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Motivation

Heavy quarks and vector bosons associated production

o provides a precise test of the QCD and EWK sectors

— matrix element calculation and matching to parton shower

e has sensitivity to parton distribution functions

— validation of pdfs determined at lower energies,
constraints for more precise pdfs extraction

e is an irreducible background for other precise measurements
and searches for new physics

Measurements presented in this talk

e Z + c production at 8 TeV

e W + c production at 7 TeV

e Z + b (b b) production at 8 TeV
o W + b b production at 8 TeV
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Z + c associated production at 8 TeV - ivation
[CMS-PAS-SMP-15-009]
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Z + c associated production at 8 TeV - strategy

e 2 isolated high pr electrons or muons from Z leptonic decay

o at least one c- or b-quark jet identified using 3 different signatures
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semileptonic decay: secondary u
identified among jet constituents

— Z+c and Z+b signal yields

extracted from a template fit
to the secondary vertex mass
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JP discriminant

DE — KF 7t z*:
3 prong secondary vertex
consistent with a DT decay

Events

CMS Preliminary 19.7 o (5 = 8 TeV)
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1. 5
JP discriminant

D*t — D° (B%) =&
D° (B%) — KT 7t:
2 prong secondary vertex

from a DO (DO) associated
to a primary D** decay

— Z+c signal yield extracted from a template fit
to the jet probability discriminant
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Z + c associated production - inclusive cross sections

e Z — It I7: 2 leptons with p(,- > 20 GeV, |n/| < 2.1, 71 < My < 111 GeV
e at least one c- or b-quark jet with p{-et > 25 GeV, |n#t| < 2.5, AR(jet,/) > 0.5

opp—>Z+c+ X) xB(Z—1"17) =8.6 £ 0.5 (stat.) + 0.7 (syst.) pb
opp—>Z+c+ X)/o(pp —Z+ b+ X)=2.0=+ 0.2 (stat.) + 0.2 (syst.)

— 10-15% precision measurement

o MADGRAPH LO (up to 4 partons at LO) + PS: cross section and ratio in agreement

olpp—=Z+c+ X) xB(Z—IT17) =8.14 £ 0.03 (stat.) £ 0.25 (PDF) pb
olpp—=Z+c+X)/o(pp—Z+ b+ X)=1.805= 0.006 (stat.) + 0.004 (PDF)

e MADGRAPH5_AMC®@NLO (up to 2 partons at NLO) + PS:
cross section slightly higher, ratio in agreement

olpp—=Z+c+ X) xB(Z—I"17) =09.47 £ 0.04 (stat.) + 0.15 (PDF) =+ 0.50 (scale) pb
opp—=>Z+c+ X)/o(pp— Z+ b+ X)=1.87 £ 0.07 (stat.) £ 0.50 (scale)

o MCFM fixed order NLO + NP corrections: cross section and ratio significantly smaller

e no significant difference using PDF set with/without intrinsic charm component
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Z + c associated production - differential cross sections
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W -+ c associated production at 7 TeV - motivation

s, d w [JHEP 1402 (2014) 013]
J
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VE =P direct probe of the strange content
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, i
g c gs—cW—, g5 — ¢ Wt dominate at LO
gd—>cW—, gd — & W are Cabibbo suppressed
- = W+
s, d AAAAAA, CMS results includedlinto NNPDF3.0
“C NNLO, ag = 0.118, Q® = 10* GeV?
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A
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W + c associated production at 7 TeV - strategy

o 1 isolated high pt electron or muon from W leptonic decay
o transverse mass of the W candidate My > 40 (55) GeV in the muon (electron) channel

o at least one c-quark jet identified using 3 different signatures

CcMS L=50fb"at (s=7TeV CcMS L=50fb"at [s=7Tev CMS L=50fb"at [s=7Tev
1500, - - - - 300 T T > T T T
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- [ orell-van o L Il 5ackground o Il 5ackground
1000 E S 200 =
£ [Jother = — fit @
[ ' | 2 S .
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’g‘ sool p; > 35 GeV E 100 oMeVE: 192£13 | 5 sok pe > 35 GeV B
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o
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P in jet [GeV] Secondary vertex mass [GeV] Mass difference [GeV]
. . =0
semileptonic decay: secondary p D* — KT 7t n&: D** — DO (DB°) nf
. o . . _0
identified among jet constituents secondary vertex mass DO (0% — KT at.

