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2z Overview ULob

® Rare top-quark associated processes sensitive to rich set of physics
® Test SM theory and probe new physics from possible deviations
« EFT, FCNC, 2HDM, SUSY, ...
® \While these are signals here, they are important backgrounds to many physics analyses
® Here, | will summarize the latest CMS results for the selected processes below

March 2019 CMS Preliminary
i fi 7 TeV CMS measurement (L < 5.0 fb™) :
- : : fi 8 TeV CMS measurement (L < 19.6 fo™) LTS
: : : : : : @i 13 TeV CMS measurement (L < 137 fb™) .
- o : Theory prediction
' ' ' : : . 4 4 Z CMS 95%CL limits at 7, 8 and 13 TeV
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All results at: http://cern.ch/go/pNj7
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® Measure tW cross-section in exu+ +

& t & t
jets channel
® Large background from tt t -
® Three categories
® 1 :et (1 b—tagged) « signal enriched b W™ b W™

® 2 jets (1 b-tagged)
® 2 jets (2 b-tagged) « bkg. enriched
® Separate event-level BDTs trained

x10°

359 fb (13 TeV)

£ cms
to distinguish tW vs tt in 1j1b and 3%
2]1b
® jet prs 50

® AR(e/u,jet)

® vec. sum of e/u+jets+missing
energy

e e e e

o »O
TR T 11

Data / MC

o
o

0,0 (1,0 \LnnJ o Len Ne2 Je3-20
(Number of jets, number of b-tagged jets)



http://dx.doi.org/10.1007/JHEP10(2018)117
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«10° ' 35.9 fb" (13 TeV)

x10° 35.9 b’ (13 TeV)

® Perform max likelihood fit to BDT gl ewemn o | B pose - EW-om
. . . « I Non-W/Z w - et + 2j1b Non-W/Z tt _
shapes in first 2 categories and 1 e Mo
subleading jet pr in 3rd category o postngerany | — Prei Datano

—— Prefit Data/MC

® | eading experimental uncertainties in fit

® Lepton ID, JES, pileup R —— e I N S
® Measure 9) (tW)=631 i66pb, 'Ll(tW)ZO88 R 12§“b'éggi”9;gPpT(1G8£V) T ? ’ * " 51b BDT output bin
w x10° w 35.9 fb' (13 TeV)
s [ CMS ¢ Data tW (u = 0.88)
® t\W process used by more recent o[ ey + 1j1p MNonwiz [l
analysis PAS TOP-17-020 (sub. to o A
EPJC) to constrain 6 EFT parameters i __ dneortainly o neeranty
® 2016 dataset / 35.9fb- T e R

® Neural network signal discrimination

R ——————————————————

L= Pt — S o R SO |
= . . 3 :I | | | . . . . . I

eff SM+A2 ;O H ... N e

i 1j1b BDT output bin

(0o (tW) = 63.1 % 1.8 (stat) = 6.4 (syst) = 2.1 (lumi) pb))

GheoryW) = 71.7 £ 1.8 (scale) % 3.4 (PDF) pb


http://dx.doi.org/10.1007/JHEP10(2018)117
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-17-020/index.html
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A Phys. Rev. Lett. 122 (2019) 132003
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® ¢(tZq) sensitive to
 SM couplings: WW/Z, tbW, ttZ
e BSM-enhanced FCNC
® Measure cross-section in trilepton (eu) + jets channel, requiring one SFOS pair
consistent with mz
® Main backgrounds from fake leptons, WZ, ttZ
® BDT-based lepton ID with data-driven fake lepton estimation from sideband
® Rest from simulation
® Split events into three categories
® ?2/3 jets (1 b-tagged) / SR23j1b « signal enriched
® >4 jets (1 b-tagged) / SR4j1b « bkg. enriched (tt2)
® >? b-tagged jets / SR2b « bkg. enriched (it2)

~y
E


http://dx.doi.org/10.1103/PhysRevLett.122.132003

5 tZq ucsB

A== Phys. Rev. Lett. 122 (2019) 132003

® |n each category, event-level BDT trained

to extract signal o CMS_  T7AT(3TeV)
” — Dat tZ

- pT(Z) . : < |£|Waza =ttzq -

® R I . t t . " f d ; - [ Nonprompte / u |:|ZZ i
o X /tX X

ecol Ing Je |n| ( yplca y orwar ) v § 1001— %Multiboson %Tgtal unc. |

o I i

2-3 jets, 1 b-tagged

PR _
® Perform max likelihood fit to BDT \ ot

shapes over all 3 categories N
50~

— 8.20 obs. (7.70 exp.) i

i ————

|:| Stat. unc. [ Total unc.

