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= 10° 1 TTEVCMSTesEStL S | ! Interesting new results in top quark
— E - § 8TeV CMS measurement (L<19.6 fb™) E . i
o) B & 13 TeV CMS measurement (L < 137 fb™") 3 phySICS at CMS:
- L = &5 —— Theory prediction ]
102 = =n3;:g L . 2 % 2. CMS 95%CL limits at 7, 8 and 13 TeV = ° tty: top quark pair + photon
- o - 3 2 ] e tZq: single top quark + Z boson
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e Improved inclusive cross-section
measurement!

e  First/improved differential
cross-section measurements!
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All results at: http://cern.ch/go/pNj7



tZq: introduction
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| tZq is a probe for new physics:
i e sensitive to: ttZ- and WWZ couplings,
top quark polarization, !
proton PDFs via top quark-antiquark ratio.
. impacted by FCNC or more generally in the SMEFT phenomenology [1].

| e 3leptons (electrons or muons)

o  selection based on new lepton MVA.

e 22jets (pt > 25 GeV, eta < 5), 2 1 b-jet.

i e 7 boson candidate: OSSF lepton pair with ... <15 GeV.

i e top quark candidate and accompanying b jet: reconstructed analytically.
. e recoiling jet: leading non-b-tagged jet, tends to be forward.

 background from nonprompt leptons estimated from data
analysis and uncertainty constrained in dedicated nonprompt control region.

matrix-element
level level L e

o
o
o

[1]: JHEP 10 (2018) 005, doi [2]: Phys. Lett. B 779 (2018) 358, doi [3]: Phys. Rev. Lett. 122 (2019) 132003, doi [4]: JHEP 07 (2020) 124, doi


https://doi.org/10.1007/JHEP10(2018)005
https://doi.org/10.1016/j.physletb.2018.02.025
http://dx.doi.org/10.1103/PhysRevLett.122.132003
https://doi.org/10.1007/JHEP07(2020)124
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tZq: inclusive results

iSpin asymmetry:
A; = 0.58"012 (stat) & 0.06(syst.)

‘Inclusive tZq cross-section:
| O1zq = 87.977 (stat.) %2 (syst.) fb i
'— total uncertainty of + 11% :
' compared to prediction:

1 (o) :
'Improvement of about 25% A4FS P

|
1
\w.r.t. earlier measurements, due to ~0.003
1
e larger data set. ! ABFS — 0,454+0004 R=237" ig (stat.) 027 (syst.) fb
. e larger measurement region. ! —0.005
1 . 1
' @&  Imbhrovedn 1enpton WWINA e ] i3
;e |mprovefdllepton MVA. | CMS 138 b1 (13 TeV)
' e constraining nonprompt background T ° AgRIAEL IR DA R R '.' ',\;,éa's;r;r'n;;“'
. . . = t
| (dominant in earlier measurements). | = A R | Theory
I S A | w8 . F  L=8Y tZq (inclusive) ol
. © 14F 4aMC@NLO, 4FS | Stat. unc

- _ CMS ; ; ‘ , | 133 fb (13 TeV) 8 12 44 aMC@NLO, 5FS | Total.unc
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tZq: differential results
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'Goal: obtain distributions of jet, lepton, Z boson and top Results
iquark kinematics with detector effects removed. e Observe good agreement between measurement and
| prediction.

\Method: maximum likelihood based unfolding.

—no clear preference with current amount of data.

o  Splitsignal sample into generator bins (colours), e Other variables: see public note (see conclusion) or

e Compared to both 4FS and 5FS prediction.
Split signal region in corresponding detector bins. i

: backup!
e Perform simultaneous fit on MVA output for all . backupr !
signals / signal regions.
| e e e e e e e e e e e e o . — — — — — — — — — ——————— — ——————————— 1
138 fb' (13 TeV)
;g T é ysl By B S B e B B B B S B B B S S B I B B W _ ‘ , ‘ ‘138 f‘bJ (1(|3TeV) _ ‘ , ‘ ‘138 f‘bJ (1(|3TeV)
M ¢ Data [JNonprompt  [Jt(HX Xy S g0 T ' 15> F | ‘ k|
~ 10* "~ -06 ] E E
% Post-fit [JMultiboson [l ZZH COwz Mtz 3 [ pro-aav ; E\L/Izisstt.lrement ] 3 Oloog?p;Fs: 0.5% ? yzjss#remem 3
5 Wl tZg(others) MM tZq[140,00] [Zq[70,140] [HtZq[0,70] %% Uncertainty £ o5l pFS = 45.4% £ aMC@NLO, 4FS | = 0.008f- P = 46.2% £ aMC@NLO, 4FS
g 10° pr(i’) < 70GeV 70 < pr(j’) < 140 GeV pr(j’) > 140 GeV =z I +>,aMC@NLO, 5FS | '\E_ 00075_ %% aMC@NLO, 5FS
Q F ] HUIE E
- = © 0.04 R 27070 272907, =12 F B
g | S psmmmnst N, 18 o008 E
102 ?_g ...... C ] 3 .
= — e |
2 S e e : 12 00 E
90 — /////%/-/%7‘///{///5 0.004F- E
% 0003 cmss @000 eeeed =
Ll L il ] E | B
1 L ‘ : ‘ E g 1.5 f%/ff-/y;%f/%/ﬂ- ] .S é 1.5_7 ]
S 14 [ Stat. uncertainty S 9—; 1= I ””‘/"”’%""’”””“"""’*’%‘”’””" S 9—; 1 3 I =
a:_) 1.2 . i ol @ o @ L - ]
E OQW 7 a_g 0.5 70_§ 0.5 a
S 0:65— 0 20 40 60 80 100 120 140 160 180 200 220 0 20 40 60 80 100 120 140 160 180 200 220
8 0 0.1 04 110 0.1 04 1 Particle level p(j’) [GeV] Particle level p(j’) [GeV]

