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Why study single top production?

study interplay of EW physics and QCD
sensitivity to flavour couplings and parton densities

!

q q

t-channel virtual W exchange
o ~ O(100) pb

s-channel virtual W exchange
o ~ O(5) pb

g 1%
real W emission b A*S\\
o~ O(20) pb \

b t

different initial/final states and/or different colour structure
-> the three channels do not interfere
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t-channel single top production

5 flavour scheme
(5FS) Lo: "2 16 1 4

flavour coupling

4-flavour scheme f
(4FS) LO: (or NLO correction to 5FS)
-> interplay with QCD

t and tbar cross sections differ (u and d valence PDFs in p differ)
and give different information on proton flavour structure and
flavour couplings
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t-channel single top measurements

e.g. 4-flavour scheme Je'r untagged
! _ - v (MET)

4\”\eu

b (jet), tagged

5 of‘ren not detected (forwardb jet)

-> look for
lepton (e,u), b-tagged jet, untagged jet, MET -+ potentially further jets
lepton charge determines whether 1 or tbar

latest inclusive result @ 13 TeV: arXiv:1812.10514

i (CMS, data 2016, 36 fb™)
200__ u Ettc anne
define i Z % Eb\\/xmets i
cateaories I I Satess| see also: arXivi1609.03920 (ATLAS, data 2015, 3.2 fb™!)
(similagr' for e) o B arXiv:1610.00678 (CMS, data 2015, 2.2 fb1)
o] [ ]
+ — — +F —

2jets-1tag 3jets-1tag 3jets-2tags
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Input to/

input variables (examples)
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Total cross section results

=
arXiv:1812.10514 5
//

measurement: prediction:
HATHOR, NLO QCD + LO EW

Ot.cht = 136+ 1 (stat) =22 (syst) pb Trent = 136.0733(scale) + 3.5(PDF+as) pb,

Ot.chi = 824 1(stat) = 14 (syst) pb Opni= 8L.0733(scale) = 3.2(PDF+as) pb,
Opchisf =219£2(stat) =36(syst)pb  Crenp = 217.075¢(scale) = 6.2(PDF-+as) pb,

main systematic uncertainty: signal modelling (u, s, PS scales; PDF; ...)

very good agreement with small uncertainty, SM worksl!
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7\ 7 kel
C ANAS 5
\ J \V/ ) 3
NI = I

Single t/tbar cross section ratio B

—— i , arXiv:18
oS e B2 B (13 TeV)
|1.EE + l!].DE [st‘éllt} + U.ﬂlﬁ [syfst:ll | :% Ir | i : | :% |
R - OJ-'_ —stat —stat @ syst | | |
Ospar NLO PDF predictions: T R B
wa scale & m, & PDF+, i i i
NNPDF3.0 | .—1— :
NNPDF3.1 A R
CT14 i i—i—
ABMP16 A B
MMHT2014 : —'I—" :
HERAFPDF2.0 i i _':_
I [ |
136 T TR s e e 17 175 is

Rr-::n-
reasonable agreement with all NLO QCD PDF predictions,
some PDF discrimination power
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Measurement of V., CKM coupling

arXiv:1812.10514

f_v: potential BSM lepton flavour violation factor

o
‘f LV V[b‘ — O-theo

result:

t-ch t-+t

t-ch t+t

| fiv Vi | = 1.00 -

- 0.08 (exp) -

- 0.02 (theo)

very good agreement with SM (expect 1.00)
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lefer'en'rlal t+ channel cross sections €S
- orand hew! = PAS TOP-17-023

example distributions:

reasonable
agreement with

NLO+PS QCD theory

differences 4FS/5FS

of similar order as
differences
data/theory

charge ratio and
impact on PDFs
-> talk O. Behnke W61
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particle level, similar plots also available at parton level /=
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Normalized cross sections

Compact Muon Solenoid
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Top quark polarisation

!

q q

b t

expect spin asymmetry:

do 1 .
o -dcost T2 (1 & ypen QPOI')
1 L top quark polarisation
Ay =P -ay

2
fit result:

lepton analysing power

1/oxdo/dcost,
=
o

Pred./Data

CMS Preliminary

e/u+jets, 36" (13TeV)

=l
LI

—(top) (top)
q’ " Fi

cosl” . =
pol. ~(top)| | =(top)
Py |12 F |

s Data
POWHEGAFS

Emm HMC@'NLD#FS
aMC@NLOSFS

P T A T A S B A
0.5 1

05 0
Parton-level costpg

Ae = 0.443 £ 0.048 (stat+exp) = 0.068 (syst) = 0.443 4 0.083

A, = 0.398 4 0.042 (stat+exp) + 0.047 (syst) = 0.398 4 0.063
Agty = 0.439 = 0.032 (stat+exp) % 0.053 (syst) = 0.439 £ 0.062
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good agreement with SM
V-A (POWHEG): 0.436
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Associated tW production