® This final state also used by PAS Shpbgbgebdigbdd. ; :
| :; Lary 2

TOP-17-017 to constrain tZq FCNC
couplings
® 2016 dataset / 35.9fb"

05 0 05 H
BDT output

( Ooxp(PP — tZq — tqll) = 111 £ 13 (stat) *g' (syst) fb
Otheory(PP = tZ2q — tqll) =94.2 £ 3.1 fb



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-17-017/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-17-017/index.html
http://dx.doi.org/10.1103/PhysRevLett.122.132003

£ Phys. Rev. Lett. 121 (2018) 221802

CMS/!
> tyq

® g(tyq) sensitive to anomalous magnetic,
electric dipole moments
® Select 1u, 1y, =2 jets (1 b tagged)
 |solated photon: AR(u/jet,y) > 0.5
* Over half of remaining background
from tt+y

1200 [ NS ASanasanatE

. ct mulati N e :
True y prediction fro.m S|m.ulat|on 2 1000 :_m s oo Nz =
® Fake y from data-driven sideband method a0 B ant vy [ Wit hoton_ 3
® Fit event-level BDT (1 of forward jet, ...) ok E
to data ol E
* includes tty control region with 2 b tag F E
template . .
® Dominant syst. — JES (12%) 5

— 4.40 obs. (3.00 exp.) %g I - T S-S S B R 10
- BDT output

(GexpPP — Q) - BOW — ) = 115 % 17 (stat) =30 (syst) fb ) f P1e> 2> OV

|7,] < 1.44
Otheory(PP = t7q) - BOW — puv) = 81 £4 fb AR(uljet,y) > 0.5 g


http://dx.doi.org/10.1103/PhysRevLett.121.221802
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Simultaneous measurement of o(ttW) and o(ttZ) with 2016 data

\um%m<

o(ttW) = 0.61 + 0.08 pb @ NLO
L J

® tt\\/ = same-sign dilepton
channel

® Multivariate discriminant in bins
of jet multiplicity, lepton charge

: t d;t
At Z/7
gw\f

o(iZ) = 0.84 + 0.10 pb @ NLO

® — 3 and 4 lepton
categories
® Further bin in jet multiplicity

10


https://link.springer.com/article/10.1007/JHEP08(2018)011
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® | eading backgrounds
 Nonprompt/charge misid. — data-
driven estimate from sideband
e WZ — normalization ~ 1 in
dedicated CR
® ttW (2L SS)
 BDT (D) trained on event kinematics
> D < 0 used as nonprompt-
enriched CR
> Then split at D = 0.6 in SRs
e 20 bins (D x charge x Nj X Np)

® 2 10*
e 3L: 9 bins (Nj x Nb) g
e 4L: 2 bins (Nj=2, Np=0,>1)

® | eading systematics ©
 Lepton ID o

* Nonprompt estimation
e B-tag, trigger

Events

40

20

ttw

CMS 35.9 o' (13 TeV)
I I I I I I I I I I I I I I I I

L ¢ Data ttW | tiZ @ Nonprompt BwWz ()X Rare [@Charge mis-ID

. I . '
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S T N 5‘3/57172/ 1ty I 315, 53/571)2/ 1ty 1 >3, Aey;,b%' Sty Is1p 318 37,

CM|S : : | : : : 359 b (13 Tev) CMS 35.9 fb” (13 TeV)
E =N T T ]
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https://link.springer.com/article/10.1007/JHEP08(2018)011

> ttw, ttZ ucss

] JHEP 08 (2018) 011

® Fit 31 bins to data to extract ttW, ttZ cross-sections _
® Results also used to constrain eight operators within EFT

CMS 35.9 b (13 TeV)
1.6F . T
L Kk ttV best fit =tttV theory [1]

- = 68% CL contour
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(a(th) = 0.771012 (stat) )75 (syst) pb) 5.30 obs., 4.50 exp.

o(ttZ) = 0.9970% (stat) Ty 15 (syst) pb >50 obs./exp.
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https://link.springer.com/article/10.1007/JHEP08(2018)011

