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Introduction

Overview

LHC 8 TeV Kinernatics
10&;-------: LmaLLL e LR BN B AL B
« measure the inclusive o= e
production of vector bosons =) corbo
via leptonic final states HET Fired Target
(g = e’ :u) [N 105% E
e 6 ATLAS analyses, 6 CMS E wh ]
analyses, 5 LHCb analyses & o 7
. . oE E
 clean experimental signature o
« understand detector [ L L MR =
. . 101: y=6 y=4 y=2 y=0 y=2 y=6
efficiencies 3 E
o calibrate luminosity W E
» precision tests of the SM 3 3
° IOW SyStematiC uncertainties 102-.““1‘5"’ L ....;gr ....1..:)4. .....1.; L ....%7 L ““‘1‘3"' .....1-on
o hlgh statistics from S. Farry X

« important constraints on PDFs
Q*(z) = et2Y52s
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Introduction

Observables

i £
o Z:~*/Z — Ul about the Z-pole

« 66 < m(Z) < 116 GeV for ATLAS
« 60 < m(Z) < 120 GeV for CMS vz
and LHCb
« DY (Drell-Yan): v*/Z — (¢ away
from the Z-pole aj ‘
e both low and high mass

o W: W — fv with no mass e
constraint

: : : . 1do do d?o
o differential cross-sections: SdxX dX dXdvy
(do yy+ /dX)—(do - /dX)

(doy+ /dX)+(doy,— /dX)

« lepton charge asymmetry (W only): A(X)
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Introduction

Differential Variables

 lepton four-vectors
e bare: no QED FSR correction
 dressed: summed with photons from cone of AR(¢,~) < 0.1
o Born-level: corrected using QED FSR from theory
o all results shown are corrected to Born-level

« pr(Z): y/p2+ p? of di-lepton four-vector

© 0N(2): oA whete Gacop = T — Ag(LH,07)

« approximately proportional to pr(Z)/m(Z)
o angular resolution typically better than momentum

« m(Z/DY): VE? — p? from di-lepton four-vector
« y(Z/DY): 3In (E +pz> from di-lepton four-vector

o pr(W): unfolded pr() + Ep
o 7n(¢): In[tan(0(¢)/2)] where £ from a W
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Introduction

Detectors

0 pixel

[ silicon strip [J] ECAL
B drift tube

Cherenkov
[l HCAL | muon

| — I uml ||
" I - W
| =0 alll
ATLAS CMS LHCb
JINST 3 (2008) S08003 JINST 3 (2008) S08004 JINST 3 (2008) S08005

[n(p)] < 2.4

[n(p)| < 2.4 2.0 <n(p) < 4.5

In(e)| < 1.37
1.52 < |n(e)| < 2.47

157 < |n(e)] < 2.5
3.1 < [n(e)| < 4.6

In(e)| < 1.44
2.0 < n(e) < 4.5

5 =1.8%

o =
1.71%(7 TeV), 1.16%(8 TeV),

(3.5%)

5 =2.6%
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http://dx.doi.org/10.1088/1748-0221/3/08/S08003
http://dx.doi.org/10.1088/1748-0221/3/08/S08004
http://dx.doi.org/10.1088/1748-0221/3/08/S08005

Z — £L Measurements

Z — Ul Measurements
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Z — £L Measurements

