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Status by March 2019
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@ 7 TeV CMS measurement (L < 5.0 fb™)

@ 8 TeV CMS measurement (L < 19.6 fb™)

m 13 TeV CMS measurement (L < 137 fb™)
Theory prediction
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All results at: http://cern.ch/go/pNj7
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MOTIVATION

—>Processes involving W & Z boson production are one of the better understood
processes at hadron colliders
2>W->lv, Z->ll, (I=e,n) are among the cleanest final states experimentally
= Important to study V+ HF production at the LHC
- To test pQCD and validate MC
—> Probe HF PDFs

- Collinear production of b quarks (gluon splitting)
— They are backgrounds to other measurements and BSM searches
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- Measurements carried out in fiducial phase space
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—>Measurement of Z + b jet at 8 TeV (Eur. Phys. J. C(2017) 77: 751)
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=2 W+c differential cross section at 7 TeV (JHEP 02 (2014) 013)
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= W-+c differential cross section at 13 TeV (EPJC 79 (2019) 269)

9 publications

1 new publication
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V(Z,W) +>=1b p-p Vs=7,8 TeV

5,19.8 fb
Z+>=1b W + bb
p; >20 GeV, |n|<2.4

76 <M,<106 GeV | 71<M,<111 GeV P, >25 GeV, |n/|<2.1 pr' >30 GeV, |n'|<2.1
py >25 GeV, |/|<2.1 | py>30GeV, |n|<2.4 two b-jets p/ >25 GeV, |/|<2.4 && no other jets with p/ >25 GeV, |/|<4.7
» ,CMS 19.8 fb™" (8 TeV) F T
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SV mass, input for b-tag algorithms

19.8 fb' (8 TeV) cMs

— 3  500p T eIy, CMS 19.8 b (8 TeV)
W(iv)+bb 3] :fL dt=5fb" C_J w+bb 1 £ s
E F 1 WicT S 10°E electron channel hd gaéajets
5 i i = L &= w+e ; > E +
] Fit uncertain 3 4001 -:Ii\ld»light Jets 5 i} E . Z+c jets
C [ Single top quark | 104 &

@8 Qcb
EE Z+jets/VV —
=1 Uncertainty 4

F [ Z+udsg jets,
300 __1i§

L I Dibosons
[ Others

200

100 -

o

AN AR AL R

100 150 200 250 300 350 400 450

o Hy [GeV] !
g }ﬁz— 1.4E
5 T & N Q 14
R T e ++++ gt 2 2

65 1 15 2 25 3 385 osE s o .

0.8F

oa 0.6

B. Bilin LHCP 2019 ] 3 4 5

b jet multiplicity

=



. +b @8 TeV

Studies of various variables are carried out
Z+b: pr ’ nb, pTZ7 HTI A¢(Z1b) ARMax _ ARmin
Z+bb: pr1 ,prZ’ pTZ’Mbb ’Mbe ’prb’ A(P(bb), A(P(bb,Z), AR(bb) Abe - Zb Zb .
- Sensitive to b-quark PDF and initial-state gluon splitting ARZZ™ + ARZ®
—> Differences between PDF Flavor Schemes. do(Z+(>1b))/dx
- Sensitive to presence of heavy intermediate ~ do(Z+jets)/dx
particles
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] L & —&— Data g —o— Dala < Dt
3 il M h 5FS + Pyth ) ~ —— Data
g 10" S vaderapn 575 + Py 2 | zyn+atieast1bjet [ MadGraph 5 + Pytnias 3 B wascrapn e + pyvias 8 _
- = | MadGraph 4FS + Pythia6 S 8 anik (R=05)jets ) < 3 [ MadGraph 5FS + Pytria
Q == = g T J‘ ' MadGraph 4FS + Pythia6 o ] MadGraph 4FS + Pythia6 a MadGraph 4FS + Pytia6
S o g 5 = el ~ ladGrap! + Pythia
< == MadGraph-aMC@NLO + Pythiad & PJT >30 GeV, "l <24 [ MadGraph-aMC@NLO + Pyihias ) 1 - MadGraptvalC@NLO + Pylha 8 ‘
3 102 = B Powheg MINLO + Pythia8 B T - ) = MadGraph-aMC@NLO + Pythia8
= ) E— [ pouneg ML + ytias == S powheg MINLO + Pytias o )
== < = g S 103 - Powheg MINLO + Pythia8
L. o 4 $ 510
=_ % 1
s —
10° L] S = ok —
== 2 *
= N
Ziy*(~ 1l + at least 1 b jet 8 oF Z( ) + atleast 2b ets ) f
antik; (R = 0.5) jets = v ) ZIy* (- 1) + at least 2 b jets
10%F e B anti-k; (R=0.5) jets antiok, (R =0.5) jts
P> 30 Gev, hf"|<2.4 o o ke (R =05)]
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V(W,Z) +>=1Db p-p Vs=7,8 TeV