By David Walter

Neural network score of tZq output node



tty: introduction
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| This analysis contains: | ! Signal definition:
' e full Runll data | 1 tt production in fully leptonic
. e Inclusive and differential tty cross section measurement in the dilepton channel | | decay mode + photon radiated |
(all 3 channels: ee, ey, pp) 1 from
. e  EFTinterpretation + combination with £+jets EFT result i 1 e initial-state particles, !
"""""""""""""""""""""""""""""""""""""""""""""""""""""""" ' e top quarks,

Motivation: i i e their decay products. !

e  Probe top-photon coupling ~ constrain EFT operators ¢, and c,,,
. e stepping stone towards further measurements, e.g. ttyy and its ratio to tty

______________________________________________________________________________________________

Event selection:

Variable | Requirement

pro8 (1) > 25 GeV

?“faﬂmf___g > 15 GeV

Nle tons }

Charge sum of the leptons | =0

pr(7) > 20 GeV
e -

00oSer 11y =

N, > >

Mgy > 20 GeV

[1110g — 1] > 15 GeV (SF channels)

lmuy — | > 15 GeV (SF channels)

By Gianny Mestdach



tty: backgrounds o=
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T T T T T T S m S SS eSS o CCICIIITITICIICICIICIIIICT CMS Preliminary 13810~ ' (13 Tev)
1 . I c = T T T T —1
Backgrounds with prompt photon: 'prompt: match gen photon 1 1 £ 25005 & ]
: 'with leptonic/boson/quark | ! 2 o000 © BN K :
—p! 1 2 r N \ [ Single-ts: ]
e Z?z ' :grli inep onic/boson/quar ¥ £ 2000 S . Eﬁ"‘gﬁ,’” LfY .
1 1 . h C lonprom| ]
i e Single-t+y (single top samples) onan. . o 1500l SO N
. . ! : S Syst .
. Other+y ‘ (g.g. mL!Itl-boson, W+ijets, tiH, tttt) e N ol N
+— estimated using simulation. \nonprompt: radiated by ! £ 3
| mesons, faked by jetsor | ! 5008 -
1 . 1 . 1 - B
'Backgrounds with nonprémpt photon: electrons, or from pileup. . . L o
! . el = =
' e basically all... (mostly DY and ttbar) S =T YU R R .
M . 00 . . 1 S i i i ] : i
. _e_s_t_|[‘r_1:c1_t_e_d_ f [(_)[r_‘_q ?E’f"_ E?g_e_t_h?r_ . 9/" _°_f_?19 r_1_a_| regon. : g S gie sy gz a2 3
T ST ST Tt N STt oIt ! - 7
17y mismodeling observed, i iNonprompt background estimated with ABCD : DYPTIE L oo SN o L.
:derived corrections in i imethod. : S 4ooo§\\ - =
| . T e e T e e ! € a500E - Single-tey 3
:dedicated control region! £ 0000 R T
CMS Preliminary 138 fb "113 TeV) 2500 ;_ Syst.uncertainty é
£ T o T 3 ) CMS Preliminary 137.6 1" (13 Tev) CMS Preliminary 137616 (13 TeV) 2000 = . —
3 = E g e m—e DRI MR PRI E 8 E
i} S;Lifunc:n;m., E 40002 ’l measurement region 2500 application region E
E . E ‘ NP
= E 1500 = o —
E 20001 1000 3 g ® * L=
\\\\\\ PR 1000F . . 500 3 E _§
© = - E - - E © L I
e - PR T NIPTITVCICE g 20 g 0
< = * E s VB k i B i *ee LLAR PETVLILEPULFE X i
8 S 36 5516 22 3326 § O e T oAb C 6T o2 H OO'SE——_‘— : £ T 7
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By Gianny Mestdach



tty: inclusive results
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' e Binned maximum likelihood fit.
. e Fitto photon p. distribution, in 3 channels, histograms kept separate between years.
. e Observed results:
o  Signal strength > 1, but within the current theoretical uncertainties. |
i o  Total experimental uncertainty < 4%, most precise measurement to date.
o  Experimental uncertainty << theoretical uncertainty.
: o  Consistent between channels and years.

