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Single top quark production at the LHC

u d

[ ATLAS+CMS Preliminary e - ]
k- LHCtopwG S o cotrons ] W
[ ® CMS t-channel —

JHEP 12(2012)035 JHEP 08 2014)050,

Pl TT2GOITTS2 4 b t

[ Single top-quark production

November 2018 Lo T—
et
o

CMS tw
PRL 1102013022009, PR 112(2014) 231602,
IHEP 102018117

*  LHC combination, tW

t-channel

s

-
o
)
T

>

ATLAS s-channel
PLs 156 @0161228

Inclusive cross-section [pb]

¥ CMS s-channel

==~ NNLO ru

5 738201458
iy

- scale ncerar

10 annmens, === NLO+NNLL progao1sonssoz
PRDS2(2010)054015, PRO 812010054028

s-channel

|
Ul
~

—— NLO esa0s oioso,cecsuantsy s ] |
bEwsm, q q
Criono, HsTwzsBBNo, NPDF2 200
vt o ol =G0 Ge 65

8 T sove unriiny

scale (1 PDF (1 a, uncertainty W

L ‘ tZq) e

A G e
b t

z

Willem Verbeke Observation of tZq: EOS winter solstice December 20, 2018 2/15

!

!




-
The tZq process

@ small cross section: _ _ _
o(tZq) ~ 1 pb @ remained undiscovered with

2016 data:

@ target leptonic decays of Z and

top (3% branching fraction, o CMS:3.1s.d. exp., 3.7 s.d.
but experimentally cleanest) obs.
) . . o ATLAS: 5.4 s.d. exp., 4.2
@ final state with 3/ + b jet +
) s.d. obs.
forward jet
[ Designed new analysis aimed at discovery
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CMS particle reconstruction

@ Muon: tracker track,
small energy deposit in
calorimeters, hits in outer
muon system

@ Electron: tracker track,
ECAL cluster,
brehmstrahlung Stlfcon

Tracker

@ charged hadron : tracker . .....onei /-

track, HCAL energy o adre

i lorimeter Superconducti
dGPOSIt Calorimates W;”;E;ﬁ@?; o Iron return yoke fnterspersad
with muen chambers

@ photon : ECAL energy

deposit Muon Electron —— Charged hadron (e.g. pion)

~<=-Neutral hadron (e.g. neutron) ~ ----. Photon

@ neutral hadron: HCAL
energy deposit

reconstruct particles using an optimized combination of all
subdetectors (particle-flow)
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tZq event display

CMS Experiment at the LHC, CERN
Data recorded: 2017-Oct-16 05:01:09.248576 GMT
Run/Event / LS: 305112 / 1683658016 / 979
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Lepton MVA

@ large nonprompt lepton background in previous
CMS search

@ tigh cut-based ID + relative isolation was used

@ switch to machine learning based lepton MVA
(similar to ttH observation)

previous CMS tZq search: @ train multivariate discriminant

- @ use properties of closest jet ( Deep

-m;pmmp\ P/'et )

o csv, P—T,, PJet orthogonal to lepton
2 T

CMS Preliminary 35.9fb" (13 TeV)
s

eee, uu,u,lwe‘ eep channels 1bjet

Events/0.2

mWZic axis

D Wzlight

@ trained and optimized gradient boosted
forest (BDT) in TMVA

@ trained and optimized densely
connected deep neural network in
Tensorflow (with Keras)

;
1 T 1 A
T A A + 'r\
0 02 04 06 08 1
BDT output TM VA Tensor!
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Lepton MVA performance

1CMS Simulation Preliminary (13 TeV) 1CMS Simulation Preliminary (13 TeV)
> > —
e & ’/ 1 2 L / ]
2 L el 1 2 el
L2 r // E] i /” y
£ b // muan p. > 25 GeV 15 - // electron p_ > 25 Ge 5
T
E0.957 /! C aienton WA SBiAME | @ - // —— tzq lepton MVA 2016 MC |
5 5 09
=2} r 4 D
%) I — Zqlepton MVA2017MC | (5 a /7 T Zalepion MVA 2017 MC |
0 gi @  tzqworking point 2016 | | B @ 1Zqworking point 2016 | 7
: W tZq working point 2017 : W tZqworking point 201 1
; A PLB 779 (2018) 358 ] 0.8 A PLB779(2018) 35
0.85 A 3 |
L ] I A ]
I § 0.7
0.8
1072 107 o 1072 107 N
Background efficiency Background efficiency

@ muons: prompt efficiency increases by 8%, while reducing
nonprompt lepton efficiency by factor ~ 8

