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1 The LHCDb detector

[ Rare W and Z decays [Chin. Phys. C 47 093002]

A Z cross-section at /s = 5.02 TeV [JHEP 02 (2024) 070]

Q Z - u*u~ angular coefficients at /s = 13 TeV [Phys. Rev. Lett. 129 (2022) 091801]

0 Measurement of the effective leptonic weak mixing angle N EW!
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https://iopscience.iop.org/article/10.1088/1674-1137/aceae9
https://link.springer.com/article/10.1007/JHEP02(2024)070
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.091801

LHCDb detector (Run-II)

« Single-arm forward spectrometer

« Designed for heavy flavor physics
(b and ¢ hadrons)

Key features:
» Forward geometry (covering
pseudorapidty range 2 <n < 5)
> Excellent vertex resolution and
particle identification
» High-precision momentum

Detector used in Run-II
(2016-2018)

ECAL HCAL

SPD/PS M3 — 250mrad \

11 O

measurement

— i - & oGOV e, = 90% for 5% h — e mis-id prob.
il - ;um ety = 97% for 1-3% m — g mis-id prob. |

> Efficient trigger system for
selecting rare decay processes

[JINST 3 (2008) S08005]
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https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005

Electroweak Physics at LHCD

(el

LHC 13 TeV Kinematics

- Cannot measure missing energy =y
- Low luminosity with respect to ATLAS and CMS E’EE,EZDO
F= P Targe
+ Low pile-up environment
+ Low momentum triggers Ve 2
+ Complementary coverage to ATLAS and CMS (with Set / N
some overlapping at low pseudorapidity) ey N /
+ Excellent performance of tracking and muon  wm YRS
detector —
B Tracking

» Boson Production and asymmetries (e.g. W
and Z cross-sections, PDF functions)

> Rare decays (e.g. radiative decays, LFU tests)
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Rare W and Z decays

[Chin. Phys. C 47 093002]

« Focus on radiative decays of W and Z bosons -
« Update on search for W* —» Dfy(—» K*K™n"7)
* First reported search for Z - D% (- K~ nt)

« 2018 data @+/s =13 TeV > 2.0 fb~1
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https://iopscience.iop.org/article/10.1088/1674-1137/aceae9

CLs

Rare W and Z decays

 No significant signal is observed above background

« For the W* — DJy decay, the absolute BR upper

[Chin. Phys. C 47 093002]

limit is determined to be 6.5 x 10~% at 95% C.L

0 o Decay Observed Expected
. Fog the Z - lzl Y dbec;y,lthe1 gbgoluges (];Rcu];jper limit —7—, D' 214 x 10° 101 x 103
1S determined to be 2.1 X 2 at o L. T+ +~ 1 ()F 10—3 1 A¢ 10—3
WT— D7~y 1.03 x 10 1.46 x 10
W-— D;y 1.38 x 1073 1.88 x 1073
i T o Ao ] G O Aomwa W*— DFy 6.52 x 100 1.19 x 1072
R B i
06 : Expected CLs +2 & 06 : Xpect —
0.45 0,43 ]
0.2f 0.25 -
00 00005 0001 0.0015 0002 O oot 0.002 0.003
B(W*—D}y) B(Z - D" y)
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https://iopscience.iop.org/article/10.1088/1674-1137/aceae9

7 cross-section at v/s = 5.02 TeV

« Particularly important for constraining u-, d-quark PDFs at
high x region a¥
* High purity: Tokg 20

Nsig
* ¢y the scattering angle of the muons with respect to the
proton beam direction in the rest frame of the dimuon system

[JHEP 02 (2024) 070] 3t
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https://link.springer.com/article/10.1007/JHEP02(2024)070

7 cross-section at v/s = 5.02 TeV

[JHEP 02 (2024) 070]
LHCb Vs = 5.02 TeV. 100 pb’* - Stat. Uncertainty
PT(M) " 20 Cele - Total Uncertainty (without Lumi)
2.0< 77(n) < 4.5 Source Ao [pb] Ao /o %]
60 < M, < 120 GeV/e? Total Uncertainty Luminosity 0.79 2.00
Oy s oy = 39.6 £0.7 (stat) £ 0.6 (syst) + 0.8 (lumi) pb Statistical 070 L7
Tracking 0.40 1.01
ResBos + CT18. NNLO Efficiency Closure 0.24 0.61
POWHEG + CT18, NNLO Trigger 0.21 0.54
POWHEG + MSHT20, NNLO Background 0.19 0.48
POWHEG + NNPDF4.0, NNLO [dentification 0.10 0.25
POWHEG + NNPDF3.1, NNLO FSR 0.07 0.18
MCEM + CT18, NNLO Calibration <40x107%  <0.01
— 1. NI S T S I S T N E— Total Systematic (excl. lumi.) 0.56 1.42

