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ttW and ttZ

e Rare, heavy SM processes i
d q l
o O(ttW) =203 fb, o(ttZ) = 206 fb at 8 TeV \‘\mm<

o ttZ provides best direct measurement
of the top-Z coupling

e Some new physics models enhance
the ttW and ttZ cross sections without
atfecting Higgs or top production

e ttW and ttZ are backgrounds to ttH

. Tree-level tW and ttZ
and to many new physics processes production at the LHC
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Previous ttW and ttZ results

* Previous analyses by CMS and ATLAS at 7 and 8 TeV used a cut-based
approach in the most sensitive channels, observed ttZ at ~30 significance
and achieved ~20 sensitivity to ttW
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ttZ signatures
e BestS/B in opposite-sign 21 (OS), 3] and 4! final states

 Expect a Z-mass lepton pair and b-jets, plus one or two
leptons, missing energy, and / or light flavor jets

OS
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ttW signatures
e BestS/B in same-sign 2! (SS) and 3! final states

* Expect leptons, b-jets, and missing energy, plus an extra
lepton or extra light flavor jets
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Backgrounds

 Primarily ttbar, Z, WZ, and ZZ plus extra jets

e Prompt leptons from W/Z and non-prompt from b decay

e,
s w+ /V
q /\/\/\/\/\/\ e
T __—en
V4 — e+'“+
q =
QQQQ \
31
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Reconstructed objects

15t lepton pr > 20 GeV, others pr > 10 GeV

Leptons Muon Inl <2.4, electron Inl <2.5

Tight and loose cuts vs. non-prompt leptons®

pr > 25 GeV, Inl <2.5, anti-k; (R =0.5)
Medium and loose b-tag (CSV)

Jets

Missing Er  |From all objects (MET) and selected objects (MHT)

* Prompt leptons are usually isolated from other objects in the event,
and their tracks originate close to the collision vertex. Non-prompt
leptons have nearby hadrons, and are displaced from the vertex.
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Selection

OS ttZ SS ttW 3] ttW 3] ttZ 4] ttZ
ee/uu | eu | ee | eu | uu 31 31 41
Leptons Both loose Both tight 2 SS tight 2 SS tight All loose
Im;-911 <10 Imee-911>10| Imy-911>10| Imy-911 <10 | Imy-911 <10
Jets 5 >6 3 >4 1 > 2 3 >4 >1
> 2 loose | | > 2 loose | | > 2 loose | |
- : >
B-tags > 1 medium >1 medium | >1 medium | =1 medium > 1 loose
Channels 2 6 2 2 MHT > 30
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Event modeling

 Prompt: leptons from W or Z decays

e tthar and Z in OS events; WZ in SS; WZ and 727 in 3; 7/ in 41

e Estimated using MC; large uncertainty on extra jets and b-/ c-jets

e Non-prompt (NP): leptons from quarks (semi-leptonic decay or
jet fakes)

e ttbar in SS events; ttbar and Z in 3/; ttbar, Z, and WZ in 4l

e SS/3l estimated using data-driven fake rate from sideband; 4/ using MC

e Charge flip (QF): leptons with mis-reconstructed charge
 Opposite-sign ttbar and Z events can appear as SS events

e Data-driven estimate from OS events
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Events
3

5

o

Data/Pred.
[e) _ N

Non-prompt background

* To reject non-prompt leptons, apply cuts selecting well isolated
leptons with tracks close to the collision vertex

e Derive fake rate from same-sign ttbar and 3/ Z+fake events

e Use events with leptons that fail cuts to model non-prompt background
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Event reconstruction

_.|b-tag, charge

_-| b-tag

.| b-tag

| mass, charge

| mass, charge

| b-tag

b-tag, charge

—> St .| b-tag, charge DN
¢"' V---:‘t:--: .......... M
. ‘,—" T
:l MT / ‘x s”

4 mass
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Event reconstruction

_.|b-tag, charge

_-| b-tag

.| b-tag

| mass, charge

| mass, charge
‘| b-tag ’ ’ 5

b-tag, charge

—> St .| b-tag, charge el
¢¢" V---:‘¢:--: .......... M
hES ,"‘. T
:l MT / 'x s”

4 mass

e Matching linear discriminant (MatchLD)

e For each variable, get ratio of value for the correct jet(s) to value for any jet(s)
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Events

