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The weak mixing angle

. Electroweak model SU(2); X U(1)y (Glashow, 1961)
A, = B} cos 6y, + W, sin 6y,
Z, = W, cos Oy, — B sin Oy,

~~ |

72 2

Two independent coupling constants g and g’ 7 W{y/z z f
. On-shell definition of the weak mixing angle ] W

: g myy,
2 — —1__W
sin“ Oy, _gz +g’2 1 mZ Z vz 2
f v/Z F
- Weak neutral current
J Z,fr*(1l —2Q;sin? 6y, — ys)f, 1] =0,41/2
cos By,

- Effective value due to radiative corrections

- 2nf — f .2
sin® 6 ¢ = K sin“ 6y,

Full two-loop EW fermionic and bosonic corrections completed recently




sin? O.¢s measurements

® A FB ClO S e tO the Z p Ole 0245 Energy dependence on the electroweak mixing angle
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- Atomic parity violation
. in2 ~ 0
S(sin® Bq¢) = 0.4% 0,235
.+ Q ~ 1073 GeV
- v and polarized e~ -
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Left-right asymmetry at J /Y

- Interference of y* and Z* annihilation

o, — O 3/8 — sin® O my

Aigp =

- Parameters of the SCT experiment
- Luminosity L = 103> cm™2s™1!
- Cross-section o(ete™ - J /i) = 10739 cm?
» One data-taking season t = 107 s
 Fraction of / /3 decays used in the analysis € = 0.5

dA, 1

2

~ 4.7 x 107%¢

~
the average e™
polarization
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sin®(0%) at J /Y

d sin” Heff 0.44 ALk Rd0.44 ai 0.3%
— — = 0
sin? Heff A g &

- Ultimate one-year precision

o(sin®05) ~ 5x 107*

- The average electron beam polarization ¢ should be
controlled with precision of 1073

* On-line laser diagnostics
+ Off-line data-driven approach (this talk):

ete™ > J/Y - [A—pr”][A - pr”]




ete” > J/Pp - [A - prT][A -

- Leptonic current (z axis along A momentum)
H = U_gyHug = \s(0,& cosB,i,—&sinH)

Je =
- The J/i - AA vertex

- 2my
—iegTia(ps) |Gyy" — 07 (G$ - Gﬁ;”) Q“] va(p2),
Q=p1—D2

- The A » pr~ (A - prrt) vertex

u,[ A+ By°luy,  (5z[ A"+ B'y®lvs), 1Al ~|B|
- Four real form-factors
< |GIIJ|2 _4m2 |G¢|2 oY A and A decay form-
g= 1M i E . = arg <_E¢> ay, a, facto.rs. CP symmetry
s |Gl\lf’[| + 4m3 |G;:/’| Gy implies a; = —a,




Leptonic and hadronic tensors

- Leptonic tensor

S
LW = (GO = kXkY + kEKY — 5 gt —&ie"v Pk_ok,p

- Hadronic tensor: separate symmetric and anti-symmetric parts

— ~ H,, + H,, _ H,, — Hy,

H,, =H,, + 171,#, H,, > ) H,, >

- Differential cross-section (5D)
do < W({)d cos 0 dQ,dQ,, W({) < LW H,, =a+¢b

- Symmetric part calculated in G. Faldt, Eur. Phys. J. A 51 (2015) 74
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Combined reference frame

Scattering

plane P
e, = —
2 pl
1 D k)
e, — X
Y  siné (Ipl k|
ex =€y X —
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d{ = dcosBdcosb;dp;dcosb,dyp,

(0,0,1) 24> = (sin 0 cos ¢, sin O sin ¢, cos B) 002
(0,1,0)2yz = (sind, — cos ¢, 0)r5y02
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Angular distribution

W({@)=a+¢b
a=Fy+aFs+ a;a, (F1 ++1—a?cos(AD) F, + aF6) + 1 — a?sin(AD) (a,F5 + a,F,)

b=>0+a)(a;G; + a,G,) +V1 — a?cos(AD) (1G53 + a,G,) ++ 1 — a?aa, sin(AD) Gs

JFo=1, G1 = cosfcos b,

F, = sin? 0 sin 0 sin s cos ¢ cos do + cos? § cos H; cos b, Go = cosf cos b,

Fo = sinf cos 0 (sin 0, cos 02 cos ¢1 + cos 01 sin O3 cos ¢2) , G3 = sin @ sin 01 cos ¢q.,

JF3 = sin f cos 6 sin A sin ¢, G4 = sin f sin 6 cos o9,

F4 = sin @ cos 6 sin O3 sin ¢o, Gs = sinf (sin ¢ cos O3 sin ¢1 + cos 01 sin O3 sin ¢3) .
F5 = cos? 0.

