Recent EW and QCD results
from LHCDb




Outlines

e |ntroduction

« Selected results from LHCb published W and Z boson measurements



https://indico.ihep.ac.cn/event/16608/contributions/121339/

| HCb detector
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Designed for the heavy flavour physics, with 2 < 77 < 5
W measurements: excellent performance of tracking and muon detector
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EW production @ LHCDb

« [he Bjorken-x value of interacting parton are correlated with EW boson production

Rapidity:

[ JLHCDb

ATLAS/CMS

Tevatron
=] HERA

[1]]] fixed target

Large rapidity: either very large or very small X112

Phys. Rev. D93, 074008 (2016)



/. boson production cross-section measurement

» Dataset: 2016-2018, pp collision data @ 13 TeV, 5.1 fo~ !
e 7 — U u" events:
o [rigger: at least one u must fire single muon trigger decision stages

e Event selection: candidates

1 /

YN 4 . ) . 10N T/ 2
pr > 20GeV/ie 60 < M ut - < 120 GeV /¢

2 < <45

op/P < 10%




/. boson production cross-section measurement
* Background contributions: 1.5%

. Heavy flavor: semileptonic decay, (1.0 £0.1) %

* Data driven method: reverse isolation and vertex fit quality cuts to get
background dominated samples

LHCDb

5.1 fb’!
{s=13 TeV

s /(0.5 GeVie?)

e Misidentified hadron:

E yYdof=170/120

Candidate

* Remove overlap with Heavy flavor

e Other physics process:

100 120

gt N —1 — ' : J eV/c2
e Z—> 1ttt WWT WEZ, 11 o 06V
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Analysis strategy

 |LHCDb Fiducial region:

lepton2
p$epton1) p(T epton2)

« Cross-section measured in bin of Z boson rapidity, p,, and ¢*

e Corrected to the . direct comparison of the results and different
predictions
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Systematic uncertainties

 Luminosity determination: 2%

* [racking reconstruction: for each muon is determined to be 0.47%

Integrated cross-section
Source Ao /o [N
Statistical
Background
~Alignment & calibration
! Efficiency |

Closure

FSR
~Total Systematic (excl. T— i
_Lumin —
“Total




* Predictions are systematically smaller than the measured results in the lower rapidity region

e Same behaviours are seen in 2015 LHCb data-set

LHCb
Statistical Uncertainty 5.1 tb’! 25 Statistical Uncertainty LLHCbH

Total Uncertainty ": =13 TeV - Total Uncertainty 3.1 fb-l

ResBos+CT18 [ —
ResBos FEWZ+CT14 YS§ = 13 TeV

. O FEWZ+CT14
Pythia, LHCb tune FEWZ+NNPDF3.0 FEWZ+NNPDF3.0

POWHEG+Pythia v FEWZ+MMHT14 , Y  FEWZ+MMHT14
MatchBox FEWZ+ABM12 - FEWZ+ABM12

JHEP 07 (2022) 26

Differential cross-section: 1-D

* Reasonable agreements between data and predictions

Predictions

Data
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Differential cross-section: 1-D

« Measured cross section in different intervals of Z boson ¢*

» ResBos describes the low ¢* data, but tensions are seen in the large ¢* region

Predictions

Data
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Double differential cross-section

First double differential cross-section measurement in the forward region

4
Pt
In the high prregion, ResBos is only up to NLO

Reasonable agreement with RESBOS predictions

Statistical Uncertainty

Predictions
DEIE!