5, 19.8 fb!
Z+b results at 7 TeV Z+b results at 8 TeV

Cross section Measured Cross section Measured

0z+1p (Pb) 352+0.02+£0.20 o07z41p (pb) 3.55 +-0.12 +-0.2

0z+2b (pb) 0.36 £0.01 0.07 0742 (pb) 0.331+-0.011+0.035

0z+p (pb) 3.88+0.024+0.22 07,y (pb)

0z1b/z+j (%) | 5152003 £0.25 074b/74i (%) | 9.3 +0.4+-0.7

. CcMS | . . ' . . __19.81b" (8 TeV)
W(->lv) + 2b cross section at 7 TeV ous
0.53 +- 0.05 (stat) +.-0.09 (syst)+-0.06 MCFM(Hdt) e
(theo.) +- 0.01 (lumi) pb T
hgif‘iegaofhs,; Pythia6 5F +_._w+_._._.

W(->lv) + 2b cross section at 8 TeV MadGraphs » Pythisg 47 | [ renr
0.64 +- 0.03 (stat) +-0.10 (syst)+-0.06 st ey | e
(theo.) +- 0.02 (lumi) pb ST

0 — s i
o(W(lv)+bb) [pb]

- All measurements consistent with SM predictions and among each other
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1/ do/bin

-
Vs=7 TeV
S 0.1 ICMSISimullationI I—toltal I I I I I l ‘ I ik p-p s e
[ Vs=7TeV CIqi> ZbbX ]
008 Mg 4F eI 11 7> 50 Gev ] I a ro nS 5 fb‘l
b T ]

It gl p{ >20 GeV, |n'|<2.4 81 <M,;< 101 GeV
05 1 15 2 25 3 3.5AR":3I3 pr >15 GeV’ |nb|<2
50.09_— (?hhsSim:JIationl _'tqtilzlbbx S
§8'g‘;7 R/Eaizér:?ﬂw oo x ]
20071 allp;

- Study production of b hadrons associated with Z
— B hadrons identified using displaced
secondary vertices
- No jet reconstruction, measurement not
restricted to jet cone

—T —
F CMS Simulation — total

[ Vs=7Tev [)qi—>ZbbX ]
4L MadGraph 4F 77299~ ZbbX || 50 GeV i . ey e
F arr i e —> Can probe small AR region sensitive to g
10'F — 3 splitting
2y Tl 7 ™ ] z B @ b b
10-37: i LRI i ) . .|
0 05 1 156 2 25 3 35 40 05 1 15 2 25 3 35 4 A~~~ 7
minAR, minAR 5 I ’ Z
_ b b _ )
) [ttt q+mm<_ q71my<_q b 5
10F  CMS Simulation :tqtaIbeX El3 E g b g b g
E \s=7TeV L gi—~ 3
r g/lllangraph 4F 7299 ZbbX p2> 50 GeV (a) (b) (c) (d)

1/o0 do/bin

AR — AR
Abe - max min
ARZX + ARZ
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— Study production of b hadrons
associated with Z
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Events/0.02 GeV