= Updated ttZ

] PAS TOP-18-009
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® Closely follows previous 2016 analysis (3 and 4 lepton categories, binned in N;, Np)
® |mprovements
 BDT-based lepton ID
» up to 15% higher lepton efficiency
» Reduced lepton ID systematic
» Deep neural network b-tagging algorithm
* More inclusive trigger selection
® Measured cross-section nearly identical to previous value (14% precision = 8.5%)

o5 Cll\IIS /lvre/imiflvary | | | | | | 7|7.5 fb‘l1 (13 Te_\i)
2 4 Data ffiz tH)X Wz =
,_% 10¢ Xy B zz Rare Nonprompt __

| 3 leptons | =
e Np=T E =

B : N =2

=z e e .. o =

13 .1 [ Stat | Syst+Stat 1 } {

Q 1 """ttty §----- [ R L [ 'I """"""""" “{'—5
< 08F i =
-IC—U' 06_— L —]
©

o(tZ) = 1.00 1902 (stat) 7007 (syst) pb

13


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-18-009/index.html

! Updated ttZ usoph

A PAS TOP-18-009

® |nclusive cross-section measurement precision better than NLO predictions
® \With double the data, also perform a differential measurement in

* pr(4)
e cos(f*z) — angle between Z and £- in Z rest frame (sensitive to polarization)-
More in talks
on Fri.

® Constrain anomalous t-Z couplings (2 vector/axial, 2 dipole parameters)
® Constrain 4 EFT operators associated with t-Z/y deviations

pT(Z) COS(@;) L = ei(pt) ['Y” Cry|+ 75,4

+ 198 ey o b iy A) | 0(pr) Z
,CMS Preliminary 775 fb'1I (13 Tev) CMS Preliminary 775" (13 TeV) My, 2,V T 152,/ Pt) S
B T T T T T T T T T T T T T T T ] _I T I T I T I T T I T I T I T I T I T I T I_
_ 6L $ Data — 300 - ] CMS Preliminary 77.5 1™ (13TeV)
> E - aMC@NLO ] — r h anomalous —95% CL vV SM
g SE I ] é coupling model 68% CL A best fit
B E E /Rl | ” 1 <- [T 1 T T ] =T | T | T T T 1T ] 1T O-
=, 4fF / - ?_‘3 200 g L 1 18
NE N B i i ]
'\\',: | 2 1 8 | ] . 16
g | o
% 2f /}; - _8 100 |- - 14
B apsoliute ] L apsolute —— aMC@NLO 10
C - I
© O +—+—+t+—+—+—+—1—+—t+——————— © ) e e B N S S REEEEaES nus s 8
© 1.95F = © 125F . =
Q I e E 1 i I = 6
s 1 t s Af 1
o E o+ . 1 3 ie; c + s g d E
O© 0.75F 7 3 O 0.75F = 4
l E 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 E & :I 11 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 I:
0 100 200 300 400 500 -1 -08-06-04-02 0 02 04 06 08 1 2
p1(£) [GeV] cos(82) 0

o(tZ) = 1.00 1902 (stat) 7007 (syst) pb
14


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-18-009/index.html
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AT JHEP 10 (2017) 006

® Measure with lepton+jets channel (=3 jets, =1 b jet) +
photon with two leading backgrounds
o tt+fake y
e W/Z+real y
® ¢(tty) extracted after performing two sequential fits
e "top purity" from distribution M3 = invariant mass
of 3-jet system with maximum vector ptr sum
e "photon purity" from photon isolation distribution

& _
14
19.7 fb™ (8 TeV) 19.7 b (8 TeV)
_ (2]
E 6005 CMS ¢ Data £2000 CMS ¢ Data
— _ tt+y 01800 ,
o - e/u+jets B E+jets '-'>J1600 e/u+jets I Isolated photons
< o N\
~ 500 N Single t 1400 I Nonprompt photons
2 - N BB W/Z+y S Uncertainty
o 400F « W/Z+jets 1200
LLI 300 x\ B Multijet
- : S X Uncertaint
2001 *§§ w
= \
100 e \{\\\\\’\\\\\,\\\\
E ;v\ P\ N\ : \\\k\ N
= 1.5F__ |_|\t_' 1'55
%)U 1§%\\§}&<\‘\“\\%\“§M&M\ \X\\\x\ \W& % 1&%%%\%&%%%%\%\%\\\\*\\\%\\\\\\\\&\\\\\\\\\\\\\\\\
05 oo 8 st o
(@] 100 200 300 400 500 600 0 2 4 6 8 10 12 14 16 18 20