Study interplay of EW physics and QCD

g t
Real W emission, LO BFS t 3T<
b W™

Interference with inclusive gg->ttbar, LO 4FS or NLO 5FS

AN K\

a
'

talk Poncelet
this morning

‘< see also
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tW Total cross section @ 13 TeV

ar

Use dllep’ron (e+|_1) channel ohe from W, onhe fr'om + Y
accompanied by b jet and MET (two neutrinos)

%10° 359" (13 TeV)
. W)
categories: t
2100
L
<o Uncertainty
50
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Q 1.4_ -
o 1.0 e s o S R RO Ottt g s OGO
© 06 ' ' —- ' ' ' '
0,00  (1,0) (1,1) 2.0 @21 (2,2)  (23,20)
(Number of jets, number of b-tagged jets)
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tW total cross section

Example of BDT input variable
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T o cms ¢ + 1jib ¢ Data
o [ W B Non-W/zZ
2 |u e
s T
o L

2_

0 20 40 60 80

100 120 140 160 180 200
Leading jet P, (GeV)

@ 13

y / =

N\ 5

\/ ) °

A\ v o) 3

o

2

5
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BDT output

o HC 35.9 b (13 TeV)
E [ g tW (1 = 0.88)
m ii n e —
- e+ 1j1b Birvonwz R _
o Bl oY VV Y
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L uncertainty uncertainty
ii Prefit Data/MC
5_ A
" a VV‘VVVF*M"'V'-HVI.VV'?T

1 2 2 & &5 B T B B
1j1b BDT output bin

|lo(tW) = 63.1 + 1.8, + 6.4, + 2.1, pb |

approx. NNLO QCD: 71.7 + 1.8__,. + 3.4ppr Pb
see also arXiv:1612.07231 (ATLAS, 2015 data, 3.2 fb1)
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Inclusive cross section summary plot

m

Compact Muon Solenoid

A~ - N - IR -
K= — Single top-quark production March 2019 =
@] : _ _ e = :
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= ¥ =
0= -~ @ e ] —— -
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L T ]
10 = ~—— t-channel =
= v CDF&DO, PRL 115, 152003 (2015) =8 W-associated i
102 B +  CMS, JHEP 12, 035 (2012) s CMS, PRL 110, 022003 (2013) B
= = CMS, JHEP 086, 090 (2014) s CMS, PRL 112, 231802 (2014) =
i * CMS, arXiv:1812.10514 [hep-ex] « CMS, JHEP 10, 117 (2018) = ATLAS
-3 L “+ = s-channel =+ = Z-associated -
LA = " = results
— v CDF&DO0, PRL 112, 231803 (2014) = CMS, JHEP 07, 003 (2017) = bel
- = CMS, JHEP 09 (2016) 027 . CMS, arXiv:1812.05000 [hepex] | S¢€e€ below
104 | | | | | | | | | | | |
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Vs [TeV]
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tWb - ttbar interference

analogy: Z/y* interference,
Drell-Yan, qgbar -> Z/y* -> leptons

ot PP->eeX 14 TeV
= 3
- “r; 4_ Z <=> 1'
Z | [ i
- i I|l _!
£ 10 B .' Z, resonant E
" 'H.\' | i |
| 8 S f ¥
10 E ""th J | 3 w <=-> Wb
E “'“ne.ﬂ__ £ "L 3
'Y, nonresonant™ - \ 1
1 ;-'y ~ e b
10° - N ]
; ; (other T resonant)
F M 1
10l = total, including _
: . w.interference -
m‘% Z, nonresonant ';M:h E
. adapted from plot by U.Klein
" PP i " PR S . P LT
100 1000
MSTWOSLO integrated over ¥ mass M/GeV
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@ tt/tWb differential cross section