V(W,Z) + C

by >21 GeV, |n/|<2.1, 71<MlI<111 GeV

p; >25 GeV, |n'|<2.1 p# >26 GeV, |n#|<2.4

PDF’s
They provide BG’s for searches

for 13 TeV results)

py >25 GeV, |/|<2.4

- Semileptonic decay of hadron leading to a muon from a

displaced vertex

- Adisplaced SV with 3 tracks consistent with D* decay
- A displaced secondary vertex with two tracks consistent
with D decay and associated to a previous D**(2010) decay

f:MS 19.7 o' (8 TeV) >2000 CMS 19.7 b (8 TeV)

250 D+ DOxt e Data 8 - Semileptonic channel e Data
Z- [ z+c 0 Z- [ z+c

- N1500+
200 Wz I B z+b

i [ Z+light g, I Z+light
150 r

: W1000 M top
100f

500]

o

2.1 0 5 10 15 20 25
Muon-inside-a-jet o [GeV]

201
m(Knt) [GeV]

. Bilin

(OS-SS) Events / 11 MeV

5000/
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1000

CMS Preliminary

V + ¢ measurements provide constraints to strange and charm

Tagging of heavy flavor jets carried out in 3 signatures (only 3™

L=35.71b"at s = 13TeV

[ Wb

Background

- A M[GeV]: 1.863358 + 0.000457
[ o [MeV]: 13.867261: 0.454305

[ integral Data: 16070 + 542

[ Integral MC: 16523 + 635

f— W+c:16434+278

[ Wice:s1:230

[ Wtb:a+25

1.6

LHCP 2019

2
D° mass [GeV/c?]

!
21

p-p Vs=7,8,13 TeV
5,19.8,35.7 fb!

W+c: OS- SS method to
substract BG
- BG contributions from

(OS-SS) Events / 1 MeV

dN /dn (0S-8S)
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the gluon splitting.

L=357fb"at |s = 13TeV
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CMS Preliminary

—@— Data
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B Wb
Background

REEERERE
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'l

L=357fb"at (s =13TeV

—e— Data

. Wi
W+cC

B Wb

Background

A M[ GeV]: 0.145437 + 0.000026
o [MeV]: 0.700369 + 0.022641

Integral Data: 19210 + 587
Integral MC: 19531+ 676
W+c: 19348 + 290

Wicc: 95+ 249

Wib: 47 + 26
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p-p Vs=7,13 TeV

+
W+c 5,35.7 fb!

- Measured W + c cross section as well as W*+c/W-+c ratio

- inclusively
- differentially wrt lepton n

—13TeV: extrapolation
to the unmeasured
phase space
= As cross check:

g
CcMS L= 50fb at Vs = 7TeV CMS 35.71b" (13 TeV) W + D* X-sec is
= A B 1000F
2100 |- p'>25Gev Wiy | g o Dea - Di ; i
= p|T>25 GeV (I=p) & [ Wie + ABMPI6 ¢ ATLASepWZ16 D|ffe re nt|a| measured in
= — 800 . .
T B
s | _— ST T T fiducial range
~~
’_o; % z} % 13 A NNPDF3.0 W NNPDF3.1 W+ C and oms 35_7%_1(13“\,)
o 600
; SR % & % 13 _#_ 5 F o 0
O + - g o0k a
% 50| e 3 —**t“_’ﬁ‘*‘ WH+c/W-+c SUL weaony  gusses oo
© | Eﬁ‘r | © 400 _{.d_:j- S 100
e L '] M S g0l
LT DAt s T Pl > 26 GeV, | <24 RN Cross section g BO;*-‘-_‘_
|l o cT10 ot uncertams 2001~ p;>5GeV ; F +
NNPDF23 at. uncertainty g 4o, . B
- i NNPDF23_ Total uncertainty AT, res u ItS 3 20: z;,iz:g:\‘ll, ED‘,;Z:“
OH\H\\\\\l\\‘\\\\\\lx\xl\l‘\‘H\H\ - T ’ "
oOfb——t 0 02 04 0608 1 12 14 16 18 2 22 24 ‘
0 0-5 1 1.5 2 mu‘ GO 02 04 06 08 1 1.2 14 16 18 2 22 24
| 5 -1
h/]l CMS 35.7 fb1(13TeV) CMS 35-7 fb (13TeV) CMS 35.7 b (13 TeV)
CcMS L=50fb"at\s=7TeV 500 50 T 60 o Data
Ty T T T L —_ F —_ = W* + D*(2010) MADGRAPHS_aMC@NLO
s a5y Wolvo | F o o g L Fop o R
g T | =nu,e =] s = + ABMP16 ¢ ATLASepWZi6 | —= + ABMP1 ATLASepWZ1 B
=121 p, >35GeV (=e) —awok W4T S Wite 6 ¢ ATLASepHZIS 5
5 | L % CTH4 ¥ MVHT4 § *CTH4 ¥ MVHTI4 5
— | ) o o &
[3) I R = A NNPDF3.0 M NNPDF 3.1 < A NNPDF30 M NNPDF3.1 %
[ | ~ 5 > 26 GeV, ff| < 2.4
R SR I b (. T opmmms P
\;_, B Elj ':;:' ¢|O {“J%; O Al ; B { ; * ‘ ; - + * n I L 1 I I I I I
) L o E I AT 4 < f ?! .—L+— cMs 35.7 fb (13 TeV)
dd B Hob g P ¥y
0.8 [-=#= Data % s F v, i 5 A0 i . i = « bue
O MSTwos f - —— i . R N
o 4 r " 1 = W’ + D*(2010) MADGRAPHS_aMC@NLO
. g;;ODF23 —— stat uncertainy | - p,> 26 GeV, I <24 —*H— P, > 2 GeV, hfl <24 —it 5
0 6 | NNPDF23 Total uncertainty | L p$>sGeV 100 pc>56ev 5
) [ B r T g
0 05 K 1.5 2| | I Y EUT N I P U SUTE I P Qlbn il .,H.,\.‘.Jl.ml. ; _*_
Ml 002040608 1 12141618 2 22 20 G 0304 0608 1 12 1476 18 2 2224 || T X w-mconirieas *
|T]P| |T]U| 10E- P >5GeV, h%| <24
GO 0!2 0.‘4 0}6 0.‘8 ‘1 1.‘2 114 1.‘8 118 2‘ 2}%"‘2.4
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- inclusively
- differentially wrt lepton n

cMs L=50fb"at Vs=7TeV
" T T
Total uncertainty d:' >25GeV, <25
Statistical uncert ainty p‘T >25GeV, il <2.1
Predictions: CcMS 2011
redictions: 107.7+3.3 (stat)+6.9 (syst)pb
NLO MCFM + NNLO PDF
mMSTW08 [ ]
100743 pb
o CT10 ——i
100947 pb
¥ NNPDF23 =
99.4 4.2 ;. pb
ANNPDF23,, —
1299+ 15,1, pb
L Ik
0 50 100 150
o(W +c¢) [pb]
CcMS

L=50fb"at\s=7TeV
T

T
Total uncertainty

Statistical uncertainty

pr' > 25 GeV, I <25
P, >35GeV, n| <21

CMS

W +C

- Measured W + c cross section as well as W*+c/W-+c ratio

35.7 fb™ (13 TeV)

r \:’ Total Uncertainty

F [ ] statistical Uncertainty
é + ABMP16

|+ ATLASepWz16
-« CTi4

v MMHT14

A NNPDF 3.0

I ® NNPDF 3.1

p‘; >26 GeV, /'l <2.4

p$ >5GeV

—et—
—

——]

0 200 400 600

CcMs

P S P
800 1000 1200

a(W+c) Inbl
35.7 b (13 TeV)

. |:’ Total Uncertainty

p‘; >26 GeV, 'l <2.4

— Comparison of W+c result to several

sets of PDFs

B. Bilin

regicions: oS 2011 ; [ ] statistical Uncertainty p; >5GeV
edictions: 0.938+0.019 (stat.) + 0.006 (syst.) F
NLO MCFM + NNLO PDF r + ABMP16 o
=MSTW08 b F ¢ ATLASepWZi6 o
0.904 308 v F
©CTH0 s It *x CT14 .
0.942:£0.004 E
E Y MMHT14 b
¥ NNPDF23 HH r
0923+ 0.0 s
15ror - A NNPDF 3.0 %
ANNPDF23 -+ F
0,936+ 0.022 r ®m NNPDF 3.1
L L L s R L1
24 0.6 0.8 1 ) (o] 0.2 0.4 0.6 0.8 1 1.2
o(W'+T)/o(W+c) o(W*+8)/c(W +c)