M, (GeV) Photon charged-hadron isolation (GeV) 15


http://dx.doi.org/10.1007/JHEP10(2017)006

s tty UCSB

AT JHEP 10 (2017) 006

® Combined likelihood fit containing top and  2ource Uncertainty (Jo)

h . th d d \ Statistical likelihood fit 15.5 )
photon purities with expected an Top quark mass =9
observed yields JES 6.9
Fact. and renorm. scale 6.7
_ ME /PS matching threshold 3.9
® Electron and muon channels considered Photon energy scale 2.4
- - JER 2.3
Separately in the fit Multijet estimate 2.0
Electron misid. rate 1.3
® Cross-section reported with semileptonic IZ)?'ets scale factor 82

: : ileup :

branChmg ratio Background normalization 0.6
Top quark pr reweighting 0.4
Category R o () ot B () b tagging. sF:ale factor 0.3
etjets (5.7 £1.8) x 10°* 138+ 45 582 + 187 Muon efficiency 0.3
J+iets (47 £13)x 107* 115+ 32 453 + 124 Electron efficiency 0.1
Combination (5241.1) x 107* 127 427 515 4 108 PDFs 0.1
Theory — — 592 +71 (scales) + 30 (PDFS) Muon energy Scale 01
Electron energy scale 0.1
Total 20.7

(aexp(pp — tty) - B =515+ 108 fb)

Otheory(PP = tty) - B =592 £ 77 fb .


http://dx.doi.org/10.1007/JHEP10(2017)006
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® Four top quark final state sensitive to higgs properties, 2HDM,

EFT, strong SUSY, ...

® SM theory — a(pp—titt) = 12fb + 20% @ NLO (1711.02116)

® Two complementary search channels

0 leptons
1 lepton

1, 2 OS leptons
® BR~56%
® Syst. dominated

> 3 leptons

2 SS, =3 leptons
® BR~12%
® Stat. dominated

PAS TOP-17-019 2 05 leptons 2 55 leptons PAS TOP-18-003

17


https://arxiv.org/abs/1711.02116
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-17-019/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-18-003/index.html

PAS TOP-17-019

— €3 tttt — 1, 2 OS leptons
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e Main background is tt but tt+X non-
negligible
® Strategy
* In bins of jet, b jet multiplicity and e/p,
use two BDTs and fit to data
1. ldentify triplets of jets from hadronic
top decay via kinematic handles
2. Event-level discriminator for tttt
(includes output of 1.)
® Results
e Also combined with 2016 multilepton
channel
e 1.40 obs. (1.10 exp) — ot =13+119fb
* Constrained EFT operators

Channel Best-fit . Best-fit 0z Exp. significance Obs. significance
(fb) s.d. s.d.

Single lepton 16718 15114 0.21 0.36

Dilepton 0.0 27 0+ 0.36 0.0

Combined 0.0+22 0+20 0.40 0.0

(this analysis)

Multilepton 18713 17413 1.0 1.6

Combined 147172 ( 1313 1.1 14

(this analysis + multilepton)

* assuming SM a1t = 9.2fb

event discriminants in OS uu channel

CMS Preliminary 35.8 fb' (13 TeV)
C T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T
-'\9 NJ.=4-5,NtagS=2 Nj=4-5,Nta9523 N]=6-7’Ntags=2 NJ.=6-7,N169823 Nj28,Ntags=2 N1.28,Nt39823§
C p—
10 =
1
107
102 & =
10_3|||||i||"'\iiiii Iiiillv |i||i
8| .05 o 1 *
U8 o sl Ml i
gr © Sl Y : /
‘DU -0.5 — e |
_1 | 111 1 | 1 1 \I | I | | I I | | 1 1 1 111 1 | | : L I_I
Bin id
e Data Bl tt ST B EW
o tt+H,Z tt+W, XY — titt (x 1.0) [_] Prefit unc.
3% Postfit unc.
1 -»T T -
M, Y SN

Oy = (Fry"tr) (FRvutr) ,

Obo =(Qrr"Qr) (QrrxQL)
04 =(QurY"Qu) (Frvutr) ,
Ofy = (QurT4Qu) (Eem Tt )

Operator Expected Cx/A? (TeV ~2) Observed (TeV ~2)

O} [-15,1.3]
Obo [-15,1.3]
Oy [—24,24]
08, [-5.6,4.3]

[—2.1,2.0]
[—2.2,2.0]
[-3.5,3.5]
[-7.9, 6.6]
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-17-019/index.html

