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Vector Boson + Jets

* The study of the production and kinematics of vector bosons
associated with light and heavy jets provides an excellent testing
ground for perturbative QCD predictions and Monte Carlo
techniques

* CMS counts with an extensive program for V+Jets studies, covering
from cross section measurements to angular correlation studies =2
this talk will focus on some of CMS most recent results:
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Correlations in Z+Jets Events W€ productioni&s PDF
Z/Gamma+ 1 Jet Rapidity W+BB production

Light Jets
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Event Shape & Angular Correlations

1/0 do/d(A¢) [1/rad]
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« Topological properties on azimuthal plane, inspired by dijet observables o e

« Boosted Z (p; > 150 GeV) explored for the first time = phase space very critical for 3 S
searches for new phenomena based on large imbalanced system g X

<
a @©
Measured A correlations between Z and up to the 3™ jet, and between jets: T
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Madgraph, Sherpa, Powheg describe data well at low and high ZP; for events with 1-3 jets



Sensitivity to the modeling of Z+2 jet and Z+3 jet events
enhanced through the thrust variable:
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Event Shape & Angular Correlations
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Well described
by Madgraph &
Powheg —
tension with
Sherpa

Phys. Lett. B 722 (2013) 238261

arXiv:1301.1646
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Measurement of Z/y+ jet angular S5
o n
o X
| | | | [ | S D-
o 5
distributions (I) S 2
™M o
.2
* Observables based onY,, Y. =3
: 2 8
- * o O
Yar=(Yy-Yje)/2 > closely related to cos® TS
* Youm=(Yy#Yje)/2 > boost from the lab frame to the rest frame of the system
(a0)
. >
CMS, /s=7TeV,L =5 fb’ CMS, /s=7TeV, L =5 fb’ Comparison of unfolded 2
> T T T > T T T . . . . . 1
20.15- (@) -+ & (c) rapidity distributions: 3
& - Col i D Z+ 1]et +  Good agreement (5%) » o
0-10 e 1 10l L | with NLO (MCFM, Owens) [l S
brer - c
0.05| Z+1iet b | Z+1jet el for all observables 23
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- MADGRAPH (NLO PDF) ; ~-MADGRAPH (NLO PDF) Lo, > o
0.00 |~ MCFM (NLO) | ~=  0.00( - MCFM (NLO) | — * Yy, Y. 2 Agreement at g
s - \ \ \ S I \ | | ] © .=
w12 MCFMu_ and u_uncert. o 1.4 MCFMu_ and u_uncert. the 5% level for MG and e
®) i R F ©] o R F 3
= 1 1L MCFM PDF uncert 12 { o| 'MCFM PDF uncert. B} Sherpa (LO+PS) 5
s * s =
© | s @////// e /—\ [ RPN IR N 7oy o,
o 10 _Se‘«gﬁﬁ % 0222227 TE o 10 ® 7
R S o7 |0 Yy Youm =2 Sherpa and
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0.9 |- [JSHERPA with stat. uncert. g n 0.8 |- [JSHERPA with stat. uncert. - MG show different
JMADGRAPH with stat. uncert. 7JMADGRAPH with stat. uncert. .
0.8 |- —MADGRAPH (LO PDF) | 06| —MADGRAPH (LO PDF) i behavior (MS+PS
. | | | | : | | | |
00 05 10 15 20 00 05 10 15 20 difference). Better
Iyzl ysum

description of the data
Exactly 1 jet (pr>30 GeV, |n|<2.4); Boson p;>40 GeV with Sherpa.




Measurement of Z/y+ jet angular
distributions (II)

Observables based on v, Y,

Ydif=(Y -Yie)/2 > closely related to cos6*
=(Y,+Y et)/2 - boost from the lab frame to the rest frame of the system
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(accepted by PRD)

sum
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%,0_15&")"3’\{5'”9."’ s 0 :;';"SNSJ.T‘“"” L=4.9pb Comparison of unfolded 3
B \O O . ] . . . . . . ﬁl'
o 4o v+ 1]et = rapidity distributions: 3
T 0.10 ~ 0.2 M 1°* Good agreement (5%) 0 o
<y : . =
_ s with NLO (MCFM, Owens) BGEs
v +1jet 0.1~ v +1 jet —— ] c N
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212 P ERE L \\\\\\\\\\\\\\ 4 Sherpa (LO+PS) 3
= S N\
: S e 1.0 -
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0.6/~ MADGRAPH (LO PDF) | .6~ MADGRAPH (LO PDF) | behavior (MS+PS
00 05 10 15 20 0.0 0.5 1.0 y difference). Better

