JG|U

joHannes GUTENBERG
UNIVERSITAT MAINZ

Electroweak Precision
Running of @ and sin” @

Moriond 2024

Rodolfo Ferro Hernandez

rferrohe@uni-mainz.de



g-2 tension
3\

Aubin et al. 22
LM 20

BMW 20
Mainz/CLS 19
FHM 19

PACS 19

ETMC 19
RBC/UKQCD 18
BMW 17

WWQWW

Lattice

WP cutoff

/

KNT 19
DHMZ 19
BDJ 19
FJ 19

Data 650 700

Experimental

measurement
BNL+Fermilab

Wittig 2306.04165



Quick basics / @ 4

The vacuum polarization function is defined as
(—qzif]”” + q”‘q”) ﬁ(qz,,uz) = i[d4xeiqx(0 | 777, (x)J.,(0)]0)

The running coupling 0?(/42) IS constructed to absorb the large logarithms that appear in this
expression. It is given by:

&(/42) = : A&(qu) = 47Taﬁ(0,/42)
1 — Aa(u?)
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a : a key parameter of the SM
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a : a key parameter of the SM

Rel error ~ 1071V Rel error ~ 10~*

e"e” — had o lattice + pQCD ,
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a : a key parameter of the SM

Rel error ~ 10719 Rel error ~ 10~
e"e” — had o lattice + pQCD
a(0)

Davier-Hoecker-Malaescu-Zhang, 2019

@ 6 | | | | | | | I | | | | |:| | IEI I | | | | I | |
12 p| |o |0 Jy:  y(2S)
5 - ' V4040
4160

enters in EW

A. . relations

I|III|IIII|IIII

Illllll

B e'e — hadrons data
(HVPTools compilation)

¢ BES

w
IllllllllllllllllIllllllllll

{ KED 7Z'CA¥M2
.|....|....|..._.p?CM{%V=M§ﬁ 1 - ( Z) [1+AfW]
1 2 3 4 \/EGFM%V

pad _ % [ Y KRG)
a — . A) S
# 372 | s



Running @ comparison

Erler, Ferro-Hernandez, 10.1007/JHEP12(2023)131

RGE (Mainz Latt)

Lattice
RGE (BMW Latt) —— ——f
RGE (R-Ratio)
—— Adler (R-Ratio)
ete”

R integral (R-Ratio)

275 276 277 278 279 280 281
Aa®(M2) x 104

%}} /


https://doi.org/10.1007/JHEP12(2023)131

Running @ comparison

Erler, Ferro-Hernandez, 10.1007/JHEP12(2023)131

RGE (Mainz Latt)
Lattice

RGE (BMW Latt)

RGE (R-Ratio) S had < 2 GeV
o ad < 2 b€

charm

———e——+  Adler (R-Ratio) S truncation
Dol s

R integral (R-Ratio)

275 276 277 278 279 280 2810.0 0.2 0.4 0.6 0.8
Aa®(M2) x 104 6Aa>I(M2) x 10%

Y Y
9}})} 54, = 0.0016 5, = 0.008 GeV


https://doi.org/10.1007/JHEP12(2023)131
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PV asymmetry example: ep scattering

2 2

A 07, — OpR //
PV 0L+GR Y | + 14 7 + Z
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PV asymmetry example: ep scattering
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PV asymmetry example: ep scattering

7y )
Apy = G:Q* |, :
PV — 7 + 14 7 + 7 — [QW_F(EZ’Q )
drar/ 2 T
- Q*/M:
Parity
Conserving Suppressed Form factors



PV asymmetry example: ep scattering

Parity
Conserving

Q%M

Suppressed

At higher orders....

2

0, — F(E, 0%

T

Form factors



PV asymmetry example: ep scattering

/ 9)
/ G QZ
_ F H
+ Y 7 + Z ——[ ‘l)?[/_F(EiaQ)]
4o/ 2 T
- O°*/M;
Parity
Conserving Suppressed Form factors

At higher orders....

