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- Introduction

® Measurements of o(pp—+Z/W+c/b) provide tests QCD
predictions. Results sensitive to hard scattering

process & associated soft QCD radiation (input to
theory refinement & validation of MC techniques)

® Allows better understanding of proton structure.
Z/W+c/b jets tests PDF for s,c,b.




SAMPLES

ttbar dileptonic
pe
q NG : 7

ttbar
semileptonic

»

W+charm
5,0 W sd
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Mentioning ...

WAYS to
IDENTIFY

HF VARIABLES

*SV mass

SV channel o
SV-i n—jet *AR(c-jet,jet)

*Closest jet flavor

eDiscriminants

 Deep Neural Nets

*SL channel
U-in-jet

What can we do with all this?



Introduction

SAMPLES WAYS to
ttbar dileptonic IDENTIFY

o <§ . HF VARIABLES
ok SV mass
e SV channel — SCENARIO
*OR(c-jet,jet) SUBTRACTION]
ttbar *Closest jet flavor c0S-SS
Sembi_!teT j[onic SL channel *Discriminants 0S-S5
)2  Deep Neural Nets
J Given a certain technique we are looking
at properties of heavy flavor (HF) jets on
V}f’ffhirm ttbar (dileptonic and semileptonic) &
—— Wy —— W+charm for calibration purposes and
L then performing the particular analysis

4



A technique : Opposite sign (OS)
- same sign (SS) bkg. subtraction >m

« Used for background suppresion

s d W 5’5 W+ g7 I Yo
iy AVAVAVAVERRER ww' A
g | g [ ¢ u,u c.b I% "
e
c,b...
OSevent |\\W+C | OSevent Bokg: 50% OS, 50% SS .

« Signal is always OS (sign of electric charges of W and c are opposite)
e Background is 50% OS, 50% SS
e OS — SSto get rid of symmetric background

o SS distributions are subtracted from OS distributions

OS-SS turns HF-jets — c-jets enriched
OS-SS turns b-jets in tt—~ performance of b vs b




Mentioning ways
(tools/experimental technigues)
to not only identify the HF but

also determine its charge

Ask for tagger with charge to be used for OS-SS



Samples and Strategy (exp.

Introduction):

How are the measurements
done from the experimental
point of view ?

v




CMS 19.8 fb™' (8 TeV)

e Data
R017) 7511 Z+bjets
[ )Z+cjets

I:l Z+udsg jets
I
I Dibosons

Dilepton invariant mass: [70,110] GeV 4.&4-1.-.#,.4!*; i .
ldentify heavy hadrons in final states by taking
advantage of long life of heavy hadrons:

« Displaced tracks or tracks forming a SV MES
 Lepton in jet (charm and bottom analyses) o _ . ' B
« Exclusive decays in jet (D™ and D*" in charm analysesy®" ="
« |dentify Jetd‘mm HF using std CMS c/b tagglng algorithms

Semileptonic channel D* channel _
Secondary '
Vertex PV SV-IVF /‘_L I;V_ : SV-IVF K
N S
Primary W<,/ D*t(2010) channel
Vertex § / -
PV-D**vertex K
D L
s H

\_ P >25GeV & |n[<2.5 8



https://cds.cern.ch/ejournals.py?publication=Eur.+Phys.+J.+C&volume=77&year=2017&page=751

: Samples

DATA: 2016 13 TeV ( 36 fb-1 ) or 2012 8 TeV ( 20 fb-1)

MC: W/DY +jets generated w. MADGRAPH + PYTHIA

Cross section normalized to o(pp—Z/W+X) at NNLO calculated with FEWZ

Primary signal contribution:g-g & g-g processes (<5% from MPI)

Main backgrounds:

- ;11 __i"‘.._ﬁ> p—
,. 7 A—\ gy
W W/Z f/
M- - B il gudsijets.. as bottom «
.
Top pair 9 Z+light jets
P Dibosons
9




e

* W— eV, UV plus jets with similar selection to Z+HF

* |dentification of heavy flavor jet: M or SV in jet from D-hadron inclusive
decaysorD™*

* OS-SS subtraction to remove symmetric backgrounds

Selection of W+c samples

and SV channels) and >98% (D* and D * channels)

CMS L =357 fb" at \s = 13TeV
201", 15=8TeV CMS L =357 fb"at {s =13TeV
u r o > + —e— Data
c {7 MC stat. unc. ¢ Data > ]| == ® 12000 . W
i
S e S 5000|-| MR Wio 2 : et
i Wi = di— o = i - Wb
7] Wudsg 2 r Background é 100005 Background
10000 Wb § 4000~ it
[ DY+jets w [ aM[Gev]: 1863358 + 0.000457 g o A M[GeV]: 0.145437 + 0.000026
[ ttbar % [ o [MeV]: 13.867261+0.454305 » ¢ [MeV]: 0.700369 £ 0.022641
mw @ 30001~ o -
5000 single t = [ Integral Data: 16070 + 542 60001 Integral Data: 19210+ 587
[ Integral MC: 16523 + 635 B Integral MC: 19531+ 676
. 2000/~ Wec: 16434 £ 278 P Wec: 19348 £ 290
[ Wace: 51+ 239 4000~ Wacc: 95 +249
0 ..E [ Wib:4:25 I Wab: 47 + 26
156 r
E 1000 |
% 1 -1 i L T— r 2000 SM P 17 014
8 st i - e
FFeE ey e e e 0 "Hﬂ i o’ et +
. XA Lriwlh AL SR A i i : i M‘M‘”
l-impact-parameter-significance 16 17 18 19 2 2.1 S OAIs 005 555 016 0165 6.7
D’ mass [GeV/c?] A m(D*,D% [GeV/c?]