= 0 (p°
Signal: W boson and charm quark with opposite charge Mass D*= - Mass D” (D”)

Subtraction of the same charge W + ¢ contribution
— distributions largely dominated by the genuine W+c component
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W -+ c associated production - inclusive cross sections

inclusive W + c cross section (W™ + € or W~ + ¢)

cms L=50Miat\E=7Tev cus L=50matVs=7Tev
T T T T T
Total uncertainty pe > 25 Gev, | <25 Total uncertainty P> 25 GeV, | <25
Statistical uncertainty P, >25GeV, | <2.1 Statstical uncertainty P, >35GeV, i <2.1
. CMS 2011 . CMS 2011
Predictions: 107.7£33 (stal)£6.9 (syst) pb Predictions: 841220 (slal)£ 49 (syst) pb
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NLO MCFM + NNLO PDF

c(mr+cl)lu(w+c)

o(WHE) o(W )

c-quark jet: pr > 25 GeV
In| < 2.5

lepton: pr > 25 or 35 GeV
[n] < 2.1

MCFM NLO predictions
with different NNLO pdfs

— good agreement for pdfs
including neutrino DIS
charm data:

MSTWO08,CT10,NNPDF23

— too large strangeness
content for NNPDF23coll
which is not including
neutrino DIS charm data
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W + c associated production - differential cross sections
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W + c associated production - comparison to ATLAS pdfs

_E N Jed

Zroo - Pr >25 GeV W v (i=) MCFM NLO predictions with
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ATLAS-epWZ16 pdfs based on inclusive
and differential W and Z cross sections
measured by ATLAS at 7 TeV and HERA
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Z + b (b b) production at - motivation & selection

[Submitted to Eur.Phys.J.C (2016)]
L e AVAVAVAVAVAVEES

—— dominant background in Z + H(b b)
and in several new physics scenarios

EEIE000 ————— b

VAVAVAVAV Vir4

Q
Bl
<

—p  precise test of different approaches

AVAVAVAVAVAVAVAR to QCD heavy flavor sector

z b

o fixed 4 flavor scheme: g — b b absent from pdf, massive b quark in ME
variable 5 flavor scheme: g — b b can contribute to pdf, massless b quark in ME

o LO MADGRAPH in 4FS (MSTW2008) and 5FS (CTEQ6L1)
NLO MADGRAPH5_AMC@NLO and POWHEG in 5FS (NNPDF30)

o 2 leptons with pl. > 20 GeV, |n/| < 2.4, 71 < My < 111 GeV
at least one b-quark jet with p{_et > 30 GeV, |p#t| < 2.4
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Z + at least one b jet - leading b jet and Z pr

-1 -1
19.8 b (8 TeV) CMS 19.8 b (8 TeV)
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2 —
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§ R : : ; 2 v U NG S
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2 1sE 2 1sE
o B o B
R e — =SSR = S II 3 -Ii-*é'?""i‘ i SSES - 5
P 05} MadGraph-aMC@NLO + Pythias, normalized t0 0,y o, Stal. + syst. uncertainties only F 0.5 MadGraph-aMC@NLO + Pythiag, normalized to g, Stat. + syst. uncertainties only
15 15
1 1 5 o= 9
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50 100 150 200 50 100 150

250 300
Leading b jet P, (Gev)
All theoretical predictions show similar agreement with the data
and do not succeed to describe the spectra in the low pt region
— need for NLL soft gluon resummation at all orders
difference between the 4 and 5 FS more pronounced at low pt

200 250 300
Z boson P, (GeV)
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/ + at least one b jet - scalar jet pr sum and Apzy,

-1 -1
CMS 19.8 tb™ (8 TeV) CMS 19.8 tb™ (8 TeV)
~ 5 10
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< 1ee e = s = g 12 E— s 5
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SE | ! ! . h ; ! . - | 1 I h . .
> E > E
2 1sEe 2 15
(] 1 e SN a2 3 5 & (5] 1—£—_r_ & —y—— & o
2 $—o—b- 2 ———%—0o ¢ —=% 3
' .5F MadGraph-aMC@NLO + Pythia8, normalized to o, stat. + syst. uncertainties only ' .5F MadGraph-aMC@NLO + Pythia8, normalized to o, o, stat. + syst. uncertainties only
15
1
Powheg MINLO + Pythia8, normalized to.0,,,,, Stat. +syst. uncertainties onl Powheg MINLO + Pythia8, normalized to.0,,,,, Stat. +syst. uncertainties onl
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low Ht region more difficult to describe
as well as back-to-back and collinear Z b configurations
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Z + at least two b jets - Ay, and Ay

-1 -1

CMS 19.8 fb™* (8 TeV) CMS 19.8 fb™* (8 TeV)
g 1 —o— Dpata g —o— Dan
El MadGraph 5FS + Pythia6 2 MadGraph 5FS + Pythiat
92 MadGraph 4FS + Pythia6 3 MadGraph 4FS + Pythia6
s -
3 MadGraph-aMC@NLO + Pythia8 8 = MadGraph-aMC@NLO + Pythia8
8 [ powneg MINLO + Pythiag - $ [ powneg MINLO + Pythiag