ATLAS

EXPERIMENT

test tWb - ttbar interference

similar signature as for inclusive measurement, use
'‘best’ m(b+lepton) to discriminate resonant and nonresonant states

arXiv:1806.04667

mpy™ ™ = min{max(mp, ¢,, Mp, ¢, ). Max(Mp, ¢y, Mpog, )}
:::. I I I 1 I I 1 ) I I I I I I I I I 1 I } = 1 I I I ) I I ) I I 1 I I 1 _I I I —
G 40L-ATLAS $Data CIW(DR) 1 3 10*-ATLAS £ Dats  CIWOR T
2 1wt O O | 3 ERRLEY Caer @z
E [ 3 b-tag region I Other 2:Total (DR) ] % & _Signal region EMI’:&ED EDE.,; ]
T % q 4 10f 'r.r"* —Total (DR) -+~ Total (DS)
i _ 2 ; (doubly resonant) 3
: N 3 b tags: ] I tt only 1
a0k -> normalize ] 107 +4|_|—-— =
I N bg from tt + bb ] - including tWb 3
1n: 0L E7| interference|
: - 3
; ik =
F £ 150
L) ] F
g 5 :
= Uoksp , , . 3 5 U2 , . , e
E 0 100 200 300 400 E 0 100 200 300 400
n.gnlr':rna: [G'Eﬂ i_rﬂi.mma: [GEV]
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@ tt/tWb differential cross sec'rlon

ATLAS |
EXPERIMENT — G BN T SN N T SN A NSY SN R B G S
% s i *m“ | Data, stat. uncertainty interfeyence:
g 10 = I o) wncestaly 4FS fl]“ treatment
- - ey * Powheg+Pythias | *vivbb at MEJevel
E B * § Powheg+Pythias ff+{W (DR) diagram removal
i nfer.fer.ence o E L. 08 - ¢ Powheg+Pythiad tf+W (DS) diagram subtraction
T Eﬂﬂ] = ¥ MG5_aMC+Pythiag ff+tW (DR) 3
is importan.r - - %%, + MG5_aMC+Pythia8 tH+twW (DR2) I
107 ’ﬂ.; ” E
e ' ' sl *tf
» ATLAS 8! i
dir‘ec-'- fu” 5 \s=13 TeV, 36.1 fb’ i J‘ i
107 pp 5 ITbb+X E
interference - | i
. . © 2_ """""""""" i
implementation & F ol o
= 1: B g W O 3 s o o gt 8- g : : :
best - TORg oy g Y
E D— . . . ! ) ]
0 100 200 300 . 400

9.4.19

nﬁiﬁlmaﬁ [GEW

A. Geiser, DIS19

18



Combination of single top cross sections @ 7 and 8 TeV

W

Run 1 combination Of 11 ATLAS and CMS results (references see backup)
major milestone!l  arXivi1902.07158

ATLAS+CMS m ATLAS I
| LHCtopwG e CMS } -

+ ATLAS+CMS
__j**.- LHClop\WG

--- NNLO t-channel
scale uncertainty

=== NLO+NNLL ]
scale @ PDF & o, uncertainty

—NLO
T B S [ scale uncertainty
B T scale @ PDF @ o, uncertainty ]
i

10| | .

Inclusive cross-section [pb]

-] —
Qo

Vs [TeV]
Challenge: properly deal with correlations of systematic uncertainties

All results in good agreement with each other
and with NNLO or NLO (+NNLL) QCD + LO EW theory
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ATLAS

EXPERIMENT

Example: t-channel

(a)

Oy -chan. - "i"r_ =TTV

Combined cross-section 67.3 pb
Uncertainty category unceriinty
& [%] [ Tpol
Data statistical 35| 24
Simulation statistical 14| 09
Integrated luminosity e I 5
Theory modelling 31| 33
Background normalisation 19| 13
Jets 34| 23
Detector modelling 34| 23
Total syst. unc. (excl. lumi.) 7. | b8
Total syst. unc. (incl. lumi.) 1.6 | 32
Total uncertainty 84| 5.7

(b)
T -chan. - "'nl'{I =§ TeV
Combined cross-section 871.7 pb
. ; Uncertainty
Uncertainty category
= [9e] | [pb]
Data statistical 1.3 1.1
Simulation statistical 0.6 | 05
Integrated luminosity 1T | k3
Theory modelling 53| 4.7
Background normalisation L2 || ed
Jets 26 23
Detector modelling 18| 1.6
Total syst. unc. (excl. lumi.) 6.3 5.5
Total syst. unc. (incl. lumi.) 6.5 | 5.7
Total uncertainty 6.7 | 5.8

significant correlation between ATLAS and CMS results

(theory modelling, also see backup)

-> fotal uncertainty improvement < /2

9.4.19
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ATLAS

EXPERIMENT

~ ATLAS+CMS Preliminary ®  ATLAS t-channel 1

PRDS0 (2014)112006, EPJC 77(2017)531,

I...HC topWG JHEP 04 (2017)086 ]

