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Q. W and Z boson production .
Drell-Yan Z/y™ and Drell-Yan-like W-boson production

e very clean signature

e observables are sensitive both to QCD
and EW sectors of the SM

* theoretically understood to NNLO
QCD and NLO EW

* access to proton structure

P

P

Image credit: doi 10.1007/978-3-319-15001-7_4

EW production of W and Z bosons
« vector boson fusion and other diagrams L hoe
 handle on triple gauge coupling - .

e sensitivity to new physics

Multiple W and Z boson production e | o

EE/ * vector boson scattering, VV/VVV

production, many diagrams
* handle on triple and quadruple gauge

%\\\ coupling
Image: CMS/CERN * sensitivity to new physics
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Roles of W and Z measure

Precision measurements
with W and Z bosons

Determination of Understanding W/Z as
parameters of the EWK backgrounds to Higgs
sector of the SM and BSM searches

Studies of gauge boson
Tests of QCD interactions (TGC, QGC)

calculations and new physics

Refinement of
proton PDFs
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Qy; Parameters of the SM: EW sector .

Parameters of the SM (about 19 total, but 3 define EW):

 EW sector: U(1), SU(2) couplings and the vacuum expectation
value (g, g', v) is a more fundamental choice

* other sets are better for various purposes, e.g. (agp, Gr, M)

e at tree level, simple relations to EW observables:

M., = vlgl M., = vy g?+g'?
w= ", zZ = >

My,

cos By, = e and others

Z

Main EW observables at LHC and Tevatron:

* mass of W boson (not this talk)
* weak mixing angle 8y,
* My, and 8y, come from precision W an

Fundamental massless bosons W5
and B mix and yield Z and y:
Z = W5 cos 0y, — Bsin 8y,

y = W5 sin 6y, + B cos 0y,
d Z measurements

 same 3 EW parameters govern VVV and VVVV interactions,
but in EW W/Z production, VBS, multiboson production the
accuracy is lower (but can look for new physics)
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QCD tests with W and Z .

e Zand W productions are an excellent testing ground
for high-order QCD calculations

DY process (almost) neatly factorizes with strong interaction

P

affecting only the left side a -

7~

LO is easy, W and Z produced at rest ¢ 7T e

P

production with small py requires treatment of soft gluon
emissions with resummation techniques, non-perturbative

production with higher pr is handled with perturbative QCD
the state of the art is NNLO QCD and NLO EW calculations

— this yields O(1%) precision, experiment is often at sub-% level

 Measurements are compared to a variety of theory
tools: FEWZ & DYNNLO, ResBos, Powheg & Madgraph,
Pythia & Herwig, Alpgen & Sherpa, and others
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Proton structure

The knowledge of proton structure is of general interest and necessary for
theoretical predictions of about anything studied at hadron colliders.

Proton PDFs: f(x, Q%)dx shows how many partons of given flavor carry fraction
of proton’s momentum between x and x + dx.

LHC data expand this knowledge to new kinematic domains and W/Z
measurements are among the main inputs.
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W/Z at colliders .

Tevatron (CDF, DO):

* results still appear with the full dataset
 this talk: the ultimate weak mixing angle Tevatron result

LHC (ATLAS, CMS, LHCb):

e every year more measurements with 7, 8, 13 TeV
e V production diff. x-sections with respect to anything
 EW precision: W mass and weak mixing angle

 EW V production/VBF, multiboson production and VBS, studies
of TGC and QGC

e V production with light and heavy jets
In this talk we review most recent precision measurements
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Focus of this talk -

Discuss recent Z production results from colliders
* differential and inclusive cross sections

* Drell-Yan angular analysis

Most recent W measurements are very
interesting, but less related to the spin of this talk

For discussion of W production and a variety of
multiboson results, see parallel talks by Christian
Gutschow, Andrew Pilkington, Gabriella Pasztor,
Kenneth Long, and Valentina Cairo from LHC
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Studies of the Drell-Yan proces’

Full picture of DY process kinematics in QCD requires 5
kinematic variables (Born-level): a(mp, Yoo, D120, 0, @)

* dilepton invariant mass my,

. o Sensitive to proton PDFs
e dilepton rapidity y,,

* dilepton transverse momentum pr , Tests of QCD predictions

* |epton decay angles in dilepton
rest frame 8 and ¢ mixing angle 6y

Sensitive to the weak

Ultimate experimental result: 5D differential x-section

e approach step by step with more data, better detector
understanding, time for technically complex measurements

* inclusive W/Z to single differential to double differential
* new: the first triple differential result from ATLAS
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Notable DY x-sections from LHC.