4

P =1 —4sin” 0,(0) + vacuum + vertex + box + higher order

gvr = Tp — 2sz sin” &

Huge effect, 40% reduction of the asymmetry!
Important to resum large logs
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Use & to compute sin” Oy = §% (MS scheme)

Erler,Phys.Rev.D 72 (2005) 073003

YN () A | o | A @ 3 A
(1) =5 ('MO)a(,uo) i [1 &(ﬂo)] T ﬂ lg In 7 T 1 In 3 Gi0) + 6(Hp) — 6(1)
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Use & to compute sin” Oy = §% (MS scheme)

Erler,Phys.Rev.D 72 (2005) 073003
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Use & to compute sin” Oy = §% (MS scheme)

Erler,Phys.Rev.D 72 (2005) 073003
AW 0w | e A, kT 3k GG
auy) | alup)
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Use & to compute sin” Oy = §% (MS scheme)
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Use & to compute sin” Oy = §% (MS scheme)

Erler, Phys.Rev.D 72 (2005) 073003
; ; v |4, w2 34 a
200 = L+ Ay 1= | SN 20 By 2800 S0 i) — a0
O 1 2 A O
(o) a(fp) r |3 us 4 aly

Requirements

a(M.)) from a sin? 6(0) from sin® A(M.)

pQCD 4 A
Total HVP /

Inferred from “s
Flavor Separation X ( channels” like the ¢
Using cross section Erler, Ferro-Hernandez,10.1007/ Erler, Ferro-Hernandez,10.1007/
data JHEP03(2018)196 JHEP03(2018)196

Theory error Is negligible compared with
future experiments


https://doi.org/10.1007/JHEP03(2018)196
https://doi.org/10.1007/JHEP03(2018)196
https://doi.org/10.1007/JHEP03(2018)196
https://doi.org/10.1007/JHEP03(2018)196

A\

Use & to compute sin” Oy = §% (MS scheme)

A\

Erler, Phys.Rev.D 72 (2005) 073003
: : A 2 3); &
200 = ) fl(ﬂ) i |- fc(ﬂ) LG T R e ix(ﬂ)
(o) a(fp) r |3 ug 4 a(u)

+ 6(ug) — o(u)

Requirements

a(M,)) from a sin? §(0) from sin® O(M,)

pPQCD / /
Total HVP ¥ Lattice can compute
| the contribution of

Flavor Separation x ( each flavor
Using cross section Erler, Ferro-Hernandez,10.1007/ Erler, Ferro-Hernandez,10.1007/
data JHEPO03(2018)196 JHEPO03(2018)196

_ _ Erler, Ferro-Hernandez, 10.1007/ .
USlng | attice JHEP12(2023)131 To be published soon



https://doi.org/10.1007/JHEP12(2023)131
https://doi.org/10.1007/JHEP12(2023)131
https://doi.org/10.1007/JHEP03(2018)196
https://doi.org/10.1007/JHEP03(2018)196
https://doi.org/10.1007/JHEP03(2018)196
https://doi.org/10.1007/JHEP03(2018)196

Lattice flavor separation

Parameter| Value and error |Ilg;.. II: 1l.4
TT4isc (—=3.7+1.0) x 10°*| 1.0 —0.5 —0.6
I1, (83.0+1.3) x 10~* |—0.5 1.0 0.9
Tyq (587.8+£8.3) x 107*|—0.6 0.9 1.0

Ce et al 10.1007/JHEP08(2022)220 \

(- Q%) = I{0.u%) — II(— Q% pu?)

2 3 2
ﬁf<—Q2,Q2>—4—fZ (“(Q))

/

pPQCD



https://doi.org/10.1007/JHEP08(2022)220
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While from cross section data the result is: (0),+.- = 1.03200 %= 0.00008,

Erler, Ferro-Hernandez,10.1007/JHEP03(2018)196

R(0),, — R(0),+,- = 0.00033 = 0.00013
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Summary



1. We computed sin? éW(O) using lattice QCD as input.

2. We found a ~3¢ tension when compared to the result using e e~ cross section data.
3. As expected the tension is in the same direction as the tension in a.

4. Tension smaller than the precision expected in future PV experiments.

5. We computed the correlation of a/i”’p with both & and sin” 9W(O).

6. There is consistency between the SM prediction and the experimental average of My,

12
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Backups



sin” @ is analogous to «

e O o

The weak mixing angle is also a key parameter in the Standard Model.

