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Introduction

® Measurement of o(pp—Z+c) and its relative production
w.r.t. o(pp—Z+Db) both inclusively and differentially.

® Provides tests QCD predictions.

® Allows gluon (g— c¢) PDF studies.

® [ntrinsic Charm-quark component inside the proton
enhances o(Z+c) @ T pt(Z).

® Background in searches (relative contributions of the
different flavors to the background is important since
Z+cC can be misidentified as Z+b jet events) and Higgs
(Z+c is a background to ZH- ZcQ).

® Study the performance of c-tagging algorithms (new in
CMS since 2015) [CMS-BTV-16-001 & CMS-BTV-16-002]

K ® c-tagging = identification of jets coming from charm quarks 2 /




eStandard Z- |~ selection AnaIySIS Strategy:
. Isolated leptons with p_(l) > 20 GeV and |n()| < 2.1

* Dilepton invariant mass: [71,111] GeV ¢.C £
» anti-k (R=0.5) jet: p** >25 GeV & [n*|<2.5

g C,T
: 00000000 ———
Z+heavy flavor selection:
Semileptonic channel D* channel _
: K"’
PV SV /U, PV SV
— .< *— — e
Y t

“vertex !
Identify jets from heavy flavor W%l " ( K
qguarks through the decay of 14’ 3

charm hadrons in 3 final states: Tt

 Semileptonic decay of ¢/b hadrons: muon in a jet
D™ and D* exclusive decays in jet
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: Samples A

DATA: 2012 8 TeV (19.7 fb1 £ 0.5)
Signal MC: DY+jets generated w. MADGRAPH5@LO+PYTHIA6(PDF set CTEQ6L)

o(pp—Z+X) calculated at NNLO with FEWZ (PDF set MSTW2008NNLO)
Main backgrounds:

B M
z A T Ly A
W/Z
M " b gu,d,s jets ...
Top pair 2 Z+light jets
ST Dibosons

Contributions from ttbar, diboson, Z+light processes (from simulations
except ttbar from data).

Missing transverse energy < 40 GeV (to reduce tt background).

Data-MC differences in lepton trigger, identification and isolation efficiencies
corrected (tag & probe method). Pileup events included in the MC.
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e

standard b-tagging algorithms.

«p <25 GeV, with p_*/p*<0.6, |n*|<2.5

e non-isolated, | /p_*>0.2

Semileptonic candidates:
4145 Z —» e'e

Relative contributions:

Z+c: ~25% Z+b: ~65% Z+light: ~5%

\

500

. . . <1500 CMS 19.7 o (8 TeV)
Sem | |ept0n|C SeleCtIOﬂ 8 Semileptonic channel e Data
o Z—e'e I Z+c
e 1 inside a jet and taking part of a %1000_ | A
secondary vertex (SSV or IVF). This § 1 Z+light
reduces the light contribution more than w M top

5 ot s tan T o8
Muon-inside-a-jet p_ [GeV]

5258 Z - u'w

Others:~5%

5
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” D* channel - Selection cus 071 w0

N
o
o

B top

g e
] . ] - DT - K'ntnt e Data

Use jets with a 3 tracks secondary vertex e [ Zoww Bz
(SSV, IVF) & search for D* -» K™ n* s Hzb
resonant peak. S W Z+light

1=

(O]

>

L

Define signal region :
Im(D*) — 1.87| < 0.05 GeV

Sideband region :
0.05 < Im(D*)—1.87| < 0.10 GeV

g 1.87 _ 1.97
m(K*ntnt) [GeV]

Non resonant background in the signal region subtracted from the
neighboring sidebands

After sideband subtraction:
490 = 48 D* (Z-» pu'u ) 375 £ 44 D* (Z- et*e’)

Z+cC: ~60% Z+b: ~35% Z+light: <1% Others(tt+VV):<4%

@ The simulation is reweighted to match the experimental values of c-» D* - K™n*i*
@DG + L.Gladilin, Eur. Phys. ). C 75 (2015) 19) 6/