o New!
JF6 = cos B cos By — sin” # sin 64 sin 69 sin ¢ sin ¢o,




BESIII analysis

. 1.31 x 10 J /1 events

nature > nature physics > letters > article

- J/Y - [A - pr~][A - prrt] signal nature
yield 0.42 x 106 (with 400 physics
background events) T
. The results Polarization and entanglement in
AD = (42.4+ 0.6 + 0.5)° baryon-antibaryon pair production in
a = 0.461 + 0.006 £ 0.007 electron-positron annihilation
a; = +0.750 + 0.009 + 0.004 The BESll Collaboration

a, = —0.758 + 0.010 + 0.007

Nature Physics 15,631-634 (2019) | Download Citation

3334 Accesses | 8 Citations | 45 Altmetric | Metrics »




Feasibility study: the procedure

1.

2.

3.

Generate phase-space distributed events with EvtGen
Accept-reject algorithm with the probability density function W ({)

Simple detection efficiency (min p, = 60 MeV/, min 8 = 10°), perfect
momentum resolution and perfect particle identification

Maximum likelihood fit with likelithood function
N M
—2InL = —ZZln W) + ZNInZIn w(), M>»N
i=1 P j=1 P
Signal PHSP

events normalization
sample




5D Fit

SCT one—year o (10~%)
a AD (rad) a;
£=0 Fixed 15 3.1 2.8

£=08 1.2 1.6 0.9

- The expected one-year signal yield at SCT
Nsig = 0.8 X 109 4et

Setup

- &, and é_ are independent fit parameters

- Sensitivity to the CP-violating combination
a; + a, 1s iIncreased dramatically due to the
beam polarization

« SM expectation
aq + a,

Ay = S 5% 1075

a; — ay
Expected precision: 6(4,) = 1.2 x 10™*
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Single-side observables

- 3D single-side angular distribution

do
d cos B df)

a=1+acos?0 + a;y/1— a?sin A® sin 0 cos 8 sin 8, sin ¢,

xa+¢b

b=1+a)a;cosOcosb; + a;\/1— a?cos Ad sin 0 sin O, cos ¢,

- The form factors and average - SCT one-year o (10™%)
Setup g

beam polarization can be « a0 @
S SIS 5DE=0 Fixed 15 3.1 2.8

reconstructed events
5D ¢ =0.8 1.3 1.2 1.6 0.9

3D ¢ =0.8 4.3 1.2 2.4 3.4




Feasibility study: conclusions

1. The process ete™ — J/y - [A - pn~][A = prr*] can be used to control

the average beam polarization precisely enough for measurement of
the sin® 05

O-stat(f) ~ 10_4

Systematic uncertainty is to be considered

0.2475 Eneray dependence on the

sine,,(Q)

0.24

2. Longitudinal polarization of the electron beam o= i

0.23

« improves A baryon formfactors measurement
® Q,(APV) V¥ eDIS |
accuracy ma, * NuTev ! I

o.025/4.9 . .LEIP/SLD : e — .

* Improves sensitivity to the CP symmetry breaking in
A decays

1.02 ok ¢

=
£

Meas./Pred.

coo o
©WOWO ¢
~NoO©_

* enriches physics of charmed baryons at SCT (this
1item 1s to be further developed)




Subtleties and difficulties

1. Luminosity monitoring

2. Effect of the detector magnetic field

3. Effect of the bunch magnetic field

4. Effect of (non-zero) bunch crossing angle

5. Not equal average positive and negative beam polarization &, # —&_
6. Accounting theete™ - Z - J/i —» AA amplitude contribution

7. Effect of natural polarization of positrons

8. 777




Luminosity monitoring

Ny

Ligeff

O'i=

- Statistical precision a;/L ~ 107° is needed
« Multiplicative biases vanish in asymmetry

- L monitoring with Bhabha events
glete” > ete )pa10o 1 x1073%cm? = a(ete™ - J /)
- Bhabha events statistics will limit precision
- L monitoring with dedicated device at low angle

- Would provide good support for the sin? 8,4 measurement
* The device should be able to measure bunch-by-bunch luminosity




Detector magnetic field

« ¢t(A) = 7.90 mm

- A spin rotation in magnetic field

—2B
W = ;L‘A”N, iy = —0.613

- A spin rotation in 1.5 T magnetic field is about 30 mrad
- A ~ 1073 effect, probably should be taken into account

- A flight length-dependent correction
- Requirements for the spatial and vertex resolution

[H.-B. Li, X.-X. Ma, PRD 100 (2019) 076007]



https://doi.org/10.1103/PhysRevD.100.076007

Bunch magnetic field at SCT

- Bunch current 4.2 mA
- Beam size 0.178um X 17.8um X 10mm
- Magnetic field at bunch surface is about 0.01 T

. Correction for the effect of bunch magnetic field should
be considered in the Bhabha-measured luminosity

|-

[G. Voutsinas et al., JHEP 10 (2019) 225]
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Conclusions

SCT with polarized electron beam 1s a unique
experiment to study neutral weak coupling of
the charm quark and to measure sin? 65

—~ 0.245 Fneray on the mixing angle

sin?8,,(Q

0.24

The decay J /i = AA can be used as a precise
monitor of the average polarization of electrons

0.235

0.23

® Q,(APV)  VeDIS

Baryon physics at SCT with polarized e e
electrons 1s attractive and needs to be 5
considered 1n detail
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000 =

0O
~N0O.