For OS-SS subtraction in the c= M in jet case we use the electric charges of
W—e(d) & M in jet

K .OS QW—»e(u) Qpinjet SS : Q

- Qpinjet

W-e(u)

After OS-SS subtraction the purity in W+c of the resulting sample is > 80% (SL

]9




Results :

Comparison with predictions
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‘Results: 6s(W+c) @ 13 TeV o 357"t e\

E I:l Total Uncertainty p, > 26 GeV, In"| < 2.4
D Statistical Uncertainty P: > 5GeV

Charm from D* channesld ]

W s -+ ABMP16 (NLO)
= N /L BA VUV i
0 = (W+D*)data c 8(; —— ATLAS epWZ16 .
_ 9 c g
Ac Ec — NW+D*(reco)/ NW+c(gen) 000000——— 00000+ CcT14 y
o(W+ c)=1026+31(stat)*’s__ (syst) pb - ¥ MMHT14 v
G(W++C)/O'(W'+C)= 0.96810.055(Stat)+°-°15_0_028(syst) E_‘_ NNPDF 3.0 y
In good agreement with the theoretical " = NNPDF 3.1 ,
predictions at NLO using different PDF sets e R el
(except for ATLASepWZ16nnlo PDF) o(W+c) [pb]
lo CMS Hessian uncetainties
From a QCD analysis at NLO together with PN

parametrsation of PRD90 (2014) 032004

inclusive DIS measurements and earlier
results from CMS on W+c production and the
lepton charge asymmetry in W-production :
The strange quark distribution and
strangeness suppression factor agree with
results from neutrino-scattering experiments.

\

Fract. uncert.




Results: o(W+c) @ 8 TeV

o =N /LBAC.sC

(W+c)data
A € / N
c C

NW+c(reco) W+c(gen)

o(W+ ¢)=116.3+0.7(stat)x5.2(syst) pb
o(W+*+c)/c(W-+c)= 0.986+0.011(stat)= 0.013(syst

In good agreement with the theoretical
predictions at NLO using different PDF sets

CMS preliminary ~ 19.7 fb” (Vs=8 TeV)

CMS Preliminary

L=19.7fb"at \s=8 TeV

T T e
Total uncertainty p!: !> 25 GeV, | < 2.5
Statistical uncertainty P, >30 GeV, fn| < 2.1
- CMS 2012
Predictions:
116.3 £0.7 (stat.)+ 5.2 (syst.) pbj
NLO MCFM + NLO PDF i it
®MMHT2014 ——
108.900:328%0 pb
o (CT14 —e—i
103.700.33:3% pb
Y NNPDF31 —¥—
107.500 *6590 pb
A ABMP16 A
111.900*230% pb
L | . . | . )
0 50 100 150
o(W +c) [pb]

CMS preliminary ~ 19.7 fb™ (Vs=8 TeV)

T~ I | T T p— T
‘é o?>25Gey W IV o | pPr>25Gev W—lv
=00 o >30Gev K@) - % [ P> 30 GeV (I=p.e)
o ! l (e} Sk —o
— el >
? - |3 % B T MMHT2014
L W S [rih {F o CT14
= L 1 & NNPDF31
S I Wﬁw —~ 2 | 7 ABMP16 .
8 50| C Py o _ T I + MADGRAPH
([ ; a
+ Vel 3 s
o Orig ot {8 1t = v ]
4 NNPDF31 ] i
—}— Stat. uncertainty
v ABMP16 _
- 4+ MADGRAPH Total uncertainty : v
0 l l l l | l l l l | l l l l | l l l 1 | 0 | | | = "" .
0 05 1 15 2 7
| ' [GeV
| . [GeV]

Charm
from SL
and SV

channels
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" Another technique :

o(Z+HF): Different contributions (from
Z+c and Z+b ,production) present

Modeling strategy needed :

(1) choose the variables to separate the different contributions
(1) make sure we model properly each of them

This is called template modeling and has two parts:

- Modeling properly the shape

- Accurate determination of tagging efficiency




Jets/0.03

b/c/| separation (discriminants) : M 22t

[1Z+b jets
[]Z+c jets

EPC™YT, 751
017)

i

10°

* |[nvariant mass of all charged particles attached
to the reconstructed secondary vertex

. . . 81.4—[“ AN AN
* JP: likelihood estimate of prob. ++¢.¢¢,..¢.._‘,++‘++++++++T+H %
Or Jet consatuents to come rrom primary vertex «——————=— R,
—_ =137V, 28 The larger the IP of a track the more incompatible w.rt. PV
8
g cms it Displaced
107 L Preliminary I b - P
Muon enriched QCD E z oo
10° - AK4 jets (50 P< 250 Gev) ] b from gluon splitting
Secondary
Vertex

Jét n
a8y Lty ~ ,"
Ny y v 1
&7

: , : : : : —, Primary sl
0 0.2 0.4 0.6 0.8 1 1.2 1.4 Vertex | ;
JP Discriminator