combined i = 1,140 (stat) ) e (sys) B CMS Preliminary 138 b (13 TeV)
—— —— T
2018 pp [T e 1.171:::§(s!at)::::(sys) —---—
- . +0.016 +0.040 "M nt
A —— leasureme
018eu| i, = 1104555 6tat] Neys) =  —stat+sys Combined | 11405, (stat s (579)
— = stat EE— e Toang:
2018 ee By 1500 = 1:079 0 geo(stat) 7" (sys) ————— == Stat. unc
B 0000 +0.037 +0.053
2017 pp R, = 12310 stat) 275 (sys) e ML 112670, (stat) 0 (sys) ——==@==—  Theory unc.
2017 ep B ™ 1.235 .o (stat) s (sys) . — -
I 0020 +0.043
201768 | gy, = 131408 stat) 2 (sys) ————— CLL| 113615, (stat) (7 = (sys) ———
2016 p Boggs o = 0997 5es (stat) ] Dsys) o = —
2016 e | g, = 11200010 50 syS) - ee| 115915 (stat) T (sys) —_——
2016 ee B o0 = 11495077 (stat)’y o (syS) ———— PPN IS [P [P S P Pl I
L L 06 07 08 09 1 i1 12 13 14

bl | . TR

0.2 04 0.6 0.8 1 1.2 1.4 1.6
- tty ~tty ﬁ'Y ﬁ'}'

Best fit of 6""/cy), c /GSM, NLO

By Gianny Mestdach



tty: differential results
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1 . . . . . 1 | !
1Goal: obtain distributions of photon, lepton and jet : ' Results !
1y . . . T T !
kinematics with r effects removed. .
: e at cs t deteCto e : CMS Preliminary 138 fb~ ' (13 TeV) CMS Preliminary 138 fb ' (13 TeV)
! . L . ! e e N
:Method: explicit response matrix inversion. . 5 100§ it el = =t
1 o o o o o o o o o o o o o o o o o o o o o e e e e e e 1 E= IS y2/dot=7.27/6 - S 35— x2/dot=573/7
3 e MGS5+Herwig++ | 3 E L e MGS5+Herwig++ 3
L MGS+Herwig? o 30LFo & MGS+Herwig7 =
1] 1]
8 3 ] 2 =
Ss 5 L B 5}
< T 60— 4B
g s - ] 8 <%
© = — o =
w 40— — w £
¢——{Response matrix, containing sof- B 10 E
® ° detector inefficiencies, r ] 5 E
0 . © I - 1] E ]
g g —P o resolution effects, ... ks = 8 st 3
5} 3 * I S (R SUSNY S SN SUS SU | .
i a " g e . e 3 g 050 Y
5 i ] o 50 100 150 200 250 300 [\N 0.2 0.4 0.6 0.8 1 12 1.4
i R B P,(1) [GeV] ity)
(@l vonoas ssoi [eonpr el peid CMS Preliminary 138 fb™' (13 TeV) CMS Preliminary 138 fb™ ' (13 TeV)
e L . T e ‘ ‘ ® Dia -
true distribution measurement unfolding £ 35— wosipytias 2 k —vesPyiae
< [ Theory unc. c Theory unc. -
=) 30— x2/dof=9.81/8 S 50 y2/dof=10.44/7 —]
3 [ ------ MG5+Herwig++ g /e MG5+Herwig++ -
CMS Preliminary 1381 " (13 Tev) (2] = MGS5+Herwig7 L7 e ) MG5+Herwig7 1
£ 4500 T T — - - @ 25 @ 40F .
S 4000 -z - g £ E g B
£ 3500 e et 3 = 20k 3 £ ]
g [ Othersy E| K] F 7 S 30 -
& 3000 e bay E S = B S ]
2500 Syst uncertainty | © 15 ! E |
2000 E - E B 20 =
measured 1500 E 105 = E ]
H i H 1000 E B B 10F a
distribution o . 5 E E 1
E 15 . 0 : . : 7; % 15’ .| % 157\ Il |
L g SRR 8 187 E
s O.SE N ) = ; e o —o @ — = = ; 1 e . . ° *
Q 50 100 150 200 250 300 2 055 = “ ) . 4 ® 05E =
P.{) [GeV] a 0 05 i 15 2 25 3 a 05 i 15 2 25

