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Introduction

Why Single top? — It is the main direct probe of the electroweak couplings in

production.
CKM Matrix
U Direct Access to |V, |: o |
L-guar
= Cross-section Relation: o510t < |Vp|? t coupings < |Vud| Vus| |Vupl | % d
" i ion: i quar c s
No Unl.tary Assumption measure.of |Vep | without W ek 7 V| Vi
assuming only three quark generations W ¢ b
= Testing the CKM matrix: test of the Standard Model b coiot — Ve | |Vies| |V Tl
Standard Model
flavour’s sector | Flavor Mixing

U Sensitivity to New Physics:
= Vertex Structure: deviation froml/ — A - BSM signals.
= Sensitivity: a glass for higher-dimensional operators that modify
the tWb vertex
= Indirect sensitivity via SMEFT A: using effective field theory to
parameterize New Physics from higher-energy scales.
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Overview of Production Modes

June 2021 CMS Preliminary
| | -
'8_ 5 L . % 7 TeV CMS measurement (L< 5.0 fb™)
. . — 10 =" @ 8 TeV CMS measurement (L< 19.6 fb™)
0 Most abundant Single Top Production (o) In 2 13 TeV CMS measurement (L < 137 fb)
" >n jet(s) — Theory prediction
channels: =104 E" i 2 Z Z CMS 95%CL limits at 7, 8 and 13 TeV
= 2n jet(s,
(@) B

= t-channel (largest forward Jet)
= tW (top and W association production)
= s-channel (pure CKM challenging)

HEH

ct
o

—
o
N
T IIIIIII| T IIIIIII|

O Rare Electroweak Associations:
" tZq&tW2Z:
* Probe for tWb and tZ couplings
* High sensitivity to SMEFT and

T
e

roduction Cross Se
o

I HIHIII I JIIHLIJ 1 IIIIIL|_| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIHIH{ | IHIIHI LIl

BSM 3 ey
] tEZ fo -%g % )
«  Probe for top quark and Z f T - ?15'3 o
couplings Jf i ad
* Main background for rare single -
top processes. 10_4 'w'z ‘Wv‘ZyWWZJH|WV|WWZ|WH|m|W|Ww|Zwlgmls‘:’,_lmlimlimwlggzvmzlsg‘ul 'y, W ty Zg 0z by 'ttw'ttttbgl-fggg‘VH‘WH‘ZH‘ttH'tH HH'
EW,Zry Wy fiducial with W-shv, Z4, =0, Th. Ac,, in exp. Ac

All results at: http://cern.ch/go/pN;j7
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Main Single top Channels

CMS

The tWb vertex is primarly probed through three distinct single top quark production channels

t-channel
Direct [V | probe

* Largest cross section

(~218 pb at 13 TeV)
* Distinct forward-jet signature
* Direct measurement of

|fLvVesl
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s-channel
Rare channel sensitive
to NP t
W+
b
Pure electroweak couplings
(~10 pb at 13 Tev)

Challenging background-
dominated signal

Probes for V — A anomalous
structure in tWbh

SM@LHC 2026

tW-channel
Direct top-W coupling
t
-
b
W—

Second most prominent single
top process (~ 82 pb at 13 TeV)
Direct sensitive to anomalous
tW couplings

Sensitive to SMEFT operators
and top quark decay kinematics
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|V, | Extraction Strategy

Motivation: moving from measured cross section 0,045 to CKM matrix element |V |

U Direct vs. Indirect: q q
= |ndirect (B-Physics/Top Decays):
* Assumes CKM Unitary and 3 Generations
= Direct (Single top Production):
* Unitary-independent

Omeas: Single top measured cross section

Otheo: theoretical expected cross section

fiv (Form Factor): parameterizes anomalous left-handed

vector couplings: |f
 Standard Model: f;, =1 LV
* BSM: fLV 1

Omeas.

Otheo(Vip = 1)

O Key Advantage: 0 Experimental Challenge:
= Direct measurement. No assumption on the number = Controlling systematic uncertainities (eg.
of quark generations (Unitarity-independent). luminosity, Jet Energy Scale, PDF, uz/ug)
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JHEP 05 (2019) 088

£, V,,| Combination

Goal: Combining measurements from both LHC experiments to achieve the most precise legacy results for Run 1.