Template modeling:
- sometimes is data driven

~ Jet
- or from MC




4 Signal extraction (Z+c) N

Z: 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

n = Number of events in data (after

data Z+c Z+b : -
n: e N — N subtraction of remaining background from
X2 — ( U HztclVy HZib Yy ) Z+light, tf and VV)
: 012 + (0M0)2

Parameters to fit: i, & W

z+b
CMS Preliminary 19.7 o™ (1s = 8 TeV)

CMS Preliminary 19.7 " (\s = 8TeV)
R R RS RS A MRS AR ERERA RASE

> > SRR RS e LI R B AR RE AR TR CMS 19.71b" 8 TeV) X
[0} i ) ) i S : CMS 19.7fb™" (8 TeV)
(Lg 800 Sem|lept?q|c channel ] @1000 E Semileptonic channel _| % i ] *2 150_
g Z-e'e g Zouw | L%) 300 D* - K*chnii o D% D xt
S 600} ®Daa | £ e Data | i Z—e'e L * 4 Z—>ete
2 Bz+c o Bz [ Sk i r ELEE
w Bz T, @z 1 | D == alg 100 e Data
] ] 200F E ;*E - W Z+c
400} - - . Bz
i 500 —
/ = ep Z—= UL | Z > ee _
200} _ 1 100_— 50_
ST N I T 0
EPJ S((aso%déry V859X8'\$133 [56618 Secondary Vertex Mass [GeV] JP discriminant 0- =05 =1 JP1§ 2 2t-5
( ) iscriminan

c/b separation clearer in the D* mode ( the soft pion comes from
the PV for c—» D* and not for b—» B—»D* )

\ W, &, inthe 0.9-1.1 range 16 )




L=19.7fb" at \s=8TeV

"Results: 6(Z+c) @ 8 TeV [ 7 Eawia
] Statistical uncertainty p|T > 20 GeV, || < 2.1
Nf%tted Measurement
Z Jr Z+C Prediction: 8.6 £ 0.5 (stat.)+ 0.7 (syst.) pb
0(Z+c)= '
€Z+C !
c « aMC@NLO 4+
V4 9.5 £0.2 ;05 . pb
c,C
> . MADGRAPH .
c participates in the hard interaction 8.110.2 ,,.pb +
,, O (Z
Q‘ = MCFM i ( C)
c,T 5.4 +0.1 ,,.£0.4 __pb
) 2 4 6 8 10 12 1
. o(Z +c) [pb
u,e(pT)>25 GeV & |n|<2.1, jet(pT)>25 GeV &|n|<2.5 dl
C h a rm fro m S L D _ CMS 359fb (3Tov) CMS 359fb (13 Tev)
L= 19712t 15 =8 Tev 43_ z & _tagg|ng 9
' Total uncertalnty ' I p'e’ >25 GeV |n‘e‘| <25 27
Statistical uncertainty pl > 20 GeV, n'| < 2.1 P y /
Measurement FoBy Y ’
Prediction: 2.0 +0.2 (stat)+0.2 (syst) sEi A 0.087 Z C
MCFM do|not include < 4 oo
. aMC@NLO e 4 - %Dpaa <& MCFM MMHT NLO E 0.0 4:_ # Data <2 MCFM MMHT NLO
1.87£0.024,, £ 0.07 . . E v MGB_aMC[NLO, FxFx] O MCFM NNPDF 3.0 NLO 3 E v MGE_aMC[NLO,FxFx] O MCFM NNPDF 3.0 NLO
o ® ICO ntrl b utl O n S fro m G S 2:_ . MG5_aMC [LO, MLM] ¢ MCFM NNPDF 3.0 LO _: 002:_ . MG5_aMC [LO, MLM] ¢ MCFM NNPDF 3.0 LO
+ MADGRAPH H P INEN A IR INUUN VAN UV FRTIT INRAT Doy b b b b b by
1.80 £ 0.01,,, E ey e o — 155
|2 P77 227 o T T 18
. MCFM i 5;— . -‘#MGSI_EMC [NLIO. FxFx] . &MGS_IEMC [LD.IMLM] —; 0-5;— . -‘#MGIS_EMC [II\ILO. F)(llf)(] ﬂnas_am‘c [LO. N-:!LM]
1.58 £0.01,,+0.07 . 55_ I I I I I I _E % 1.55_ EMCFM NNPDF 30NLO. $MCFM NNPDF 3.0 Lug
1, e 1% Q-@#aa Ssapastrsissy e 5 =
0.5 1 1.5 2.5 3 5 HIMCFM NNPDF 3.0 NLO 4MCFM NNPDF 3.0 Lo_i E 05E ———
o(Z+c)/o(Z+b) et ' - ’ ’ - ’ = S e e
5E E 155 SMCFMMMHTNLO
1 V. L 2 2 1‘ o 2 £, 4 =
EPJ C, Vol. 78, 287 (2018) 05 Becramarraio O_SE “W—P_O%
40 00 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200

p* [GeV]

Pz [GeV]
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/ W b b Physics Letters B 735: 204-225 (2014) at Vs = 7 TeV +
+ o b !
Primary contribution is g splitting- : g ’ ;\M

v
W+Dbb production is a background in H+Z/W (H— bb) _ g <b

CcMS The European Physical Journal C 77:92 (2017) 19.8 fb™ (8 TeV) / b
T I 1 1 1 T I T L] 1 T