Analyses
obs. | ¢ L Vs [TeV] exp. reference
e, 4.7 b1 7 ATLAS JHEP 1409 (2014) 145
doy e, 1 36 pb~! 7 CMS Phys. Rev. D 85 (2012) 032002
dpr(2) m 19.7 fb~1 8 CMS arXiv:1504.03511
u 1fb1t 7 LHCb LHCb-PAPER-2015-001
e,u 4.6 b1 7 ATLAS  Phys. Lett. B 720 (2013) 32
doy m 1fb~1 7 LHCb LHCb-PAPER-2015-001
dé*(2) e 1 bt 7 LHCb JHEP 1302 (2013) 106
e 2 fb! 8 LHCb arXiv:1503.00963
e, 35 pb~! 7 ATLAS  Phys. Rev. D 85 (2012) 072004
e 36 pb~! 7 CMS Phys. Rev. D 85 (2012) 032002
doy 1 19.7 fb~1 8 CMS arXiv:1504.03511
dy(2) i 1 bt 7 LHCb LHCb-PAPER-2015-001
e 1fb! 7 LHCb JHEP 1302 (2013) 106
e 2 fb! 8 LHCb arXiv:1503.00963
20y e, 471 7 ATLAS JHEP 1409 (2014) 145
ay(Z)dpr(2) | p 19.7 b1 8 CMS arXiv:1504.03511
d2o —1
Wf"(z) e, 4.6 fb 7 ATLAS  Phys. Lett. B 720 (2013) 32
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http://arxiv.org/abs/arXiv:1406.3660
http://arxiv.org/abs/arXiv:1110.4973
http://arxiv.org/abs/arXiv:1504.03511
https://cds.cern.ch/collection/LHCb Papers
http://arxiv.org/abs/arXiv:1211.6899
https://cds.cern.ch/collection/LHCb Papers
http://arxiv.org/abs/arXiv:1212.4620
http://arxiv.org/abs/arXiv:1503.00963
http://arxiv.org/abs/arXiv:1109.5141
http://arxiv.org/abs/arXiv:1110.4973
http://arxiv.org/abs/arXiv:1504.03511
https://cds.cern.ch/collection/LHCb Papers
http://arxiv.org/abs/arXiv:1212.4620
http://arxiv.org/abs/arXiv:1503.00963
http://arxiv.org/abs/arXiv:1406.3660
http://arxiv.org/abs/arXiv:1504.03511
http://arxiv.org/abs/arXiv:1211.6899

urements

Fiducial Definitions

exp. ‘ boson ‘ lepton
pr(£) > 20 GeV

do
[n(0)| < 2.4 (not for WE))

ATLAS | 66 < m(Z) < 116 GeV

lpr(0)] > 20 GeV

60 < m(Z) < 120 GeV (7 TeV) (only for 7%)

In(6)] < 2.1
CMS | 81 < m(Z) < 101 GeV (8 TeV) pr(€) > 25(10) GeV
ly(2)| <2 (only for %(ZZ)) [n(0)] < 2.1(2.4)
pr(£) > 20

LHCb | 60 < m(%) < 120 GeV

2.0<n() <45
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Z — £L Measurements

(2)

dgaz (LHCb 7 TeV)

comparison with nNLO
NLO (Powheg/Herwig)

pr resummation (ResBos) and showered

« PDF uncertainty g LHCb, V§=7TeV o 1
© 10 Data,, -
fI‘OIIl CT10 9 o . 1 1L A RESBOS E
= F i . 3
N o v ¥ POWHEG+HERWIG b
. . ol N [ . 1

e similar predictions S8 L[ tHow Preminary =
. . 10°E 3
o slight overestimate Fooop— 1 ' ' 3
for pr < 10 GeV oo 4 . ]
. . 10° oo 3
« slight underestimate oot "+ 3
[ oo T ]
for pT > 10 GeV [ ooy ) ) ) ]
. 104k 1 10 10° ¥ ‘
e systematic El

inties ~ 1 10 10
uncertainties ~ 2% o Jceviq
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0% (CMS 8 TeV)

Z — £L Measurements

« comparison with Pythia = M 1971 (8TeY)
showered LO MadGraph 8107 i;:é < 3
and NLO Powheg S 10%F =~ -+ MadGraph

. . =l -

e 0 —4 jets produced with g10°F +i Founes
MadGraph E 10-‘% T E

« CTEQ6L1 (MadGraph) and 3510,5; ]
CTlO (POWheg) o i ———— - ?

£1.of ’ E

o kp-MLM matching g ; t“jidG e

o MadGraph spectra is too I S I E
hard while Powheg is too (9‘31'21_“"“”“99’0313 1

b= T
soft ol e
 systematic uncertainties 0 100 200‘7T [GeV]
~ 3%
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d2O'Z
dy(Z)dpr

e comparison with
fixed-order NNLO
FEWZ

o PDF uncertainty
from NNPDF23 and
CT10 envelope

o pr > 20 GeV
primarily from Z+jet

o effectively NLO
Z+-jet

 scale uncertainty
increases

o pr < 20 GeV missing
soft emissions

7 (CMS 8 TeV)