Reaching new precision frontiers implies
facing new subtle effects




Backup




Experiment at SCT

1. Set beam energy at +/s = m(J /i), about 400 bunches circulate
simultaneously

2. Set random polarization 0, ¢, or {_, &, = —¢&_, for each e™ bunch

3.  Count numbers of the /Y — hadrons events N, and N_ for the
polarizations &, and &_

Ny ~ 10%2, event rate = 100 kHz

4. Calculate the cross sections and left-right asymmetry

Ny _ 04y —O-
’ ALR -

Ji=

L1&get o, +o_

- Luminosity monitoring and backgrounds
- Statistical precision o;/L ~ 107%is needed
- Biases:
- Multiplicative bias L} = (1 + k)£, vanishes
- Additive bias §N should be controlled at the level of 1073




Lambda decay form factor

- A - pn~ decay with A polarization w and 7~ momentum q:

dr
70 X1l+a,w-q
- A->prt:
dr
d__Q x 1+ a,w - q
- CP symmetry implies a; = —a,. CP asymmetry
a; +«a
Ap = ! 2
a, — ay

is about 5 X 10> within the standard model




124 == o~ R e
] ] b 1 Lo P
1D Distributions ;[ =~
. . 0.6
- Proton azimuth angle ¢; in A frame i
41 ¢ g
do a« mn* @ —— | Eo 41
—x1+=-+&—a;V1—a?cosAd cos ¢, e 1 I
do, 3" °16 I [ el
- Corresponding integral asymmetry B S S S SR S = S
¢1 (rad)
3rV1 — a?
= AD = 0.17 .
AR =3¢ 8 a+3 1 €08 d L6 >
. 1.4 \\\*-._H //
- Proton polar angle in the lab frame e e
do 1.0 N M S-CE S el P
o« 1+ acos? 8% + a4 cos 0 [0.203(1 +a) os
© 1 1
dcos 6, 0.6
— £=0
+0.054y/1 — a2 cos Ad + 0(10~72)] Rl S
021 ___ g1
. 0) _ | ,
Integral asymmetry AFB - 0116 l:]I.E.I.IZ)CI —0175 —0150 —-0.25 0.00 0.25 050 0.75 1.00

cose”
can be improved




2D Distribution

do
d cos 6 d cos 0,4

cosB1

x 1+ acos?8+ &1+ a)ay cos O cos by

- Polarization makes cos 8 and cos 6; correlated

- Asymmetry can be formed

4 :O'fwd—O'de_é_3CZ1a+1~024€
BT Gtwd + Obwd 4 a+3
- f do d cos 6 d cos 0 =
Ofwd = d cos @ d cos 8, cOSTAcosHy D
cos 6 cos ;>0 8
- f do d cos 6 d cos 0
Towd = d cos 0 d cos 6, oSy oS

cos 6 cos 6:<0

1.0 -

0.5+

0.0~

-0.972
-0.940
-0.908
-0.876

0.844
0.812
0.780
0.748
0.716
0.684

0.95
0.86
0.77
0.68
0.59
0.50
0.41
0.32
0.23
0.14




sin® 0. at colliders

1. LEP
- Unpolarized e*e™ beams near the Z pole, 17 x 10° Zs
« Forward-backward asymmetry

2. SLAC Large Detector (SLD)
- Polarized e*e™ beams near the Z pole, 50 x 103 Zs
« Average beam polarization of 60%

* Combinations of the forward-backward and left-right
asymmetries

3. LHC: ATLAS, CMS, LHCb

« Unpolarized proton beams
» Tests of the Z — Il couplings and measurement of the sin? .
* Model-dependent




AFB at LEP

. Annihilation process ee™ - Z — ff, unpolarized cross-section
do

< A(1 + cos?8) + Bcos b
d cos 6

- Forward-backward asymmetry
Orp — Op B 3

or +og 4
ng ga - 1- 4|Qf| sin” Heff
(ga) +(g£) 1—4|Qf|51n2 Heff+8|Qf|sm4 Heff

- Counting experiment

Af_




SLC Experiment

- Polarized beam gives access to the left-right asymmetry

Oy _
= Ac¢
oy +o0_

Ap =
¢ 1s the average polarization of the electron beam

- Forward-backward asymmetry with polarized beam

3 A, +¢
f e
Al =24, >
FBE 47T 1+ A8

- Left-right forward-backward cross-section ratio

f f f f
_ 40,5+ 0gp — 015 — Ogp

Ar =

f f f f
3 Opp T Ogg T 01p T Opp
Counting experiment with direct measurement of As




Signal yield and
Detection efficiency

oo
o
pf.