MatchLD: 3! ttZ

ti—»blvbgd of mass (4jets) Matched ] tt>blvbqg qgmass (4jets) Any tt > blvbqg qgmass (4jets) Ratio 14
SOOOE_CMS §4000:—CMS g ME—CMS gOOd
so00-Simulation - simulation 8 "’ simulation
: e > F match 1.0
3000 dl] et mass 10000 E_ ' I
matched | © dijet mass :>'6bad E 7 W mass
e to W : matched or Oénatch ; E ratio
1000~ 6000; unmatched e : :
95 B0 80 10 12 140 a0~ B T R T R T 91c:>' R T T - R 0
qq mass 99 mass qq mass
e Renormalize ratio histogram to have average value of 1.0 for events
where the jets are correctly assigned
e Attempt every permutation of jets matched to the decay products of the
ttbar system. Choose permutation with highest score = log(I; ratio;)
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MatchLD: 3! ttZ

, 3/ + >4 jets + b-tags 19.5 b (8 TeV
e For events where both b’s from thetop o« £ ’ —
) S, Non-prompt "WZ = ZZ  Other
and both q’s from the W are & - Wean Bw Bz +Data
reconstructed as jets, 75% of 4 jet and " Post-it yields CMS Preliminary

40% of >=5 jet events have every jet -
correctly matched to its parent particle "I" 4z — I'I' blv bqq

- Full match score
. - ——i
o For correct matches, the average ratio I ;/Z .
is 1 (so the match score centers near 0) ST % %—“
. . - | 22
e Partial matches (all but one jet —/o/— /4/_/ — /_//_._._ o
matched) allow us to identify signal I ' .
events where one of the quarks forms ¢ == =i R S | e
a jet outside our acceptance B b '_.-—1.0 D '_5_'. e —

Match score ttZ — I'T blv baq
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3l ttZ BDT

¢ Train boosted decision tree with ttZ vs. WZ and ttbar MC

3!/ + 24 jets + b-tags 19.5 fo’ (8 TeV) 3!/ + 24 jets + b-tags 19.5 fb’ (8 TeV) 3!/ + 24 jets + b-tags 19.5 fo’ (8 TeV)
) - ) F o) C
525— - Non-prompt = Wz ZzZ Other %25_— - Non-prompt | WZ ZZ  Other g 15 B Non-prompt = WzZ - ZZ  Other
> L _ o _ > L _ - - > _ o _
W r W {ttw | ttz *Data Wb W {ttw | ttz *Data W - Wt {ttw | ttz *Data
20 —Post-fit yields CMS Preliminary 20 —pPost-fit yields CMS Preliminary | Post-fit yields CMS Preliminary
31, >=4 jets | 7 I - .
J . L
dyets | 7 medium| . . 0[ttZ — I'l- blv bqq
iz 15 / / i mass i
B 7 b-t I - Full match score
727 N ags i .
L - -—o—-7
10_— //

WZ 10_— /l/ n
B 7/ - o 5 / %—o—
Fakes 71~ // i . /// , - p % 2
2 T NN, 22
L, | P = S N R e = = 2 29D ; .t L |
B 2 - B 2 ! ' 3% ' T
A — T & 1 - & o i [
® 16 ! —_—t I TE — — L ® 1 — — | L
8 of - - 8 of . . . 8 : - .
0 1 2 3 85 90 95 100 -10 -5 0
Number of medium b-tagged jets Z mass Match score ttZ — I'T biv bqg

e Also include Mr of system, partial matches to ttZ system
(ttZ — I*I blv bg, ttZ — I*I- lv bgg, ttZ — I*I- blv gq)
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Matching other systems