By Gianny Mestdach Ao(ll)



tty: EFT results CHENT
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i e  Modeling operator effects using gen-sample reweighting. : I L
Constraints from profile likelihood scan based fit Lz 10 "'”"ﬁ":‘1'3T‘:;|/‘§:‘3§5
Limits obtained using differential photon p. information. ! B 2 Profled o elhoa observd) E
! o  great signal-to-background separation towards tails ! 7 i oo E
! o  EFT effects affect mostly the tails ~ top radiated photons 2 S E
' e Relevant operators: ¢, &c,, ¥ 3
o  Observed results: : ) E
! . . L . 1 2 E
| o  SMresult is contained within 68% confidence intervals. ! y G E
o Bothin 2D fitas in 1D projections. ! O 08060402 0 02 04 06 08 |
: o No clear indication of new physics yet... | | G,/ A% [Tevd
_________________________________________________________________________________________ I I
- — - - : {s=13TeV, 138 fb”
10°F 1 sm 5 © 3 _E A Standard Model T_zl
N 20,2, 2.0 0 W0 3 S5 OF o Besthit P
g 10% = s 6 o
5 : % :
T 0%} = bt 3
R Z ol
g 3
10'f s 2
3 -
Z : oF
? 1.0 i F- Observed 68% CL ---- Expected 68% CL
E Ay E— Observed 95% CL — Expected 95% CL
0555 100 200 300 400 500 T T T Essreswmacel 1
Er [GeV] NUIY 2 C,/ AZ[TeV} 10

By Gianny Mestdach



Conclusion
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experimentally accessible range of SM
predictions.
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May 2021 CMS Preliminary . ‘
2 i 7TeV CMS measurement (L<5.0 fb) 1 ' Most precise measurements of ttg and
—=10 3 e & 8TeV CMS measurement (L<19.6 fb™) E tzq up to now
© o & 13 TeV CMS measurement (L < 137 fb™) ] ’
- L = & —— Theory prediction ]
102E =n et(s) Z zz Zz CMS 95%CLlimits at 7, 8 and 13 TeV -| ! Both inclusive and differential.
= e _é_-m- - H
- - i Z n
i " . 2+ 1 | Important pieces in testing the full

Fa

All results consistent with SM
expectations.

Production Cross Section

—
<
LR

Both papers in review process...
Links to preliminary results:

tZg PAS CDS record (publicly available)
ttg CADI (CMS internal only)
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All results at: http://cern.ch/go/pNj7 11
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https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=TOP-21-004&tp=an&id=2424&ancode=TOP-21-004
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Backup: tZq
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Inclusive and differential tZq (TOP-20-010)

tZq is a probe for new physics:
» sensitive to ttZ- and WWZ couplings.

+ sensitive to proton PDFs via top quark-antiquark ratio.
+ impacted by FCNC or more generally in the SMEFT phenomenology [1].

|
i
|
i  sensitive to top quark polarization.
|
|
|
|

Earlier tZq measurements:
First evidence with 2016 data [2]

¥
First observation with 2016+2017 data [3]
— precision: = 14-15%

3
R AR AT o

Events /0.13
Events /0.1

° == - -
o B

e R e
osit

(-, O SN S

=1 05 0 05 1
80T output

¥
Observation at ATLAS with full Run Il dataset [4]

— precision: £15%

]

05 1
BOT output

Data / Pred.
Data / Pred.

[1]: JHEP 10 (2018) 5, doi [2]: Phys. Lett. B779 (2018) 358, doi

~ figure from [1]

SM
Ce/A2 = —7 [TeV-?]

pp—tZj, LHC @ 13 TeV

1
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|
|
| =
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[}
1 O
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I slg
| o
: Lo
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[
| &2
- T
1 5.9
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| §-
| 3
| =
| &8
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| 1
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| g 15
I
! 10 T
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I

[3]: Phys. Rev. Lett. 122 (2019) 132003, doi
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figure from [1]
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[4]: JHEP 07 (2020) 124, doi
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Inclusive and differential tZq (TOP-20-010) GHENT
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+ 3leptons (electrons or muons)
» selection based on new lepton MVA.
« 1 OSSF pair compatible with Z boson mass within 15 GeV.
« =2jets (p > 25 GeV, |n| < 5).
* < 4central jets (In] < 2.4 (2016) / < 2.5 (2017/2018)) (only in differential).
« =1 b-jet (medium deepFlavor working point, central).

___________________________________________________________________________________

matrix-element level analysis level | 2 . |

|+ Zboson candidate: o !

! « OSSF lepton pair with |[mz — my| < 15 GeV. |

1 . . . |

g eI e | *+ top quark candidate and accompanying b jet !

8 " nonorompt avichea E!ﬁ;""""“"%'v‘?z" E i - reconstructed analytically using W boson and top quark mass constraints. !
S 12 H — e .

% wz 5;;|ulﬁbosonzuzzjmenaimyé : o reCOl“ng Jet :

E b | « non b-tagged jet with highest pr. i

: I

» tends to be emitted in forward region of the detector.

« background from nonprompt leptons estimated from data and uncertainty constrained in
dedicated nonprompt control region.

R e e R e N A o ot I o S o e i e Bl e Lol e S, L S

Data / Pred.