description of the data
Exactly 1 jet (pr>30 GeV, |n|<2.4); Boson p;>40 GeV with Sherpa.
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Data/MC
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Measurement of VBF Z

production at 7 TeV

Benchmark for VBF Higgs searches

Dominant background from standard DY production = BDT

discriminant used to extract the signal

Measurement of the hadronic activity in the rapidity gap between

the forward-backward jets

EWK
O eas. quvee = 194 % 24(stat.) = 46(exp.syst.) = 27(th.syst.) = 3(lumi.) tb

oSyl T LT B E s R T T LT
“\s=7TeV,L=51fb" SR ] 2 E\s=7TeV,L=501" =1
E mwW, S 10° e =Wz =
E m ZZ - E m ZZ 3
L — ‘I’EWonly ] \ - - VWonl ]
E (] Data. . ; 10 g— e Data —g
- TITITE R
;_ + _é 10;_ —;
i 1 £ ] Agreement with
- SI: | 1 NLO prediction

e = S HT— — 00 (Ono(EWK
— T S B a 3;21 P it S et A B AL S S 11jj)=166 pb,

04 02 0 02 04 06 o 02 0 02 04 06 VBFNLO, CT1 0)

BDT output BDT output

JHEP 10 (2013) 101
arXiv:1305.7389
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Oy oy ey
Central jet count
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Kinematics of the third jet & central jet multiplicity well - +++L o L

described by Madgraph (w. kfactor) I E— )

-
)

|

Data/y Bckg
o
L
|




Double Parton Scattering via W+2jets

CMS-PAS-FSQ-12-028

* Study of DPS processes provides information on: ,
S — * Nice agreement of corrected data
® atial structure or nadrons. q
I\/F|) | I had ; with MadGraph MPI on.
. ulti-parton correlations in hadronic wave function. :
Sl _ * MadGraph without MPI
* Background in new Physics searches at LHC underestimates data by 19%.
* Studied in W + 2 jets events  Pythia8 underestimates by a factor o
- Main background, SPS production of W of 1-2 in DPS sensitive region >
(missing higher order processes) fr
(Q\]
* Exclusive (==2 jets) and inclusive (>=2 jets) results 0 o
. . : >3
* Observables unfolded and compared to Madgraph+Pythia6 (Z2*, with and without ) §
MPI) and Pythia8 (4C tune, MPI on) = S
. _ 2
CMS Preliminary, \S = 7 TeV, ‘ Lt -5m" CMS Preliminary, \S = 7 TeV, ' Lt=-5m" CMS Preliminary, \5 = 7 TeV, I Ldt - 5m| __'_) a(
3 —\ 1w+ jets MadGraph + W+ pts(=2 § 2——_‘/ » pv + jets MadGraph + W+ pts(=2 =) w X c Mard~ranh - " . >__,
S [ Tw i s LL&SL wpion PP W R fm E::/ v+ Jos :':aoerwS; weion PPV P g 10 —w g s I.i;iii;{;'r wpron PP P '
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Measurement of associated charm
production in W final states
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600 CMS L=50Mf"at {s=7TeV
« o(W* + cbar) and o(W- + ) > | [')t K, -Iml ‘e Dua
. ) SR ] W+ resonant
- Direct probe to the strange content of the proton N [ p*>25GeV  [Jwicnonesonant |
- Precise input to future PDFs S 400 [l Background
2]
-— (49
_ o + = 2
s, d W s, d W ° | 5
Z
> & 200 <
— C U') (Q\
yC A 8 0N o
-~ ) > 8
i R T T o N
- - . 15 2 22 S
5 _ _ £
g C g c Secondary vertex mass [GeV] ﬁ S
- cMms L=50m"at {S=7TeV ; &
. > L A A AL L L LR .
e (OS-SS strategy reduces to a minimum background @ : SRS : o 8
i ; ) C [ W< resonant ] o ®
contamination from other Lepton+Heavylet processes = N 200 [] Wac non-resonant Q-
Counting experiment (essentially background free) < MlGackground ] S
* ¢ tagging through decay mode identification: 2 1501 E =
: £ % : 2t D5 D' D Kt ]
* reconstruction of D, D* and dilepton decays 3 i
~ i pt > 25 GeV —_
* unambiguous charge identification % i ! ] ( 10
* 6 independent measurements (2 lepton flavors (muon, 8 S0 ]
electron) x 3 decay modes) i .
0

0.14 0.15 0.16 0.17
Mass difference [GeV]