Total uncertainty CMS Use W - p-\)
T uncerta_linty 0.64 = 0.03 (stat) = 0.10 (syst) a nd 2 b-tagged JEtS
DPI uncertainty + 0.06 (theo) + 0.02 (lumi) pb (jets originated from b

MCFM (x Hadronization) - — s ua I"kS)

051+ 0.02,,. + 0.06, pb
MadGraph5 + Pythia6 5F - — & —

0.51+ 0.03 ., pb

Data is in agreement with
MC and theory. Large errors
‘hough (large SFs

MadGraph5 + Pythia6 4F IH — @
0.49 + 0.02,,. + 0.06 ,, pb

MadGraph5 + Pythia8 4F T e EEE n VH(bb) analysis from
0.50 + 0.03 ,,. + 0.06 ,, pb .
'his bakcground source).
Of i N I B EEE - ST Do N D

c(W(Iv)+bb) [pb]
ATLAS W+b differs from predictions (difference larger in the production of
Gvents with a collinear bb pair reconstructed as 1 jet juero6(2013)084 )  1g /

R [ «f o (N TR [ PR L cl A T | PR S [ TR A T


http://link.springer.com/journal/10052

" JHEP 06 (2014), 120 ( Z+bb @ 7TeV)

The b-hadrons are identified by means of displaced secondary
vertices, without the use of reconstructed jets

—— D.3 T T | LI I LI | LI | LI I LI | LI | T T T1 o D.3 T T | T T T T I T T T T | T T T T | T T T T | T T T T
=) - . fa) - .
& [ CMS,L=52fb" ® dala 1 & | CMS L-52f" ® dala -
_ C fs=7TeV B MG 5F CTEQSL1 N o C fs=7TeV B MG sF CTEQS6L1 N
S 0-25 allp? ¢ MG4FMSTW2008 - 00251 alp? ¢+ MG 4FMSTW2008
"_g " A ALPGEN 4F CTEQSM % C A ALPGEN4F CTEQsM
0.2 aMC@NLO MSTW2008 _ T o ElRHRHR aMC@NLO MSTW2008 _]
B | H4 A R AR i ] C
L - - fuginiiaiaih !..!
0.1 51:115 !!!!!!!!!!i!!! _: 0.1 5[1’_!11 il IEI!!IL: R
B U aas i aa il ;;m;; . - ° bigke l " ll'!
H!!!!!!! !!!!!! LEHEH HH HEHH - - HEL
0.1 _— *ﬂ | — 0.1 :ll:u:u¥¥:u:|:|::|_,,,,,,,_Hm"_“ m __
om:— S L = .
" U n ]
_I 11 1 L1 1 1 I L1 1 1 L1 1 1 L1 1 1 I L1 1 1 L1 1 1 I L1 1 1 I I_ B 1 1 1 I 1 1 1 1 1 1 1 1 1 I I_
v} o
g 15 =L
= |1 iiiiiiiiiiiiil Hik g ’iiiiiiiiiiim AT T S .iI. | .iI.I.iI.i.EI.EI.'MEI QLRI TR R im‘ g
S o — S Ty — "
= 0 =
0 05 1 15 2 25 3 35 4 % 05 1 15 2 25 A 3
ARgg Ons

5FS-based theoretical calculations may not be well suited to
Qescribe the collinear production of b-hadrons 19




Z+bb

Primary contribution:

Use Z = Il (ee or up)
and 1 or 2 b-tagged jets & AR(l, j) > 0.5

\

-1
-1 i
CMS 19.81" (8 Tev) _ ,,CMS 19.8 fb™' (8 TeV)
% —&— Dala Ei —#— Data
% 10" B MadGraph 5FS + Pythiaé _'%P_ L Ziyt(— ) + al least 1 b jet & MadGraph 5FS + Pythiag
= 5l MadGraph 4FS + Pythias = bl e ) MadGraph 4FS + Pylhia
& T : jet
~ TT MadGraph-aMC@NLO + Pythiad & | P; > 30 GeV, In"[ <24 MadGraph-aMC@NLO + Pythiad
3 102 ?EF Powheg MINLO + Pythiag ._"3 6 Powheg MINLO + Pythias
o =
= _ s - é 5 T+‘L‘+r_
-LE 2 é i ———
- 4
10° F g P e w
E | 3
™ I
Ziy*(— Il) + at least 1 b jet —— :g i Eur. Phys. J. C77, 11 (2017) 751 !
jot| antike (R=0.5) jets ——————— .
p }30 Gev mﬁ‘| <24
B, . M e N SO | T
% o0 150 250 300 or Al
Leadingbjelp(GeV) s a el e e e e L e e e e | ey | -

50

100 150

Agreement with 5FS-based theoretical calculations.4FS better@lowjet pt

o Leadmg (b-’j}jelp {GEV)
Testing two different flavour schemes for the choice of initial-state partons.
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mailto:better@lowjet
https://cds.cern.ch/ejournals.py?publication=Eur.+Phys.+J.+C&volume=77&year=2017&page=751

distribution

2

—
<
[T5]

do/ dM,, (pb/GeV)