21 -08 06 04 02 0 02 04 06 08 1
Event BDT output score

+ discriminating features based on presence of a hard forward jet,
presence of at least one b-jet, charge asymmetry of the top quark etc.
« combined into MVA (multiclass NN or BDT) to distinguish tZqg from WZ, ttZ and othzeors.



Inclusive and differential tZq (TOP-20-010)
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=
First evidence with 2016 data [1] 35.9 10" (13 TeV) : Standard model pred|ct|on :
N“V T T T T o T T
S cms s 3 [oms [ Uth =94.2*1% (scale) + 2.5 (PDF) fb[1] I
§‘°° ;g; & goo]. Oblet 1 e R T ]
i i 2 . B rvaniRR raon S D o s x e ] |
3 11 Owzq = 123133 (stat.) *23 (syst.) fb |
| significance = 3.7 (obs.) / 3.1 (exp.) :
First observation with 2016+2017 data [2]:
° K] - CMS ; 7741 (13 TeV) @y ?MS ; rTTAD (13 TeV) - CMs ; 74t (13 TeV)
B Gty e z [ o S [ o S of b -
05 1 2 gmvtmﬂe " =ZZ @ Enx X (3 Nonprompt e / 2 ‘/‘(’me’mu“a " =2
BDT output 5100 £ Muttiboson 23 Total unc. § {5 Multiboson (23 Total unc. § ul n {233 Total unc.
R A e T LT e BT o R T I e e O T o T e 23 jets, 1 b-tagged = 4jets, 1 b-tagged
O 111 + 13 (stat.) *11 (syst.) fb (— precision: + 14-15%) | .
o | i
[—— significance 8.2 (obs) /7.7 (exp) !
Observatlon at ATLAS with fuII Run Il dataset 3 5 1 o[E E—— 18 === 3 o[
Observation ( ATLA g o[ T | et sy 3 e e e
§ uoé» ‘ntﬂsTeV 139" éf{}w’ E § Dﬁ B o 0 BD‘sl'oulpul‘ g o o ’ BDToulput1 g - e ’ Bgﬁ'culpul‘
205 sz Wit
1005 Posti, R 4 TP R ] e e e e e e e e e e e 1
B!Lv 3 lg,., =97+ 13 (stat.) + 7 (syst.) fb (— precision: +15%) |
______________________________________ |
60} é 1/
2 R e S S e e R i 1
E D ' Significance >> 50 — observation has been established. i
B R ‘ | C -
§ S 5 § et i Next challenges:  improve precision on Ozq. |
e T T e TR R TR os;‘o 10208 06 04 02 00 02 04 06 OBNLO : perform firs’[ differentia[ measurement :
_____________________________________________________________ J
[1]: Phys. Lett. B779 (2018) 358, doi [2]: Phys. Rev. Lett. 122 (2019) 132003, doi [3]: JHEP 07 (2020) 124, doi 21



Inclusive and differential tZq (TOP-20-010) GHENT
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absolute normalized
- . . . 1t§§fb‘(13’TeV_ — 001 ; ; 138 fb° (13 TeV
3 006 CMS Preiminary § Measurement | 3 [ cMS Preiminay imeasemet | * |n general, observe good agreement
£ 005 Virey =00 it between measurement and
— Na  5FS | - Na : b
S oosf ] T 0006 . prediction.
,‘,5 s pirs=97.1% S P =99.1% |
icle | | T 003F pirS=87.1% é i pFS=98.7% |
© 3 ¢ .
particle leve s 2 3 5 3 |+ Compared to both 4FS and 5FS
F ~ 0.002— — 1~
0off S : . prediction.
o . ) s o . \ s
g2 sl ' AP S * Uncertainties down to 15% for purely
85 25 1 = .
8z ] B2 1 1 leptonic observables, down to 25%
= o so it H80 200280 = o s o 10200280 for observables including jets.
Particle level p;(Z) [GeV] Particle level pr(Z) [GeV]
s : : 138 " (13 TeV — s : . 138 10" (13 TeV)
% 014 ems Preliminary ’;’ Measurement > 0_009;— CMS Preliminary i Measurement _;
% 0.12; RN %2 aMC@NLO, 4FS | i;“ 0.008 I I 4 aMC@NLO, 4FS
g °E { ;‘/ = aMC@NLO, 5FS S gzg;;_ T T “-aMC@NLO, 5FS:;
go.os: = prs=97.0% | g 0:0055 prS = 98.9%
8 006f Pr =818% 4 8 0004 £ RaTR.
b 0.003 3
parton level oM ] 3
002> 0.001}
= ot “ ok ! ! ) | E
c[@ 15 €& 15
Sl L NN S|e ]
i } ge L3 3 e
21§ osf PO . L. P

