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Single-top Z, a rare but special process

Top Quark Production Cross Section Measurements Status: November 2023
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Rare but observed

Observation of the associated production of a top
quark and a Z boson in pp collisions at Vs = 13 TeV
with the ATLAS detector

Observation of single top quark production in association

Inclusive and differential measurement of top quark cross
with a Z boson in proton-proton collisions at /s = 13 TeV
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Perturbation Theory

In the SM, contributions to the partonic cross sections can be organized
according to the powers of a, and a (number of loops).

t g g9 ¢ ~
g 5
: ¢ 9 g qg 9 t
Born LO NLO QCD NLO EW
? O(as) corrections O(«) corrections
>m<%§ % At the LHC, reliable SM predictions must be calculated
at NLO QCD accuracy or beyond.
NNLO QCD NNLO QCD is expected to be of the same order of

O(a?) corrections NLO EW o’ ~ a.

5 EW corrections grow large and negative for large pt's
NNLO EW, i (Sudakov logs). Moreover they in general involve all

NNNLO QCD the SM masses and couplings.



NLO QCD and EW corrections: the Complete-NLO

The complete set of LO; and NLOi is denoted as “Complete-NLO”.
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NLO+1 = NLO QCD In general, NLO3 and NLO4 are negligible,
NLO2 = NLO EW but there are important exceptions as 1t W or ¢1tt.



Complete-NLO in tZ]

- There is only one LO, with no QCD.

- There is a bottom in the Iinitial state.

- Renormalisation-scale dependence
appears only at NLO QCD.

- NLOs and NLO4 are not present.
Complete-NLO=NLO QCD+EW




Complete-NLO in tZ]

appears only at NLO QCD.
- NLOs and NLOs are not present. 5 o
Com,o/ete-NLOzNLO QCD+EW NLO:- > NLO-

LO1
| =
£7 \/ T - There is only one LO, with no QCD. ‘
- There is a bottom Iin the initial state.
% - Renormalisation-scale dependence / \
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Several complications:

- Which flavour-scheme, 4FS or 5FS? - Can/should | separate 7-channel, s-channel

— |s scale variation alone reliable? and 7W production? | |
_ Which scale should | use? - Are radiative effects for tZj and tl/*]7]

equivalent?



Before our recipe, than rationale behind it

Central scale for ug,
E,,; mr

6 Y
based on the findings of Demartin, Maltoni, Mawatari,
Zaro ‘15 for tHj

1o = Hr /6 = For t-channel only:

1 =1,2,7

The SFSZC_a%e prediction has:

- s-channel and tW

contributions.
- scale and flavour scheme

unc. from 7-ch in QCD.
- 5FS central value

For all channels:

NLO QCD NLO QCD

S o+ X%
— SESSe £-ch } - yv%
4FS t-ch
NLO QCD(+EW) NLO QCD(+EW)
5FS 1+ x%
}-y%

Best prediction

The pictorial representation in words:

In order to combine scale and flavour-scheme uncertainties at NLO QCD accuracy, we

] . A4_5FS )
consider the t-channel only and we define the quantity (NLO5QFCSD7t_Ch)1_L Li-sws Via the envelope

. A4FS ASFS
of the two bands given by (NIJ()%PE;SD’t_Ch_)j_L Aars and (NL()5QFCSD’,G_Ch_)J_r Asrs; Where the central

value is set equal to the one in the 5FS. The quantities Ai‘ws and A*°"5 are then propagated
to the NLOqcp+gw prediction in the SFS. In conclusion, in order to combine flavour-scheme

and scale uncertainties and take into account EW corrections, not only for t-channel, we will

L . ALTOTS .
employ as reference prediction the quantity (NLOE&;SD +EW)J_F A¥_5FS and in the case of QCD only

. . . . i 4—5FS )
corrections, in order to be consistent, we will use the quantity (NLO5QFCSD)J:§4_5FS, where in

the quantity NLO%%SD the requirement of t-channel only is not applied.
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NLO QCD

o
&

S

}+ x%

For r-channel onlyv:
y SESI 1-ch } - yv%

4FS t-ch

NLO QCD(+EW

SFS

For all channels:
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Scale variations
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Channel

FS

Inclusive results

t74
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Inclusive results

E'S Channel K-factor tZ9
4F'S 1.18
t-ch. NLOQCD/LO
HF'S 1.13
t—Ch., NLOQCD/LO 1.24
BFS S—Ch tW ...........
2 NLOGepsew/NLOgen 1.01
FS  Channel K-factor t¢T0~j (“inclusive”) t£T4~j (Z-peak)
4F'S 1.18 1.18
t-ch. NLOQCD/LO
S5FS 1.13 1.13
g teh NLOgcp/LO 1.24 1.24
5 K
s-ch., tW,
" NLOocpiew/NLOqcn 0.93