=
1
3 |

Y

| 0 e ®®

p (GeV)

- p; > 60 MeV and 6 > 10° give
* Double-side detection efficiency €4o¢ = 0.72
» Single-side detection efficiency £33, = 0.84

0
N51g

0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8
pt (GeV)

. B, =B(J/p > AR) = 1.9 x 1073
« B, =B(A - pn~) =0.64
= 10?2 x B; x B ~ 0.8 x 10°

1.0

1.2




Table 3.8

Overview of the measured asymmetries at the Z pole from the LEP and SLD experiments [19]. The values are
compared to the SM prediction and a pull value for each observable, (Omeasured — Opredicted )/ A O, 1s calculated. In
addition, the corresponding effective weak mixing angle sin® E?éff is given. The values indicated with an asterisk
have been derived within this work.

Observable Collider ~ Value Total unc. SM expectation Pull Corresponding sin® 0l
Ae LEP 0.1498 0.0049 0.1473 = 0.0012 0.5 0.23117 = 0.00062*
Aq LEP 0.1439 0.0043 0.1473 £ 0.0012 —0.8 0.23192 £ 0.00055
AE;;" LEP 0.0145 0.0025 0.01627 &= 0.00027 —0.7 0.23254 £ 0.0015"
AE;;“ LEP 0.0169 0.0013 0.01627 &= 0.00027 0.5 0.23113 £ 0.0007*
Ag,‘f LEP 0.0188 0.0017 0.01627 &= 0.00027 1.5 0.23000 £ 0.0009*
Agl‘; LEP 0.0171 0.001 0.01627 &= 0.00027 0.8 0.23099 £ 0.00053
AEI'; LEP 0.0699 0.0036 0.07378 £ 0.00068 —1.1 0.23220 = 0.00081
Ag;;’ LEP 0.0992 0.0017 0.10324 £ 0.00088 —24  0.23221 £ 0.00029
Ae SLD 0.1516 0.0021 0.1473 = 0.0012 2.0 0.23094 £ 0.00027*
Ay SLD 0.142 0.015 0.1473 = 0.0012 —-04  0.23216 = 0.002*
A; SLD 0.136 0.015 0.1473 = 0.0012 —0.8 0.23259 £ 0.002*
A SLD 0.1513 0.0021 0.1473 = 0.0012 1.9 0.23098 £ 0.00026
Ac SLD 0.67 0.027 0.66798 £ 0.00055 0.1 0.231 4+ 0.008*

Ap SLD 0.923 0.02 0.93462 £ 0.00018 —0.6 0.25 = 0.03*

https://doi.org/10.1016/1.ppnp.2019.02.007
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Table 3.9

Overview of selected measurements at LEP, SLD, Tevatron and the LHC of the effective leptonic electroweak mixing
angle sin” 6. using different observables including a breakdown of different sources of uncertainties. Values which are
indicated with an asterisk have not been published and hence only estimated within this work.

sin? Qéff Value Stat. unc. Syst. unc. PDF unc. Model unc. Total unc. Reference
DO 0.23095 0.00035 0.00007 0.00019 0.00008 0.00047 [223]
CDF 0.23221 0.00043 0.00003 0.00016 0.00006 0.00046 [224]
Tevatron (combined) 0.23148 0.00027 0.00005 0.00018 0.00006 0.00033 [225]
CMS 0.23101 0.00036 0.00018 0.00030 0.00016 0.00053 [226]
ATLAS (central) 0.23119 0.00031 0.00018 0.00033 0.00006 0.00049 [227]
ATLAS (forward) 0.23166 0.00029 0.00021 0.00022 0.00010 0.00043 [227]
ATLAS (combined) 0.23140 0.00021 0.00014 0.00024 0.00007 0.00036 [227]
LHCb 0.23142 0.00073 0.00052 0.00043* 0.00036* 0.00106 [228]
A*;;d (LEP) 0.23240 0.00070 0.00100 - - 0.00120 [19]
A; (LEP) 0.23099 0.00042* 0.00032* —~ —~ 0.00053 [19]
A; +A. (LEP) 0.23159 0.00037* 0.00018* —~ —~ 0.00041 [19]
A?B (LEP) 0.23221 0.00023* 0.00017* —~ —~ 0.00029 [19]
A; (SLD) 0.23098 0.00024 0.00013 - - 0.00026 [19]

https://doi.org/10.1016/1.ppnp.2019.02.007
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