50 100 150 200 250 0 50 100 150 200 250 22
Parton level pr(Z) [GeV] Parton level p(Z) [GeV]
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Inclusive and differential tZq (TOP-20-010) GHENT
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absolute normalized
- e AR T - MNMMMMSMSSS 1. 11 )
3 00 CMS praiminary ¥ Measurement 2 oo0s)- CMS Preiminary § Measurement * In general, observe good agreement
S 005 %2 aMC@NLO, 4FS | = 0.008F %% aMC@NLO, 4FS between measurement and
= “:-aMC@NLO, 5FS ] = F % aMC@NLO, 5FS | . L
= __ 2 o007 3 prediction.
g pis=49.7% g prS = 40.3%
) e pES=454% 5 i 3 _— PSS = 46.2% E
particle level 1 1 % 1 .+ Compared to both 4FS and 5FS
CELLY ITRRRRe +~ 0.0041~ = T
o g 3 i prediction.
) [ omostionssns % = §§‘i-?mj . : ] * Uncertainties down to 15% for purely
‘_’\5 ] T e VETRETRTY (e %\5 1= - 3
Bk = : — 82 1 N § leptonic observables, down to 25%
= 0""20 4060 80100120 140 160180 200 280 = 0720 4060 80100 120”140 160180 200 220 for observables including jets.
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Inclusive and differential tZq (TOP-20-010) .
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absolute normalized
a 35 T T T T T I“s-gfb‘(13Tev = 05_ T T T T T T 113’§'—'E‘(13Te\i
S L oms prtminay i Measurement | = ousk. CMS Profiminary } Measurement * In general, observe good agreement
& % aMG@NLO, 475 2 o FEMICENLO 473 2 between measurement and
T 250 == aMC@NLO, 5FS - ° 035;_ - aMC@NLO, 5FS a
2 ] § 03 ] prediction.
3 L f /i L peesie% ] S st % pis=328% 3
. b d pES=309% | S ok piro=28.2% _|
particle level 3 I { " 1 |+ Compared to both 4FS and 5FS
e DI W i 5 o s rediction.
ORE— L I L ! 1 = S| o 1 L L ! 1 1 ; E p
Sl o~ . ge : 1+ Uncertainties down to 15% for purely
N = LE o;“"—*"-J ! . 1 leptonic observables, down to 25%
S T B R B R R TR T B R T TR S T S St for observables including jetS.
Particle level |n(j)| Particle level |n(j)|

parton level
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absolute normalized

138 fb' (13 TeV)
ey ™
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s T ™4

£ 35 CMS preiminay = | CMS prelminary * In general, observe good agreement
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S s e T i between measurement and
S e - prediction.
S § s
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g5 1F % il 5 35 1 RS, T . :
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= oo : L R T B S for observables including jets.
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Inclusive and differential tZq (TOP-20-010) GHENT
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absolute normalized

138 fb' (13 TeV.

138 fb” (13 TeV
T ]

| CMS Preliminary e * In general, observe good agreement

3 ZZANCQNLO, 4FS 3 between measurement and
0.0141 % % aMC@NLO, 5FS L
0.012" . predICtIOH.

- — 0.018
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parton level
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In general, observe good agreement
between measurement and
prediction.

Compared to both 4FS and 5FS
prediction.

Uncertainties down to 15% for purely

leptonic observables, down to 25%
for observables including jets.
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In general, observe good agreement
between measurement and
prediction.

Compared to both 4FS and 5FS
prediction.

Uncertainties down to 15% for purely

leptonic observables, down to 25%
for observables including jets.
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absolute normalized

= = . 138167 (13 TeV = = ; . 138fb"(13'lI'eV_
& [ CMS Proliminary 1 5 opodf OMS Frelmhay. ] * In general, observe good agreement
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Inclusive and differential tZq (TOP-20-010) GHENT

UNIVERSITY
absolute normalized
- S 138 (13 TeV - N ‘131§\tp"(13Tev3
£ 7 CMS Proiminary 3 = | CMS preiminary i+ Ingeneral, observe good agreement
& o ; M;zs@m;r:rgn;’:s ' i_ £ F g/‘ M;zs;rsr:gn;':s 1 E between measurement and
3 . #a : = 3 og #A : 1 ‘o
§ ° .laMcenLosFs 1 1 3 § % aMc@NLo, 5Fs 1 i ] prediction.
. % 4: Z § 0.6/~ ¥ ]
5 -
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Inclusive and differential tZq (TOP-20-010) GHENT

UNIVERSITY
—e— Fit constraint (obs.) +1o impact (obs.) —— -1c impact (obs.) “Summary of the dominant systematic
Fiiconammalat(oxp:) 1o impact {exp:) “loiimpact (exp,) uncertainties affecting the inclusive tZq cross
CMS Freliminary section measurement. The left column lists the
B sources of systematic uncertainty, treated as
Egeoymiad.amiejapine)| | NN 1“ nuisance parameters in the fit, in order of
S EE — importance. In the middle column, the black
Nonprompt normalization -o—- points with the horizontal bars show for each
source the difference between the observed
WZ normalization | © . —e— best-fit value (6) and the nominal value (6,),
' - divided by the expected standard deviation
btaggingeficiency| | | [N . (A0). The right column plots the change in the
= : : tZq signal strength p if a nuisance parameter is
VT—— : varied one standard deviation up (red)Z or down
: : : : : (blue). The gray, red and blue bands display the
Sy B same quantity as their corresponding markers,
Golrreconriection madel] — =5 . . but using a simulated data set where all
: : ] ' nuisance parameters are set to their expected
ZZ / H normalization Po—— - values.”
ttZ normalization "—*—‘
2 1 0 12 002 0 002