LHCP 2019

p-p Vs=7,13 TeV
5,35.7 fb!

nly
<]
|

- Measurements used in a

QCD analysis at NLO

Studying strange quark distribution
and the strangeness suppression

f CMS Hessian uncertainties
actor o
z i i =m2
sl CMS, this analysis pf =m2
L [ ABMP1i6nlo
r [ ATLASepWZ16nnlo
1 o
0.5 —
Ll

— Results compatible with neutrino
scattering experiments
— Do not support enhanced
strange quark contribution
hypothesis
12



7+C p-p Vs=8 TeV

: ) .8 fb1
- Measured Z + ¢ cross section as well as Z+c/Z+b ratio 19.8fb

— inclusively
—> differentially wrt Z p; and jet p;

cMs 19.7 b (8 TeV) CMS 19.7 o (8 TeV)
5‘ E 0.4
ST ® Vnsorses S 2o
S =
= L . A MCFM (MSTWO08) = 03 A MCFM (MSTW08)
£ I ? mgim E(IiL:’%FSIC) Ol & MGRM (NNPD
N | N ] MCFM (NNPDF3IC) o .
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N_— L Total uncertainty = i | .
_8_ »“io_'—O.2 - Total uncertainty
= | S |, /+ C Cross
30.05F ? I
N Yoo :
ol S oi) & t It
3 | Soaf B2 section results
I - © I
i T aw I
oLl L L L O..I.‘..I.m\n?ﬁ}?l.‘..
0 50 100 1 520 200 50 100 150 200
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NZ'_ ¢ I ® Data i—;_ ) I
e Q. L ® Data
= 0 MADGRAPH Q | o MélgGR’\?gH
fe) 0 MG5_aMC =~ | MG5_a H 1
N A MCFMa(MSTWOB) 2 ;L » MOFM (MSTW08) ) lefe re nt' aI
T |  MGPM (NNPDFSIC) > +  MCPM (NNPDFSIC)
3 = y © L 3 /
= L ke C
L } 3 . 2k
o) L . L9 0o H
S %&T ¢ il S |4 ! cross section
F L Iv Y il 0 I VEW =,
S | N[ It
g 'l | N results
- —}— Stat. uncertainty ° - —}— Stat. uncertainty
: Total uncertainty — I Total uncertainty
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+ Ci i p-p Vs=7,8,13 TeV
V (W,Z) + c inclusive results . 190,557 fyt

oc(pp = W+c+X) x BIW — uv)(ph > 25GeV) = 107.7 £ 3.3 (stat.) = 6.9 (syst.) pb,

7 TeV

o(pp — W +c+ X) x B(W — £v)(p% > 35GeV) = 84.1 4 2.0 (stat.) & 4.9 (syst.) pb.

clpp > WH4+c+X)
oc(pp > W= +c+X)

(p% > 25GeV) = 0.954 + 0.025 (stat.) & 0.004 (syst.),

c(lpp > W +c+X)
clpp = W~ +c+X)
o(W +¢) = 1026 + 31 (stat) 728 (syst) pb,

oc(Wt +7)

c(W~ +c¢)

(p% > 35GeV) = 0.938 4 0.019 (stat.) + 0.006 (syst.).

13 TeV

= 0.968 & 0.055 (stat) 73032 (syst).

c(pp = Z+c+X)B(Z — ¢74~) = 8.8 £ 0.5(stat) £ 0.6 (syst) pb.

o(pp = Z+c+X)/o(pp — Z+b+X) = 2.0+ 0.2 (stat) = 0.2 (syst).

- All measurements consistent with SM predictions
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SUMMARY

—>The measurements provide a detailed description of V+HF production topological
structure
- Testing the validity of QCD
- Providing confidence in existing MC models for;
- Describing SM
- Determining BG in BSM searches

—>Overall scale good agreement between Data and SM Monte Carlo predictions

- All CMS SMP public results can be found under the following link:
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP
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THANK YOU!

B. Bilin LHCP 2019 16