Cross section type 7 TeV 8 TeV 13 TeV
Inclusive ATLAS, CMS, LHCb | ATLAS, CMS, LHCb | ATLAS, CMS, LHCb
Single differential My ATLAS, CMS ATLAS, CMS /

Vop ATLAS, CMS, LHCb | CMS, LHCb LHCb / §
* ATLAS, CMS, LHCb | ATLAS, CMS, LHCb | CMS, LHCb/ o
Pree /@ z
Double differential | (myp, ypg) | CMS ATLAS, CMS [ E
O
(Mg, DT,00) ATLAS / o
O
(Pree. yee) ATALS, CMS / =
/

Triple differential (Mypp, Vop, 0) ATLAS\
, . . . New since
* higher-D x-sections require more data (and time) Blois’17

* multi-variable x-sections for 13 TeV are yet to come
* many of these discussed in detail at Blois’17
* not listed: x-sec w.r.t. N jets and jet quantities
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Triple differential DY x-section.

ATLAS measures DY production w.r.t. 3 kinematic variables

frame (see backup)

d3o 6*: neg. lepton decay
JHEP 12 (2017) 059 angle in Collins-Soper
dmy,, d|y,,| d cos 6*
) t
[ |
improves both 6y, and PDF ‘ sensitivity to 0y,
sensitivities

sensitivity to proton PDFs

Unique measurement, 1% of its kind at LHC. |

lepton plane

><

* weak mixing angle measurements at hadron

T 0 ‘ ¢

/ ot
colliders usually systematically limited, with * /pw\p</
leading systematics from PDFs hadron plane

* this measurement can be used for
simultaneous fit for 8y, and constraining
PDFs, leading to reduced systematics on 6y,

Image credit: hep-ph:1708.00008
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3D DY: the primary result .

d3oc measured in fiducial region, corrected to Born-level

* phase space defined by lepton pr, n, and m,, ranges
d3o up to |ype| < 2.4 with ee + pu and up to 3.6 with ee

See Chris Gutschow’s talk for more/
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3 of 7 mass ranges shown for |y,,| < 2.4 region

e asymmetry between + cos 8 (open/closed markers):
reflects parity violation in Z-boson decays

+ asymmetry is zero and flips sign at mp,~M, It CINES
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3D DY: derived results

The ATLAS paper also derives integrated results:

* over Yy, and cos 8*: do/dmy,, over cos 0*: d?c/dm,d|y,,]

e forward-backward asymmetry in 8, which makes most clear
the parity violation effects:
[do(cos8* > 0) — [do(cos8* < 0)

Apg(Myp, |yeel) =

JHEP 12 (2017) 059

[do(cos0* > 0)+ [do(cosf* < 0)

Sample results from a few regions of phase space:

s 1P T T T T T T TS = 04 T T T T T T Y T T T -
3 = Central rapidity channel  Data ] & “*E Central rapidity channel $ Data w 0.3 ) —
g C Total unc. 1 8 .35 66<m,<80GeV Total unc. ATLAS W
= | M Prediction | — N Prediction 7 (e — - .
815 10k - g2 o E 0of 15=8TeV,20.21b " eememogromees =
- 5 E A :
I : 0.1 -
1k - : = ]
E E E il
- : E 0 - 3
10°E ATLAS E oosl. ATLAS E 01
© \s=8TeV, 20.2 b’ P \s=8TeV,20.2 fb ' - $# Data -
N PRI T N N IR - o .
g 1os T T 0.2F 18<y | <20 S Prediction .
3 &MM&&M
. h ) T 0.95A T NN RN
& 60 80 100 120 140 160 180 200 £ 0 02040808 T 127476718 2 2254 60 80 100 120 140 160 180 200
m, [GeV] Iy, m, [GeV]
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3D DY: interpretation .