@ electrons: prompt efficiency increases by 12%, while reducing
nonprompt lepton efficiency by factor ~ 2

Willem Verbeke Observation of tZq: EOS winter solstice December 20, 2018 7/15




Outline of analysis strategy

categorize events according to jet
content:

@ 2-3 jets, 1 b-tagged: most sensitive
category

@ > 4 jets, 1 b-tagged: good sensitivity,
not considered previously

@ 2 b jets: good sensitivity
@ events with less jets have very little
sensitivity to tZq
require presence of Z-candidate:

@ Z candidate present — most
sensitivity because of Z — ¢¢ in signal

@ no Z candidate — very small fraction
of signal — do not consider for analysis

discriminate signal from
background:

@ even in signal enriched regions signal
much smaller than backgrounds

@ exploit tendency of tZq to have a
forward jet — jet with high || value
and large dijet mass

@ combine with other kinematic

differences into gradient boosted forest
(BDT)

3 signal enriched event categories, BDT trained in each one
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Backgrounds
WZ — 30y, ZZ — 4/

N 2/3 jets, 1 b-tagged: > 2 b jets:
@ signal-like leptons
CMS 77.4 b (13 TeV) CMS Preliminary 77.4 b (13 TeV)
. ™ T T T T — L B e e e B e e e B |
@ tends to have few jets |& 4+ Daa =g = & Data =z
_ [=} wz iz 1 1] wz [ Multiboson
ttZ 100~ EINonprompte/p  [EEZZ, i S iz, I tix 1
2 X /X =Xy o xy" [ ZZH ]
. . ) [ Multiboson 3 Total unc. [ Nonprompt e/u  [Z Total unc.
@ signal-like leptons o | 100 >2bjets

@ several jets and b
jets

2-3jets, 1 b-tagged

%

50

@ Drell-Yan— 2¢ and

tt — 20
@ third lepton from .0 R —————
. . ko] 1. [T stat. unc. [JTotal unc. g 15
jet-fragmentation S| TYE SPUNI SPSI J =1 1
C . &0;; ¢ *§ ;TT* %Og [ LA ) 4
onversions 8 Ty & %3 4 6 8 10
@ dominated by Zv, tt a Recoiling jet |n| number of jets
+ v with 4(*) — 2¢ @ WZ is dominant background in 2/3 jets, 1 b-tagged
category
@ tt + H, triboson, @ ttZ is dominant background in > 4 jets, 1 b-tagged and >
tWZ, ... 2 b jets categories
@ very small @ nonprompt background largely killed by lepton MVA
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Data-driven prediction of nonprompt lepton background

@ measure probability that nonprompt lepton passing a loose lepton
selection also passes full selection
@ apply this probability to events where one or more leptons fail full selection

CMS Preliminary 77.4 fb™ (13 Tev) CMS Prellmlnary 77.4 " (13 TeV)
»n T T T ) e B L e R L B
€ 100~ & Data [ tzq -1 ™ r e Data mmtzq
g wz [ Multiboson o 40; wz [ Multiboson
] r -ttZ [ tinx 7 ; L -nz [Ctinx

| Xy = ZZH = [ Xy = ZZH

— Nonprompt e/u [ Total unc. o | Nonpromp‘ e/p [ Total unc.
F Nonprompt enriched 4 ﬁ 30; Nonprompt enriched

10

0 Qe — =
- E [CJStat. unc. [ Total unc ER-] E [Jstat. ync. Total ure. E
R SR U L AP e 4oy
a * 1) é T + $3 vt &)
g 0.5F i R 05F E
8 ¥ w e o i E % 1 2 3 4 5
Lepton flavors Inl (recoailing jet)
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Control regions (simulated backgrounds)

predictions of search variables checked in 3 control regions:
@ WZ : 3¢, OSSF pair, Z candidate present, 0 b jets (orthogonal to SR), E{”"ss > 50 GeV
@ ZZ : 4¢, 2 OSSF pairs, both forming Z candidate
@ X : 3¢, OSSF pair, no dilepton Z candidate, trilepton mass compatible with Z mass

CMS Preliminary 77.4 fo™ (13 TeV) CMS Preliminary 77.4 fo™ (13 TeV)
AT = — > — T
- E @ Data Etzq () @ Data [ tZg ]
1] £ wz [ Multiboson O qo5L Wz [JMultiboson _]
$ 10° Emtiz, Ctihx o Btz Ctihx 3
> E mxy” = zzH © =Xy B zZH q
w 104; [ INonprompt e/p &g Total unc. n [ INonprompt e/p &g Total unc. 1
E WZ enriched E WZ enriched E
> 3
w ]
107 S S R .
-ac)' 15E [CJstat. unc %hoxflun X ‘7 -ao)' 15E [IStat. unc I:IToAaI;mi.§ ; + E
= p| - o o * E lfe®eeeteqis §i§
o 1 0
8 05F 1 8 05F E
g % 5 0 8 9% 500 1000
number of jets Mict+ jet (GEV)
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Results

2/3 jets, 1 b-tagged:

Events /0.13

Data / Pred.