42 44 46
c(pp =Z — u'u) Ipb]
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https://link.springer.com/article/10.1007/JHEP02(2024)070

Z — u*u~ angular coefficients at /s = 13 TeV

Collins-Soper

ity

lepton plane

- Kinematic distributions of final-state leptons offers frame
insight into:
» Electroweak parameters (weak mixing angles and >\k
gauge boson masses) y :
» Polarization of intermediate gauge bosons

» Proton structure and underlying strong-interaction ) ) £

dynamics as theorised by QCD

0 (o)

hadron plane

do 5 1 ,
d cos Od¢ |1 +cosO) EAH(I ~ 3c0s°0)
1
' — A,sin’f cos 2
[JHEP11(2017)003] o 1 + Ay sin 26 cos ¢ + 5 Apsin“6 cos 2¢
[Phys. Rev. Lett. 129 (2022) 091801] term |  + As sin@cos ¢ +|A4 cos O+ Assin26 sin 2¢

+ Ag sin 20 sin ¢p + A5 sin @ sin ¢,
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.091801
https://link.springer.com/article/10.1007/JHEP11(2017)003

Z — u*u~ angular coefficients at /s = 13 TeV
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[Phys. Rev. Lett. 129 (2022) 091801]

Run-II data (2016 — 2018) - 5.1 fb™1
yz > 2

75 < My, < 105GeV /c?

Measured at Born level

Total uncertainty dominated by
statistical uncertainty

ch
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.091801

Measurement of the Weak Mixing angle ﬁ%

Presence of vector and axial-vector couplings that depend on 6y, introduces a forward-
backward asymmetry of angular distribution of lepton pairs in DY events

q l I~

Y x 1+ cos?0* + A, cosf* q g g
1 At LO ! AFB = §A4 [t
N(cosf8*>0)—N(cos8*<0) Nfr—Ngpg
N(cosf0*>0)+N(cosf8*<0) Ng+Npg
my ) My
« At the tree level, cosfy, = — =>sin“ 0y, =1 ——%
myz my

* sin? Gé%?t accounts for higher-order corrections
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Measurement of the Weak Mixing angle

* Key parameter in SM Fraction of events where the |
, . Z boson travels in direction iyl
« A 3.2 ¢ difference exists between of initial state quark '
the two most precise individual 1 : Stp. A
measurements (SLD and LEP) .% 0.95 F- Pythia8, NNPDF31, milnev LEPSL. L\Gb('_-o?l) A:;;
E 0.9 : Phys. Rept. 427 (2006) 257
. 0.85 S eV
- Potential BSM process dependence , " e 5 001504
LHCb 7 and 8 TeV
0.75 JHEP 11 (2015) 190
- Atlarge rapidities have asymmetric ] g EUGEART. -
initial state: 0.6 _E| owssTev .
] g §| EPIC78(2018)701
» One parton at high x tends to 055 : 1 2| prusinin
be a valence quark iy 1 2 3 4 5 ALASONE AT
Rapl dl ty Cl\ﬁIS }3 TeV Prehmu@ry
» Other at low x tends to be an ... . W —
anti-quark [LHCb-PUB-2018-013]  ¢[Mamiyiostessy
E g Electroweak Fit (I. de Blaset al.) |
~_§ g PRD 106 (2022) 033003
- PDF uncertainty is smallest in the L | '
. 0.228 0.23 232
forward region sin” Oy
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https://cds.cern.ch/record/2647836/files/LHCb-PUB-2018-013.pdf?version=1

Measurement of the Weak Mixing angle

« Run-II pp collision dataset (2016-2018) @ /s = 13 TeV > 5.3 fb~1

ity

Fiducial region:
» 20<n,<45
> pr>20GeV/c
> 66 <M,, <116 GeV/c?

« Hadronic and heavy-flavour backgrounds are suppressed to the percent level by isolation,
muon track fit, and muon impact parameter requirements.

 Total background fraction, within the fiducial kinematic region for the measurement is just
2x1073

« All backgrounds are estimated through simulation and then scaled to the data
—>background subtraction
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Measurement of the Weak Mlxmg angle o2,

5010_
Fit App in (10) intervals of |An| (cos6* ~ tanh 7”) 0.08
In simulation this binning improves sensitivity to ~ *®
the weak mixing angle by 14% 004
., lept. : . . .
sin® He fF is extracted using predictions at NLO in o

the strong and EW couplings using POWHEG-BOX 0o,

Compare data with predictions to extract the value of

sin? Hé%?t that best corresponds to the data

Experimental uncertainty is much smaller than the
statistical uncertainty

T

LHCb 5.3 fb~! prellmlnary

sin? % =0.228
sin? 0% =0.235
Fit result

Data

-~ 1

_ .
K Nl
==

)