Total Uncertainty Total Uncertainty

I ResBos+CT18 I ResBos+CT18
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Integrated cross-section

Integrated cross-section

[LHCb Stat. Uncertainty

5.1 fb’! Syst. Uncertainty (w/o Lumi)
Vs= 13 TeV

Total Uncertainty

POWHEG+NNPDF3.1
POWHEG+CT18

BT Good agreements between data
FEWZ4+CT14 and predictions are seen

FEWZ+NNPDEF3.0
FEWZ+MMHT 14
FEWZ+ABMI12

ot | LHCb 2015
NI T W T NN N TN T T (NN S T S T [T W TN S ST TN T T WO SN SO SO S T
190 200 210 220 230

G(Z—-p'W) [pb]

o(Z - utu")=196.4 = 0.2(stat.) £ 1.6(syst.) £ 3.9(lumi) pb
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Angular coefficient measurement of Z boson

« To further encode the Z production mechanism, angular coefficients of Z boson
are measured

A, is sensitive to the transverse momentum dependent PDFs (TMD)

« Measured A, in the low p;region, using events in different mass regions

d dsagd¢ (1+ cos 9) + AO(l - 30082 9) T Al SN 29 cosqﬁ + Az sm2900s 2¢
CO AN el ui -kl

+A3 sin 9 coSs qﬁ —I— A4 W‘ A5 sm2 0 sin 2q5 -+ A6 sin 26 sin gb + A7 sin 6’ sin ¢,

A, sensitive to sin” Oy,
In pQCD, A5 to A5 near to 0
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Analysis strategy

e Fvent selection:
« Same data-sets as Z boson cross-section measurement

-+ Similar event selections as Z productio
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Analysis strategy

 Background contribution: ~0.2%

* Removed with negative weights in the fit

e An ilcralive method: stable after four iterations
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/. boson pr dependent results

_ 0 LHCb ' . : MeasureulennUncertainty
* Measured results are at Born level in QED (= 13TeV, 51 b | POWHEQPYTHIA

y>2,75<M <105 GeV/c™ % o o - DYTurbo

B3 ®

 Dominated uncertainty:

 Compared with various predictions

"AL
A@@:@@-Z’N)

e POWHEG+PYTHIA
e DYlurbo
« RESBOS

 PYTHIA8+LHCDb tune

do
d cos 6do
+A;sinfcos ¢ + Ay cos O + Assin? 0sin 2¢ + Ag sin 20 sin ¢ + A, sinf sin @,

o (14 cos®6) + %Ag(l — 3 cos? ) + Ay sin 20 cos ¢ + %Az sin § cos 2¢
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Results in low Z prregion

 Use measured A, to probe Boer-
Mulders TMD PDFs T o T Tt ammerar

Vs=13TeV. 5.1 fb!

: 3 y>'2, 50<Mm|<75 GEV/CQ :‘ )K yg\aNsll':rEe&epnYt"FHll,Rcenainty
: ‘ 50-75 GeV/ /02 S%triisb’ LHCb tune
e |n different mass regions: )2 fa) . - v D¥Turbo
\ | + N

3 x + v . *
+v N+ yAuge ¥V X * v *

75-105 GeV/c?

y>2, 105<M <120 GeV/c’
2 JLRL

» None of predictions include non- |
perturpbative spin-momentum e bovgy Xog v *e
correlations '
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Intrinsic Charm

e Two types of parton contributions

* The exirinsic quarks/gluons:
 (Generated on a short time scale in association with a large transverse-momentum reaction

* The intrinsic quarks/gluons:

. ,__xlst over a t|me scale mdependent of any probe momentum they are assomated Wlth the
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Probe Intrinsic charm at LHCD

tag
Nc

Ratio measurement: Z: = o(Zc)/o(Z]) = —————
. i = o(Zc)lo(Z)) N x e

. IC may enhance c-jet production at high y(Z£)

Central Region < = Forward Region

o Challenges: c-jet tagging and its efficiency S HOy a0
| ‘;9; (; ) 'n>a 20<Ci~3

NLO SM




Jet and c-|et

PRL 128 (2022) 082001

» Jet reconstruction: particle-flow algorithm using the anti-x clustering algorithm (FastJet)

. . to separate c-jet from b-jet and light jets

* [nputs: mass, momentum, position, direction

« < 4 tracks: to reject b-hadron decays

q
[LHCbH
6fh!
20 < pr(y) < 100 GeV
20<ylZ) < 4.5
e Data
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PRL 128 (2022) 082001