" D(2010)™* channel - Selection \

CMS 19.7 1™ (8 TeV)
> L
x : o o0 D*— D°gt e Data
« D* - D1t *[D° - Km*(+c.c.)] decay chain. O 200 :
> , , = Z—e'e N Z+c
* Loop over all tracks in the jet . g
« Kaon: track with sign opposite to it 3 1501 Bz
s £ U W Z+light
)
« D vertex with L_/o(L, )>3, D° vertex prob.>0.05 o |
. p_(K) > 1.75, p_(m) > 0.75, p_ (1) > 0.5 GeV 100
. |[AR(D*, jet)] < 0.5, |AR(D®, 1t_)| < 0.1. :
e [Im(D%)—1.865|<0.1 GeV, |Am—145|< 5 MeV S0 A

* Signal region: 1.97 < m(D*) < 2.05 GeV
e Sidebands : 0.06 < [m(D**)—2.01| < 0.12 GeV

‘P.91‘ e 2.01 _ : .2.11
m(K*en2) [GeV]

Non resonant background in the signal region subtracted from the neighboring
sidebands

After sideband subtraction:
309 + 22 D**(Z- u*ty) 234 £ 22 D*x(Z- e'e)
Z+C:~65% Z+b:~30% Z+light:<1% Others(tt+VV) :<4%

2 The simulation is reweighted to match the experimental values of c» D™ - D° m* 7
\[D0 - K "] (PDG + L.Gladilin, Eur. Phys. J. C 75 (2015) 19) /




CMS Preliminary 19.7 b ({s = 8 TeV)
5 T T 1 1 1§ i 1 5

" b/c separation (discriminants)

Semileptonic channel |
Z—-pw

5 GeV

1000

® Data
Bz+c
Bz

Events/0

* Vertex mass (for semileptonic mode)

500

corr 2 2 . 9 i
Mvertex T '\/Mvertex 0% pvertex sin” 6 + Pvertex S1I1 9:

Correction included to account for unidentified neutral decay products

e JP (for D hadron modes): likelihood estimate of
prob. of jet tracks to come from primary vertex

The larger the IP of a track the more inconsistent w.r.t. PV

0

i 203 A s ey 8
Secondary Vertex Mass [GeV]

1.2 1.4
JP Discriminator

Primary

Vertex |

~a
-~

A
ny 72
s :'

m T T T I T T T T | T T T T T T I T
= S Displaced
S CMS | y Daa cks
@ . . [ Preliminary B b
o 10 . B c
= Muon enriched QCD = Secondary
108 = AK4 jets (50 <p,< 250 GeV) B b from gluon splitting Vertex




" Modeling strategy

Now that we have chosen the variables to separate the different
contributions we need a way to model properly each of them

This is called template modeling and has two parts:
- Modeling properly the shape
- Accurate determination of tagging efficiency

- [+
Shape : data driven (W+charm) [1* time]
Normalization taken from MC after applying vertex-efficiency corrections
-7/+b:
Shape : from MC but corrected with data (ttbar)
Normalization from MC after vertex-efficiency corrections
- Z+light and Dibosons: shape and normalization from MC
- ttbar: Data driven

- %




4 Selection of W+c sample
* W— ev plus jets with similar selection to Z+HF
* Same identification of heavy flavor jet: M in jet or D-hadron exclusive
decays
* OS-SS subtraction to remove symmetric backgrounds

s, d W s, d W d,d o,
5 > W w
¥ Y - Ef u
g c g C ’ cb...
TOO000—— - -
c,b...
OS event OS event Bckg: 50% OS, 50% SS

After OS-SS subtraction the purity in W+c of the resulting sample is > 90%
(semil. channel) and >98% (D-hadron chan.)