CMS

ATLAS+CMS R : '
LHCtopWG Yp--05
cales and radiation modellin i p=00
1 Dataset and Objective; Process v's | Experiment | BLUE weight iii‘D[de%”"? e ;o veu éijﬁis
ey . . ATLAS 0.56 D14 o ve ! vea —
= Channels: single top signal strenght in t-channel, A 8 TeV I—nrg 0.27 T . .
tW and s-channel. e oy |__ATLAS 007 Sl v voan
. .. _ -1 CMS 0.15 PDF (theo.) . N
= Data: pp collisions at+/s =7 TeV (5.1 fb~*) and S Tov |_ATIAS 0.05 g . C
8 TeV (203 fb_l) tW CM5 -0.04 rn:ﬂ:[::’e‘:\)umms‘cmsl . |
7 TV ATLAS -0.02 p=03[.detau\l) ‘
¢ CMS 0.02 Pt o A .
L s-channel | 8 TeV | ATLAS 0.07 b 7OTVENS) y .
U Strategy for Combination: T ST AT x| '
= BLUE (Best Linear Unbiased Estimator) method used for Soor ates ome oo 0 oom o " o
i i AlfyVyf /Il Vf Al VP 1 8V
the combination.
. . . . ATLAS+CMS
= Statistical Consistency: High agreement across all LHGtopWe
Cha n nels (W|th|n izo-) [fLyVil = %from single-top-quark production

Oyeo.- NLO (t- and s-channel), NLO+NNLL (tw)

= Robustness: stable against variation of correlation (p) 50, : scale ® PDF ® o, ®m, ® E,,,
. . . m, = 172.5 GeV
= Dominant Weight: t-channel at 8 TeV provides the

[t V! = (meas.) + (theo.)

ATLAS+CMS LHClopWG

highest contribution t-channel, {5 - 7. 8 TeV H"" 1.02 £0.08 2002
P '—'—'—'—' 102 £0.09 £0.04
Q Final |[f;y V| combination: ATLAS+CMIS Liciopwc . 0.97 +0.15 + 0.02
fVep| = 1.02 £ 0.04 (meas) £ 0.02 (theo) ssccusuznne
| 016 - USB o |fLV§Ith| o 152 - 114 |
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Phys. Lett. B 808 (2020) 135609 [ Channel at 13 TeV

Goal: Identifying the t-channel signature against a background-rich of 13 TeV (Run2)

Signal 1 ST(b,b Signal 2 ST(b,q)
O Dataset: 2016 Run 2 pp collisions at+/s = 13 TeV (35.9 fb™1). . (b.b) :

L Object Selection:
= Tight Lepton: exactly 1 isolated u (pr > 26 GeV)ore
(pr > 35 GeV).
= Jets:
 pr>40GeV and |n| < 4.7
« b-tagging: identification of Jets at low || < 2.4.
= MET/W-Mass: ESS > 30 GeV and mp(W) > 50 GeV

2 2 2
mr = \/(p'l‘,f + P’l‘,u) - (p:c,f + p:c,ﬂ) - (py,f + pyab') ! [ Signal 3 ST(q,b) ) Signal 3 5T(d_,b)

O Multi-Category Strategy:
= 2jets, 1-tag: allows ST (b,b) discriminantion from W +jets
and tt

= 3jets, 1tag: allows ST (b,b) and ST (b, q) discriminantion
= 3jets, 2 tag: helps with ST(b,b) extraction and tt background
control
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Methodology and Fit Strategy

(J Multi-channel Likelihood Fit:

Simultaneos fit across 6 categories (split by e/u channels)
Use a BDT to separate the ST(b,b) from backgrounds (tt and

W + jets)
Systematic Handling: profiled/non-profiled

O Signal Strenght Parametrization (u):

= Fit strenghts written in terms of measured vs injected cross
sections.
= 1, signal strenght for ST(b,b) — Probes for |V, | (~|V¢p|*)
" ugq: probesthe sumof ST(b, q) and ST(q, b) (sensitive to
[Veal? + [Vl
Fit Parametrization
4 o oPbs  B(t — Whb)obs A
Po = Ut—ch,bB(t —» Wb)
o ofts  B(t — Ws,d)* 4 o5 B(t —+ Wb)*™®
Hsd = Ut—ch,bB(t —> WS,d) + Ut-ch,s,dB(t — Wb)

.