CcMS 19.71b" (8TeV) cMs 197 1" (8TeV) cMs 19.7 1ty (8TeV)
= T = T = T
T B 3 B T b
Sioob 0<lyl<04 S0l 04<<08 18 i 08<lyl<12
g ~  toms E) W toae | L toaa
=10k - =103~ 4= 0% -~
=10 '« trewz =1 . TFEWZ 1 . trewz
. - o - 5 -
S10'E - 1 510 -~ 4 510 - 4
° 2 3 -
3 - 3 - 3 -
% 10°k 4% 105k 1% 107k 3
Saoop 3 S0k —— Syf —
s + t g + t g + t
R 1Lt Systematic uncert. data 1 & ; 4f #:Systematic uncert. data = 1.5 # Systematic uncert. data
9 = scale uncert. 9 F=scale uncert. Q F = scale uncert.
N 1.2F—PDF uncert. { N 12/ —PDF uncert. N 1.2F—PDF uncert.
= = =
w1t CHTIERN w1
[l [ 3 o
T ™ | ¥ || -
09t ™ 1 oe S 0.0F et i
o n | o n | o ,
- 700 200 - 100 200 - 700 200
q, [GeV) q, [GeV) q,[GeV]
CcMS. 197 fb” (8TeV) cms. 197 b (8TeV) cms. 19.7 it (8TeV)
= T T = T T = T
o D 107k 0<ll<2 1
S 102F 12<lyl<18 & 102k 16<lyl<2 18 10 ]
g he + pata 2 . +ata =0 L +pata ]
& [ - 15430 1=
SF - feewz ST L teewz H - trewe
o . o . o103 - 4
S104k - 4 510 -~ EE: T
<] - B2 - 8 g4
S - 5 - S 107F —-— 1
S 10°F 4% 105 e
g H RO
Lotk —— L0} 4~ -
s f f e f f P f !
& | i Systematic uncerl. data | 3  of # Systematic uncert. data 3 1,51 4 Systematic uncert. data
O °F=Scale uncert. S "= Scale uncert. S | = Sealeuncert
§ 1.2F— PDF uncert. 1 E 1.2F— PDF uncert. § 1.2 = PDF uncert.
+ ¥ . 1.
o 1_ R g o
| MO
09} T oof el 0.9
o n \ o n s
% 700 200 . 100 200 700 200
q, [GeV] q,[GeV] q.[GeV]
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DY — ¢¢ Measurements

DY — /¢ Measurements
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DY — ¢¢ Measurements

Analyses
obs. 14 L Vs [TeV] exp. reference

e;p 1.6t 7 ATLAS JHEP 1406 (2014) 112
4 e 4.9 fb~! 7 ATLAS  Phys. Lett. B 725 (2013) 223

Im (DY) e,p 4.8 fb7! 7 CMS JHEP 1312 (2013) 030
e, 19.7 b1 8 CMS Eur. Phys. J. C 75 (2015) 147

m 37 pb~1! 7 LHCb LHCb-CONF-2012-013

) eyp 4.8fb7t 7 CMS JHEP 1312 (2013) 030
ey | en 197071 8  CMS Eur. Phys. J. C 75 (2015) 147

m 37 pb~! 7 LHCb LHCb-CONF-2012-013
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http://arxiv.org/abs/arXiv:1404.1212
http://arxiv.org/abs/arXiv:1305.4192
http://arxiv.org/abs/arXiv:1310.7291
http://arxiv.org/abs/arXiv:1412.1115
https://cds.cern.ch/record/1434424
http://arxiv.org/abs/arXiv:1310.7291
http://arxiv.org/abs/arXiv:1412.1115
https://cds.cern.ch/record/1434424

DY — ¢¢ Measurements

Fiducial Definitions

exp. ‘ boson ‘ lepton

m(DY) < 66: |n(0)| < 2.4

pr(£) > 15(12) GeV
m(DY) > 116: |n(¢)| < 2.5

pr(€) > 25 GeV

ATLAS | full phase-space

CMS ‘ full phase-space full phase-space

20<n) <45

p(€) > 10 GeV

m(DY) <40 GeV : pp(£) > 3 GeV
m(DY) > 40 GeV : pp () > 15 GeV

LHCDb full phase-space
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rements

ToB5y (ATLAS 7 TeV)

« fixed-order NLO at low mass not sufficient
both fixed-order NNLO and showered NLO agree well

[ ]
s P s F——T——T—— 71—
3 35 ATLAS 3 s F ATLAS
5 E 5 F
= F Ldt=1.6f" 3 =_ [ Ldt=35pb"
olg 3 — olE L
dls [ | o5
E s=7 Tev B 20— s=7 TeV
255 3 r
£ MSTW2008 68% C.L F —4- Data
2 7 15— —— FEWZ NLO+AMO¥4pP!

