modelling <

» Normalization {

06/11/2025

/

Lepton efficiencies

Trigger efficiencies

B-tagging: light (udsg) and heavy (bc).
L1 Prefiring

JEC and JER (13 sources)

Unclustered energy. MVA/|ny,| shape
Stat. unc. from limited size of the MC samples >
QCD estimation alternative method

ISR/FSR: vary PS scales by 2, 0.5 factors
Underlying event: vary CP5 tuning
ME/PS matching: vary hggm;, of Powheg _
ME scales: ur and uy scales by factors of 0.5 and 2
PDFs and ag: 100+2 sources

} Nj/Nb shape

Background normalization -> : 30-40% norm, DY: 30%,

W-+Jets: 20%, t\W: 5.6%, tt : 10%
Luminosity: 1.9% [ref].

Javier del Rieao - U.Oviedo 16



http://cds.cern.ch/record/2765655

Observed Results: o(tq + tq)

Measured'o(tq +tq) = 30.2%

37 (stat)*34(syst) £ 0.6 (lumi) pb !

o(tq + tq)*™ = 30.3*93

% (scales)*d$ (PDFs + ag) pb (NNLO, ref)

° - L | =
£ 550~ CMS Preliminary o
g - @ |+jets (5.02 TeV, 0.302 fb™), this result
'-'(—'_) B ¥ l+jets (7 TeV, 1.56 fb™!), JHEP 12 (2012) 035 ]
o ppol_ A lets (8Tev, 197 fo™!), JHEP 06 (2014) 090 ] )
@ “UL eusiets (13TeV, 2.210), PLB 772 (2017) 752 N Good agreement with SM.
o B + l+jets (13 TeV, 35.9 fb™), PLB 800 (2019) 135042 ]
(&) | _
‘© 150— — . .
g h - Systematically dominated measurement
© L _| N .
s L _ (14% vs 12% statistical) for a total of
S o 1 19%.
z ]
Tz 50— E=== NNLO, PDF4LHC21 (pp), JHEP 02 (2021) 040 —|
- B L, MemtrsGenaf)olieroont Leading uncertainties: b tagging scale
oS {7 |7 1 ' S factors & W+c jets normalization.
R3] 1: I ; * 1
Tg F 1 - 3
D:Qto'sr NS L e

4 = 6 8 10 12 14

(s (TeV)

06/11/2025 Javier del Rieao - U.Oviedo 17



https://cds.cern.ch/record/2942746

Observed Results: 6(tq), o (tq), Fo—sy,  Pred. at NNLO (ref.)

- _CMS Preliminary _ 302pb™! (5.02TeV) . Neasured o(tq):
1.75— Obs. 68% CL 2
[ --- Obs.95%CL . ] i o(tq) = 21.1139 (stat) ¥38(syst) + 0.4 (lumi) pb l
150 X SMPred. .-~ N M it
L @ Best Fit,.*” AN ]
1.251 .
i o(tq)™ = 20.3%03 (scales)*d3 (PDFs + ag) pb
1.00}- -
0.75F 1 + Measured o(iq):
050k 1 Vo(tq) = 8.2¥3% (stat) T13(syst) £ 0.2 (lumi) pb |
B ] e e e e e e e e e e e e e e e e e e e = === I
0258 N .- E
i T o | o(tq)*™ = 10.0 £ 0.1 (scales)*$3 (PDFs + as) pb
075 100 125 150
It
* Measured f_¢, = 2.6%57 (stat) 155 (syst) ! 2. 5M = 2.0370% (scales + PDFs + as)
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https://cds.cern.ch/record/2942746

Summary

» Measurement of t channel cross section and ratio (o(tq + tq), o(tq), o(tq) and & _.,) at a
new centre-of-mass energy.

« Measurements at ‘not usual’ CM energies serve as stress tests of theoretical predictions.
* Precision can be achieved due to cleaner scenarios in low pileup pp reference runs.
* First CMS t channel measurement at 5.02 TeV, complementing ATLAS's one.

* Results:

« o(tq+tq) = 30 2137 (stat) 15 (syst) + 0.6 (lumi) pb

e o(tq) =21.133 (stat) +2. 8(syst) + 0.4 (lumi) pb .

. o(fq) = 8.2¥24 (Stat +19(Syst) + 0.2 (lumi) pb * Good agreement with SM
¢ Foen = 2.6%41 (stat) T8 (sys)

* Cross section measured with a 19% systematically dominated precision

Every piece of data collected at the LHC is worth it!
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Thanks for the

attention!

Any question?

NOVEMBER 5-7 javier.del.riego.badas@cern.ch




S CMS Experiment at the LHG, CERN
Data recorded: 2017-Mov-17 05:38:58.304128 GMT

Run / Event / LS: 306772 / 2496094289 / 1238

LHcto WG
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QCD associated uncertainties

* Normalization

* The uncertainty is calculated varying the low-MET threshold +/- 5 GeV and counting the difference
in Nevents. By now ends up in 30% for muons, 40% in electrons.

* Shape uncertainty

* Estimate QCD with a different method and incorporate the shapes as uncertainty.

* Binning MET<25 GeV events into ¢, pr (<40 GeV /= 40 GeV), £4|n|(< 0.6 /= 0.6) & merging
categories by lepton charge and jet multiplicity, 8 kinematically binned FRs are calculated.