Cross Section & Charge Ratio

MCFM 6.1 at NLO: CT10, MSTWO08, NNPDF2.3 (also coll. only), ABM11 JRO9 and HERAPDF1.5
5 bins of muon and electron pseudorapidity

CMS L=50fb"atVs=7TeV
: - . . - > T : .
Total uncertainty p':t >25GeV, 'l <25
Statistical uncertainty p'T >25GeV, Il <2.1
Predictions: CMS 2011
: 107.7 £ 3.3 (stat.)+ 6.9 (syst.) pb
NLO MCFM + NNLO PDF
®MSTWO08 Hl
100.7%3  _pb
e CT10 —o—
100947 pb
Y NNPDF23 ¥
99.4+4.2 .. pb
A NNPDF23_, ——
129.9+ 15.1,,. pb
| L I Il Il L L
50 100 150
o(W + c) [pb]

Good agreement with theoretical
predictions at NNLO

CMS L=50f"at {s=7TeV
L L L L
[ pfso5Gevy W lvoo
T (I=p.e)
pl > 35 GeV
—ole —5+-4-[F . E—— + |
A 0 + + LJIJO n{b% [;]O %‘_
——%— Data %
- 0O MSTWO08 i
- © CT10 -
. & NNPDF23 —+t— Stat uncertainty |
A NNPDF2300" Total uncertainty |
PRI IS TS (S S S S S S S
0.5 1 1.5 2

—

arXiv:1310.1138
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W+bb cross section at 7 TeV

Production of W + central b jets fwm<5
* Historical disagreement between experiment and data -
* Critical background for searches (Hbb, BSM) T IV .

Phase-Space of the measurement: Wuv + 2 well identified, separated b jets, veto on extra jets

©
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=
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—> First measurement performed in this phase-space!

Events / 15 GeV

Signal extraction via a binned maximum-likelihood fit (leading jet pt, ttbar CR) E
Agreement at the 1 sigma level with the prediction (MCFM@NLO, 0.52+-0.03 pb) §
<
N
I P b I H —
o(pp — W +bb, p7 > 25 GeV, |1°| < 2.4) x B(W — uv, p7 > 25 GeV, |7¥| < 2.1) = 2
= 0.53 = 0.05 (stat.) £ 0.09 (syst.) £ 0.06 (theo.) £ 0.01 (lum.) pb. | = g
(2}
Event kinematics well described by MadGraph : 9 Sﬁ
ia
lc“s""’""‘i“"‘l' I";=7T°" — CMS Preliminary VE=7TeV > e B 1 . M ! g_
300F( L g _c g o Data 4 > 2eop T T T 220F; ' 'e pata | © .2
J Cwebb 1 8 200;_'[Lut=5m § 200E: ,[Ldt 51" E’ﬁﬁf E -a;J_Ic—U
250} & 180 = 180fF = 3 S
; @ 160F L 1605 7 =i g =
200_ § 140;_ 9o v g 140:_ il [ acbp -
E w420 ;_ - M(])euncertain w 1 205— - fﬂgelt;/;l:rtmnty—
1507 100 100F —E
100F 805 80;; E ( 12
= 60F 60F
5ol 40F 40
: 202 20F e 3
™50 100 150 200 0750 100 150 200 250 % 50 100 150 200

Leading Jet p_[GeV] M(J +J,) [GeV] Pr(J, +J,) [GeV]



7+b / Z+bb

Based on the identification of b-quark jets based on reconstruction of b decay vertex

T T[T T T[T [T T T[T T T[T [Tt %200—""|""|""|""|""|""|

3 700 cusPrelimnay | @ f . cuSPrelminay ] S 1e0- s Py
o f Ns=7TeV,L=50f" ] o Ns=7TeV,L=5.0fb" 2160;— 2ol o Dara E
S 60? ‘ Dimuon sample i %400_ Dielectron sample g 3140;— %EEF _;
% 50(- 4 Data - i 4 Data ] 1205_ %nﬂw E Q.
0 403 |jf%ts L%SOOT M jets B 12(0)' 7, ES+BTagsat ] (23
C [cjets [Jcijets £ 5
30 — Hbjete 200} Wb jets jz ~
200 . 20f 2c
5 1 100} - 056700 150 200 260 300 [ S
°F E : sl = O
gbedonninnl b et :.|.|..|....|....|....|....|..... L - L§>1§ ity IJI% -3 68
005 1 15 2 25 3 35 4 45 5 O3™05 1 15 2 25 3 35 4 45°% § i = pe| <
Secondary vertex mass (GeV) Secondary vertex mass (GeV) O 50100 150 200 25(;2 ( gég/ ) >. =
* Overall good agreement in the data/MC comparison of kinematic properties j § l‘_c%
. . o
1 1 > some tension in Z P; K
Multiplicity bin Measured MadGraph 5F | MadGraph 4F =
o(Z(¢0)+1b) (pb) 352+ 0.02 4+ 0.20 || 3.66 + 0.02 3.1140.03
o(Z(£0)+2b) (pb) 0.36 +0.01 +0.07 || 0.37 £ 0.01 0.38-+0.01 (MadGraph
o(Z(00)+b) (pb) 3.88+0.02+0.22 || 4.03 +0.02 3.49+0.03 Fs’g‘;?e'zt'ggsto
: o
o(Z(00)+b) /o (Z(£0)+j) (%) || 5.15+0.03 +0.25 || 5.35+0.02 4.60+0.03 NNLO using a