CMS L=5.0fb"at\s=7TeV
; CcMS L=50fb"at\s=7TeV > D e ) Dl TG e T mathi ]
1500.MS L=5.01b"at \s =7 TeV S 00— = e
% ——— ,.*.E;at,a. —— = G oD ) B W esonant |
() [ Wec signal O} i [ w-c resonant | 8 1001 [ ] W+c non-resonant i
© I \W-ets (non-c) E\l_ | p; > 35 GeV [ ] W-c non-resonant | o [l Background
~— o )
LRl [ Drell-van S 200 [l Background P
(21 B m - c
= Other i L
qc_) - i) i’ D**_s D'r; D= Knt |
> Semileptonic sample < o
e 1 9 i & 5 -
al pS > 35 GeV © 100 7
@ 500 o | o
| 3 8 |
-~ F [p) L
- ®
_ 90 e s o e ot s
0 0.14 0.15 0.16 0.17

GO D 'Jls.‘ 50| 25 e e Mass difference [GeV]
\ P in jet [GeV] Secondary vertex mass [GeV] JHEP 02 013(W+c)
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e

Template (shape) modeling for Z+c

Comparison of c-jets from Z+c and W+c processes
(data from W+c : after subtraction of remaining (little) background )

CMS Preliminary 19.7 0" (1s =8 TeV) CMS Preliminary 19.7f0" (1s = 8 TeV) CMS Preliminary 19.7 " (1s =8 TeV)
! B T F I T 1T T 1 L L = T r]XT[IYTITITT : FET ||‘|‘||‘|||‘|| |

L0145 ' . Eh 1 « T FRIETERA 9 04F T RN AR LN RRRR Ry
= = S S * ...... 5 = L : ; B
=) = i _ S : Semileptonic channel |
> Jills Al i
S ®W.+c Data - g 0.8] ® W4c Data | g i ® W+c Data |
5 ol ~WicMC | 3§ | ~W+cMC | B 03[ ~W4+GMC
' ~z+:eMc | < osf S danc: ~Z+c MC
[ i 0.2:— B
! 0.4 - [
0.05| - i
' [ 0.1f .
0.2 7
i . | ]
0 PR 1L R D ol Pl B ] F\il
0 50 100 150 20 e S o e e
Py [GeV] Secondary Vertex Mass [GeV]

Number of secondary vertices

Agreement in general distributions (p Tjet N_)
Discriminant distributions (SV-mass and JP) W+c MC and Z+c MC agree

e JP prob W+c MC and W+c data agree and validates the Z+c MC description

SV-mass W+c MC and W+c data agree

The shape is not well modeled by the W+c MC. We take the shape of SV-
mass from W+c data since there is agreement in the kinematic properties

Qaetween Z+c MC and W+c MC
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c-tagging efficiency

With the W+c sample we compute the secondary vertex efficiency
& SF_and apply it to the Z+c MC to have a proper description of

the detector and algorithms of the c-tagging

Tagged : with the full selection of slide 5

tagged, data Denominator : releasing the SV requirement
glata — __Wc edata ~ 30 % of muons take part of SV.
oM S
SF, - € SFc (SSV p-in-vertex) = 0.882 + 0.032 +0.016
€ SFc (IVF p-in-vertex) = 0.918 + 0.026 + 0.018

With these SF_we correct for differences between data and MC simulation
in the performance of our way to identify charm

In bins of p, of the jet SF_, compatible with 1 for high p, jets (p, > 40 GeV)

- 12/




a Template (shape) modeling for Z+b

Evaluated in a clean sample of b-jets from tt production where the two W
bosons from the t(t) quark decay leptonically into leptons of different flavor

CMS Preliminary 19.7fb" (\s = 8 TeV)

-50.15_— 4‘++ i
g I e e Data ]
_e

< ol + ¢+ ~Z:bMC g

| + :
oosf T :t | 4
! + Z q

- + ps

0 T TP T T s oy o

0O 1 2 3 4 5 6 7 8
Secondary Vertex Mass [GeV]

|dentification of heavy flavor: muon inside the jet
Correct Z+b MC in the bins where difference > 1 O

Not enough statistics to validate the Z+b templates in the D-hadron
\exclusive channels

™
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4 N
b-tagging efficiency

With the ttbar sample we compute the vertex efficiency & SF,

and apply it to the Z+b MC to have a proper description of the
detector and algorithms of the b-tagging

tagoed, data
jragged,
Edﬂfﬂ N tt

b o data
Ntt

70 % of muons take part of SV.

c

SP = b SF, (IVF p-in-vertex) = 0.96 + 0.03 (same for SSV),
E“I';m where the uncertainty includes statistical and systematic

effects due to jet energy scale and resolution and pileup
description.