Uncertainties

Source Relative Uncertainty

c tagging 6—7%
DV-fit templates 3-4%

Jet reconstruction 1%
Jet pr scale & resolution 1%

Total 87




PRL 128 (2022) 082001

/. + ¢ results

* The measured result has a sizable enhancement at forward Z rapidity region

e Consistent with LFQCD + IC

== stat
[ stat@syst

LHCDb

\/§ = 13 TeV
6 fh~t

S S B
. -

I
NLO SM
e PDF4LHC15-No IC ¢

a NNPDF 3.0-1C allowed
4 CT144+LFQCD (z)1c = 1%




Measurement of the W boson mass

« My IS related to other fundamental parameters in SM EW sector

sl (14 A)
Gl ol beaubey
 Radiative corrections (A) dominated by top quark and Higgs loop, also can be
affected by

 The LHCb measurement is complementary to the ATLAS and CMS results

s PDFs uncertainty could partially cancel in the combination of LHC measurements
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Analysis strategy

e 2016 data-set: W — uv decays

o distribution is used to measure miy,

o)
-

W s o W ,
'fl'[ regi()n ' LHCDb simulation 'flt region

e Detector response Vs=13TeV

N
-

My,
— +300 MeV
— =300 MeV

e Muon momentum measurement

 Muon reconstruction and selection efticiency

 Backgrounds

Normalised events per GeV"'

 EW boson production

-
=
3
a4

« W prmodelling, PDFs, boson polarisation,

electroweak corrections
—0.04 -0.03 —0.02 —-0.01 0 0.01

qg/pr [1/GeV]

. - Z boson ¢*
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Source

Parton distribution functions

Theory (excl. PDFs) total » | |
Transverse momentum model pr model: Envelope from five different models

Angular coefficients
QED FSR model
Additional electroweak corrections Q

PDFs: Average of NNPDF31, CT18 and MSHT20

A;: scale variation

—D: Envelope of the QED FSR from PYTHIAS,

Photos, and Herweig/

Experimental total
Momentum scale and resolution modelling 7
Muon ID, trigger and tracking efficiency
Isolation efficiency
QCD background

Statistical

Total

—fficiencies: statistical uncertainties,
details of method (e.g. binning, smoothing)
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 The determined my, with the NNPDF31_nlo_as_0118 PDFs set

. y2ldof = 105/102

JHEP 01 (2022) 086

Results

—— Total uncertainty
s Stat. uncertainty
ALEPH
DELPHI
L3
OPAL

e Combined results obtained with NNPDF3.1, CT18. and MSHT20 PDFs sets: o

* Analysis with full data-sets is ongoing

W : LHCh (W' 5
Mt region {7yt Dlregion :
! : {  Data - ! :

- W — uv
Z = pu
- W — 1v
- Light hadrons
"~ Rare backgrounds ;

-
)
O
-
D
o
wn
ot
=
D
-
68

Model uncertainty

16 L - -
-0.04 -0.03 002 0.0l 0 001 002 003 0.04
Muon g/pp [1/GeV]

20

ATLAS
LHCbH 1.7 "

Elecuowceak Fit

80100 80150 80200 80250 80300 80350 80400 80450 £0500
m,, [MeV]

Parameter Value

Fraction of W+ — utv 0.5288 + 0.0006

Fraction of W~ — pu v 0.3508 £ 0.0005
Fraction of hadron background 0.0146 &+ 0.0007
g 0.1243 + 0.0004

o'V 0.1263 4 0.0003

Jointe 1.57 £ 0.14 GeV

Az scaling 0.975 + 0.026
mw 80362 £+ 23 MeV




Conclusions

« LHCDb has an extensive program on W/Z boson production and properties
« / boson production cross-check measurement

* [ntrinsic charm study

« Measurement of Z boson angular coefficients
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@, angle

