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Physics @LHC

Better understanding of the SM Challenging the SM

QCD QED and Weak
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Electroweak physics @LHC

Standard Model Total Production Cross Section Measurements

Status: June 2024
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Electroweak physics @LHCb: why?
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Electroweak physics @LHCb: why?

Data collected in same period: ATLAS Z — u* u signal yeild

is times larger than that of LHCb

>1095"|A'TLAS|"'|"'|"' = o~ , ,
(0] = Vs=8 TeV, 20.3 fb™! O -
9 108 ;_pT>2O GeV, Inl<2.4 uu-channel | % 2000 LHCb \s =8 TeV —E
£ [ ebam 0z - & 8000 - =
J>j 107 By v = uulee Bww, wz, zz - v 7000 E- 3
= Pmuttijet Bw-1v — ]
106;_ Hz-xx [t t + Single top i :‘3 6000 — —;
= 5000 3
= 9.1M :-9 C 0. 14 IVI 3
= 'g 4000 —

<
Q 3000 —
2000 -
1000 =
ob———r 1 . . . S
60 80 100 120 140
m, [GeV] 60 80 100 120
M 1GeV/c?]
Eur. Phys. J. C 76 (2016) 291 JHEP 01 (2016) 155
2023/04/16 LHC electroweak physics and PDFs 7



Unique acceptance of LHCb

The x value of interacting partons are correlated with the boson production
O Rapidity (y): y = ZlnZ

O Large rapidity: either very large x or very small x

2023/04/16 LHC electroweak physics and PDFs 8



Unique acceptance of LHCb

The x value of interacting partons are correlated with the boson production

T 1 eV Kinematics
O Rapidity (y): v = Zln=2 e
2 X9 - ATLAS/CMS
O Large rapidity: either very large x or very small x B coroe
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Unique acceptance of LHCb

The x value of interacting partons are correlated with the boson production

T 1 eV Kinematics
O Rapidity (y): v = Zln=2 e
2 X9 - ATLAS/CMS
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Weak mixing angle

O Fundamental parameters of SM electroweak sector

O Couplings between fermions and Z boson: (V — A)
@ Vector couplings: V = I3 — 20sin“8y,
O Axial-vector coupling: A = I;

2
O In the tree level, sinZHW - ( — _2)

O At higher order: sinzeff,pt = KpSin®Oy
O Ky: a flavour dependent effetive scaling factor absorbing the higher order
corrections

2023/04/16 LHC electroweak physics and PDFs
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Well-known deviation
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Well-known deviation

ol [erm] Excellent agreement between
™ individual measurement and global
T fit
i O Tension between A% and 4,(SLD):
paps | ~3.20
A
A O Precision weak mixing angle
ath | measurements from LEP and SLD
sin® e‘f (@)
sin? 6!°P* (HC) H H
+ © Other EW observables are within 20

R R band

Pull

PRD 106 (2022) 3, 033003
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Extraction of sinzeif,”t

do
dcosO*

O

x 1+ cos?0* + - Aﬂ, cos6’

O 0% isthe angle in CoIIins-Soper frame

© Ap, =

OF—O0B

O'F+O'B

, as a function of mass

,’/ e
Ill e*
// -

o Forward range, cos6* > 0

o Backward range, cos6* < 0

. . .2 nlept
O large |cos0”| are more influenced by changes in sin“ 0

O® small |cos0*| mostly dilute the measurement

O cos@” ~ tanh(|4n|/2),An=n"—7n"

2023/04/16
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Extraction of sinzeif,”t

do 2 N * *
o X 1+ cos“0” + - Aﬂ,cose

O 0" is the angle in Collins- Soper frame
o Afb _ Or—0p

@)

, as a function of mass
O'F+O'B

;e Iy
B _
/ g Pl /

o Forward range, cos6* > 0

o Backward range, cos6* < 0

. . .2 nlept
O large |cos0”| are more influenced by changes in sin“ 0

O® small |cos0*| mostly dilute the measurement

O cos@” ~ tanh(|4n|/2),An=n" —n"

O Improve the precision on sin” Heff
measurement by 14% in simulation

2023/04/16 LHC electroweak physics and PDFs
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Dilution effects

/I

At the LHC, the direction of quark and anti-quark / 3

in each collision is unknow: use the p, of Z boson

© LHCb: larger rapidity region
O one larger x + one small x

O valence quark intends to have
large x

Fraction

0.95 Pythia8, NNPDF31, m =14 TeV

=
S o 2
o O o
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LHCb-PUB-2018-013
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Dilution effects Sl

At the LHC, the direction of quark and anti-quark / 3 ; /
in each collision is unknow: use the p, of Z boson

e L L L

c =
= P - Qo ia Spp = e =
O LHCb: larger rapidity region 5 0.95F M"isNNFDESL {5, =14TeV AL

S 09 3

O one larger x + one small x T g5 N

O valence quark intends to have (')8 _

large x 0 7'5 E

] S E

.« e 0.65 =

Smaller statistics (~ 1/65), 0 :

but sensitivity as ATLAS/CMS! IEE E
03 Iy

Rapidity
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Selected events

O Dataset: 2016+2017+2018 pp collision data at /s = 13TeV, £L = 5.3 fb~!