(6-6,)/ A0 A 9
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Comparison with ATLAS CHENT

UNIVERSITY

ATLAS: tty + tWy, ep channel, full Runll

Oﬁd(tt]/) = 396 t%; b tal rel unc.) parton level
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CMS result: i Fiducial cross section: E comparison to of systematic uncertainties:
i 174.4 +6.1 (SySt) + 2.5 <Stat) i Source ATLAS CMS
,L_-_-__-_-_-_'_-_-_-_-_-_-_-_'_-_-_-_-_-_-_-_'_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-: signal modeling 3.8% 1.7%
, Signal strength: | bkg. modeling 21%  1.5%
1 1.140 . (syst.) +0.016 (stat.) ! photons 1.9% 0.9%
b e e : luminosity 1.8% 1.7%
ATLAS results: jets 1.6% 1.3%
ATLAS: tty, leptonic final states, 2015 + 2016 data E:;Ens 1?; ??;:
i O'ﬁd = 521 + 9(stat.) + 41(sys.) fb and i MC statistics 0.4% 0.9%
i O'ﬁd = 69 + 3(stat.) + 4(sys.) fb, particle leve i xgring ?'2/0 0.3%
i Single-lepton "i'H 1.05 jg_'gg Ejg:gg :'g_'gg)) i Total 6.3% 3.6%
| Diepton prob 100 13 100 00 i
Combined (5 channels)  He o | R G S | ATLAS paper: arxiv:2007.06946
' 00 e 10 s =5 | tty + tWy measurement in ep only, full Runll
! tt'y/ o0 i


https://arxiv.org/abs/2007.06946

Nonprompt background estimation
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CMS Preliminary 137.6 b (13 TeV)

e  Parametrized ABCD method: relaxing o, .- and Charged Iso. cuts from photon ID

. . _inin ~ . £ epo0~ T T T T T T T T T ]
* Ratioused: #passingo,  cut /#fallingin sideband (leaving a gap) 2 F gl o Mo ]
o coarse binning in photon p_ and n G0 oy measurement
e  Measurement region: 4000 region =
° Nj =1 in SF channels, no jet cut in ep 50005 E
e 1.141<Ch.Iso<15 = E
measure 2000 E
— nonprompt photon dominated, from ttbar & DY 1000 3
é “L:’L g ?éQ..'.....0......‘....‘..0‘.._E
< S s E -
© N & 70006 0008 0.01 0012 0014 0016 0018 002
s = Sinin(Y)
- CMS Preliminary 13761 (13 TeV)
= 91% BT oL o e B e L S B
= prompt — § E i gorine) [ 21 o) [ singesr oo [ o unine)
v A w 3000— [ vororompt ¢ daa —
b SR z E L. &
< 25001 . application =
O = . 7
: 2000F- region E
pass |gap| side Gi i - g
0010 0012 n n 1500— . g
apply 1000;— A B —;
s0f S =
mﬂf‘ Sbaassinns
= TRCCRN PR PRI
S osE , , , E:
a 0.006  0.008 0.01 0.012 0.014 0.016 0.018

G.qm("{)



Nonprompt background estimation: closure test
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. . . %\ 0.14 ; application region: pass Ch. Iso, N >1
e  MC based closure test: measure in ttbar & DY (dominate C & D regions) g "M S
e  Apply + check closure in ttbar (dominates application region) T it S
e check performed in 3 years combined - sh ich
e checked channels, Nj/Nb distributions + all kinematic distributions used in o1 apes matc
unfolding .
e overall great closure, except overprediction towards high photon p. B
e  systematics assigned: 5% flat + 50% for p, > 80 GeV (separately) R
° in analysis/fits: statistical uncertainty ~ data stats sideband 004
0.02—
0 0.006 IOAO‘OS‘ I ‘0.‘01| ‘0.012‘ ‘0.0‘14I ‘0.0|16‘ |0.0‘18‘ ‘0.02
Cinin ¥
c CMS Simulation Preliminary 138 b ™! (13 TeV) CMS Simulation Preliminary 138 b’ (13 TeV)
5 400 I Direct E ;\E: 0 ' I I Direct | E
£ 350 ¢ From 5|debar3d = @ ¢ From sideband ]
:>j Syst. uncertainty 3 § Syst. uncertainty |
= w ]
8 . = -
= Y. g 195 3
= 7 g 5 e . " = 29
@ 20 40 60 80 100 120 140 160 g 0.5 , , , —=

pT(Y) [GeV] eu ee m



Systematic uncertainties
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Uncertainty [%]