Rel error ™ 10_3 (2)
sin” 6(0)

Low energy Parity
Violation
Experiments

GL Y GR . A
O, T OR

ete™ — had o lattice + pQCD

—— pQCD (massless)

\s [GeV]

Rel error ~v 10_3

sin? o(M,)
Measured at the Z pole
8vr8Af gy = Ty = 207 sin0
Ap = P P 8ar = 1
8vr T 8ar
Or— O 3
Apg=———==AA,
OF —+ Op 4
01 — Op
Arg = = A,



Explicit integration over R



Relation with cross section

Picks up Im ﬁhad(S, 1)

Use optical theorem

o(ete” — had)

R = olete™ = utu-)
Ré(s)
f[had(s, /12) is analytic in the complex plane of s, except for poles and bre * O E
A 2 E E :

1’_\I 2 2 _ 1 Hhad(s, //t ) d 4:—

had(q > U ) — ) i 5 S i
d C T q 2" ]
2 A - e'e’ — hadrons data -
A 1 Ho R(s 1 11 A : 1} {KEDR :
Hhad(q 2, //lz) — J' ( ) dS I : J had( //t )dS =) — PQCD (massiess) E

2 2 271'1 00 1 2 3 4 5

2
S
7 |sl=pg 9



Explicit integral over R

Compute I, (g%, u?) — I, ,(0,44?) directly

2 0 R
M) = —Re [gi [F R0 dS]
T )2 S(S — ¢

2 (d 1
Very similar to the expression used to compute a ! qhad — a > K(s)R(s) K(s) ~ —
# H 372 ) s )

Collaborations usually quote both results

(F. Jegerlehner :arXiv:1905.05078)
(M. Davier, A.Hoecker, B.Malaescu, Z. Zhang: arXiv:1908.00921 )
(A. Keshavarzi, D.Nomura and Thomas Teubner: arXiv:1911.00367)

But, sensitivity to different regions of the integral is different......


https://arxiv.org/abs/1905.05078
https://arxiv.org/abs/1908.00921
https://arxiv.org/abs/1911.00367

4 Aa(M3)

Above 2 GeV
8.5%

Below 2 GeV
20.1%

Total contribution per region

Above 2 GeV
Below 2 GeV
91.5% 79.9%

Davier-Hoecker-M#laescu-Zhang, 2019

W41 60

M AL
w

T &'e = hadrons eete
(xiY/Raoo!sYcompilation)

ABES
YKEDR
= RQEDA(MaSSIESS))

0 1 2 3 4 5
Plot modified from: M. Davier, A.Hoecker, B.Malaescu, Z. Zhang: arXiv:1908.00921
\s [GeV]



https://arxiv.org/abs/1908.00921

Integral over R

T mmmm=  Region where pQCD is used
10000 Y(1s-6)] Chetyrkin et al. hep-ph/9606230
i v(2s) a ( S) Chetyrkin et al. hep-ph/0005139,
1000 Transition pointiat 1.937 GeV - R(S) -3 Z Q2 1 + S + .. | + mass corrections Harlander et al. hep-ph/0212294
| n T Baikov et al. hep-ph/0801.1821
. 100 | 5 | n Maier et al. hep-ph/1110.5581
@ ¢ a Baikov et al. hep-ph/1501.06739
p/® |
10 r ; . L mmmmm  Region data is used
: Vot o (A. Keshavarzi, et al uses data up to 11 GeV (plot taken from them)
1 —
Exclusive data Incjusive data
0.1 i

10
\s/

N

Aa®(M,) = [275.77 + 141 8&, + 0.7 81, — 1.3 81y, £ 0.67,_ e = 0.1900 £ 0.28

pQCD
12.6%

Resonances
2.9%

5a, = 0.0016

ey +0.38 4015 Gev £ 015, x 107 (Timelike method, R input)

27.6%

ont. = 0.008 GeV Main error associated to the charm quark

Aa (M) = |78.72 + 27 ba, + 0.7 rir, £ 0.02,,. £ 0.67_y,, £0.13,,, £0.08 | x 10*.