In both cases NLO EW corrections are larger than

scale |

the scale unc. in pure 5FS, but not in the SES; s

do/dm [pb/GeV]

NLOqcp.ew

NLOqcp

1072

1073 E
1074 E
107 |

1.5}

—h
o

—h
1 LI

- trteTj, LHC13 NLOgcp.ew — -
3 m(€+€_)> 30 GeV NLOqcp — 5
[ LO—E
— ——t— 1|:=£
T B BT T T T T T -
- total unc. = scale unc. PDF unc. .
T | | 1 | |

:Scale unc. NLOQCD+EW/NLOQCD — :
- _— 5FS —:
J__ L 5FSS2Cmm -
_— — -
=" == T —————
N BT BT BT BT BT BT

0 20 40 60 80 100 120 140

m(£ ) [GeV]



do/dn [pb]
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Summary FO tZj: NLO QCD+EW predictions
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NLO EW corrections are in general
within the QCD uncertainty band
only taking into account the
flavour-scheme dependence.

b t
v/Z e’

Y/Z
-
q q 7

NLO EW corrections mix
the different channels

(s, 2, tW)

Flavour-scheme uncertainty
IS essential for a realistic
estimate of total
uncertainties.
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Adding PS with and without QED radiation

Excluding the tails, dominant EW effects originate
from photon radiation from leptons (FSR).

Then, | can simply simulate this effect via QED in the
PS, which is typically by default on in e.g. PYTHIA,
but | can also turned it off and verify.

The large EW effects from FSR radiation can be
simulated simply by QED effects within the PS and
therefore they are automatically taken into account



The situation is completely
different if boosted regimes
are considered.
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Advertisement / possible solution?

Considering only the dominant contribution from NLO EW: Sudakov and QED FSR.

Matching of NLO QCD + PS + EWSL + QED FSR at the LHC:

Improving NLO QCD event generators with
high-energy EW corrections

Davide Pagani,* Timea Vitos,” Marco Zaro®

Both Born, QCD virtual and separately real corrections are consistently reweighted
via NLO EW Sudakov logarithms. Detail study has still to be done.

20



tZj: NLO QCD+EW off-shell effects

Denner, Pelliccioli, Schwan 22

pp%e’e /ﬁVMJjb + X,

b Gu v
b pt W vy,
W W VM W 7 eJr
W g b ¢
/ _
Gu—> €

o

|

Gu

(c) Non resonant (d) Vector-boson scattering

but also

If | start from single-top Z production with
a leptonically decaying top, NLO QCD
corrections give a contribution that is In
fact single-antitop Z production with a
hadronically decaying top!



tZj: NLO QCD+EW off-shell effects

Denner, Pelliccioli, Schwan 22
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(c) Non resonant

pp—=>efe uT v jp) + X, Vs =13TeV, uo = (M1, + M1,2)/6
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OK. S0 NOW WHAT?




Conclusions

The ideal Monte Carlo with flavour unc., EW corrections and non-resonant off-shell
effects is not available. So the best approach for the simulation depends on the
precision that has to be achieved and the kind of observable that are considered.

Boosted regime and precision < 10 %, EW are important and are not available in

MC. Bad case: Reiweight with K-factors / or use NLO QCD+PS+EWSL (DP, Vitos,
Zaro '23).

Not boosted regime and precision < 10 %, EW are important and mostly from QED
radiation which is already simulated in the PS. Better.

Precision < 10 %, flavour uncertainties cannot be neglected. Simulation possibly
in 4FS and 5FS.

In general, not separating different channels is preferable.
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Top, EW and Higgs sectors are all connected
An EFT perspective on BSM (SMEFT)

Top, EW and Higgs Y
are connected

0.,

Q4w

-t]

17 ] —
OSC;” ng) (OtG)
O O Oy Oy O, O
VvV
Onw O Oy ‘

~_____Higgs

{ —LEP1, SLD data
LEP2 (prel.), pp data

New Physics in the Top
sector has effects in the
EW sector and vice
versa.

Taken from Degrande, Maltoni,
Mimasu, Vryonidou, Zhang ‘18

A SM (much older) perspective

SM as a QFT leads to relations
between observables of the three
different sectors: EW, Top, Higgs.

Taken from “Precision Electroweak Measurements on the Z
Resonance”, hep-ex/0509008
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Single-Top
(t-channel)
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- Differential distributions are already probed with precision.