Z+bb

10

=

1
0.5

Theory/ Data

CMS

" ®Z + two b-jets : agreement in the dijet mass

19.8 fb™' (8 TeV)

™

15F

0.5F M
15F

Eur. Phys. J. C77 , 11 (2017) 751

—&— Data

MadGraph 5FS + Pythiaé
MadGraph AFS + Pythiaé

MadGraph-aMCE&NLO + Pythiad

= Ziy*(— ) + at least 2 b jets
- anti-k; (R = 0.5) jets

- P> 30 Gev, | < 2.4

Powheg MINLO + Pythia8

—a—+
———

_ adGraph 5F5 + Pythiab,
% b SR

adGraph 4FS + Pythia6,
P R S T N T T T

rmali:;ed to .:ré,m. %tat.:Ee

rmallzed I‘.D -:FNLG

rtainty only %
rtamt Dnljf

L

_ jaldﬁraph-aMIC@NLD + |aB nurmallzed tD  Onior S

i&t uncertalies nrlj,r

L nwheg MINL{) + P],rlhlaﬂ, rmaized tﬂcrh"_u s’tatl +syst. u'\c%walmies nrily

5[} 1[]{} 15{] 2{]{]

25[}

300 350 400

My, (GeV)
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Current and future an@\es using

full R
::/NV-I_C @ 6
-&b(w-’%gj
’\ +b \/5
A’O\-Z+ clusive or

ve channels

&@-I- HF



Conclusions

Evaluated W/Z + heavy hadron associated production, inclusive
and differential (more in back-up)

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

There has been a lot of improvement in the last decades and
there is more to come from both , theoretical and
experimental results




Back up
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/" Charm charge determination of W+c samples
*In the SL(D*) channel the charm charge is that of the u(D")

Vertex-tracks

arge of closest PV-track ( p,>0.3 &&

AR(track, IVF-vertex)<0.1). The sign of that track, the closest track
to the Charm,_, in the process of fragmentation, tells you

whether we have a c or a cbar:
e ¢ ipp 7K

Tt

=%
C a il i

*Charge definition: OS if éﬁ”%rgeé”of the SV and the lepton from the

W decay are opposite.
05 Qw—»e(u) 7 Qg >3 Qwée(u) = Qg 25 )




/" Semileptonic selection forZ =
and W analysis (SL channel) 3

QAN

* U inside a jet (taking part of a secondary %
vertex for Z). This reduces the light contribution 3;

more than standard b-tagging algorithms.

p *<25 GeV, with p */p*<0.6, [n"|<2.5

e NoONn-isolated, |  /p ">0.2
comb ''T

Semileptonic candidates:
4145 7 — e'e 5258 Z = Uy

52K W — ev 32K W — pu

Relative contributions:
Z+C:25% Z+h:65% Z+light:5% Others:5%

W+c:80% W+b:0.5% W+light:4% top:10%
Others:6%

\

1000

1500

CMS 19.71b" (8 TeV)

| Semileptonic channel e Data
Z—e'e B z+c
Bz
W Z+ight
M top

500

0 5 10 15 20 25

Muon-inside-a-jet p, [GeV]

CMS Preliminary 201" 15=8TeV

B stat. unc. ¢ Data
20000—
- EWse

N B Wicc
15000 . [ W+udsg
771 DY+jets
[ithar
mw

Events/2 GeV

10000—

5000

Data/MC

5 10 15 20

25

26 0" GeV]




CMS 19.7fo™" (8 TeV)

/D* Selection for Z analysis (D*) 3*“F
) - D = K'nnt e Data
: : Lo Z—pu H Z+c
Use jets with a 3 tracks secondary vertex & g 3001 / Hzo
search for D* - K*mt*1t* resonant peak. S » B Z+ight
2]
Non resonant bkg. in the signal region sub- S 200/ M top
tracted from the neighboring sidebands i
490448 D* (Z - u*y) 375+44 D* (Z~e'e)  #
Z+c: ~60% Z+b: ~35% Others:<5%
R TR 1.97

Exclusive D selection for W analysis (SV chanﬁpﬁe’f) ]

CMS Preliminary 20 fb™, 8 TeV

C stat. unc. e Data
Ew+c

* Reconstructed secondary vertex in jet
*Vertex_mass>0.55 GeV and SV flight distance e

40000 - W+b

significance>3.5 to reduce light jet contamination WIDY-jets

"""" [ ttbar
*In case of several jets with SV in the event, take ** mvv
the highest p_ jet

117K W — ev 131K W — v i = g0
W+c:75% W+b:0.5% W+light:15% top:6% SV-flight-distance-significance
Others:3.5% 27

60000—

Events

15E
1Ot
0.5E

Data/MC




/ o . = _CMS 19.71b" (8 TeV)
D(2010) = Selection for 2 ool Do DO M
" i (q\| E ya - i
Z (W) analysis (D™ channel) o e il
@ 150F o
e D* DO r[si [D° - Kmt"(+c.c.)] decay chain. § : e
» Kaon: track with sign opposite to T 5 100}
« D% vertex with L /o(L, )>3(0), D° vertex prob.>0.05 ,-',_,,.,.,
. pT(D*)>O(4) && pT(D*)/ZpT(cone 0w > 0(0.2)
e p_(K)>1.75(1), p(m)>0.75(1), p.(r )>0.5(0.35) GeV f : p— =
« |AR(D*, jet)] < 0.5, |AR(D®, m_)| < 0.1(0.15). ] (K rre) [Ge\?f_
 Im(D%)—1.865|<100(35) MeV, [Am—145|< 5 (1) MeV cMs L= 357 b at {s = 13TeV
* Signal region : 1.97 < m(D*) < 2.05 GeV % soool |mmee
* Sidebands : 0.06 < [m(D"™*)—2.01| < 0.12 GeV = e
. . § oo BN Snib 17-014
After sideband subtraction: 309 % 22 D**(Z- u'y) L S
234 = 22 D**(Z- eTe) e §