ee/up +>6 jets +21 b-tag 19.5fb" (8 TeV) eu+>4jets+btags 19.5 b (8 TeV)
‘05250__ ltt lZ+|f lZ+cc lz+b(b) ‘g .- Non-prompt | Qflip = WZ - Other
ttZ O | f#x [tiz iz x18.5 *Data O [ W ‘tiz  Htiw <+ Data W
200 -Post-fit yields CMS Preliminary O post-fit yields CMS Preliminary
OS ee/uu : (W — Iy blvbaq SS eu
. - tZ — I bq bqq - ttW —= lv blvbqq ~Z A
>= — ] >=
6 jets o Partial match & 20—~ Full match score %L 4 jets
ttz oo - 7// Fakes
74 - o %Y ' Q flip
] : 5 - 277
- o | e = Other
B Z+f = . B iy
B ti+hf g ' ' | B 2 | =l=' e ttz
- tt+If E 1; L + —T L S E 1; — T L et - tiW
a Og 6 4 ) 0 2 Qo 10 5 0
Match score ttZ — I'T bq baq Match score ttW — Iv blv bqg
Full and partial OS #tZ SS ttW 31 tW 31 ttZ
match scores (ttZ — I*I- bgq bgq|ttW — v blv bgq |ttW — lv bl*v blv [ttZ — I*]- blv bgq
used in BDTs tt — bl*v bl-v tt — I, qq bly tt — I, v bly
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ttW BDT inputs

e Train boosted decision trees BDT inputs: same-sign ttW vs. tt | 3jet | >4jets

with ttW vs. ttbar MC M of E™*, leptons, and jets ! L
E!rnlSS 4 2
: : : 2d highest lepton pr 6 3
* Use a mix of kinematic and Match score for tt — ¢;jj blv 2 4
matching variables Highest lepton pr 5 5
21d highest CSV value of a jet 8 6
: : : tt matched top Mt from blv 7 7
° Klner.natlc Varl.ables from pT Match score for ttW — blv bg 9 8
of ob]ects and jet b-tag (CSV) | Match score for ttW —s by bqq - 9
tt matched top mass from £,gg 3 -

* Event matChing variables for Variables ranked by signal-background separation

ttW and ttbar systems

e Reconstructing events with a linear discriminant first allows for
more input variables and better separation than a BDT alone,
since BDTs are more limited by the statistics of training events
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Final discriminants

nu + =4 jets + b-tags 19.5 b (8 TeV)
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P;?“'\I twiki.cern.ch/twiki/bin/view/CMSPublic/

-E“S)YN&X& PhysicsResultsTOP14021
PR Results
Cross section (fb) Signal strength (3) Significance
Channels | Expected | Observed | Expected Observed Expected | Observed
0S 2067142 | 257t1%8 | 10+072 1.25f3:§§§“_‘}:{2§ 1.84 2.12
3¢ 20677 | 257%% | 101082 | 1257 gjﬁif (1):‘6’% 4.55 5.11
4 2067153 | 228%1%0 | 1,077 1.11jg:§§éf}):§2§ 2.65 3.39
[OS+3l+4af] 2067 | 24278 | 10703 | 1187007070 | 573 [ 644 |
Cross section with 68% (95%) CL ranges and sensitivity for ttZ.
Cross section (fb) Signal strength () Significance
Channels | Expected | Observed | Expected Observed Expected | Observed
SS 203488 | 414715 | 10708 | 204707000 1 344 4.89
3¢ 203+215 | 210722 | 1.073% 1.031“(1):3;%:33% 1.03 1.03
[ss+3e ]| 20378 | 382797 | 10108 | 188750 oo | 354 [ 481 |

Cross section with 68% (95%) CL ranges and sensitivity for ttW.
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP14021
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP14021
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP14021
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP14021

P;?u"z twiki.cern.ch/twiki/bin/view/CMSPublic/

YN&XS PhysicsResultsTOP14021
600 . —
+ SM CMS Preliminary 80
% Dbest fit B —
500 e e 70
o)
o 60
c 400 ¥
2 50 ~
(@) —
Y 300 20
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4 N
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o 200 30 |
Ig 20
100
S o=
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ttW cross section [fb]
o {t/Z vs. ttW simultaneous cross-section measurement
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP14021
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP14021
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP14021
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP14021