A PAS TOP-18-003

@@ tttt — 2 SS, =3 leptons  USSE

® Based on 35.9fb-1 result (Eur. Phys. J. C 78 (2018) 140)
* 1.60 obs. (10 exp)
e Main backgrounds are ttW, ttZ, ttH, non-prompt leptons
« Data-driven/sideband estimation of non-prompt
contribution
* tt+W/Z normalized to data in high stat. regions
® Strategy — BDT analysis and cut-based cross-check
 Main handles are jet, b jet, lepton multiplicity
» Baseline requirements of SS lepton pair, =2 jets, =2 b
jets — retains ~20 tttt events
 Train single event-level BDT for signal discrimination
* Binned fit for cut-based and BDT analyses
® Leading syst. uncertainty from ttX+bb modeling
® Results
e With full Run 2 BDT analysis:
2.60 obs. (2.70 exp) — ot =13+6.5fb

* Approaching 3o evidence!

102

Significance | o(titi) [fb]

Cut-based | 1.70 (2.50) | 9.4*625¢
* assuming SM ot = 9.2fb

Data/Pred.
o

b tagged jet multiplicity

CMS Preliminary SR 137 b1 (13 TeV)

Attt
[ 220 WAV
A ttH
1% Nonprompt lep.

(o)}
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o

- Xy
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Em tttt 5% Rare
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BDT, postfit % Nonprompt lep.  mEm tVV
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-18-003/index.html
http://dx.doi.org/10.1140/epjc/s10052-018-5607-5

PAS TOP-18-003

~ @ tttt — 2 SS, =3 leptons
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® [nterpretations

 Translate into constraint on top Yukawa coupling |y/y:SM|<1.7
» Measurement of a(tttt) dependent on ttH background

> o(ttH)~|yt/y:SM|?

* Also exclude heavy (m>2mt) scalar (pseudoscalar) bosons up to ~500 (550)

GeV in type-Il 2HDM (preferring H—tt at low tanp)

o (tttt) = oM (tttt) 4.2/~ C

MS Preliminary

137 fb~1 (13 TeV)

SM(tfti) 450

4»___

40 -

w
o

Ottt [Tb]

ZzZz QObserved upper limit
Observed cross section

1
1
1
!
!
!

Predicted cross section, o

" Phys. Rev. D 95 (2017) 053004/

o(pp — (tf,tW,tq)+H) x BR(H - tt) (fb)

100

80 -

CMS Preliminary 137 fb~1 (13 TeV)

—e— 95% CL Observed
E=== 95% CL Expected *1 and *2 Oexperiment

scalar
Oth eory

500 550 600

my (GeV)

450 650

o(pp - (tf,tW,tq)+A) x BR(A - tt) (fb)

9. 0QQ0QQ0Q t b VAVAVAVAVAVAVAV.  ZAn - t
t t WJ1(4)
H(A) t H(A) ¢ t
....... < W <
t t . i i
9. Q0000090 f/——=——1¢ 9. Q000000 / t q “ “ q

CMS Preliminary 137 fb~1 (13 TeV)

—e— 95% CL Observed
E=== 95% CL Expected *1 and *2 Oeyperiment

pseudoscalar

~ Otheory
pseudoscalar

80 -

60 A

500 550 600

ma (GeV)

400 450 650
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-18-003/index.html

o Summary ucse

® Associated production processes sensitive to rich set of physics
® Analyses beginning to challenge and surpass NLO calculation
precision
® And there is still much room to improve
e 2016 — full Run2 dataset — almost 4x luminosity

13 TeV summary table

int. lumi. (fb-1) o theory o experiment
W 717+38pb | 631+7.0pb
_________________ tyq 36  81+40fb | 115+34fb  o(Pp=tya)B(tumb)
ew 0.61+0.08pb | 0.77 £0.17pb
_________________ tZq. ... - .942x31fb | 111x16fp  cleprzaBz-t
e Z 0.84 = 0.10pb i 1.00+0.09 pb_
ttit 137 . qo+22,5fb | 12.6+585,fb

21
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Source

Uncertainty (%)

Experimental
Trigger efficiencies
Electron efficiencies
Muon efficiencies
JES
Jet energy resolution
b tagging efficiency
Mistag rate
Pileup

Modeling
tt yur and up scales
tW ur and ug scales
Underlying event
Matrix element/PS matching
Initial-state radiation
Final-state radiation
Color reconnection
B fragmentation
Semileptonic B decay
PDFs
DR-DS