« Probe same physics as Z boson p, but smaller uncertainty

- (lepton) (lepton2)
. ¢y =tan (qﬁawp/ 2) sin 6 o Py

o Pucop aCOPlanarity angle, 7 — Agy,

Recoil

« A¢,: the difference in azimuthal angle, ¢, between two lepton candidates

. 6’,;‘? scattering angle of leptons with respect to the proton beam in the rest frame
of dilepton system

. cos & = tanh[(n~ —n™)/2]
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| HCb W/Z data and PDFs

« Strong correlations between Z boson rapidity results measured by LHCb and
In the small x region

" For both u and d quarks

Inese Phys. 0 0
CT14HERA2 u(x,100GeV) and Z rapidity CTI14HERA?2 d(x,100GeV) and Z rapidity
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Chlnese Phys C 45 (2021) 0231 10
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A confirmation from LHCDb?

Chinese Phys. C 45 (2021) 023110

With 300 fo~! LHCb pp collision data in future

d(x,Q)/u(x,Q) at Q =100.0 GeV 90%C.L.
CT14HERA2
LHCb13WPMZ

E866, 6,4/ 20,,,

M’*"’“ﬁ‘\

L — CT14HERA?2, 68% C.L.

—— Unshifted data
10! 02 05 009
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Sea quark PDFs

« Recently, the SeaQuest experiment reported new results on the d/ii PD

s [ensions between SeaQuest result and NuSea result are seen

—3S ratio

 The LHCb data will be an ideal input: no uncertainty from nuclear etfects

—I— S2aQuest/E906

CT14HERA2
LHCb13WPMZ

D Systematic uncertainty

—+ Nusex/E856

[:] Alberg & Miller

£ Basso et al.

ww= CT18, NLO, SeaQuest kinamatics
<<% CTEQ6m, SeaQuest kinematics

LHCb pseudo data, 5 fb” @ [3TeV

0.1

d(x,Q)u(x,Q) at Q =100.0 GeV 90%C L.

Nature 590, 561 (2021) - Chinese Phys. C 45 (2021) 023110



TMD

* General PDFs describes the Parton inside a proton

« One longitudinal freedom: x

* Quarks are perfectly collinear




Nucleon/quark polarization

quark polarization
unpolarized U] longitudinal [Lj]
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Boer-Mulders function
 D. Boer, P. J. Mulders: Phys. Rev. D 57 (1998) 5780

M

Wl k2) € kr; = o F.T. (P|%(0) Lc(0,€)y* v y51(€) |P>|g+=o

» Represents the correlation between quark k- and transverse spin in an
unpolarized hadron

e A time-reversal odd, chiral-odd TMD PDFEs

e Lead to an azimuthal cos(2¢) dependence in Drell-Yan
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FSR correction

e ResBos with/without PHOTOS

« POWHEG with/without PYTHIA : to estimate uncertainty from FSR

&
&

LHCb Simulation ) [LHCb Simulation LHCb Simulation
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Differential cross-section: 1-D

« Measured cross section in different intervals of Z boson py

« ResBos describes the low p% data, but tensions are seen in the middle and large p; regions

Statistical Uncertainty [LHCbh

Total Uncertainty 5.1 fb!

[ ==
I ResBos+CT18 Vs =13 TeV

> [pb/(GeV/e)]

dc
dp

5.1 fb!
— 12 Te Tell
Vs =13 TeV . Predictions

Data

Total Uncertainty

Statistical Uncertainty . I I I I I I I I I ) 1 (]

3
+ Resbos

¢ Pythia, LHCb tune
o POWHEG+Pythia
MatchBox

10)? ' 10
p% |GeV/c| p% |GeV/c|
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Double differential cross-section

First double differential cross-section measurement in the forward region

¢>I<

Tensions in the large @* region are seen

LLHCh Te 10 T LLHCh
5.1 1" 8= 5.0
Vs=13TeV 5 - V5= 13 TeV

35< },z <4.0

Statistical Uncertainty | 25 Statistical Uncertainty

Total Uncertainty 7 Total Uncertainty

40<y" <45

I ResBos+CT18

I ResBos+CT18