J
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Results for t channel

Results From the Fit

BSM S i
Up = 0.99 + 0.03 (stat + prof) + 0.12 (nonprof) cenano \

Usqg < 87 at95 % CL (Correlation p = —0.25) * Fixed Width: |th| varies freely; assumes
SM-like top decay:

|Vip| = 0.988 -+ 0.051

SM Scenario |Via|* + |Vig|* = 0.06 £ 0.06,
/ ) \ " Free Width (R[): allows for probe BSM top
Assumes CKM Unitary decays:
|Vep| > 0.970 |V | = 0.988 +0.024,

|Via|* + |Vis|* = 0.06 £ 0.06,

Vo.l? +|V..|* <0.057 95%CL obs
| tdl | tSl 0 K rli_‘ —0.994+0.42, /
t

= More precision by the |V,,|* dependece both

K in production X decay /

10/04/2026
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Eur. Phys. J. C 80 (2020) 370 th Ve rteX Stru Ctu re

Goal: Precision test of SM predictions and PDF sets trough differential distributions in the t-channel at 13 TeV

CMS 35.9fb" (13 TeV)

80000 (3 g T Voan

mr(W) > 50 GeV [ channel |
[CItE/ tw |
BW/Z/y
+ jets
[]Multijet
Fit unc.

O Analysis Strategy:
= PData:35.9fb"! (2016, 13 TeV)
= Selection: 1 Lepton (u/e)+Jets (categorized: 2j1t,3j1t,3j2t).
» Signal Discriminantion: BDT used to isolate t-channel signal from tt
200001

and W + jets |
= Method: Unfolding to parton/particles levels for direct NLO comparison M
k 1]= =

40000

Events / 0.1units

i ]
~ 1.05fF . -
= £ : B/ OITOY) . pEME - 358167 (13 TeV) _oems BAMWIIITY)  _ CMs 38 (13TeY) % | e S S I RSN
R Eani B g oof 5 oof S o095f , ‘ , ]
R Iy B oo SEEEY| et L] -,
R e © wor 1 S . =R - BDT,, discriminant
S10% - B o ] S o pmimi T o - baniiomlen :
¢ torfes . o N B & S oqf Siifine O Differential Measurements:
50 [T T 3 Bob T g, T i . . . . :
E SEE - - kI 3:20:% 1 R Gos T Gag T = Kinematic Observables: Differential cross section
E oef 2 g ‘ ;
Parton-isvel op uark pr (GeV) Partonovel top quarc il Faroniovelopquarpr @) " Panon-eveltop cus iy measured as function of p; and rapidity (y) for top
CMS 35.9fb' (13 TeV, CMS 35.9fb (13 TeV T
= 1F T T 45';‘2[5 1 E 15F T T T T = . CMS . . SS‘Ei‘tD"(WSTeV _ o] ) . 359 lb"(]:! TeV)
& e Vet | 2 P g oof 1 Sof : quark, the W boson, and the charged lepton.
8 ol - aceno s | = 1o -,;—‘ e S B E [ g g g =TT H H i
5" ioonows LI g oo T r § opmrm k » Charge Ratio (R; = 0;/03): measured differentially;
St b, ey 5[ + Dalilew |wow) £ o4f PR | tts) % oal " s e | ts . - .
r pRees T [mueh | i highly sensitive to the u/d quark ratio.
= 10 ks ; i « 0 s N ] = 02f ...n‘mwmm_o ‘ = ozf = MM»—:TMNLO ]
® 1.2F e TTTTTTTITTTTrrITrrrrITIer 4 s o120 ) | . E s ' s f ' B
B ¥ 1 nammenenanes TIEDF ey .2 """ [0 Top Polarization & Spin A :
£ O6- 50 00 150 200 & 0'66 0.5 1 18 2 E 0.8k o & & 0 E’ 08k s : 2 5 op o arlzatlon pln symmetry°
Parton-level lepton pr (GeV) Parton-level lepton |y| Parion-lavel loaton pr (@er) - Partonevel loston s . . . .
_oms_ ssowipatey  _ oms _ssemgaTey) o - = Theory: almost 100% polarized productionvialV — A
= a [ utiet+jets E _ e St . .
g T | & 2 omaeme 1 g os weak interaction
- § . measiE ] § oafrhw e T . .
S fwews | ] T ] S = Method: Extraction from cos 8,,,,; (lepton angle in top
) ma.;gg‘x;@zp}‘\;:mu | = 10 ___+__ -‘g 0.4 u. Dz\lzﬂsxplmlal] 1 p
- L S—— : 3 lmimane rest frame)
R | g it ‘ Ly il S
Y 5 o AR R S * Result: 4;=0.440 + 0.070
& g ED) 100 150 300 50 & 8 05 o 0.5 3 ® oak . . . . ] .
Parton-ievel W pr (GoV) Parton-fovel cos 0. SR I *» Impact: Confirms Standard Model tWb vertex
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Rare Single Top Channels