Now that we have a good description of the shape of the
discriminant distributions and of the tagging efficiency for b
and c jets we proceed ...
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a Sighal extraction

Total # of observed Z+c/Z+b extracted from a x* minimization
fit of the Z+c/Z+b templates to the experimental distributions

of vertex mass and JP discriminants

2

CMS Preliminary

ooyt

1

( data

— HZ —I—CNZ+

n = Number of events in data (after

¢ — iz N/TP)

2

19.7 6" (\s = 8 TeV)

Events/0.5 GeV

200

(00]

o

o
|

(o))

o

o
|

Semileptonic channel
Z—e'e

® Data
)z+c
Bz:b

400

1 2 3 4
Secondary Vertex Mass [GeV]

Z — ee

5 6 7 8

(o2 + (772

CMS Preliminary 19.7fb" (Vs = 8 TeV)

% RS RARRE RULLE LRSS IUULLE IR I
81000_ Sezmilept?n_icchannel _
S — uu
*2 ® Data
Q ClZ+c
L Bz+b
500 -
Z — Uy

0 1 2 3 4 5 6 7 8
Secondary Vertex Mass [GeV]

subtraction of remaining background from
Z+light, tt and VV)
Niz“, Niz+b= Number of Z+c, Z+b

Parameters to fit: i, & |,

l'in the 0.9-
1.1 range

™

i"lz+c & Hz+b

15




19.7 10" (8 TeV)

@
3 D* — K'ntnt
> 300
(I8 Z-se'e
e Data
200 . Zie
B Z+b
D=
100
0
0 0.5 1 1.5 2 2.5
JP discriminant
@ 150CMS 19.7fb" (8 TeV)
=
S D*— D% it
L Z > ete”
100 e Data
B Z+c
B Z+b
X4
50 D~

0.5 1

1.5 2
JP discriminant

25

200

00 0.5 1 1.5 2 2.5
JP discriminant
o CMS 19.7 b (8 TeV)
& 200 e | C/b separation
e Z—>pw clearer in the
150 S oele D* mode ( the
Z+ .
=it soft pion comes

50

0 0.5 1

19.71b" (8 TeV)

™

D* — Kintnt
Z - pp”

e Data
B Z+c
B Z+b

Di

Signhal
extraction

D™

1.5 2
JP discriminant

from the PV for
c— D* and not
for b—» B->D* )

2.5
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Systematic uncertainties cus

15 19.7 b (8 TeV)

@o, E Jet+MET
@ Charm fraction (production and decay) : = o
@ SL :take the difference between the BR from inclusive % ol
or exclusive individual contributions (5%) =
@ D-hadrons: uncertainty on the reweighting factors L
(5% for D*-, 3% for D*) e
a c(b)gluon-splitting: increase by three times the exper- ‘%
imental uncertainty in the g— cc (g- bb) rate, the weight <
on events with 2c(b) with AR (jet,c(b)) < 0.5 (<1%) o ELAII I 1 C MEL T

2 Jet Energy scale and Resolution : change scale and resolution correction factors by
their uncertainties (2-5%)

aMissing-et : Misestimations on the missing transverse energy: modify the missing E. by
10% of the unclustered missing E, (1-2%).