O Identified single muon trigger, in a fiducial region
©2.0<mn, <4.5p; >20GeVand 66 < M,, < 116 GeV

O Background contributions:

o Heavy-flavour: suppressed to the percent level, the muon impact parameter

requirement

o Hadronic background: suppressed to the percent level, an isolation

requirement and muon track fit requirement

O Roughly 860k events are selected for the measurement

2023/04/16 LHC electroweak physics and PDFs 18



Selected events

O Dataset: 2016+2017+2018 pp collision data at /s = 13TeV, L = 5.3 fb~!

O Identified single muon trigger, in a fiducial region
©2.0<mn, <4.5p; >20GeVand 66 < M,, < 116 GeV
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Bset fit point
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Measured result

0.23152 + 0.00044 (stat.)

+ 0.00005 (syst.) £ 0.00022 (theory)

® Theory uncertainty include PDF uncertainty, QCD and EW

uncertainty

arXiv:2410.02502,
accepted by JHEP

2023/04/16

Direct

ct

Indire

ents

>asurenmx

Me

Determinations

Total uncertainty

Statistical uncertainty

LEP and SLD combination
Phys. Rept. 427 (2006) 257

had
QFB -
0,¢
Apg
0.b
Apg ———e
0,17
Agp ®
P, — -
A, (SLD) —_——
ATLAS 7 TeV
JHEP 09 (2015) 049
LHCb 7 and 8 TeV
JHEP 11 (2015) 190
Tevatron combination -
PRD 97 (2018) 112007
CMS 8 TeV
EPJIC 78 (2018) 701
ATLAS 8 TeV preliminary
ATLAS-CONF-2018-037
CMS 13 TeV
arXiv:2408.07622
LHCb 13 TeV
LHCB-PAPER-2024-028
Electroweak Fit (J. Haller er al))
EPJIC 78 (2018) 675
Electroweak Fit (J. de Blas er al))
PRD 106 (2022) 033003
| | | | |
0.229 0.23 0.231 0.232 0.233
: 20l
sin“6,
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Measured result

Total uncertainty

Statistical uncertainty

LEP and SLD combination
Phys. Rept. 427 (2006) 257

0.23152 1+ 0.00044 (stat.) o .

0,¢

AFB

0.k
AFB —_——

+ 0.00005 (syst.) + 0.00022 (theory) | i :

A, (SLD) ——

ATLAS 7 TeV
JHEP 09 (2015) 049
i LHCb 7 and 8 TeV
uncertalnty JHEP 11 (2015) 190
Tevatron combination -
PRD 97 (2018) 112007
CMS 8 TeV

arXiV:2410.02502, EPIC 78 (2018) 701

® Theory uncertainty include PDF uncertainty, QCD and EW

Z ATLAS 8 TeV preliminary
P ATLAS-CONF-2018-037 '
accepted by JHEP | I
2z arXiv:2408.07622
A< | LHCb13Tev
B
2| Electroweak Fit (J. Haller er al) |
E EPIC 78 (2018) 675
. . . . ' = | Electroweak Fit (J. de Blas er al)) |
= PRD 106 (2022) 033003
Dominated by the statistics uncertainty! f o | | |
0.229 0.23 0.231 0.232 0.233
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Z production cross section measurement

O Dataset: 2016-2018, pp collision data @ 13 TeV, 5.1 fb~1!

O Event Selections:
© Z -» utu~ events, at lease one u* must fire single muon trigger

O 796k candidates

O Background contribution 1.5%

O Heavy flavour; misidentified hadron;
Other physics process

¥ . 4 T T

LHCb ¢ Data g
-1 [0 signal 3

Svglzfti?’ TeV [ H:far:Iay Flavour -§

0 MisID
x2/dof=170/120

10°

10°

I Others

10*

10°

Candidates / (0.5 GeV/c?)

f 2
10
pr > 20GeV/e 60 < M+,- < 120 GeV/? 0
2<n<4.5 !
op/P < 10% ” N " d

M, [GeV/c?]
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Differential cross-section: 1D