3.7-5.0 GeV
56.9%

Distribution of (5Aa(5)(M%))2




RGE method



RGE method

Steps:

1. Determine light quark contributions to T1(0,u?) at a low energy scale.
2. Match the charm quark contribution.

3. Run to bottom quark, match it and run.

4. Convert back to the on-shell scheme (effective coupling).



RGE method

Steps:

1. Determine light quark contributions to 11(0,4?) at a low energy scale.
2. Match the charm quark contribution.

3. Run to bottom quark, match it and run.

4. Convert back to the on-shell scheme (effective coupling).



Im(s) |

RGE method: light quark contri

10000

1000

w 100

R(

10

0.1

bution

When need W@W

G(u?) = —— AG(u?) = 4rall(0,u2)
1 — Aa(u?)

So lets go back to our contour and set q2 — () - Erier. hep-ph/9803453)

3)

2
R | Ho o R(s) h d(Saﬂz)
Ré(s) Hhad(oaﬂz) 5 2 ds 4 - ds
= Jamz S Is1=43 S
- ﬁiveSSIight quarks
Y g contribution
U DN O“a«d-% Use data for the low part, and pQCD for the circle integral
o)
. i . \
y 1 _ L1, .40, /42) IS known up to order az’ for massless quarks
e ‘
Erclusive data nclusive data Condensate effects are suppressed by two powers of

1

Vs [GeV]
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RGE method

Steps:

1. Determine light quark contributions to (0, p2) at a low energy scale.
2. Match the charm quark contribution.

3. Run to bottom quark, match it and run.

4. Convert back to the on-shell scheme (effective coupling).



RGE method: matching

alme—1) /s ~ . . 15 . . ~(ns) 13
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. - A2 Chetyrkin et al. hep-ph/9708255
The matching conditions are known to order ai’ .
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RGE method

Steps:

1. Determine light quark contributions to (0, p2) at a low energy scale.
2. Match the charm quark contribution.

3. Run to bottom quark, match it and run.

4. Convert back to the on-shell scheme (effective coupling).



RGE method: Running

A A 2
,daa  Q
H —— = — '
du’? r«
K to5 | 1
ﬁ nowr('llikovoetal.aZ\is())§1284) ﬁ: |32KQQ42+6
q
&S
quNc 1+;+...

,d .«
—Ax =—p
du? T

Qq] ,

_ <&_)3(£_25

T 216 97




Renormalization group equation

o

2
2 2
242 7 +o ZQq] ]
Q
\W>W<W>W

d§Vf at |1 A A
d1n 2 ~ 7 |242 Ky:gy,Q;+ 120 [ % Qq] [%qu]]

dln,u




RGE method

Steps:
1. Determine light quark contributions to (0, p2) at a low energy scale.
2. Match the charm quark contribution.
3. Run to bottom quark, match it and run.
4. Convert back to the on-shell scheme (effective coupling).
Use again

Aa®(M2) = Aa®(u? = M2) — 4rnaRe |ITOMZ, u* = M2)

From the running Scheme conversion



Some anomalies in the SM

LEP Combination
hep-ex/0605011

DO (Run 2)
arXiv:1203.0293

CDF (Run 2)

FERMILAB-PUB-22-254-PPD

LHCb 2022
arXiv:2109.01113

ATLAS 2017

arXiv:1701.07240

ATLAS 2023

this work

Overview of m,, Measurements

i - e =
ATLAS Preliminary 7
Vs=7TeV,460" ST AU
| e
| i 1o
-Ililﬁll-
® Measurement _
[ ]stat. Unc.
B Total Unc.
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80300
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80400
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Plot taken from: ATLAS collaboration, March 2023



More back ups

2

Atomic spectroscopy R. = @ Mec
41h
1) Extract R, from the data v =¢; — ¢
RsoC
£; = :2) (1 + 5,)

]

From the bound g factor of the electron

2) Determine L3 /
Me

h UMxh

me me u My WNC_

? Recoil velocity

cyclotron frequency of an ion in the constant magnetic field

From Robert Szafron (2019 Mainz Talk)