== all =+
10" i
y*(—- Il) + at least 2 b jets ZIy*(~ ll) + atleast 2 b jets
anti-k; (R = 0.5) jets anti-k; (R = 0.5) jets

"“ > 30 Gev |rf*‘| <24

p'e‘ > 30 GeV, |q‘e‘| <24 )
I I I I 107 ¢ I I I
15 15F
o adGraph 5FS Py(hIaS normalized to T Stal. pncertainty only o 1SS+ P thiat, g Stat. only
ﬁl“lir mleado O g s = g 1% zfjﬂ%i ]
E 05 L%ﬁﬂrapﬁ ZE§ X+ Ey(huas normalized 10 Oy Stat. uncenalnry only ) E 05F MadGraph aFS+ Pythlas‘ normahzeJm Oyor Stat, unzna‘rnﬁ cnﬁ )
2 1sp i 2 st 1
3 3] g | e [ 5 8 P 1 e
E o[ Madratn aucnL + s, rorh . W] F s Py oy oo L T T oy |
0.5 - MadGraph-aMC@NLO + Pythiag, normahzed 10 0y o, Stat. + syst. uncenamtles only 05E MadGraph aMC@NLO + Pythia8, normalized to oy, stat. + syst. uncertainties only

Powheg MINLQ + Pythia8, normalized o, ;- stat, +syst. uncertainties ohly

3 0 i or 0 o405 06 o7 08 0 1
A(pbn (rad) Au

wheg MINLO + Pythia, normalized 19 0y, o, stat. +syst. uncertainties only 05
0 05 1 15 2 25

Ay shows large decorrelation better described by NLO predictions

Az ~ A R (Z, closest b jet) - A R (Z, farthest b jet)

few (more) extra radiations — (a)symmetric configuration — A,z ~ 0 (~ 1)
intermediate region more difficult to describe
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W + b b associated production at 8 TeV

— dominant background in W + H(b b) and in several new physics scenarios
precise test of different approaches to QCD heavy flavor sector

—p electron or muon from W leptonic decay with pr > 30 GeV and |n| < 2.1
exactly 2 b-quark jets with pt > 25 GeV and || < 2.4
no other jets with pr > 25 GeV and |n| < 4.7

a(pp — W(l v) + bb) =0.64 + 0.03 (stat) & 0.10 (syst) & 0.06 (theo) + 0.02 (lumi) pb

CMS 19.8 fb! (8 TeV)
T
Total uncertainty
CMS
[0 POF uncertainty 0.64 + 0.03 (stat) + 0.10 (syst) . ﬂ; F

DPI uncertainty 20,06 (1he0) .02 (umiy ot = comparison to different predictions
MCFM (x Hadronization: .—o—n.oo—o—u
o b oo NLO MCFM (MSTW2008)

LO MADGRAPHS + Pythia6 4FS (NNPDF2.3 LO)
+ Pythia6 5FS (CTEQ6L)
MadGraphs + Pythia6 4F | [fl—i—sesi—n + Pythia8 4FS (NNPDF2.3 LO)

049 0.02 4, £ 0.06 55, PO

MadGraph5 + Pythia8 4F .—.—.....—.—H

050 0.03pp, % 0065, Pb

MadGraph5 + Pythia6 5F .—.—.....—.—H

051% 0.03 5 pb

[Eur. Phys. J. C 77 (2017) no.2, 92]

I L
0 05

G(W(lv)+bb) [pb]1
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Conclusion

—p Heavy quarks and W/Z bosons associated production
provides precise test of the QCD and EWK sectors

=P They enable to validate pdfs determined at lower energies
and provide constraints for more precise pdfs extraction

= Their precise knowledge has an impact on precision Higgs measurements
and searches for new physics

_ _ Jan2017 CMS Preliminary
i 10* - @ 7TeV CMS measurement (L <5.0 fb) -.:
o o B 8TeV CMS measurement (L < 19.6 fb) E
& 13 TeV CMS measurement (L <2.7 fb) ]
< 10° - W+c = — Theory prediction . ]
S o 3
2 - o &® - E
2 102 . (_) - - ]
ﬁ & —r? = Z o E
g * g - =¥ ]
= 10 — @ E
o ah B W+bb = a f -
c g ]
S 3 —~ = ]
f @ r e ]
O 102 L] &
gt it r
102 I.E Z+>1b ]
x1 ]

107 ——

— T
w oo T N e T T T I I B N I A |
Al results at: hitp:/icern.chigo/pNj7 Fiducial W and Z o with W -, Z -1l and kinematic selection
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your attention!
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