2t

CHu

Constraints on new physics

direct constraints certain dimension six operators to date

A&m N

 These ttW and ttZ cross section measurements place the best

=/
CHQ

operator | best fit point(s) 10 CL 20 CL
CuB -0.07 and 0.07 {-0.11,0.11} {-0.14, 0.14}
o 0.12 {-0.07,0.18} {-0.33,-0.24} and {-0.02, 0.23}
CHO -0.09 and 0.41 | {-0.22,0.08} and {0.24, 0.54} {-0.31, 0.63}
Cr -0.47 and 0.13 | {-0.60,-0.23} and {-0.11, 0.26} {-0.71, 0.37}
C3w -0.28 and 0.28 | {-0.36,-0.18} and {0.18, 0.36 {-0.43, 0.43}
- CMS Preliminar; E:Ezgéz - , CMS Preliminar; Zg:g:gi
) =00 o ara-oze
= cHu=0.07 = cpHQ=-0.16
'E' cHu=0.12 'E' 400 cpHQ=-0.11
.9 cHu=0.17 .9 cpHQ=-0.06
"d cHu=0.22 "d cpHQ=-0.01
8 cHu=0.26 8 300 cpHQ=0.04
0 ) cHu=0.31 n > cpHQ=0.09
8 X cHu=0.36 8 »  cpHQ=0.14
S ¥ cHu=0.41 S 200 X cpHQ=0.19
N X cHu=0.46 N > cpHQ=0.25
B X cHu=0.51 ' O sm
O sm - 100 % best fit (ttw, tt2)
% best fit (ttw, ttz) T X best fit cpHQ (0.12)
X best fit cHu (-0.47)
% 100 200 300 400 X best fit cHu (0.13) % 100 200 300 400 500

ttW cross section [fb]
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Constraints on new physics

* Some dimension six operators would specifically affect the
vector and axial components of top-Z coupling
e Interpret ttZ cross section measurement in terms of best fit to,
and limits on C; v and Cy T MS prefiminary| | |
- - - - best fit
.‘Z 0.5
_‘)-&—NSX&B ?“ 0.0 e
PR
- - < E
Cra=C+ (%) Re[C™ -5 + 03] i

“From http://arxiv.org/abs/1404.1005

Difference between SM Cy and Cy v
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http://arxiv.org/abs/1404.1005
http://arxiv.org/abs/1404.1005

summary

tHW and HZ ttW ttZ
measurements Cross section |Significance| Cross section [Significance
Data | Analysis [Theory*| Obs. | Exp. | Obs. |Theory*| Obs. | Exp. | Obs.
1 +150
sTey | CMSU |- -] - L, 280710 2| 33
5 fy] 147 iy 137 iy
(51b7) | ATLASR ' i N 1 70| - | -
CMSP! 170 191 20 | 1.6 200 *°| 3.1 | 3.1
-100 -80
8 TeV | ATLAS4 |203 "2V 300 *4°| 2.3 | 3.1 |206 "7 |150 ™% | 3.4 | 3.1
1 22 110 24 54
(20 fb')
CMS 382" 71 35 | 4.8 242 "1 5.7 | 6.4
Preliminary -102 -55

Preliminary documentation: twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP14021

* NLO cross sections with scale uncertainties from
Garzelli et. al., JHEP 11 (2012) 056

Andrew Brinkerhoff
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Prospects tor LHC Run II

] ] ~ 0 arxiv.org/abs/1309.1947 —
* Running at 13 TeV - all tt+X cross sections £ | s
N
rise, some dramaticall @ 00l th+H—
J y l:.‘jt : \ tE+W+:
: 1 5 .0005 ]
e Plan to deliver 100 fb-! in Run II — T
— tt+W -
I T T
 Expect ~900 tt+tt events per detector by 2018! 8 10 12 14 16
Vs[TeV]
 Expect ~55k ttW and ~76k ttZ events per detector | Expected SM cross
sections
e ~550 ttW and ~760 ttZ in 2015 alone, if we’re lucky 8 TeV |13 TeV

tt | 248 pb | 816 pb

 For comparison, Tevatron Run I produced ~670 tt
tW | 203 fb | 566 fb

pairs per detector, and Run II produced ~72k tt
ttZ | 206 fb | 760 fb

pairs per detector

tt+tt | 0.9fb | 9.2 fb

* Entering the era of precision studies of tt+X  twikicernchtwikiminviews
LHCPhysics/TtbarNNLO

dx.doi.org/10.1007/THEP07(2014)079
1. ]UNIVERSITY OF x.doi.org/ /1 (2014)
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/TtbarNNLO
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/TtbarNNLO
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3] ttZ kinematics
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e Pre-fit distributions with systematic uncertainties for signal-like events in
the 3I ttZ channel (3 jets with BDT > 0.3 and >4 jets with BDT >-0.2)
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