e d30 from ATLAS can be used for proton PDF
constraints, 8y, extraction, or both at the same time

* Az is convenient for 8y, extraction as used in many
prior LHC and Tevatron measurements

e ATLAS is now working on inferences, meanwhile:

e authors do include careful comparison to predictions of
Powheg/CT10/Pythia8 boosted to NNLO QCD with
FEWZ3.1/MSTW2008NNLO and to NLO EW with G, EW

scheme, for a particular value of 8y,
* agreement with measured d°o is very good, except at some
high-y,, and high-cos 8™ cases (could be pfi{) modeling)
* Interpretation started, e.g. recent report by Duncan
Walker & Col. at LHC EW working group with NNLOJET
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Forward W and Z production at LH!

LHCb especially suited for high-y forward Drell-Yan studies

Among more recent, fiducial results (objects |n| = 2
* 13 TeV diff. x-sections of Z production (y,,, ¢*) with ee/uu

— sensitive to proton PDFs, good agreement with theory

« first observation of forward Z — bb at 8 TeV

— b-scale calibration, new physics, background to any bbX analysis

LHCb 8 TeV

LHCb, \s =13 TeV - -
Signal Region

N
-]
=

Muon - Statistical Uncertainty

Muon - Total Uncertainty
188822284 Electron - Statistical Uncertainty
[ Electron - Total Uncertainty

~
(]
o

Total uncertainty

'I' Z - bb

)
)
(=)

Candidates / (3.75 GeV)

(=)

o(pp — Z)B(Z — bb)
= 332446 + 59 pb |
L 1 L L | L

Phys. Lett. B776 (2017) 430-439

JHEP 09 (2016) 136

Dijet Mass [GeV] -
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Diff x-section with respect to ¢"
CIVIS studies DY production w.r.t. @™ and y at 8 TeV [EIZZ0A L)

JHEP 03 (2018) 172
Definition and physics meaning: ous Cermiioton

Q" = tan( i )sm 0, where cos 6, = tanh(An/2) _ee.+ W:O;n:ined
* @ is strongly correlated with pT 3 1_ \
5 F .
* |epton angles-only quantity has E; - gazt;@apmpwm 22 "
better resolution than with p L EOEC L YTAS CtreanT
* perturbative and non-pert. regimes, _ ?:“?;Béifﬁofwfﬂ'ﬁ? (C}JElTIFj?Wi",
difficult for theory to describe S _ ) %m%
A few % disagreement at ¢* <0.1, order £ o S N
10% above 0.1 for ResBos, Powheg+Pys8, : WDDD
aMC@NLO+PY8. More advanced hard i s 5 us R
scattering description is needed, but E JEH<
underlying event also important. ook * T
102 102 o 10 1
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2 % Drell-Yan angular analysis and _
Full DY description: O'(mgg, Voo, pT,ff! 9*, ¢*)

Angular behavior of leptons can be factored out as:

do 3 doV+t
dpZ dy? dm? dcos@dp 167 dp dy? dm?

1
{(l +00520)+ EA()(I - 3c0529) + A sin26 cos¢

1
+§ A» sin” 6 cos 2¢p + A3 sinf) cos ¢ + Ay cos 6

formula ref: arXiv:1606.00689

+As sin® 6 sin2¢ + Ag sin 26 sing + A7 sin@ sin ¢}.

where A; are functions of my,, yss, b1 20 ONly and correspond to cross sections
for particular helicity amplitudes normalized to unpolarized cross section. All
hadronic dynamics and EW fundamental parameters dependence is in 4;.

ATLAS experiment performed an impressive measurement
of Ay — A, reported in the 2016 paper JHEP 08 (2016) 159.
CMS also reported Ay, — A, in PLB750 (2015) 154.
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Parity violation, asymmetry, 6, .