2.7
3.2
3.1
3.2
1.8
1.4
0.2
3.3

2.5
0.9
0.4
1.8
0.8
0.8
2.0
1.9
1.5
1.5
1.3

Source Uncertainty (%)

Background normalization

tt 2.8
A% 0.4
Drell-Yan 1.1
Non-W /Z leptons 1.6
ttV 0.1
MC finite sample size 1.6
Full phase space extrapolation 29
Total systematic
. . 10.1
(excluding integrated luminosity)
Integrated luminosity 3.3
Statistical 2.8
Total 11.1
Prefit Postfit
Region tW tt tW tt
1j1b 6147 + 442 30622 = 1862 5440 = 604 30592 =+ 582
2j1b 3125 £294 48484 + 1984 2888 321 47436 £ 612
2j2b 725 £85 25052 2411 71988 25114 + 281
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- Phys. Rev. Lett. 122 (2019) 132003
leading BDT inputs
CMS S T7am(3Tey) o CMS AR (13 TeV) CMs TTAn(13Tev)
. = 8o &0 =e 8 e = 8 | Ao, DB
Uncertainty Impact (%) g | Slewomern 2z | G0 Slfewomion Bz o 9 [ W2 =z,
. ; L [ Multiboson BZ2] Total unc. qC, [ Multiboson BZ3 Totalunc. ; [ [ Multiboson B2 Total unc. |
Experimental §1s0 1 £ | “23ets, 1 btagged BOT 508 |
lepton Selection 3 2 i 2-3 jets, 1 b-tagged 2-3 jets, 1 b-tagged it
trigger efficiency 1.4
jet energy scale 3.3
b-tageging efficienc 1.7 f
gg g },. . -8 1.(5)7§|:|Stat_unc. iDTotal;nc.T L T 4 I E -g‘ 27 -8 1,50 08t une [ Totalinc. ; E
nonprompt normalization 4.1 & Peettppbplpdeld & b i L
r . . 8 0 & o : &0
ttZ normalization 1.0 g ° G & 07 Recoiingietmt 8 0 b @evy
luminosity 1.7
pileup 1.9 : _
Theoretical CMS 77.4 1" (13 TeV) CMS 77.4 " (13 TeV) CMS 77.4 1" (13 TeV)
. T Q[T mmz ] 2100 i owa mmze 1 2 [ o mmwz
ﬁnal_State radlatlon 2'0 % : %\Zvoznprompte/u EtZ%q() % [ é%((/)tx éﬁc%\prompte/u % 80? é:v?vzz étx{z)y(q‘/’tx
th QCD scale 2.0 51007 %;\%I[tigson @:ﬁgml unc. | E [ %mmiboson &%ﬁal unc. 5 : %mﬁ?gg:oﬁe/“ &iéal unc. |
— L [ i [ 1w 60 _
ttZ QCD Scale 1,4 2-3 jets, 1 b-tagged : =4 jets, 1 b-tagged [ =2bjets
L 50
50
Source 2-3jets, 1 b-tagged > 4jets, 1b-tagged > 2bjets e B e I P T 1 9.
SR-2/3j-1b SR-4j-1b SR-2b & ptvipbetdddgr ] & Gpbpdddolpppdddd 207
80" i s 0 & of E
Exp. background 357 34 278 =32 228 =25 g7 0 0 e & 0 e &0 et
Exp. tZq 103 £5.1 38+5.3 37+1.8
Total exp. 460 4= 37 316 4= 35 265 125
Observed 475 310 278
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most discriminating

BDT . bl Process Event yield
variapies tt+y 1401 + 131
359" (13 TeV) 600 35917 (13 TeV) ny+]ets 32978
E 2 “Eews 4w me Zy+jets 232 + 55
2 B stat. @ syst. [ | zyjets S 500 B stat. @ syst. [ zyjets L s L
D Esimarny [ ]w: @ S N Misidentified photon 374 +74
I & s- and tw-) [l Misidentified photon 400 - I ¢ (s- and tw-) [Jll Misidentified photon t')/ (S' and tW-Channel) 57+ 8
E |:|Wyiets
3 VVey 843
Total background 2401 +£178
Expected signal 154 + 24
Total SM prediction 2555 + 180
c c Data 2535
2 g 15- 7
'-j':j 1 RSB IAAOBE A IO BLORITEL LKL % 1 -1
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©
o
S
o
have Gaussian constraints, while rate uncertainties have log-normal forms. The main system- &
atic uncertainties in the signal cross section arise from the JES, signal modeling, normalization S
of Zy+jets, and b tagging and mistagging rates, and amount to 12, 9, 8, and 7%, respectively. BDT output
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1. - _
Log = 3 [CtLO‘MVtR +c tRO'/WtL] FHY.