Z+C:~65% Z+b:~30% Z+light:<1% Others(tt+VV):<4% w wom i

@ The simulation is reweighted to match the experimental values of 1o
c—» D™* - D° n *[D° » K'n*] (PDG+L.Gladilin,Eur.Phys.].C75(2015)19) |
Ow Lo Lot

TR g e 5
D° mass [GeV/c?]

Non resonant background in the signal region subtracted from the neighboring
sidebands ( wrong charge D° —» Kt (+c.c.) in W+c analysis)

\_ 19.2 + 0.6 x 103 D** (W-pv)
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Z I b b JHEP 06 (2014) 120  atVs =7 TeV

Primary contribution:

Use Z = |l (ee or pp)

and 1 or 2 b-tagged jets & AR(l, j) > 0.5

Testing two different flavour schemes for the choice of initial-state partons.

cross sec. Measured MADGRAPH aMC@NLO MCFM MADGRAPH aMC@NLO
(pb) (5F) (5F) (parton level) (4F) (4F)
sZ+1b 3.52+0.28 3.66%0.22 3.70*0'23_0.26 3.03+°-3°_Q36 3,11+0-47_0.81 2'36+0'47.o.37
sZ+2b 0.36+0.07 0.37+0.07 0.29+0.04 0.29+0.04 0.38“’"’6_0_10 O.35+°-°8_0.06
sZ+b 3.88+£0.22 4.03+0.24 3.99“"25_0.29 3.23*‘)'34_0_40 3.49“’-520.91 2.71*0-52_0_41

4.63+0.69-

.27 -1.21

sZb/Zj(%) 5.15+0.25 5.35+0.11 5.38%°3 47502 3.65*070

9 55

Z+1b data favors five-flavour schemeemsses.Z+2b favors 4FS

~20 data vs MCFM (parton-level) cross section difference specific
\ to the modeling of the Z+b-jets final state. -




Test of Q algorithm

« Using semileptonic sample for test ( sample with a muon in a jet &

IVEF-vertex) : S 20 ", 2012
£ Zggg - CMS Preliminary
— > = . .
testof Q, e ~ Qsv L cal— « semileptonic
18000 +uds hadrons
« 70%: 0 — same sign 16000 - 5‘2“5,}&5 decays of D “
. 14000:— I E
e 10%: 2 or -2 —wrong sign 12000~ [ VV same sign
10000 [ ] Single top
e 20%: 1 or -1- no answer 8000=— e Data
6000 —
( no answer — no nearby PVtrack 4000=- "
with pT>O'3 && O 20003_ WEOR sidn —
AR(track, IVF-vertex)<0.1) s = . R
] L} Salelaisielalaleielalielsinilsissilsuisiieisiaiieieiniiaiasiisiasiisioials._Jiaisisislsisisieisieieiuiiisisiniaiainieiesajeluial
@ 085
T o06E e .
-3 2 1 0 1 2 3
QM'Q\&wtex

* When the algorithm gives an answer: right 87% of the times, wrong 13%
(after OS(87%)-SS(13%) subtraction we are left with 74% of the answers).
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/Z+c Selection: b/c separation (discriminants) A

CMS Preliminary 19.7 b (s = 8 TeV)

* Vertex mass (for semileptonic mode) i
&
L @zb

vertex i
500}

corr 7z 2 e :
M — \/ M, iex + Prertex SIN” 0 + Pyertex SIN O,

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

ok il s S AR
Secondary Vertex Mass [GeV]

@ 8
g UE cms ¢ Dat
[J a 17 b Preliminary I v
o ; e
Mo d e I Ing strate M o, —Jo
10° | AR4 ets (50 P 250 GeV) [ b from gluon splitting

-/+cC:
Shape : data driven (W+charm) [1* time] T T T ki
Normalization taken from MC after applying vertex-efficiency corrections

-Z+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

N el




D

CMS
0.4

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

19.7 fb (8 TeV)

0.3

do(Z+c)/dp”™ B(Z— I'1) [pb]

® Data

0O MADGRAPH

o MG5_aMC

A MCFM (MSTWO08)
< MCFM (CT10)

v MCFM (NNPDF3IC)

—+}— Stat. uncertainty

Total uncertainty

-0
= ”'—S-F"" L L 1 1

[
: 50

100 150 200

pe! [GeV,

19.7 o' (8 TeV)

w

N

® Data

0O MADGRAPH

o MG5_aMC

A MCFM (MSTWO08)
< MCFM (CT10)

v MCFM (NNPDF3IC)