Integrating over ¢* we obtain

do 3 doUtE
dp% dy” dm” dcos 6 -8 dp% dy* dm?*

N 1
{(l + cos” 0) + §A0(1 — 3 cos’ 6) + A4 cos H}

formula ref: arXiv:1606.00689

The term A, cos 8™ is forward-backward asymmetric and
violates parity. It comes from:

 / — y™ axial-vector — vector interference

* Z axial-vector — vector self-interference (depends on 6y)

Path to 6y,: measure A, or, more commonly, measure Agp

A o(cos8* > 0) —a(cosB* < 0)
FB ™ 6(cos 8* > 0) + o(cos 8* < 0)
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sin® 8, measurements j

Fine points in measurements at colliders:
* App depends on my,, at m, solely due to Z self-interference
* App depends on quark flavor => sensitivity to PDFs
e at LHC direction of incoming quark is unknown

— analyses are done in (myy, y,p) Space
— dilepton system direction on average reflects valence quark direction

* Appis enhanced by event weighting ¢ u+d
Radiative corrections 04, |

« atLOEW, sin? 6y, = 1 — My, /M, <f4302
» beyond: sin? 0,¢r = sin? 8, (1 + Ar) NS

0
2\

 Ar are flavor dependent

0.4/

Image: arXiv:1801.06283

. . le o OUON FOOO WO DUOUTTUOL OUTTOTI FOVOTTOTRt FOVOTIOTOt IO
e at colliders, measure sin? Hefz} 40 60 80 1&0(;23113)0 160 180 200
ev/c
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Recent sin” Heff from CMS: A,_

CMS measures sin? Heff with 8 TeV dataset

* App computed in 72 (myy, Ypp) bins
* angular weighting is applied to candidates

. . . . .. 2 nlep
* App fit with templates generated with different sin Heff
CMS Preliminary 18.8 b (8 TeV) CMS Preliminary 19.6 fb” (8 TeV)
E 0.4_olo<|\yl\|<ol4 o|4<||yl||<o|a 0I3<I|yl||<||2 1I2<I|YI|I<1I6 1le<l\v|\|<2lo 2|o<|\vl\|<2|4 E o 0.|0s||Y|1|<0.|4 0.|45||V||LO.IB 0.|85||V|||<1.|2 1.|2<||V|||<1.|6 1.|6<||V||12.|0 2.IO<||V||I<2.I4
< < oo <iv,J . . <. s
N
o
<
o}
!
(a ¥
7))
<
(=W
h— — (7))
L L
g g ?)
5 5
70 90 110|70 90 110|/70 90 110/ 70 90 110/70 90 110/ 70 90 110 70 90 110{70 90 110{70 90 110{70 90 110{70 90 110 7‘0‘9|0 |11‘0-

M,, (GeV) M, (GeV)
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sin* eff from CMS: systematics
Leading systematic uncertainty: PDF ) /

+0.0004, +0.0008, £0.0012

NNPDFSO certainty
NNPDF3.0 replicas

¢ sin? 0 max sensitivity: my,,~m
eff Yy 24 Z

0.005 =

* PDF uncertainty is max away frommy,

* reweight PDF effect with x2,.. of App fit

0005 |-

Central value and PDF uncertainty: I S T
Channel without constraining PDFs | with constraining PDFs N M, (GeV) _
CMS Preliminary 18.8-19.6 fb” (8 TeV)
Muon 0.23125 + 0.00054 0.23125 £ 0.00032 ) 220 ' ' ]
Electron 0.23054 + 0.00064 0.23056 + 0.00045 T 2000 -
Combined 0.23102 £0.00057 0.23101 £ 0.00030 T o . . ]
R E L% o« : .
PDF uncertainty reduced by x2 1605‘ e e wps + 66 ]
F I n a | res u |t : 140: Nominal NNPDF3.0 Weighted NNPDF3.0
® 30 Enmes 100 Eniries 100 1
lept S sk Saber coomes S bov 000030 -
sin® 6. = 0.23101 + 0.00036(stat) & 0.00018(syst) & = =™ o
W 1oF E
D .
o L
+ 000016(&1801‘){) + 000030(pdf) 0t 200° 025 0231 0555 0233
sine""
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Recent sin” Heff from collider

Over last year, Tevatron released ultimate sin? Heff from
full data. CMS also had new result.  see Breese Quinn’s talk for more!