2
o = (at%) + 2,

2mt

\4

anomalous magnetic anomalous electric
moment dipole moment

d; < 1073% cm

SM predicts
P Q, - a; ~ 0.02

https://arxiv.org/pdf/1307.1349.pdf
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ttW (SSDL) Systematics
N; N, Background ttW  ttZ Total ~ Observed Uncertainty from Impact on the measured Impact on the measured
2 >0 181+18 22+04 05+0.1 20.8+1.9 17 Source each source (%) ttW cross section (%) ttZ cross section (%)
3 1 8.3+09 21+04 05+0.1 109+09 9 ntegrated luminosity . 4
0<D<06 >1  109+11 35+06 08+0.1 152+13 17 Jet energy scale and resolution 25 3 3
o5 1 10111 28405 07£02 137413 8 Trigger o4 45 5
- >1 222+2.0 7.6+12 27+04 325+24 27 B tagging 1-5 25 4-5
2 >0  68+09 20£03 0401 92+09 10 PU modeling 1 1 1
5 1 41206 16+03 03401 61+06 11 Lepton ID efficiency 2-7 3 67
D > 0.6 >1 78409 38406 07+£0.1 123+1.1 10 Choice in pg and pr 1 <1 1
-3 1 56+0.7 29+05 07+£02 92+09 5 PDF 1 <1 1
>1  153+15 120+19 32+05 305+25 32 \Nonprompt background 30 4 <2J
2 >0 179418 49+08 03+0.1 23.14+20 26 WZ cross section 10-20 <1 2
5 1 102+13 37406 04201 144:+14 11 77 cross section 20 _ 1
0<D<06 >1 102412  69+11 08+02 179+16 18 Charge misidentification 20 3 _
o5 1 107+12 49208 08+02 l64+14 16 Rare SM background 50 5 2
oot >1 224420 133+£22 3.0£0.5 38.7+3.0 42 t(f)X background 10-15 4 3
2 >0 80+11 43407 04+01 127+13 18 Stat. unc. in nonprompt background 5-50 4 2
3 1 48+07 32405 03+01 84+09 7 Stat. unc. in rare SM backgrounds 20-100 1 <1
D > 0.6 >1 54+0.7 71+12 1.0+£02 13.5+1.4 10 . .
1 63+08 56409 09+02 128+12 12 Total systematic uncertainty — 14 12
>3 >1 165+15 225437 31405 421+4.0 46
B ttZ (4 leptons)
ttZ (3 leptons) P
N N Back 4 oW - Total ob 4 Process Ny=0 N,>0
b j backgroun tt tt ota serve T I
2 1032.8+£771 09+£01 182+32 1051.9L77.2 1022 T_(;al background 13}'2 . 32 12;’ . (1)2
0 3 29354214 044+0.1 223439 31634218 318 tt ’ ’ ) ’
>3 95.4+74 0.3+0.1 26.1+46 121.8+87 144
Total 172420 178 £1.8
2 164.6+17.8 1.9+0.3 243+43 190.7+18.3 209 Observed 23 15
1 3 66.6 + 6.7 09+0.2 41.2+72 108.7+9.8 99
>3 32.8+3.3 0.8+0.1 61.3+10.8 949+113 72
Channel Expected significance Observed significance
2 129+24 1.0+0.2 59+1.0 19.8 2.6 32 SS dilepton £~ £~ (ttW ") 2.4 2.3
>1 3 11.6+1.7 0.6 +0.1 179432 30.1+3.6 46 SS dilepton EWW&}N? 42 5.5
>3 10.6+1.6 04+01  41.0+£72  52.0+74 54 SS dilepton (£ (ttW™) 45 53
Three-lepton (ttZ) >5.0 >5.0
Four-lepton (ttZ) 4.7 4.5
Three- and four-lepton combined (ttZ) >5.0 >5.0
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Events