CMS

Probing neutral current interactions and SMEFT through rare top quark associated production

tZqg-channel
Probing tZ and tWb verticies

q q’
L
b t

* Sensitive to tZ and tWb coupling
structure

* Probes top quark dynamics

* High sensitive to BSM deviations

10/04/2026

tWZ-channel

First observation

N
e

* Probe of both vector and axial
coupling components
* Sensitive to SMEFT operators

b

9

SM@LHC 2026

ttZ-channel

Direct top-Z coupling
measurement

I

ttZ coupling streght measurement

Main background for rare single top
processes

Key channel for constraining neutral
studying
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First Observation of tWZ

Goal: First observation of the single top quark production in association with both a W and a Z boson (> 50)

b W- b W~
;E Z Z
g t g t

200 b (13 TeV and 13.6 TeV,
T T T T

U The Experimental Challenge:
= Rarity: g,z ~ 0.1 pb (~ 1000 smaller than tt)
= Data: combined 200 fb~1 at+/s = 13 and 13.6 TeV (Run 2+3)

(J Event Selection:

= Lepton Multiplicity: events with at least 3 leptons (e, u) @“" G EW e wri ] L, .W.;W’\
Lﬁ GDQE_SF‘GI WZ BWZ+b M Nonprompt ltZg _ E ; Sﬂalﬁz W WZ+b [ Nonprompt [lltZg

yx VV(V) xy 350 (X VV(V) Xy

= Z-boson tagging: at least one Opposite-Sigh Same-Flavor saof- soma postture
(OSSF) pair within [m;; — my,| < 15 GeV : : :
= Jet Activity:
* SRj3;: = 2jets, at least 1 b-tagged
* SRyt =1 b-tagged jet
= MVA: used to suppress the non prompt leptons.

Postfit unc.

Data/MC
Data/MC

" " !
0.8 g 0.8 E
03 04 05 06 07 08 029 1 03 04 05 06 07 08 029 1
tWZ output node ttZ output node

200 fb’ (13 TeV and 13.6 TeV)
T T T T T T

Q Signal Extraction: B cie T e B
= Particle-Transformers: trained to classify 10
e . 140
tWZ vs. tt and WZ+jets 120

80

= SRj3, categorization: divided into 3 sub-nodes
(tWZ-rich, ttZ-rich, and "others")

= SRy, binary classifier: is used due to the lower

Data/MC

B

t

statistical precision with 4 leptons O

tWZ output node

SM@LHC 2026
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tWZ Measurement & Physical Results

Phys. Rev. Lett. 136 (2026) 081802

Direct tWZ Measurement

! an .6 TeV . . —
e St Simultaneous Fit: tWZ vs tiZ
= [CMS —68%CL |
- —95% CL ]
= Measured Cross Sections (Run2+3): 3; ' —99%CL | = Extracted pyy 7 and
* Vs i 13 TeV: 2_48 +52fb 2-5;‘ .:. zzﬂstm ‘ Ussz Simultaneously to handle
« s=13.6TeV:242 +77 fb n i correlations.
= Signal Strenght (u:wz): ’ E .
S — n —_Ye
 Combinedvalue: u;y, =1.77 £ 0.32 (tot) g | B?Ckﬂ:::uo:;ont_r?lo(gtfzi 0.05
« SM Agreement: result is 2. 3¢ larger than the 1 . 0 Meez: 0.7 L
SM expectation g : * Compatible with latest
P 050 b b b b e b ] aN3L0 QCD + NLO EW
0.6 0.8 1 1.2 1.4 .
e predictions

Combined Significance

Legacy & Future Impact

5.8 g (expected 3.5 o)

* SMEFT sensitivity: strong constraints on ¢4, and ¢z operators.
This represent the 13 and 13.6 TeV combined results for tiWZ * Directly probes anomalus tZ and tWb couplings.
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JHEP 02 (2025) 177 InCIUSIVe ttZ, tWZ, th

Goal: Simultaneous measurmeant of t+Z processes to test SM predictions at the 13 TeV frontier.