# c-(b-) tagging efficiency. Use uncertainty of c(b)-tagging efficiencies (2.5-4%)
# Lepton efficiencies :change efficiencies by their errors (4% for electrons, 2% for muons)

# PDFs : difference resulting from using other NNLO PDF sets (<1%)

# Shape (semileptonic mode) : change Z+b template correction factor by its error (4-7%)
# Pileup profile : assuming a different inelastic cross section (1-3%)
@ Luminosity : 2.6 %

N 17




4 Cross section determination A

G (Z+c)

L=19.7fb"at \'s = 8 TeV -
== =TI L B e 1\5' T 'e f@ttﬁd
Total uncertaint et et Z+C
L ampe o(Z+c) =
Statistical uncertainty T ' ’ Z—I—C E
€c
Combination
i 8.8 + 0.5 (stat.)*= 0.6 (syst.) pb
Measurement: L=19.7fb"at 1s =8 TeV
- T 1 T I‘ L] L] L L] I T T T I T L L] L] L L] I T | T
o %’szi—z)zeiii 0.9 ., pb i Total uncertainty p’T‘“ >25GeV, [if*'| <25
Statistical uncertainty pl > 20 GeV, [1f] < 2.1
T A i
i E:é‘?;a“ ”ioﬂ ob Measurement
¥ i i Prediction: 8.8 + 0.5 (stat.)+ 0.6 (syst.)pb

e D (2010), Z = ee .

73 +1.5 ,+05 __pb

"+ « aMC@NLO -t

D (2010), £ — = 1 = .
® arii 3,, B 0.7{: pb 9462015, + 050, b
e Semileptonic, Z — ee ——— + MADGRAPH o

8.6 +0.8 ,,+10 _ pb 8.14+ 0.25 . pb
e Semileptonic, Z—= pup ——————

9.109 1.0, pb = MCFM [

532+0.10__ _+0.40 b

e Combination | - el scate P

8.8 +0.5 ,,+06 _ pb PR IS S IS S S SRS S S - ;
M " " ] L . 2 1 . " . | " " L ] " " . 1 4 > . 1 " " " J 2 4 8 8 1 0 12 14

0 2 4 8 B 10 G(Z + C) [pb]

12 14
alZ + c) [pb]

N 8




e

\

Cross section ratio

og(Z + c)
o(Z + b)

fetted Z1b
NZ—}—:: r:+

L=19.7fb"at \s=8TeV

T(I)tal uncertaintyI

Statistical uncertainty

I T _I T I T T R T T
p'Tet > 25 GeV, | <2.5

p'T >20 GeV, | < 2.1
Combination

Measurement: 2.0 +0.2 (stat.) £ 0.2 (syst.)
e Semileptonic, Z — ee H——e——1

1.9 £0.2 , £0.2
e Semileptonic, Z > pup H . H

22 +03 ,,+02
e Combination F——e—1

20 £0.2 ,+0.2

1 I 1 1 1 1 I 1 1 1 L I 1 L y L 1 L 1 L I 1 1 1 L
0.5 1 1.5 2 2.5 g

o(Z+c)/o(Z+b)

L=19.7fb' at 1s =8 TeV

NjffEEd €Z+c

Only the
semileptonic
channel is used

'TJrLallur;ce‘rlaI‘nlf i

Statistical uncertainty

Prediction:

» aMC@NLO

1842001, +0.07

- MADGRAPH
1.78+ 0014,

* MCFM

158+ 0.01 + 0.07

Stat — Scale

pf' > 25 GeV, ™| < 2.5
p’T > 20 GeV, || « 2.1

Measurement
2.0 £0.2 (stat.)+ 0.2 (syst.)

L M Y Y T W

0.5 1

25 3
o(Z+c)/o(Z+Db)
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Differential cross sections as a function of pTZ

CMS 19.7 fb (8 TeV) CMS 19.7 fb (8 TeV)
O N_—
&015 E ® Data -8‘ ® Data
FEEN s O MADGRAPH = O MADGRAPH
— o MG5_aMC (=’ o MG5_aMC
e A MCFM (MSTW08) 3 A MCFM (MSTW08)
a0 i ] & MCFM (CT10) dn e | & MCFM (CT10)
N v MCFM (NNPDF3IC) L=, : v MCFM (NNPDF3IC)
o0 : & %’ —+}— Stat. uncertainty S :
ND_|_ £ Total uncertainty NQ_|_ 28
= ‘ = % 3 E
O i B v ity
N 0.05 | S v
S L el 1 =
Sl S .