Inf<2.4, p > 12 & 15 GeV

% POWHEG NLO+LLPS+AM=44"

HOEW.

15

= FEWZ NNLO+A"®%"4p™

+ Data

15— FEWz Lo+ 4™ e
o0sE HEE POWHEG NLO+LLPS+A"™n™ = 5 MSTW2008 68% C.L
E 5= FEWZ NNLO#2"54p" B F |
E ‘ ‘ ‘ E Finl<24,p. >6 &9 GeV
@ ol
g 11 g 12
2 S =
2 2o
S 09 s O
@ 25
F o8 : o
. 30 35 40 45 50 55 60 65 20 30 40 50 60
m, [GeV] m, [GeV]
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DY — ¢¢ Measurements

idgv%\; (CMS 8/7 TeV)

1 d2o
R= oz Tm(DY)dy(DY) (8 TeV)
-1 d2o
oz dm(DY)gy(DY) (7 TeV)

r 22— e
at m(DY) =~ m(Z) the ratio 1af CMS 19-7_“"18“""'““(“9”
is 1 by deﬁnition 1.6:* 4.8fh™ ee, 4.5 pp (7 Tev) 4
below m(DY) < 200 GeV o

linear in log(m(DY))
o produced primarily via
low z partons

0.8F
[ = Data

0.6

F BlFewz, nNLO cT10

above 200 GeV requires high 04F ‘ ‘
3 s 20 50 100 200 500 1000
z partons, limited by /s m[oev]
Wi Ilten Z, DY, and W Physics April 21, 2015 16 / 24



d%c
—dm(DY)BZ(DY) CMS 8/7 TeV

20'
= Ty 8 TV, pr(6) > 20(10) GeV)
édm(ggﬁz(m) (7 TeV, pr(€) > 14(9) GeV)

Rdet

5 Ty T 3 T T 3 T T
& 04FCMS T 10715 ce andym @ 1ev.p, 20,1060 | & 09 CMS | 197" ssandy @ Tov.p, 20, 10Gev) | 3 & 14 CMS | 107" seand @ Tov.p, 20, 0Gev) |
03sE- AsmtmTenp 210Gy 3 08k 45w TV p 21096 3 451" (7 TeV.p, > 14,9 Gev)
03 Bem<nce 3 Y 125 <m<socev B

0.25F- E| 06 ﬁ
028 i ST T SN | 09 _-ﬁ 3
01sF- ! 04 E MW

03f_ E
01f - E|
WPEWZ, ML CT1 PRz, NNLO CT10 05 mPewWz, NNLO CT10 B
005 MFEWZ, NNLO NNPDFZ 1 E| 02 MFEWZ, NNLO NNPDF2.1 E FEWZ, NNLO NNPDF2.1
63640608 T 24 630406 08 1 24 5304 06 08 1 24
Absoliie dlleplﬂn rap\dl(y Wi Aboliie mlepmn rapumy i Aboliie dnepton vap\dlty v
& M cMs 197" eoandi (8TeV,p, 220,10GeV) & Fcms 197M" e and (B TV p, > 20.10Ge) | @ 2FCMS 1971 ce and w8 6V, p, > 20, 10GeV) |
13F ASH @ Tenp, 1496 a5 7TV p, > 16,9 Gev) 18 asm @ Tevp, 21496y |
1af B
12f- @9<m<120Ge 3 120<m<20Ges 16 200<m< 1s00Gey
L 1 1af
11f 12 I
i . L . 1 ;
e ==
osf E + 1 osf -+
~Data 08 o6 ~Data 3
08 @FEWZ, NNLO CT10 3 -FEWZ NNLO CT10 WFEWZ, NNLO CT10
FEWZ, NNLO NNPDF2.1 0.6 MPEWZ NNLO NNPDF2.1 0.4 WFEWZ, NNLO NNPDF2.1 E
[ S e e r I TO TITT TN IR T TN
02704 0608 1 12 14 16 18 2 22 24 03 5 0 HE T I A T R T 5 02040608 1 1 1618 2 22 24
Absolute dilepton rapidity |y] Absolute dilepton rapidity |y| Absolute dilepton rapidity ly|
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W — fv Measurements