Measurements at the LHC

35.9 fb

1(13 TeV)

u*/e* +jets
e Data (I exp, | total)

POWHEG 4FS
== aMC@NLO 4FS
aMC@NLO 5FS

Particle-level top quark pt (GeV)

CMS-TOP-17-023

ATLAS

Total cross-section:
POWHEG-BOX+PYTHIAG
POWHEG-BOX+PYTHIA8

clf POWHEG-BOX+HERWIG

1 POWHEG-BOX+HERWIG7
MG5_aMC@NLO+HERWIG
MG5_aMC@NLO+HERWIG7 +—

POWHEG-BOX+PYTHIAG

5 POWHEG-BOX+PYTHIA8

{s=8 TeV, 20.2 fb™

—e— Data

NLO NPPS 205 (2010) 10
CPC 191 (2015) 74

- scale unc.

scale ® PDF ® o4 unc.

__ NLO+NNLL
PRD 83 (2011) 091503

- scale unc.

E scale ® PDF ® o, unc.

__ NNLO
4 MG5_aMC @NLO+HERWIG7 —— oo
scale ® PDF ® o, unc.
[N AT A A A ]
0 55 60 65 7

arXiv:1702.02859

O (1) [PD.

- Extrapolation from fiducial region to the full phase space depends on
the underlying theory prediction.




Production and decay at NNLO

fiducial |[pb] LO NLO NNLO
total 4.07H18% | 2.95151% | 2,701 2%
t quark corr. in pro. -0.79 -0.24
corr. in dec. -0.33 -0.13
total 2.451T8% | 1.78139% | 1,627 -2
t quark COTT. In pro. -0.46 -0.15
corr. in dec. -0.21 -0.08

. . . _ Berger, Gao, Zhu ’17
Fiducial: exactly 2 jets of which one b-tagged.

D = 0.5, pr(j) > 40 GeV, [n(j)| <5,[n(,) | <2.4
p(€) > 40 GeV, |n(©)| < 2.4

LO, NLO, NNLO do not overlap and scale unc. decrease.

How much does it depend on the cut?
Are the EW corrections important?



Our study (fixed-order part)

t-channel signature:

et. 1 light jet, 1 b—jet, F'+ and no additional jets

Complete NLO corrections to the pp — v,.J.J.J contribution to the
t-channel signature, in the five-flavor-scheme.

J 1s any particle that may potentially enter in a fully-democratic jet

W +jets

s-channel

single-top

% Y

tW T -associated e




Our study (fixed-order part)

ANV
O ¢ 0 ¢

NLO,I NLO,2 | NLO,3 NLO,4

Perturbative order Resonant processes

LO; (aa?) LO = LO;
3
LO; (as”) - Single-Top | — NLO QCD = LO3 4+ NLO3,
LO3 () (t- and s-ch.), WZ NLO QCD + EW = LO3 + NLO3 + NLO,

NLO; (aZa?) W + 2 jets
NLO2 (a?a?) W + 2 jets

LO = LOl(—I—LOg) ;

NLOs (asa!) [ singlo-top|(t- and s-ch.), WZ. — NLO QCD = LO; + NLO; |
tW, tW and WW + b-jet NLO QCD + EW = LO; + NLO; + NLO>,

NLO4 (a®) (t- and s-ch.), W Z,
tW, tW and WW + b-jet




Inclusive results

Calculation performed with MadGraph5 aMC@NLO

Single-Top cross section t-channel signature (details):
+0.415(+9.0%)
LO 4'623(1)—0.533(—11.5%) pb 0D ocp
+0.226(+8.2%) AR — 0.4 and o= 30 GeV
NLO QCD 2.762(6) ) a0 o) Db S ZZT, omes
+0.229(+8.6%) n(7) > 2.0 a jJet 18 always considered as a light jet
NLO QCD+EW 2.676(6) 0 20 5 u5r) Db .
(NLO QCD)/LO 0.60(1) ARFEE = 0.1
(NLO QCD+EW)/(NLO QCD) 0.97(1)
e cxactly one lepton: |n(¢)| < 2.5 and pr(¢) > 25 GeV
W et o section e exactly one light jet: |n(5;)| < 4.5 and pr(j;) > 30 GeV,
ly one b-jet: |n(jp)| < 2.5 and pr(jp) > 30 GeV
+0.3002(+39.2%) ® cxactly J :
LO 0’7656(6)—0.2265(—29.6%) pb o P 20 ey
10.323(+20.1%) e missing transverse-energy: rp > eV,
NLO QCD 1.612(3) 0 500 20 0r) Db
NLO QCD--EW 1.597(3)+8§(1)§g+18.?§§ pb e positron and jets separation: AR(e™,£) > 0.4,
(NLO QCD)/LO 2.11(1) e positron and b-jet system: m(ej,) < 160 GeV,
(NLO QCD+EW)/(NLO QCD) 0.99(1)