P AR
—°

[do(Z+¢)/dp®)/[do(Z+b)/dp*"]
i i3

Aty

v

—}— Stat. uncertainty
Total uncertainty

100 150 200

pe' [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\

33,




« Comparison with MCFM

(differential cross section ratio)

CMS preliminary 19?fb {\f_—BTeV]
LI B B | o~
: (&)
P! > 25 GeV ’E’IV_L ';") | |§+ _
i [3)
' $+ <L
— =#= Data 4 E 0.8
L O MMHT2014
o CT14 i
4 NNPDF31 -
° ABMP16 —— Stat. uncerta|lnty |
|+ MADGRAPH Total uncertainty a 06
| | | | | | | | | | | | | | | | | | |
0 0.5 1 1.5 2
|
y

™

CMS prellmmary 19 ?fb (Vs=8 TeV)
p’e‘ > 25 GeV W—> A
- pl-30Gev  (I=wme)

&

&
| O
O

A
+

.

k" #

i

Data
MMHT2014
CT14 ]
: EEIEIB_IFg-I —}— Stat. unceriailnty |
MADGRAPH Total uncertainty |
| 1 | |
2
1 0
p [GeV]

/




Preselection

Preselection of Z— ee and Z— uu plus jets

* /> ee: * />MM:

— Dielectron trigger thres-hold — DiMuon trigger thres-hold of
of 17 and 8 GeV 17 and 8 GeV

— Electron Id Medium WP — Tight selection

—pT(e)> 20 GeV, n(e)| < 2.1 —pT(e)> 20 GeV, n(e)| < 2.1

— Isolated: lcomb/pT <0.15 — Isolated: lcomb/pT <0.2

— Energy scale corrected — Momentum scale and

— MC corrected for differences resolution corrected
in Electron Id and Iso (Rochester correction)
efficiencies — MC corrected for differences

in Muon Trigger, Id and Iso

* Jets:
— Jets anti-kT, R=0.5
— JEC corrected, both in data and MC
— pT(jet) > 25 GeV, |n(jet)| < 2.5



e

Cross section

determination
Ngitted
0(Z+c) =
(Z+c) eater

Semileptonic mode

Channel Ny Cz.c (%) o(Z+c) [pb]
Z —sete— | 1066+ 95 | 0.63+0.03 | 86=+08=+10
Z— utyu~ | 1449 + 144 | 0.81 £ 0.03 9.1+09+1.0
Z — te- o(Z+c) = 8.8+ 0.6(stat) == 1.0 (syst) pb

Channel | N3&™ Cwp (%) | o(Z+c)/o(Z+D)
Z—sete | 2606 +114 | 290+ 0.08 | 1.9 +0.2+0.2
Z—|ptp~ | 3240 £147 | 393010 | 22£0.340.2
Z— ¢t | o(Z+c)/o(Z+b) = 2.0+ 0.2 (stat) 0.2 (syst)

D* mode

Channel e Cz.c (%) o(Z+c) [pb]
Z—vete- | 276 £55 |0.13+0.02 | 109£22+009
Z—yutuy~ | 316+75 |[018+002| 88+20+08

Z — ¢te- o(Z+c) = 9.7 & 1.5(stat) 0.8 (syst) pb

D*+(2010) mode

Channel N3 & Czic (%) o(Z+c) [pb]
Z —etes [\ 150431 | 0.1130.01 73+15+0.5
Z s pty—| 247428 | 0144001 | 93+£11+07

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

Combination
Z— 0t~ o(Z+c) = 8.8+ 0.5(stat) = 0.6 (syst) pb
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e

W C

* W— ev or uv

\

¢ g

000000 ———— 00000
Identification of heavy flavor: M in jet or D-hadron

Semileptonic channel

PV SV-IVF

y
D*t(2010) channel

PV-D**vertex
x
ﬁ% *

Tt

D* channel

PV SV-IVF K+
o-———o< 2 "’*.é e

KI

& B

1.1,

L=5.0fb"at \s=7TeV

[ W+c signal
Il W+iets (non-c)
E’ Drell-Yan

|:| Other

Semileptonic sample ]
ps > 35 GeV

The MCFM predictions for this process do not include oy
. . . ) . " (D
contributions from gluon splitting into a cc pair @
SRR ISR 1 leal GCLEACLAN T L=50f"at\s=7TeV o 1000}
: T Trire e s e [ e I
Total uncertainty pf' > 25 GeV, ¥ <2.5 Total uncertainty pf‘ >25GeV, *| <25 §
Statistical uncertainty p, > 35 GeV, | <21 Statistical uncertainty p, > 35 GeV, I < 2.1 % [
G CMS 2011 i CMS 20 [92]
Fiociclions: 84.1£20 (stat) 49 (syst) pb Predictions: 0038 = 0i0te et 10 00 terety: I 2
NLO MCFM + NNLO PDF NLO MCFM + NNLO PDF 3
= MSTWO08 - = MSTWO08 - !
787403 . PD 0.904 418 = o ol
) B
eCT10 e—i eCT10 13 (52500
87.3 *_g‘g pb 0.942 +0.004 . ©
o 72000
¥ NNPDF23 e v NNPDF23 e @
78233 . pb il §1500;
(0]
ANl A NNPDF23 e e
i iz;aafﬂpb 0,936 £ 0.022 & 1000f
— L L 0 06 TR ' &l
0 20 40 60 80 100 120 : : + = i
i o(W + ¢ fobl _ . CELE DL
Data and predictions agree->validation of strange PDFs,|

0

T=TTT

[ W+c signal
[l W-+jets (non-c) §
[Jorell-Yan 7
[Jother ]
Semileptonic sample ]
P ]
p! > 25 GeV

il

.......