Extension of the previously published global k factor)

It (J. High E Phys. 06 (2012) 126 .
;e&lijv;1(zo4_'19643; eray Phys. 062012 Good agreement with both MG5F and MG4F




Angular Correlations in Z+BB
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nts)/(0.56

N(ev

data/MC

: e Zoom in the collinear BB production using a track-
006 MADGRAPHAF | — b based b hadron identification technique reliant on
. CTEQ6L1 5 . .
oos]- dmamc v, s, b . displaced decay vertices (no jets!)
N no TCU .
0.04 * Excellent angular resolution 6AR~0.02
d b ™
003 @ CMS,L=52fb ' ® data é
0.02 ; 'g Vs =7TeV M MG S5F CTEQ6L1 z
L 3 o 1 4 MG 4F MSTW2008 _— N
0.01 g 7 d Z £ -
R e 8 b= A  ALPGEN 4F CTEQ5M — @ &
i e BT A e A S | S
% 05 1 15 2 25 3 35 4 AU LIS o (R aMC@NLO MSTW2008 i % S
A Rgg e |+} i c 8
© (7))
I~ ] -— O
TR
©
- T T T T T T =
T I I I I I I [ =+
200E CMSL=52fb"" ‘il ([j)aYtinght‘c . — = -Q__“
180~ N\s=7Tev I DY+b oy 3000 tosed ogasos D
c I TTbar ‘I + + © .2
160; [ diboson 1 8 |C_U
140k MC stat. uncertainty 10 — ] %
1208 o _ Underprediction (15%) of the 19 - =
1008 Good description of the - cross section, worse at high Z P; + 1
80 data at detector level - .
60:— _: | | | |
£ i J ©
40 —] -o(—ul
= S
e - =
1§ ° . . . e + NN
O'{.S 2 25 3 3.5 4 45 5 55

leading B-candidate mass (GeV)




Unfolded AR

g s Losemt e G

g 1_ @:Z7TeV B MGS5F CTEQS6L1 -

* Bad description of the B-hadron correlation. s ¢ 2P L Mroenarortom
Specially evident in the collinear region ST v aMOONLO MSTWZ008

T
|

arXiv:1310.1349

* Good description of the Z to BB system correlation

. . . . 10—1 — o —
* Two Z p; regimes studied: inclusive and boosted -
(p+{2)>50 GeV) a |
-
— 0_3 T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T 1 T T I T T T 7T ] T _I 111 | 1111 | | I .| l 1111 I 1111 l 1111 I 111 | | l— ZI
= . <t
-8' - CMS,L=52 fb-1 ® daa - % b II\I[II]*MMHHI]I\Hllumnnmiw iy I\I\IHIII\[IWIIHHHNI ~
N : {g — 7 TeV . MG 5F CTEQ6L1 : Q 1 ........... \!I!\!\![!I!*w**\!J!\!\!\!III!I!I]HHIH\I\I[IIIHIII\!\!\!I!\!\!IIIJI\II
N~ — ] O 05 n o™
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Summary

CMS has explored the associated production of Vector Bosons and
Jets in most relevant areas with the 5 fb1 7 TeV dataset

Overall, we observe good agreement with theoretical predictions
(NLO/NNLO)
Specific observables show some tension with the predictions
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Sensitivity to precise tunings / models

In combination with the analysis of the 8 TeV dataset, CMS V+Jets
program will be able to provide a excellent benchmark to tune the
predictions and prepare for the next LHC run

Taipei, PASC0OS2013

M. Cepeda - V+Jets in CMS
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Measuring the SM
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Event Shape & Angular Correlations
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W+C: Differential Cross Section

* 5 bins of u, e pseudorapidity

* Theoretical predictions (MSTW, CT10, NNPDF23) reproduce rather well the exp.
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W+C: Fragmentation
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B Hadron Kinematics
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