In Single-Top scale uncertainties do not decrease from LO to NLO
—> 1st sign that shower effects are necessary! Reason: jet-veto

(0)



Inclusive results

Calculation performed with MadGraph5 aMC@NLO

Single-Top cross section t-channel signature (details):
+0.415(+9.0%)
LO 4'623(1)—0.533(—11.5%) pb 0D ocp
+0.226(48.2%) AR = 04 and py_ . = 30 GeV
o A et s n(G)| > 2.5 a jet | ];ﬂ onsidered as a light jet
+0.229(+8.6%) n(7)| > 2.0 a jet 18 always considered as a light je
NLO QCD+EW 2.676(6) 0 20 5 u5r) Db .
(NLO QCD)/LO 0.60(1) ARFEE = 0.1
(NLO QCD+EW)/(NLO QCD) 0.97(1)
e cxactly one lepton: |n(¢)| < 2.5 and pr(¢) > 25 GeV
W et o section e exactly one light jet: |n(5;)| < 4.5 and pr(j;) > 30 GeV,
ly one b-jet: |n(jp)| < 2.5 and pr(jp) > 30 GeV
+0.3002(+39.2%) ® cxactly J :
LO 0’7656(6)—0.2265(—29.6%) pb o P 20 ey
10.323(+20.1%) e missing transverse-energy: rp > eV,
NLO QCD 1.612(3) 0 500 20 0r) Db
NLO QCD--EW 1.597(3)+8§(1)253E+18.?§§ pb e positron and jets separation: AR(e™,£) > 0.4,
(NLO QCD)/LO 2.11(1) e positron and b-jet system: m(e™j) < 160 GeV,
(NLO QCD+EW)/(NLO QCD) 0.99(1)

W+jets: g->bb splittings convert e*v.gg events into et v, gbb.
Only the latter contribute to the signature —> large corrections.

(0)



Inclusive results

Calculation performed with MadGraph5 aMC@NLO (QCD)

Single-Top
° - Single-Top, LHC13 °
5 5 - u=H+/2, scale unc. & LO 155
Single-Top cross section ' -~ NLO QCD '
+0.415(+9.0%) 5F 0~ NLO QCD+EW 45
LO 4.623(1) _g 533(_11.5%) PP :  LOPS QCD :
+0.28(+9.3% - — i -
LOPS QCD 2.968(3) 55011 a0) Pb 45 F NLOPS OGD 1 45
+0.226(+8.2%) — I i
NLO QCD 2.762(6)_0.240(_8.7%) pb s 4b 14
+0.098(+3.3%) o i i
NLOPS QCD 2.974(9) " Gos(5.3%) PP : :
(NLOPS QCD)/(LOPS QCD) 1.00(1) 3or 139
(LOPS QCD)/LO 0.64(1) 3 F —— 4 3
(NLOPS QCD)/(NLO QCD) 1.08(1) 5 | —o— :
2.5 -1 2.5
2L 2

LO is completely off. From LOPS to NLOPS we do see a reduction
of scale unc. to 3%, i.e., the same size of NLO EW corrections.
QCD+EW+PS would be desirable already at inclusive level.



Inclusive results

Calculation performed with MadGraph5 aMC@NLO (QCD)

W+jets
4 4
[ Wojets, LHC13 ]
. . 35 _ u= H/2, scale unc. & LO 135
W +jets Cross section : -+ NLO QCD ]
10.3002(+39.2%) 31 - NLO QCD+EW 4 3
LO 0.7656(6) "0 So0ey a0 a9e) Db : . Lops oo :
40.42(+31.1%) - -
LOPS QCD 1.36(2) 0 530 oy or) Db 2.5 | LOPS OCD | 25
+0.323(+20.1%) — i
NLO QCD 1.612(3) _g 509(—19.2%) PP a oL 1 2
+0.09(+5.1%) o .
NLOPS QCD 1.79(5) 0 o el pb : :
(NLOPS QCD)/(LOPS QCD) 1.31(4) 1o F —— R
(LOPS QCD)/LO 1.78(3) 1F 4 1
- ]
NLOP D)/(NL D 1.11 [ i
(NLOPS QCD)/(NLO QCD) (3) 05k 4 0.5
0 0

LO is again off. From LOPS to NLOPS we see a reduction of scale
uncertainties.
QCD+EW+PS seems not necessary for W+jets.