—}— Stat. uncertainty
e Total taint
i ﬁ}:? otal uncertalnty
0 e S S R R L D R e S e e e 0 e S S R A e [ SRR S e SR
0 50 100 150 200 0 90 100 150 200
Pz [GeV] pZ [GeV]
Bins[GeV] : 0-30, 30-60 and 60-200 50




D

CMS 19.7 fb (8 TeV
oy 0.4 ( )
Q. i ® Data
i, 0 MADGRAPH
'+— § o MG5_aMC
P e A MCFM (MSTWO08)

il : & MCFM (CT10)

u ] v MCFM (NNPDF3IC)

8] i —4— Stat. uncertainty
© B Total uncertaint
2.-0.2 ! y

s |4

O L

+ g o)

N 0.1} %

o b

© B

0 [, | e——"gepp——
50 100 150 200
e
P [GeV]

[do(Z+¢)/dp" )/[do(Z+b)/dp]

Ifferential cross sections as a function of
Bins [GeV] : 25-40, 40-60 and 60-200

CMS 19.7 o' (8 TeV)
4
® Data
0O MADGRAPH
O MG5_aMC
3 A MCFM (MSTWO08)
& MCFM (CT10)

e S e
—4:°

—

v MCFM (NNPDF3IC)

*
Vit

\%

—}— Stat. uncertainty

Total uncertainty

AE EAR
50 100 150

e [GeV]

If the proton momentum fraction taken by the charm quark component (intrinsic + per-
turbative) is of ~2%,an increase in the production of Z+c events with a p,?=100 GeV of

at least 20-25% would be expected. No increase in the production rate in the highest
pKTiet bin is observed (in agreement with current upper limits on IC component)

ij et\

200

21




Conclusions

Measured o(Z+c) and ratio (Z+c)/o(Z+b) inclusive and differential for
two opposite sign leptons from the Z with pT'ept°” > 20 GeV and

lepton jet jet
IN*""| <2.1and p* >25 GeV & |n**[<2.5
6(z+c)=8.8 + 0.5 = 0.6 pb

o(Z+c)/o(Z+b)=2.0+ 0.2 = 0.2

In agreement with predictions from MadGraph5 amc@nlo and
Madgraph renormalized to a FEWZ calculation.

https://arxiv.org/abs/1711.02143, CMS-SMP-15-009 , accepted by EPJC|
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Back up
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Cross section

Semileptonic mode

determination
fitted
Zi—+c
o(Z + c) =
( ) eZteL

Channel N Czic (%) o(Z+c) [pb]
Z —ete™ | 1066 = 95 | 0.63+0.03 86408410
Z— ptu~ | 1449 + 144 | 0.81+0.03 9.1 £ 00 = 1.0
Z— ere- o(Z+c) = 8.8+ 0.6(stat) £ 1.0 (syst) pb

Channel NoE Czw (%) | o(Z+c)/o(Z+b)
Z —ete™ | 2606 + 114 | 2.90 + 0.08 1.9+021+ 02
Z —|utp— | 3240 £ 147 | 3.93+0.10 2 20303
Z—¢t0 | o(Z+c)/o(Z+b) = 2.0+ 0.2 (stat) == 0.2 (syst)

D™ mode

Channel NpE™ Czic (%) o(Z+c) [pb]
Z — ete~ 276 £55 | 013+0.02 1094+ 22+ 09
Zoutp | 316+75 (\048%0.02 | \8.&£20+08

7 — £+e- o(Z4c) = 9.7 = 1.5(stat) £ 0.8 (syst) pb

D*+(2010) mode

Channel i Czc (%) o(Z+c) [pb]
Z—etey [\1514£41 (021001 | 73+15+05
Z—ptu—| 247 +28 | 0.14+0.01 2R 6. e T o

Z — K EN o(Z+c) = 8.5+ 0.9 (stat) £ 0.6 (syst) pb

Combination
Z5f°F o(Z+c) = 8.8+ 0.5(stat) = 0.6 (syst) pb
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