data/pred

Events / 5 GeV

data/pred

Systematics

Source Uncertainty Correlated Impact on the ttZ
range (%) in 2016 and 2017 cross section (%)
Integrated luminosity 2.5 X 2
PU modeling 1-2 v 1
_ Trigger 2 X 2
I I Lepton ID efficiency 4.5-6 v 4
ttZ kl nem at ICS Jet energy scale 1-9 v 2
Jet energy resolution 0-1 v 1
?MS‘ Preliminar}i ‘ - ‘ 77.5fb"(1‘3TeV} . ?I\i‘SD.‘?;elir‘nin;‘art};z ‘ t‘{ X‘ ‘ .77\; Zfb" ‘(13‘Tey) . f:l\iSDP‘l;elin?inarj;Z ‘ t‘fx ‘ .7;; fb"F13TeV) Bta g gin g li ght ﬂ avor O 4 % 1
300} +§jta .;i :;Zi(e .\r:lV;prompt 7 L% L Xja Bzz F({;re Nonprompt | L% [ Xj ) Hzz I;;re Nonprompt | B tagging heavy flavor 1-4 X 2
i 1 5 400/~ 7 Choice in g and pr 1-4 v 1
1 | @ | PDF choice 1-2 v 1
7 o 1 Color reconnection 1.5 v <1
] 200/~ N a Parton shower 1-8 v 1
] I i | WZ cross section 10-20 v 3
1 | —— 1 WZ + heavy flavor 8 v 1
e o 14 - — —— 7.7 cross section 10 v 1
i S— d BV , I I D R {®X b, 10-15 v 3
J8E mistat Syst+Stat 3 8 98 nstat Syst+Stat 8 os5F [ Stat Syst+Stat 3
(e (Wuwe  (Welnee  (Jeee S i z T 3 25 4 s 8 7 X7 background 20 v 1
CMS Preliminary 77510 (13 TeV) CMS Preliminary 77510 (13 TeV) CMS Preliminary 77510 (13 TeV)J Nonprompt baCkground 30 v <1
60 4Data iz X MWz | 8 [ +pa fiz tOx EMwz | £ | +Daw [tz X HWZ | Rare SM background 50 v 2
| WXy [WZZ MRare Nonprompt | 9 Xy  WZZ WRare Nonprompt :>_|) Xy  WZZ M Rare Nonprompt | Stat. unc. in IlOl’lpI'Ol’l’lpt bg 5-50 X <1
ol 1 % b B Stat. unc. in rare SM bg. 5-100 X <1
I 4] i ’ﬁ{‘% Total uncertainty 7
200 B kG . 50|~ % 7%/1/ 7 *
I ) ’ R
PSPt __ TSR SRR e Process (1) (Wpupe (u/e)pee  (e)eee Total
e L] 3 13 : L
0-5: st - Sit:St;t. : t P s 0»51 3 Stat ) S!:;txarsiauE trl S 75 of état ISSt+Stati ! : t:CZ 152+ 8 129+7 118+ 6 82x4 481 +24
e T o e 88 o awwe e 8 D s o s ttH 40+05 35404 32404 21+03 127+15
' os(t) tHH)X 333+41 274434 23.4£29 179+22 102+12
Wz 171+46 147+41 10.0£28 10943.0 528+14.2
Xy letl6 21+£25 0606 45+1.6 8.8 3.7
Y4 28+04 27404 264+03 22403 103+13
Rare 39+£20 29+£15 26+£13 20£10 11.3+£57
Nonprompt 73+30 112+42 72+30 89+36 345x+131
Total 222+13  194+12 168 £9 130 £8 713 +41
Observed 192 175 152 141 660
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electron +lets Source Uncertainty (%)
Sample Genuine photon Misid. electron Nonprompt photon Total Statistical likelihood fit 15.5
tt+y 312 +17 02+0.1 8.5+09 321 +17 Top quark mass 7.9
tE+ets — 2243 215413 237 + 14
Wy 75 + 25 — — 75 + 25 JES 6.9
W-ets — — 60 + 15 60+ 15
Zon ts a1 05407 e Fact. and renorm. scale 6.7
Zjets — 43428 1146 5430 ME/PS matching threshold 3.9
Single t 1143 20413 16+4 2947
QCD multijet — — 31+18 31+18 Photon energy scale 24
Total 412+ 31 69 + 29 342 +28 823 £52 ]ER 2.3
Data — — — 935 .o .
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ttry 407 £ 23 04+03 m+1 418+ 24 Background normalization 0.6
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Wetets _ _ 57414 57414 tagging scale factor 0.3
Z+y 2147 — 14409 23+7 .
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Electron energy scale 0.1
Total 20.7
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