> 4 jets, 1 b-tagged: > 2 b jets
CMS 77.4 1™ (13 TeV) CMS 77.4 b (13 TeV) CMS 77.4 lb (13 Tev)
3 ™ T T T | (32] T
[ Dala ‘ = ¢ Data Btz — & Data
[ Cawz 1 o iz awz © gol EmtZ :mxux
L [INonprompte / p 1 & X /X |:| Nunprompl elp - wz = ><y
COtEX /X = Xy 1 £ I Nonprompte/p [ Z:
1001~ = Mmultiboson & Total unc. g [ Multiboson m Tulal unc. 5 [ Multiboson = Tnlal unc.
L 1 o 1 W
2-3jets, 1 b-tagged | >4jets, 1 b-tagged ] >2bjets

o= 0
[J'Stat. unc. [ Total unc. Rei [t unc, [JTotal unc. Lol [ stat. unc, [JTotal unc.
bbb bbidge . 2 e ad bbb R TR H‘;'} }
0.5E e < 05 ¢ ¢ t H %oy ¢ * }
0 s 0 s 0
LY 0 05 1 0§ 1 05 0 05 1§ 21 05 0 05 1
BDT output O BDT output O BDT output

good agreement between data and expectation in three categories
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Signal significance

2017 Data :
@ Observed (expected) @ Observed (expected)
significance of 7.2 (5.6) s.d. significance of 5.4 (6.0) s.d.

b= 136 70Z (stat) 91 (ost) = 1.03 7312 stat) T3 (syst)

Observation of tZq in both 2016 and 2017 datasets!
total observed (expected) significance of 8.2 (7.7) s.d.

o(tZq — tllq)
o°M(tZq — tllq)

= pu = 1.18 X013 (stat) £0:35 (syst) *50; (theo)

o(tZq — tllq) = 111 £ 13 (stat)fél (syst) fb

\ J
(all significances computed in asymptotic approximation of test statistic)
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Future plans

CMS 77.4 b7 (13 TeV)
10! —+1Zj,LHC @ 13 TeV F T T Bl
el 3 [ g
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arXiv:1804.07773

@ tZq is sensitive to a large
number of SM interactions

tZq kinematics are uniquely
sensitive to new physics:

(WW?Z coupling, tbW and ttZ
vertices, bW — tZ amplitude)

several cancellations in SM

modified interactions can lead

PP and PZ

plans for full Run Il result (nearly double the data volume):

o differential measurement in variables most sensitive to new physics

@ EFT interpretation

Willem Verbeke Observation of tZq: EOS winter solstice
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https://arxiv.org/abs/1804.07773

Conclusions

@ new search for tZq was designed and carried out on the 2016 and 2017 data
sets

@ nonprompt lepton background, which limited earlier CMS searches, severely
reduced by usage of machine learning for lepton identification

@ new analysis strategy designed from the bottom up

tZq is observed with a significance of 8.2 s.d. (7.7 s.d. expected)

o(tZq — t6r 4 q) = 111713 (stat)Tg! (syst) fb
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Backup: Discriminating variables (2-3 jets, 1 b-tagged)

CMS 77.4 0 (13 TeV) CMS 77.4 1" (13 TeV)
— ™ B e e e
% r @& Data (] 1 ™ é Data I tZq
O 200~ —wz mm tiz 1 o [ wz iz 1
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» L [ Multiboson BZ3 Total unc. | o r [ Multiboson B Total unc.
§21
€ 150~ 43 & i
3 L 1 w
I} L 2-3jets, 1 b-tagged ] 2-3jets, 1 b-tagged
100 -

0 =
'd 15 ; [] stat. unc. [ Total unc. + I 'c) 15E [] stat. unc. [JTotal unc. E
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Backup: Discriminating variables (4 jets, 1 b-tagged)

Events / 0.33

Data/Pred.