— ® CMS t-channel -
JHEP12 (2012)035, JHEP 06(2014) 090,
PLB 772(2017)752 1

Single top-quark production
November 2018 _Li_ O ATLAStW
PLB 716(2012)142, JHEPO1 (2016)064, —

JHEPO1 (2018)063

O CMStw
t-channel PRL110(2013)022003, PRL 112(2014)231802,
JHEP10 (2018)117

"'i"i- »  LHC combination, tW
ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019

A ATLAS s-channel
- ATLAS-CONF-2011-118 95% CL,
PLB 756(2016) 228

¥ CMS s-channel

(status fall
L - tw JHEPOS (2016)027 95%CL ]

2018) y 3 E I f * X 7+8 TeV combined fit 95% CGL
' NNLO rLB 736201458

comparison
to 13 TeV

—t
o
™o
TTTT]

Inclusive cross-section [pb]

scale uncertainty

1 0 EESSSSSRE 0000 ot NLO +NNLL prpes (20115091503,
PRDE2 (2010)054018, PRD 81(2010) 054028

tW: tf contribution removed

s-channel

scale @ PDF @ o, uncertainty

—— NLO nrpszos(2010) 10, cPC181(2015) 74
LEp=m,
CT10nlo, MSTW2008nlo, NNPDF2 3nlo
W p: vato for  removal=60GaV and p =65 GeV

— - scale uncertainty -1

scale ® PDF & o, uncertainty o
g
M= 172.5GeV =

9.4.19 A. Geiser, DIS19 21



ATLAS

EXPERIMENT

Jf{h, Lt

vV = { | —heo
t-cht4+t

treat all

correlations

best direct

measurement
of V,,
so far

9.4.19

ATLAS+CMS
LHClopWG

a
Ifu Vil = \' T;S from single-top-quark production

Gmen.'

60, :scale EPDF @ o, &m @ E,__
m, = 172.5 GeV

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

tofal theo.

|f|_1.r""'rm| + (meas.) = (theo.)

ATLAS+CMS LHClopWG -
t-channel {5 =78 TeV > 1.02 +0.04 £0.02
ATLAS+CMS LHClop WG . .
tW1 II'E = ?1 8 TeyV =8 ! { 1-'}2 - ﬂ.ﬂg x ﬂ.ﬂ4
ATLAS+CMS LHClopWG | -
I ==
s-channel, /s = 8 TeV 0.97 £0.15 £ 0.02
ATLAS+CMS LHCopWG o1
t-channel, tW, s-channel, ys =7, 8 TeV 1.02 £0.04 £0.02
1 l 1 1 1 l 1 1 1 1 1 1 l 1 1 ] | |
D.B D_B "I 1_2 1-4
|f|_vvtb|

A. Geiser, DIS19
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|fLV Vtb|, treatment of systematic uncertainties
- = arXiv:1902.07158

ATLAS+CMS |
LHCtop WG

Scales and radiation modelling

AT LAS p = 1.0 (default)

EXPERIMENT - NLO matching
p = 1.0 (defautt) v e

PS
p = 1.0 (default)

correlation S e ) v
PDF (theo.)

Tr'eGTmenT: p = 1.0 (default)

Scale (theo.)
p = 1.0 (default)

Int. lumi. 8 TeV (ATLAS, CMS) e
p =0.3 [default)

STGb I l ITy Int. lumi. 7 TeV (ATLAS, CMS)

p =0.3 (default)
Int. lumi. 7, 8 TeV (CMS)
TeSTS p = 0.0 (default) v

Int. lumi. 7, 8 TeV (ATLAS) X
p = 0.0 (default)

cl b Ll L]
-0.008 -0.006 -0004 -0.002 0.002 -0.1

ARV T IFGV A(BIf V)

Yp=-05
@ p=00
A p=+05
Op=1.0

]
-
L
>

s

>
O
<
>
N

¥ a8 Yo4

>
R

[
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
I
0

0.1

—_— 3 -

lf Vel
-> change of correlation assumptions has negligible impact
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| f,

ATLAS

EXPERIMENT

best direct

measurement
Of v'l'b
so far

9.4.19

v Vib |, comparison to earlier results

arXiv:19C

ATLAS+CMS Preliminary
LHCIopWG

t-channel:

ATLAS 7 TeV' 1
PRD 90 (2014) 112006 (4.59 fb™")

ATLAS 8 TeV'” .
EPJC 77 (2017) 531 (20.2fb™")

CMS 7 TeV
JHEP 12 (2012) 035 (1.17 - 1.56 fb

CMS 8 TeV ,
JHEP 06 (2014) 090 (19.7 fb™)