First evidence for an asymmetry in the W*+c and W~+c production.

B -5
ptin jet [GeV]
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4 Template (shape) modeling for Z+c N

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

CMS Preliminary 19.7f0" (1s = 8 TeV) CMS Preliminary 19.7f0" (1s = 8 TeV) CMS Preliminary 19.7 o' (1s =8 TeV)
T T T T T T T T T T ‘ T T T ] = T 3 (| T E | [ : 4 T T T T T T T T N T L=

2015F ks i j2 T o o 01 =S AR TRe i LA RERRACAER LS o Rag s
5 = % e I oo = B Semileptonic channel |
) il Al i
@ ®W+c Data 50-8_ ®W+c Data | g i ®W+c Data |
= ol ~W+eMC | & | ~W+cMC | B 03f ~W+cMC ]
' —Z+c MC < 06f e T —Z+c MC
i ] 0.2 -
04} - L
0.05[ - :
. 0.1F -
0.2 —
L * T B
0 PO R WO P s oo J | FEe. arasy Lia 5] OP["
0 50 100 15% 20! O"0““1”“2“ g Oiild i 23 A 5 b ielenis
Pt [GeV] Secondary Vertex Mass [GeV]

Number of secondary vertices

Agreement in general distributions ( pret N_ )

Discriminant distributions (SV-mass and JP) W+c MC and Z+c MC agree
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
\_between Z+c MC and W+c MC 38/




/More template modeling from data

For Z+c,Z+b,W+b ,W+c templates from b-jets taken from tt production.

Using a sample where the two W bosons from the top(antitop) quark decay
leptonically into leptons of different flavour.

CMS Preliminary 19.7 fb™ (Vs = 8 TeV)

§,015— $++ -
g e eu Data

< + 1 —Z+b MC q \

0.1F -+ .

ﬁ t ﬁ
0.05-—+ :t - q_ /

+ Z

+ 8o

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

|dentification of heavy flavor: muon inside the jet

\




HF and charge identificacion

Semileptonic c,b - p decay (SL channel):

*Tight u that satisfies:
«Is one of the PF constituents of a jet with p_(jet)=25 GeV, |n(jet)[<2.5

e Non-isolated u (isolation=0.2) with p_(1)<25 GeV, [n(W)|<2.1.
o If several non-isolated u candidates take the one with highest p_
— Charge identification of the charm quark through the charge of the |-in-jet

— Charge definition: SS if the |J4-in-jet has the same charge than the lepton fron
the W decay OS—-» Q zQ SS - Qwﬂe,” = Qu_in_jet

W-e,u M-in-jet
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HF identificacion
Inclusive HF hadron decays (SV channel):

e Reconstructed secondary vertex (SSV or IVF) in jet

«In case of several jets with SV in the event, take the highest p_ jet
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/ CMS Preliminary 19.7fb" (\s = 8 TeV) \
Systematic uncertainties e

== Total
# PU : uncertainties in the evaluation of the pileup

-k
(&)

[7]c(b)-modeling
Elvet+MET

g roF

[[]) Efficiencies =
R other NN

profile (assuming a different inelastic cross section )
# PDFs (PDFNNPDF & PDFCT10) : reweighted DY MC
according to the new PDF's : NNPDF23 nnlo & PDFCT10
# Jet Energy scale and Resolution (JES & JER) :
@ Change scale and resolution correction factors

=k
o

o

Systematic uncertainty (%)

by their uncertainties

SL D* D** Comb. Ratio
@ Branching ratios of D—Xu hadrons and fragmentation c—»D (BRFRAG): We
reweight the simulation to match the PDG on D-hadron channels. The syst comes from
uncertainty on those reweighting factors For semileptonic channel the systematic
comes from the difference between the BR from inclusive or exclusive individual
contributions
# Missing-et : Misestimations on the Missing transverse energy: modify the missing
E t by 10% of the unclustered missing E_t.

# Cgluon-splitting, misestimation of the contribution to our background from gluon-
splitting from charm : increase a factor 50 % the weight on events with 2c with

AR (jet,c) < 0.5
# Bgluon-splitting, increase 50% the weight on events with 2b w. AR(jet,b) < 0.5
@ c-(b-) tagging efficiency. Repit analysis with efficiency increased by its error
# Shape (semileptonic mode) : change Z+b template correction factor by its error
# Lepton efficiencies :change efficiencies by their errors

{Luminosity 2.6 % /




Previous measurements at hadron colliders:

1)D0@Tevatron:o(ppbar - Z+c+X)/o(ppbar-Z+b+X) and o(ppbar-
Z+c+X)/o(ppbar-Z+jets+X), pT(jet) > 20 GeV

2) CDF@Tevatron:o(ppbar-Z+D*+X)/o(ppbar-Z+X), pT(D*) > 3 GeV
[o(ppbar-W+D*+X)/o(ppbar-W+X) as well]

3)LHCb@LHC: Evidence and o( pp-Z+D0+X) ando( pp-Z+D+X) in the
forward region