© Reasonable agreements between data and predictions

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

O® Same behaviours are seen in 2015 LHCb data-set

] .3 T T T T T T T T T T T T T T T T T
| g | _I T T T I T T T T I T T T T I T T T T l ] M : I I I I -
E« 50 B LHCb = .
- : . 125 - ) -
_8|N>1 300 E Statistical Uncertainty 5.11fb! - e Statistical Uncertainty LHCb -
"c — —_ — - . _ —
B Total Uncertainty E =13 TeV g 12F ;ota; Unc::aelnty 5.11fb : -
[ E esBos+ - ]
250 :_ * ResBos O FEWZ+CT14 —: i 2 - O FEWZ+CT14 s =13eN —
- @  Pythia, LHCb tune A FEWZ+NNPDF3.0 ] =E A FEWZ+NNPDF3.0 ]
200 - ¢ POWHEG+Pythia vV FEWZ+MMHT14 = 11 = vV FEWZ+MMHT14 ||
= o  MatchBox x  FEWZ+ABM12 a - x  FEWZ+ABM12 | T3
150 - ol 2 = 1.05 1711 LT | .
100 = R s =] 1
- v e He . |
F v g . 0.95 —
W F e "o . - -
e o= . 09— —
ol T T SN S - B B I S
2 2.5 3 3.5 4 4.5 2 2.5 3 3.5 4 45
jA yZ
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Integrated cross-section

O Good agreement between data and predictions

LHCDb Stat. Uncertainty

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

Total Uncertainty

——i POWHEG+NNPDF3.1
———i POWHEG+CTI18
—— ResBos+CT18
FEWZ+CT14
—_— FEWZ+NNPDF3.0
———t FEWZ+MMHT 14
—o—t FEWZ+ABM12
+O— +  LHCb 2015

I L1 L1 l 1 | I | l 1 1 1 | I | I — I | I l | I — l

170 180 190 200 210 230 230
G(Z—u*W) [pb]
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LHCb 5.02 TeV measurement

O 2017 pp reference run data-set: 100 pb~1
O Same analysis framework as 13 TeV publication

LHCb Vs =5.02 TeV, 100 pb!
pT(u) > 20 GeV/c

2.0 < () <45

60 < M, < 120 GeV/c?

Stat. Uncertainty

Total Uncertainty (without Lumi)

Total Uncertainty

Oz s pou = 39.6 £ 0.7 (stat) £ 0.6 (syst) = 0.8 (lumi) pb

A

&
v

ResBos + CT18, NNLO
POWHEG + CT18, NNLO
POWHEG + MSHT20, NNLO
POWHEG + NNPDF4.0, NNLO
POWHEG + NNPDF3.1, NNLO
MCFM + CT18, NNLO

cross-section [pb]

Theory

} Data

MCEFM + CT18, NNLO
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.-
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oc(pp =Z — u'u) [pb]

Vs [TeV]

JHEP 02 (2024) 070
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Z angular coefficient measurement

do
dP2Z.dyd cos fd¢

o | (14 cos?6) > LO term

cos?0 :
higher order term

1
+ §A0(1 — 3cos? 0)

1 ‘
+ Aisin2fcos¢ + fAs sin? @ cos 2¢ + A3 sinf cosd =» (0, @) terms
+ | Agcosf 3 LO term : determine Ap
+ Assin®sin2¢ + Agsin20sing + A7sin0sing —> yepy small terms

© A, is sensitive to the Boer-Mulders transverse momentum dependent PDFs
(TMD)

© LHCb Run-2 result:

O Low mass, middle mass and high mass region
O Study A, vs. Z pr

2023/04/16 LHC electroweak physics and PDFs
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Z boson pr dependent results  esis 02 05101

1.2 T T T T 0.3
O Measured results are at Born level [ * i 10T A SEEG
in QED g.j: " *x % 4 : : 0;)1.?: e ResBos .
0:2— *..* - 4 o0.0sF g X ,. x @
0 fepexe® . . 4 o sox ©°
O Dominated uncertainty: statistical |, | o s,

© Compared with various predictions | ..~~~ 7

© POWHEG+PYTHIA R RS E

©® DYTurbo A o oL e
O RESBOS 0.4 ) ..* °° 4 o0i1fF e oy x e X te
© PYTHIA+LHCb tune L 1 F

0 = ‘210. ‘410‘ ] ‘610‘ I;Sl([)GeV/i(])O 0 = ‘210‘ ' .410. ‘610‘ ] ]:)SI(E(‘}Q‘V/‘(
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Results in low Z pr region pRL 129 (2022) 091501

O Use measured A, to probe Boer-
MUIderS TMD PDFS 0.8 . . . Y —

06k A, IJ_HCb ] JOSF A, ¥>2.75M,,<105 GeV/c? A

' =13 TeV, 5.1 fb° | I

oab 250 T3Gevie |oa[ g Messuement. uncertainty]

- Pythia8, LHCb tune

** : : 02F Tl ¥ Resber ]
O In different mass regions: 50-75, L ., sew 0 s 0 ey X
75-105, 105-120 GeV/c? s T . -
0.8 T T T 0 5 10 15 20