W — fv Measurements
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W — fv Measurements

Analyses

obs. | ¢ L Vs [TeV] exp. reference
doyy e, 31 pb~! 7 ATLAS  Phys. Rev. D 85 (2012) 012005
dpr(W) | e 18.4 pb~! 8 CMS CMS-PAS-SMP-13-006
doy e, i 35 pb~! 7 ATLAS  Phys. Rev. D 85 (2012) 072004
dn(e) i 1 bt 7 LHCb JHEP 1412 (2014) 079
" 1fb~1 7 LHCb LHCb-PAPER-2015-001
e, 35 pb~! 7 ATLAS  Phys. Rev. D 85 (2012) 072004
An@) | p 4.7 b1 7 CMS Phys. Rev. D 90 (2014) 032004
w 1fb~t 7 LHCb JHEP 1412 (2014) 079
u 1fb~! 7 LHCb  LHCb-PAPER-2015-001
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http://arxiv.org/abs/1108.6308v2
https://cds.cern.ch/record/1951372
http://arxiv.org/abs/arXiv:1109.5141
http://arxiv.org/abs/arXiv:1408.4354
https://cds.cern.ch/collection/LHCb Papers
http://arxiv.org/abs/arXiv:1109.5141
http://arxiv.org/abs/arXiv:1312.6283
http://arxiv.org/abs/arXiv:1408.4354
https://cds.cern.ch/collection/LHCb Papers

Fiducial Definitions

W — fv Measurements

exp. ‘ boson ‘ lepton
pr(f) > 20 GeV
ATLAS | mp(W) > 40 GeV pr(v) > 25 GeV
d
[n(0)| < 2.4 (only for ﬁfw))
| full phase-space (7 TeV) | pr(£) > 25 GeV, pr(£) > 35 GeV
CMS > 20 GeV, pr(e) > 25 GeV
full phase-space (8 TeV) pr(p) eV, pr(e) ¢
In(u)| < 2.1, In(e)] <25
£) > 20
LHCb full phase-space pr(f)
20<n) <45
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2w (LHCb 7 TeV)

0z

« many uncertainties cancel in ratios, precisions of ~ 0.8%
» very sensitive to PDFs, including s content and symmetry
+ see Phys. Rev. Lett. 109 (2012) 012001 or Phys. Rev. D 90 (2014)

032004 for interpretations

LHCb, {s=7TeV P!> 20Gevic
Data $

2s00f-

n

20<n"<45
Z:60<M,, <120 GeV/c?
o MSTW08 68.3% CL ellipse area

0w _

7001

1600

1500 -

LHCb Preliminary

70 75 80
Oz - e [PO]

LHCb, (s=7TeV o MSTWO08 o ABM12
v NNPDF30 ¢ HERA15 20<n"<45
Z:60 < My, < 120 GeV/c®

Data,,

Datdy,

LHCDb Preliminamy

& CT10

2 JR0O9

—o—
—
—
—0—

I a—]

p: >20GeVic

!
108 1

1
12

1
114

!
18 12

O v

0, ww

Ow v

Oz - yww
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http://arxiv.org/abs/arXiv:1203.4051
http://arxiv.org/abs/arXiv:1312.6283
http://arxiv.org/abs/arXiv:1312.6283