CMS combination 7+8 TeV
JHEP 06 (2014) 090

CMS 13 TeV*®
PLB 772 (2017) 752 (2.3fb™")

ATLAS 13 TeV?
JHEP 04 (2017) 086 (3.2fb™")

Wt:

ATLAS 7 TeV 1
PLB716 (2012) 142 (2.05fb™")

CMS 7 TeV .
PRL 110 (2013) 022003 (4.9 fb™")
ATLAS 8 TeV” ,
JHEP 01 (2016) 064 (20.3 fb™)

CMS 8 TeV' )
PRL 112 (2014) 231802 (12.2fb™")
LHC combination 8 TeV Uc
ATLAS-CONF-2016-023,
CMS-PAS-TOP-15-019

c
[f Vil = GT:“ from single top quark production May 2018
€0

Giheo-. NLO+NNLL MSTW2008nnlo

PRD 83 éZOﬂ; 091503, PRD 82 (2010) 054018,

PRD 81 (2010) 054028 ———
Acy .- Sscale ® PDF total theo
Myp = 172.5 GeV

[f. Vil = (Meas) * (theo)

e 1.02 £ 0.06 + 0.02
H--H 1.028 + 0.042 £ 0.024
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Conclusions

Measurements of single top quark production at LHC are great tool to test EW
theory, QCD and their interference, constrain PDFs (see talk O. Behnke in WG1 session)
and measure V,, (check for deviations coming from new physics)

Single top production has been measured by both ATLAS and CMS at 7, 8, and
13 TeV in the t-, tW-, and s-channel processes.

Latest differential measurements of t+ channel at 13 TeV show slight preference
for 4-flavour scheme calculations (W py), and further theory optimisation potential
for low pr end of single t spectrum. Spin correlations agree with V-A.

Latest measurements of associated tW production at 13 TeV show good agreement
for total cross section.

Measurement of tWb-ttbar interference in differential tW cross section shows
preference for direct implementation of interference at matrix element level.

Combination of t-, s-channel and tW total cross sections from ATLAS and CMS at
7 and 8 TeV show good consistency, yield (slightly) improved precision and show no
deviations from Standard Model expectations.

Achieve so far best direct measurement of V,, .
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treatment of systematic uncertainties
== arXivi1902.07158

Table 10: Measured cross-sections, uncertainty components, their magnitudes (relative to the individual measurements)
and the correlation (p) between the ATLAS and CMS o} ¢pyn measurements at 4/s = 8 TeV. Uncertainties in the

3; same row can be compared between experiments, as detailed in the text. The naming conventions follow those of the
% corresponding experiments.
3
| ATLAS (0 chan.. V5 = 8 TeV) | CMS (0 chan.. V5 = 8 TeV) |
Cross-section | 89.6 pb | 83.6 pb
Uncertainty category Uncertainry Uncertainty £
Data statistical | 1.4% | 27% | 0.0
Simulation statistical | | 0.8% | [ 0.7% | 0.0
e X amp I e: Integrated luminosity | | 1.9% | | 2.6% | 0.3
Theory modelling Ren/fact. scales 3.6% | Ren./fact. scales 1.9% | 1.0
NLO match. 3.3% | NLO maich., 4F5 vs 5FS 49% [ 1.0
1' Channel Parton shower 2.1% 1.0
FDF 1.3% | PDF 19% | LO
Category subtotal 5.5 5.6% | L84
@ 8 Te v Background norm. tf, tW and s-chan, norm. 0.1% | rf and W +jets norm. 23% | 0.0
Other bkg. from MC: norm. 0.9% | Other bke. from MC: norm. 0.3% | 0.0
Bke. tfrom MC/data: multijet norm. | 0.3% | Bke. from data: multijet norm. | 2.3% | 0.0
Category subtotal 1.0%% 3.2% | 0.0
Jets JES common 3.2% | JES 42% | 0.0
JES flavour 0.2% 0.0
JetlD 0.1% 0.0
JER 0.4% | JER 0.7% | 0.0
Category subtotal 3.2%% 4.3% | L0
Detector modelling L epton modelling 1.9% | Lepton modelling 0.6% | 0.0
E{f‘f*" scale 0.4% | ET™ modelling 0.3% | 0.0
EX™ mesolution 0.2% 0.0
b-tagging 1.1% | b-tagging 2.5% | 0.0
Pilg-up 0.3% | Pile-up 0.7% | 0.0
Category subtotal 2.3%% 27% | L0
Total uncertainty | 7.3% | 9.0% | 0.42
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