06 A, y>2,105<M, <120 GeV/c® |

0.4} =

O None of predictions include non- .} :
perturbative spin-momentum oftvaiy Mg T X
correlations B e
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Results in low Z pr region pRL 129 (2022) 091501

O Use measured A, to probe Boer-
MUIderS TMD PDFS 0.8 . . . Y —

06k A, %Hzc?3 st _g.i : A, ¥>2,75<M, <105 GeV/cz. :
oaf w250 TsGeviet fil S RO YTHA

Pythia8, LHCb tune
,, : : 02} Tl ¥ Ressor i
O In different mass regions: 50-75, . ., s o 0L e x
75-105, 105-120 GeV/c? o ey -
0.8 T T T 0 5 10 15 20

06 A, y>2,105<M, <120 GeV/c® |

0.4} =

O None of predictions include non- .} :
perturbative spin-momentum oftvaiy Mg T X
correlations B e
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W/Z rare decay

O Very rare radiative decays of W and Z bosons CPC 47 (2023) 093002
O Search for new physics
O A good probe for QCD factorization formalism

O SM branching fraction:
®© ~1076—-10"1°
O enhanced in some NP models

2023/04/16 LHC electroweak physics and PDFs 31



Search for Wt - Dy and Z - D%

O No significant peaking structure is found
O Set upper limit for Wt — D+y and Z — Doy

.3 — T ] ' 1
@) 1 LHCb —+— Observed CLs -]
2 fb-l ----- Expected CLs i
0.8 —
- Expected CLs * 1 ¢ :
0.6 Expected CLs +2 ¢ __
0.4 -

0.2F
O PR SR SR TR N S
0 0.0005 0.001 0.0015 0.002

B(W*—=D?y)

B(Z— D%) < 21x107°at 95% C.L.,
B(W*— Dfvy) < 6.5x107* at 95% C.L.,
2023/04/16 LHC electroweak physics and PDFs

CPC 47 (2023) 093002

Better upper limit from ATLAS
PLB 855 (2024) 138762
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Prospects: W mass

O W mass measurement:

mwy = = 80354 23tat)E loo\p i(thoul\ 2:1-'-(. )PDFgl\IeV

Include 2017 + 2018 data New strategies /tools Inpuls from the theory
community

@ Cross checks between years, polarities, etc.; Selection validation and improvements

@ More robust application of pseudo-mass method for curvature bias corrections
JINST 19 (2024) P03010

© Full detector simulation for misidentified hadron background
Q@ State-of-the-art modelling of boson production (PowPy — DY Turbo up to N2LL)
© New PDF sets (NNPDF4.0) — Have feedback?

Goal: 20 MeV sensitivity

2023/04/16 LHC electroweak physics and PDFs 33



Prospects

O Cross-section measurements:
O W Xsec (5.02 TeV, 13 TeV, 13.6 TeV), leptnoic WW, ZZ Xsec, DPS measurement

O Properties of EW boson:
O Mass of W /Z boson, W helicity, Z angular coefficient (Run-1/Run-3)

O Higgs/Jet measurements:
© H - bb/cc, W+let Xsec, semi-leptonic WIWV Xsec

O Top physics

2023/04/16 LHC electroweak physics and PDFs 34



Summary

O LHCb has an extensive programs on single W /Z boson production
measurements
O Provide essential inputs for PDFs global fitting: unique acceptance
O Most of systematic uncertainties could be reduce to permil level

© At LHCb, EW-scale analyses activity is a small group with a huge
phase space to cover

O Collaboration with theorists to make more impacts measurement with limited
manpower

Run-3 data pp taking is done
O A larger data-set, compared to Run-2

2023/04/16 LHC electroweak physics and PDFs 35



Summary

LHCb has an extensive programs on single W /Z boson production
measurements
O Provide essential inputs for PDFs global fitting: unigue acceptance
O Most of systematic uncertainties could be reduce to permil level

At LHCb, EW-scale analyses activity is a small group with a huge
phase space to cover

O Collaboration with theorists to make more impacts measurement with limited
manpower

© Run-3 data pp taking is done

O A larger data-set, compared to Run-2
Need your inputs!
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LHCb EW Highlights .
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LHC measurements

Top quark pair production

Large-x gluon f

Jet production

Large-x gluon
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W + ¢ production
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Strangeness
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Drell-Yan production

(anti-) quarks

Direct photon production
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Systematic uncertainties

Luminosity determination: 2%
O Tracking reconstruction: 0.47% for each muon

Source Ao /o [%]
Statistical 0.11
Background 0.06
Alignment & calibration .
~ Efficiency 0.77 }
" Closure 0.23
FSR 0.15

Total Systematic (excl. lumi. 0.82
- Luminosity 2.00

“Total 2.16
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