Source Correlation . y
Prefit range Postfit
e Normalization uncertainties: Integrated luminosity ~ 1.3-32 17
Zy: 1.5% Pileup v 0.1-1.4 0.6
Smg |e't+'}/2 10% - Trigger efficiency X 0.6-1.7 0.6
Other +y: 30% E Electron selection efficiency ~ 1.0-13 1.1
e  JEC: simplified/grouped splitting 5 Mustsclcubneticeney = i
. . . o Photon selection efficiency ~ 0.4-3.7 0.9
e |umi: recent update |m‘plerr‘1ents, full correlation pattern |- ——— N 15 S5
(table shows Slmp“ﬁed summary) Jet energy resolution v 0.0-0.6 <0.1
e renormalization and factorization scale: envelope evaluated pre-fit b tagging efficiency s 0.9-14 11
L1 prefiring v 0.0-0.8 0.3
Choice in pg and pp v 0.3-3.5 15
®  PDF choice v 0.3-4.5 0.2
2 PSmodelling: ISR & FSR scale v 0.3-3.5 1.2
§ PS modelling: colour reconnection v 0.0-84 0.2
= PS modelling: b fragmentation v 0.0-2.2 0.6
Underlying event tune v 0.5 0.5
= Z7 correction & normalization v 0.0-0.2 <0.1
E ty normalization v 0.0-0.9 0.8
En other+y normalization v 0.3-1.0 0.8
g Nonprompt y normalization v 0.0-1.8 0.9
MC statistics X 1.5-7.6 0.9
Total systematic uncertainty 3.6
Statistical uncertainty 14

Total uncertainty 3.9



differential results (1)

CMS Preliminary 138 fb™ ' (13 TeV) CMS Preliminary 138 fb™ ' (13 TeV) CMS Preliminary 138 fb™ ' (13 TeV)
N R R e e e e g T T T T T
— L @® Data B = C @® Data 1 o~ @ Data e |
2 L MG5+Pythias 7 8 40F MGS5+Pythias = 2 MG5+Pythiag b
c 100 Theory unc. — = = Theory unc. = [ heory unc. -
1] x2/dof=727/6 S 35 x2/dof=573/7 S 50 x2/dof =10.44/7 —
8 MG5+Herwig++ 7 8 Eo L e MG5+Herwig++ E 8 ------ MG5+Herwig++ —
7] - MG5+Herwig7 1 »w 30~%Ft . e MG5+Herwig7 — 2] wweeeeee: MGB+Herwig7 B
(2} 80 w - [72] 40 —
[72] N 1723 = (%] [ -
<) ] e 25 3 e r 1
G - . 3] 3] F q
T 60 7] K< T 30 -
g L ] g 20 g L 1
o - - ° c o - i
W 40— — o 15— L 50 =
L ] 10 = F -
20— ] s E 10/~ —
S L - Jut = N S N SN SN % T R I B I
_‘g 1.5; é g = = 3 1.5? 3
g — ; 3 B ;
a 50 100 150 200 250 300 a a 1 1.5 2 25 3
p,(v) [GeV] AR(, )
imi B . _ CMS Preliminar) 138 fb ' (13 TeV
C"""S"‘D"e"”"”‘”?"y‘ i 138|fb(1(?TeV)_ CMS Preliminary 138 fb ' (13 TeV) ~AS Treiminary “(,),
i 60_ — = LA L B L L L I B | - rC Dat: .
2 r L%?,mwhm ] T 40 & Data = 2 35TLM?3§+Pythias =
E‘ C J Theory unc. i ] = F !\r/IhG5+Pythia8 E g C ] Theory unc.
-% 50— 22/ dof = 10.18/7 é 35 Xzf‘;z:";-%” i 2 30 ﬁégo;;&iswe
@ 5 - MG5+Herwig -+ o NN 0 MG5+Herwig++ 2 Fooe MG5+H .g;"
7] C -~ MG5+Herwig7 g oY MGS:+Herwig? C +Herwig
» o 25—
o 40— @ a =
1< L o G E
T(: L 3 < 20 =
g A0 E g 20f = R ]
i ; 3 50 E e oF E
20 — L 5: B E =
E 1 101 = ]
10— - = E ]
G m 5— = C ]
E :\ Ly Ly Ly e ey i |: S E\ e R T R L ‘E E :\ L Ly Ly M Ly M| \:
~ P _ E Ry 1 b E ~
5 S 5 s e - 5
Q 05E © 05 3 19}
o 0.5 1 15 2 25 3 o 0.5 1 1.5 2 25 3 o
AR(y, 1) AR(y, 12) 3
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differential results (2)
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normalized differential results (1)

CMS Preliminary 138 fb™ ' (13 TeV) CMS Preliminary 138 fb™ ' (13 TeV) CMS Preliminary 138 fb™ ' (13 TeV)
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