' ' ' LEP-1 and SLD: Z-pole
g!\/’iln?nﬁyeﬂl‘u e — 0.23101 = 0.00052 Opb *® 0.23149:0.00016
. ] LEP-1 and SLD: A/, 5%52910.00020
CMS 19.6 fb’ : ’
Preliminaerye 0.23056 = 0.00086 nEW SLD: A, -
CMS uu 188t | N CMS pp 10 = Id |
Lad N —O— + . 2
Preliminary 0.23125 + 0.00060 0,2287:0,0032 olaer
- ATLAS ee+uu 51b ' — e
LHCb pu 3 for - 0.23142 + 0.00106 0.2308+0.0012
;
ATLAS 4.8 fb"— | 0.23080 = 0.00120 b o200
ee+uu 4. . . = 0. 4
CDF p1pt 9 fo ®0.2315+0.0010
-1 " -1 ——
I DO ee 9.7 fb — - 0.23147 + 0.00047 older I CDFee 9 0.23248+0.00053
CDF ee+uu 9 b —e—
CDF ee+uu 9.4 fo™' ——— 0.23221 = 0.00046 “’: 822220000008
e — DO uu 9 b | 0.23016+0.00064
SLD: A —O0— 0.23098 + 0.00026 -1
! B _ D0 e 10 fb ~$70.23137:0.00047 new /
LEP +SLD: A7, —o— 0.23221 = 0.00029 DO ee+yup 10 b ~*7 0.23095+0.00040 updated
I ] TeV combmed CDF+D0 -
LEP +SLD . 0.23153 + 0.00016 0.23148£0.00033
1 . 1 1 . h
0.23 0.231 0.232 0.233 0 226 0 228 0. 23 0 232 0 234
. o lept lept
Sin“0 sin’ Geff

* hadron collider measurements approach e*e ™ level
* Tevatron also infers sin? 8;, and My, (as a SM test)

llya Kravchenko Rencontres de Blois 2018 22



Summary

* Precision W and Z studies at LHC are in full swing, with
occasional Tevatron results appearing

* Primary focus areas remain:
* precision measurements of EW parameters
* SM tests at NNLO QCD, NLO EW level and beyond
« differential x-sections for proton PDFs at high-Q% and low-x

 The 13 TeV LHC dataset is yet to be fully analyzed (LHC
will keep running until end of this year), most 13 TeV
precision measurements are yet to come

e Future LHC runs and HL-LHC era will take W/Z
precision measurements to the next level with x100 in
sample sizes.
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EXTRA MATERIAL -
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Collins-Soper frame .

Collins-Soper frame definition:

in rest frame of ¢
Z axis bisects directions of incoming protons i(ﬁl — ﬁz)

Z direction is (p; — p,) at Tevatron, or of the £ system in
the lab (LHC)

X axis is in the hadron plane

lepton plane

X axis points to —(p; + p,)
Y axis complements to , k1
right-handed Cartesian system

-~

C-S frame minimizes transverse : . j .
motion of partons W/

For DY, 8*and ¢ "are spherical
system angles of negative lepton

hadron plane
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d’sc

3D DY cross section from ATLA

Complete plots, with ratio panes, mentioned earlier in
the talk. From ATLAS’s JHEP 12 (2017) 059.
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EW Z production

Non-DY Z production: “EW” is one interesting mechanism
* VBF and VBS understanding important for Higgs

. p ) w+ 7 CERY S
measurements and new physics searches EWT L
* EW Z production is tiny, but can be disentangled ¢
from “QCD” kinematically e
IIQCD”

* handles: high dijet mass, large n separation

ATLAS and CMS measure inclusive x-sec at 13 TeV g ATLAS e

e good agreement with SM predlctlons

35.9 b (13 Te V)

T
e - ATLAS "y oae

E Vs=13 Tev 32" [l EW-Zj (POWHEG)
102 & Zjj EW-enriched region MMl QCD-Zj (SHERPA 2.2)
E I Diboson

ATLAS: Phys. Lett. B 775 (2017) 206
CMS: CMS-SMP-16-018 (sub to EP))

Events / GeV

Top quark
77/ Data Stat. ® Syst.

See Andy Pilkington’s talk
for in-depth discussuion!

Both ATLAS and CMS published
EW pp — Zjj 8 TeV x-sections a
0 1000 2000 3%# e few years back.

Dijet invariant mass [GeV]

®ALPGEN +MG5_aMC ~ '

Data/MC - 1

MC / Data
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