“*Iﬁ

Interval number

Interval

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50

|An]
Am

O 00~ O Ol WO

0.00 < [Ay[ < 0.25
0.25 < |An| < 0.50
0.50 < |An| < 0.75
0.75 < |An| < 1.00
1.00 < |An| < 1.25
1.25 < |An| < 1.50
1.50 < |An| < 1.75
1.75 < |An| < 2.00
2.00 < |An| < 2.25

2.25 < |An| < 2.50

0.0036 4 0.0025 + 0.0001
0.0204 4+ 0.0027 + 0.0002
0.0303 4 0.0028 + 0.0002
0.0406 4 0.0031 £ 0.0003
0.0466 4 0.0034 £ 0.0002
0.0528 4+ 0.0039 £ 0.0004
0.0622 4+ 0.0047 £ 0.0003
0.0545 £ 0.0060 £ 0.0004
0.0603 4 0.0088 + 0.0010
0.0622 4+ 0.0190 £ 0.0008
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Measurement of the Weak Mixing angle

e Final result:

. o lept
2
sin He ff

= (0.23152 + 0.00044(stat.) + 0.00005(exp.) + 0.00022(theory)

 Consistent with previous measurements and indirect
determinations from global electroweak fit

- Aim to improve statistical uncertainty with LHCb Upgrade I,
which includes a fivefold increase in instantaneous luminosity

Measurements

Direct

Determinations

Indirect

Total uncertainty

Statistical uncertainty

SLD, A

PRL 86 (2001) 1162
LEP combination, A?‘;b

Phys. Rept. 427 (2006) 257
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
EPJC 78 (2018) 701
ATLAS 8 TeV preliminary
ATLAS-CONF-2018-037
CMS 13 TeV preliminary
CMS-PAS-SMP-22-010
LHCb 13 Tev preliminary
This analysis LHCb-PAPER-2024-028
Electroweak Fit (J. Halleret al)
EPJC 78 (2018) 675

Electroweak Fit (J. de Blaser al)
PRD 106 (2022) 033003

0.228 0.23 0.232

18 July 2024
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Summary

« LHCb with its unique coverage is an important player
when it comes to electroweak physics -~

« Upper limits on rare W and Z decays using 2018 data

 High purity Z cross-section measurement at /s = 5.02 N
TeV

« Study of Z —» u*u~ angular coefficients at /s = 13 TeV
(Born level, ongoing need for more statistics)

 Precise weak mixing angle measurement (also need
more statistics)

« Anticipate significant statistical improvements in Run
3 with five times the instantaneous luminosity!
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Arp efficiencies /bkg subtraction

E 0-020_""I""I""I""I""I""I""I""I""IIIII

{  Detection efficiency correction

- Effect of detection efficiency and
Background subtraction

background subtraction on the :
measured Agg 0.010 |

é 0.015 - LHCb 5.3 fb~!

- 0.005 |-
 Tiny effect : l_
0.000 [ &==—r==q-==d======= L JEPEVES WEEVEPRPRL Ep.

: ' |
—0.005 |
—0.010 F

-0.015 |-

lllIlllllllIlllllllllllllllIIIlIlIII]

—0.028:““IHHIHHI""'"""'"""-ll---l-...l...,
.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50

|An]
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Arpp systematics

- Efficiency:

» Randomly vary estimated efficiencies 2 B A L A Al A RS AR ROAR
(trigger, muon identification, and tracking) 50,0010  —®— Efficiency _
o - —®— Background LHCb 5.3 fb-! .
] B .
= | —®— Physics 7
~ 0.0008 |- ]

« Background:
» Assumed cross-sections varied up and down

by 50% 0.0006 -
- Physics: T Z
> Simulated signal events are weighted to 0.0002 k ]
match the kinematic distributions predicted [ Z
by the DYTurbo program 00000 oo W N ]
0.00 025 0.50 0.75 100 125 150 1.75 2.00 'z'.z'?'A'z'.fo
n

- Tiny effect compared to statistical uncertainties
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Arp templates EW normalisation scheme

- SM templates can be derived from 3 electroweak
parameters: two masses and one coupling

0.005 F I | (G, sin? ¢ £y 1\[2) scheme
L (G, A[{y, Mz) scheme

- Different schemes take different input Ly = e i

parameters
—0.005

* Gf scheme: G,, my, my k:

« Not stable wrt higher order effects S

 Not used in the default measurement e

solid = NLO - LO
. xW scheme: G,u» m,, sin? Hé%[:)t ~0.02 | | 1(‘iashod — (NLO+h.0.) - NLO
i . lept . 60 70 80 90 . 100 110 120
* Defines sin? 0. Clearly in theory context Mysi- (GeV)

« Recommended for use by LHC-wide
Electroweak Working Group experts
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https://arxiv.org/abs/1906.11569
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