Comparisons

-
3

= T T = T T T T
= 3 i 2 - ]
= P> 20 Gevic ] = brdp b p>20Gevic
N = fop
3 66 <M, <116 Gev/c’ - £ 600 H-4 ++ My > 40 Gev/c® ]
3 100 = 1 ES [LHCb Preliminary Eps>25CeV ]
4 = 4
%‘E g %g 400 -—PF{H by N
FILHCDb Preliminary = 4 F 1
50-_ Vs=7TeV _‘}5 ] | Vs=7Tev = 4
[ = ] 200| [/ LHCb (2011 extrapolated) W* — pv == ]
[ LHCb (2011 extrapolated) Z — pp ] [ EILHCb (2011 extrapolated W — v . ]
[ LHCb (2011 extrapolated) Z - ee == ] I o ATLAS(2010) W' - p'v 1
| = ATLAS(2010)Z — pp,Z - ee = g I« ATLAS(2010) W - pv —
0 1 1 e 0 1 1 1 1
0 1 2 3 4 0 1 2 3 4
Yz n
& 0-6: T T T ] < 046: T T T ™)
[ p;>20Gevic o p;>25Gevic
04r M, > 40 Gev/c ] 04 B
[ g rOOm— Ene>25GeV ] L T ]
0.2 o - 02 |, furare™™" -
Olronb Preliminary - Yaicters Preliminary ]
—02f s=7Tev = _02f B=7Tev =
F LHCb (2011 extrapolated) W — pv b r LHCb (2011 extrapolated) W - pv b
I = ATLAS(2010) W - pvand W - ev 4 s CMS(2011) W - pv 4
-04F 3 -04F 3
706 L 1 1 1 1 ] 706 C 1 1 1 1 .
0 1 2 3 4 0 1 2 3 4
n n*
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Conclusions

Conclusions
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Conclusions

Summary and Outlook

« large number of results available
e mnot yet a complete set, but hopefully soon
o missing 8 TeV results from ATLAS and LHCb
» results between the three experiments appear consistent

o differential uncertainties down to as low as 1%
« pr spectra (W and Z) well measured

o important for precision W mass measurements
o useful for tunes, checking fixed order and pt resummation

« very precise tests with W/Z ratios and COM ratios of ratios

o strong constraints on PDFs

o thanks to ATLAS, CMS, and LHCD for all the hard work!
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Z — £L Measurements

Z — Ul Measurements

i Ilten Z, DY, and W Physics April 21, 2015 1/19



CMS

LHCb

o T T
3 100
ALl E — 3
g 102 E| = 3
g S cvs 3
3 0F 3 810 1 E
s - o, Ilul:aﬁpb atNE=7Tev §
3 w0k 4 - 3
= a j=3 E ]
10°F #Z.ee  XUdof=123/25 @ 3 10 4
Jotb #Zom Inclusive E s E| = J |
=z @ L 1 2 LHCb, /5=7Tev ™
w0k . E S 1 3w A o ]
1037 ATLAS  {5=7 T‘SV‘J Ldt=4.7 fb ) 3 <21, p,>20 Gev E 2 N f , : : ::;N:ma
7 b o & e <
1 10 10 (e 10 data (e + 1 combined) El z?wz LHCDb Preliminary, i
POWHEGHPYTHIA Z2 E|
FEWZ O(02) B oo
s . 10 Fewz O(a) E oo
3 3 o[ oo
8 14f ATLAS Fe7Tev: fLazarn E 1 0 ook | E
g Inclusive 107 332
g 12F = >
H g - T 0 W -
& g0 1 \ \ .
= 1 10 cevig
n 5
LX S R — g w2
—— PYTHIAG-AMBTL o 1|
0.6 POWHEG+PYTHIAG -
MC@NLOHERWIG
04l ALPGEN+HERWIG E
.- SHERPA 0 30 40 50 100 200 300
y . Ge
1 10 10° qT [GeV]
p? [Gev]
Stotal: 0.6 —4.9% Stotal: 4 —34% Stotal: 3 — 4%
Osys: 0.5 —2.4% Osys: 2—-5% Osys: 2—-3%

efficiency/energy scale

alignment/energy scale

tracking efficiency
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Z — £L Measurenmn

do
D) (8 TeV)
ATLAS CMS LHCb
>, CMS 19 7 1b (BTeV)
S e %
© E- 0<[y|<2 E
3 F El
S 10y ™ -+ Data E
% *_._ -+ MadGraph xKNNLOE
ENtS == +F‘owheg><K 3
q’_ E :,: NNLO E|
o El
D10 El
[ 3
S El
10%F E
,JO'S*HHIHH}H'H;
& 1-2F 4 MadGraph xK,y o/Data 3
0.8} , ‘
g
8 1-2F 4 powheg xK,y,/Data
g 1MM
08F, | | 4
0 100 200
q, [GeV]

5tota1: 3 — 4%
Osys: 3—4%
efficiency
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CMS

LHCb
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