0 Multiclass Analysis Strategy:

g t b W
= Data: 138 fb (Full Run 2) 7 7 7
= Signal Regions: 3 prompt leptons+multiple jets/b-jets

g t g t

= Separation: a Multiclass DNN is trained to handle the overlap
between

° Node 1. tEZ + tWZ . xi:CMS 138 i (13 TeV) - 138107 (13 TeV) - wf"s ] . J3ﬁ'b"f‘379‘i - 95“9 . : ,'Jﬂfb"{'ﬁ're‘i
* Node 3: Backgrounds (WZ + jets, non prompt) “ £ 3 ]
= Fit: global profile likelihood fit used for simultaneous N T ]
unfolding to parton level g T 1 e 3 R L
%“D;j.. o ’ % EDE& 50 100 150 200 §D.57 - 50 100 150 200

250 El = 250
p,(2) [GeV p,(Z) [GeV
e s u s #Z+WZ output node HiZ+4WZ output node (max. score)

138 1o (13 TeV) CcMs 13810 (13 TeV) Ccms ; ; 138157 (1 3Tev) cMs . . II,’Ebe" (13TeV)

CMS 138 fb' (13 TeV)

& | fzewz * Data

2 _ g 5 : o, ;F s ]
E 2 o(tt +tWZ) = 1.14 + 0.07 (tot) pb i S S # l e
013 20 l e i
S o(tZq) = 0.81 + 0.10 (tot) pb 13 1 f { L
@' E 2 E
S1.1 15 g Ew{ o . . 1| :Fﬁﬂﬁ_;__;%
3 | * Differential Precision: First multi P o w0 ¥ % % W _m St e
w . . 1Zg output node 1Zq output node (max. score)
§0.9:_' 10 dlfferentlal t(t) Z measurments; cMs 1381 (13 Tev) cns 138 16" (13 TeV) M : 198I1aTey) oS 1381713 TeV)
o f full kinematic characterization ST e i, mmEomme| S mmd e mme e f )
NO.8F ; e B e S | H
; = o Best iit G F + a g‘”DAI—\Ll_‘; ]
= _B — 68% CL % i &
N — ool B * SM & SMEFT: p;(Z) and angular . o
= B 4 sMm w0 | itano E 100
058 spectra (Ag, cos 8*) show no e —— e
06 07 08 09 1 14 12 13 14 O deviations from SM, setting legacy : oty ‘ ;‘E . ) P E
tZq cross section ratio to the SM constraints for EFT o o ™S
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Conclusion & Outlook

0 Summary of the Single Top measurements at LHC:

= Precision Measurements: Successful direct extraction of |V;;,| and CKM properties using Run 1 and Run 2 data (JHEP 05
(2019) 088, Phys. Lett. B 808 (2020) 135609)

= Vertex Structure: Detailed probe of the tWb interaction through W boson helicity and angular observables (Eur. Phys. J. C
80 (2020) 370), confirming the V — A structure of the SM.

= New Discoveries: Transioned from evidence to the first observation of the tWZ production at 5.8 o (Phys. Rev. Lett. 136
(2026) 081802)

= Differential Era: First multi-differential measurments of ttZ and tZq (JHEP 02 (2025) 177), providing a high-resolution map
of top-quark EW interactions

U Physics Takeaways:
= SM Resilience: All results across inclusive and differential spectra show excellent agreement with NLO (and NNLO where
available) predictions.
= SMEFT Sensitivity: No significant deviantions found in high-energy tails; more stringent legacy constraints

1 Run3 & Beyond:
= Statistics: Many rare channels (like tWZ) are still stat-limited. The Run 3 dataset will be pivotal to reduce uncertainties.
= Global interpretation: Integration of these precision measurments into large-scale SMEFT fits to indirectly probe New
physics scales.

10/04/2026 SM@LHC 2026 15
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