CMS Preliminary 77.4 0 (13 TeV) CMS Preliminary 77.4 1" (13 TeV)
T T T T T T N By — T3
r e Data [ tZq b % L @& Data [ tZq i
80— 1wz [ Multiboson — O L Cawz [ Multiboson
- Itz CJtinx 1 © go- EWtZ Ctinx |
L mmxy?” = ZZH ] f L = xy” [ pd] |
L [INonprompte/p [ Total unc. il n L [ Nonprompte/p [Z5 Total unc. i
60 >4 jets, 1 b-tagged - g H > 4jets, 1 b-tagged .
>
]
0
15% , [Jstat. uinc. [ Total unc. % 8 156 [Jstat. unc. Diroial unc. l 3
1E é L §Ey L2 3 ;e a 1 ] L} [3 ¢ % ; 1 i )
0.5 t o B 05 ! I
OO 1 2 3 4 5 8 00 500 max 1000
[n| (most forward jet) Mje[+jet (GeV)
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Backup: Discriminating variables (2 b jets)

CMS Preliminary 77.4 0 (13 TeV) CMS Preliminary 77.4 1" (13 TeV)
™ T T T T T T T —
™ & Data I tZq 1 % r & Data I tzq b
o L wz [ Multiboson | O r Cawz [ Multiboson
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2 I xy? = ZZH f 80~ mm xy” [ pd]
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[ 1 >
3 4w
40— -
20— -
0
'd ; [Jstat. unc. FTmalunc. 'C) £ [Jstat. unc. Total unc. 4 3
o 15 I P PR S bt i o 15 .8.0.0 .0 4 L.l [
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S % 1 2 3 4 5 8 %0 500 . Lo00
[n| (most forward jet) Mje[+jet (GeV)
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Backup: Lepton pr spectra (WZ enriched region)

highest pr:

second highest pr:

lowest pr:

CMS Preliminary 77.4 b7 (13 TeV) CMS Preliminary 77.4 b7 (13 TeV) CMS Preliminary 77.4 b7 (13 TeV)
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%) 4| @ Data Emtzg _ %) & Data Emtzg B %) @ Data Emtzg ]
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Backup: Lepton pr spectra (2-3 jets 1 b-tagged)

=

Events / 12 GeV

Data/Pred.

. H . .
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Backup: Lepton pr spectra (high purity region)

highest pr: second highest pr: lowest pr:

60 CMS Preliminary 77.4 0™ (13 TeV) CMS Preliminary 77.4 b7 (13 TeV) CMS Preliminary 77.4b* (13 TeV)
T T T T T ] T T T T ]

3 @ Data Emtzq % # Data EmtZq % é Data Emtzq

O] [ awz [ Multiboson O] L cawz [ Multiboson O 60 Wz [ Multiboson  —|
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N =Xy [ 2ZH AR i e P [ 2ZH 1 4 Xy g 2zzH

Py r [ Nonprompt e/p [EZH Total unc. 2 a0 [ Nonprompt e/p [ Total unc. B " r [ Nonprompt e/p [ Total unc. 1
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> > >

w w w
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JS TIPSR Sl S B 3 W i B 1B
oy b * T [ i S A T " o
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Backup: Z boson pr (High purity region)

highest pr: second highest pr: lowest pr:

CMS Preliminary 77.4 b7 (13 TeV) CMS Preliminary 77.4 0™ (13 TeV) CMS Preliminary 77.4 b7 (13 TeV)
T T T 3 T T T T T T Bl
% & Data Emtzq % 30 & Data Emtzq % # Data Emtzq
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> > 7 >
w w w
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Backup:Nonprompt closure in MC

@ measure "fake-rate” in QCD enriched region in data
@ nonprompt background comes from Drell-Yan and tt
@ verify that fake-rate measured in QCD MC can predict Drell-Yan and tt backgrounds
@ closure tests in tt MC (fake-rate prediction VS direct MC prediction):
CMS  simulation Preliminary (13 Tev) CMS Slmulatlon Preummary (13 Tev)
9 ; : ; ~ 15 . SEEE—CA L))
S r o i
Lﬁ [ + Monte Carlo . Tight-to-loose prediction E + Monte Carlo . Tight-to-loose prediction -
L S 1
>
w
- 2 - 2
3 15t 4 @ 15t
o 1 (=% 1]
B 05F 4 @ 05
8 0 g 0
°© [ Hpe nee eee ] 1 2
Lepton flavors min A R(lep, b jet)
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Largest systematic uncertainties

| Uncertainty | Impact (%) |

Experimental

lepton selection 3.2

trigger efficiency 2016 (2017) 1.0 (1.1)

jet energy scale 2016 (2017) 0.9 (3.1)

b-tagging efficiency 2016 (2017) | 0.7 (1.2)

nonprompt normalization 4.1

ttZ normalization 1.0

luminosity 2016 (2017) 1.2 (1.3)

pileup 1.9

other 1.3
Theoretical

final-state radiation 2.0

tZq QCD scale 2.0

ttZ QCD scale 1.4
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