* FRs applied event by event to the QCD MC achieving
a QCD shape variation:
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Observed Results: A_;,

» Obtained by fitting the expresions:

r, = uR L+ R
t = PRI R - Rayy
. 1+ Rgy
PP R Rey
« Where ,
obs;
__ SM, obs; + obs;
R= " S3 iy Rom =203
SM;

* Resulting in a measurement of;

Ki-cn = 2.5815%7 (stat) Zo51(syst)

06/11/2025 Javier del Rieao - U.Oviedo
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Experimental uncertainties

Lepton efficiencies: varying dedicated SFs by their uncertainties.
Trigger efficiencies: propagating the efficiency uncertainty to the SFs.

B-tagging/mistagging: estimated by varying the b-tagging scale factors by the
uncertainties.

L1 Prefiring: dedicated for 2017 Run G.

JEC and JER uncertainties: splitted in 13 sources. RelPt, RelBal and ReUER
taken as 10% for |n| > 3.0 (agreed with JME HIN contact)

Unclustered energy: uncertainty in MET from the contribution of unclustered
energy evaluated based on the momentum resolution of the different PF
candidates.

QCD shape estimation: Detailed above. One parameter per £+NjMb category.
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t-channel modelling uncertainties

Initial and final state radiation (ISR/FSR): varying the parton shower scales by
factors of 2 and 0.5 (weights). FSR correlated, ISR un-correlated.

ME/PS matching (hg,,): varying the hdamp parameter within the uncertainties
and propagating the result to the final yields (privately produced dedicated
samples). Smoothed using LOWESS. Un-correlated.

Underlying event: varying CP5 tune with uncertainties up and down (privately
produced dedicated samples). Smoothed using LOWESS. Correlated.

ME scales: changing ur and up scales by factors of 0.5 and 2 (weights),
excluding variations of the scales in opposite directions. Six individual sources.
Un-correlated.

PDFs and ag: reweighting the t(t) channel sample according to 100 NNPDF3.1
NNLO error sets and two extra weights for a, (weights). All the sources are taken

into account separately. Correlated.
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Comparison with ATLAS

o

Category oo (tq +iq)/o(tg+1ig)[T] 6R,[/R,[%]
Single-top quark signal modelling l 8.6 l 4.1
Parton distribution functions 0.5 0.8
Misidentified leptons background 6.3 11.1
W+ = 1b jets modelling 39 44
W+ > lc jets modelling 2.7 ATLAS 3.4
Z+jets normalisation 1.1 2.1
tf modelling 0.8 1.2
Single-top quark background modelling 0.6 2.1
W+ > 1 light jets modelling 0.3 0.4
Diboson normalisation 0.1 0.3
Jet energy resolution 4.6 7.8
Vs = 5.02 TeV JES correction 44 F—>»7.5% 51
Jet energy scale 4.0 53
Flavour tagging 20 1.3
Electron reconstruction 1.4 0.5
Muon reconstruction 1.3 0.7
Integrated luminosity 1.3 0.4
ET 0.6 24
Jet-vertex tagging 0.07 0.05
Simulation’s statistical uncertainty 23 6.5
Data’s statistical uncertainty 16 38
Total systematic uncertainty 15 18
Total uncertainty 21 42

06/11/2025

Javier del Rieao - U.Oviedo

Source Tmpact (%)
Trigger efficiencies 2.2
b tagging 4.0
L1 inefficiency CMS 3.8
Mistagging 0.6
Jet energy resolution 1.0
Jet energy scales 9.1
Electron efficiencies 0.5
Muon efficiencies 0.5
tW normalization 0.4
tt normalization 0.3
W+ heavy jets normalization 7.6
W+ light jets normalization 3.1
QCD normalization 1.6
QCD shape 1.9
ISR/FSR 2.5
t chan PDFs 0.1
thar PDFs 0.0
Scales (g, pr) -
ME PS matching 0.2
Underlying Event 0.4
MC statistical 1.2
Statistical Uncertainty 12.1
Total 18.6
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https://inspirehep.net/literature/2705679

Results by ATLAS

- ATLAS+CMS Preliminary April 2024
T LHC topWG PDF4LHC21..pnys.G 49 (2022) 080501
4. C T | CT18 PRD 103 (2021) 014013
[ tota
L 1 Stat NNLO QCD JHEP 02(2021)040
41— Mgy= 1725 GeV, s =p =y,
- +  ATLAS, L = 255 pb”, arXiv2310.01518
35 e ATLAS L, =459 15", PRD 90 (2014) 112006
B = ATLAS, L, = 20.2 f", EPJC 77 (2017) 531
- u CMS™, L‘m =19.7 fb", JHEP 06 (2014) 090
3 ; v ATLAS, me =140 fb", arXiv:2403.02126
- ¥  CMS, L, =359 PLB 800 (2019) 135042
+
C ** Larger uncertainties are due to
2.5 relaxed on PDF cor
e
2— 1
15 - | | | | | | | | |
5 6 7 8 9 10 1 12 13
Vs[Tev]
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LI L I L
ATLAS Vs=5.02 TeV, 255 pb"

Pred. calculated with MCFM v10.1 Stat. [ Stat. ® syst.
JHEP 02 (2021) 040 9 POF © o, @ scalel 1 Scale

= NNLO Pred.
Measured value
ABMP 1.6 (5 flav.) v
ATLAS epWZ16
ATLAS epWZtop18
ATLAS epWZVjet20 s 1
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