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Metivation
The Standard Model (SM): An Incomplete Theory

@ a, is one of the most precisely measured quantities in particle physics,
accurate to 0.54ppm.

° SM < a;,"" by approximately 3 standard deviations.

@ Any deviation could herald the existence of as—yet unknown new
physics beyond the SM. »

@ Experiment will be four times more
accurate after the completion of
Muon g-2 experiment at Fermilab!

By improving the precision of a,, we can determine whether the SM
is an incomplete theory!! J
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bsiakey
The Anomalous Magnetic Moment

@ A charged elementary particle generates an angular momentum, [
e

H=99m”

@ In 1928, Dirac predicted that g = 2 for spin-1/2 particles.

@ However, due to radiative corrections

-2
a; = % where (I = e, u,T)

@ In 1948, Schwinger calculated the leading order (LO) contribution as
aQED,LO _ @
! 21
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Motivation
Contributions from the SM

—9 .
(g ) QED + a + ahad + a}]:fewPhyszcs?

a¥PP = (11658471.808 £ 0.015) x 107 ficiostits e o

EW (15 4+ 0. 2) x 10~ 10 [Czarnecki et al., Knecht et al.]

Zad (695.6 4 4.9) x 10719 vt 2012)

OM = aQFP 4 oW 4 ahod = (11659182.8 £ 4.9) x 10717

af? = (11659208.9 & 6.3) x 107'0  fawiro0n2806)
sa®P —aSM — (26.1+£8.0) x 10710

corresponding to a 3.3¢ discrepancy.
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The Hadronic LOVP Contribution
The Hadronic Contribution

Uncertainties from the hadronic sector completely dominate Aan!

ghad  _ abad,VP Lo ahad,VP NLO abﬁd.Light—by—Light

i
LO NLO L-by-L
Y
n n . had.
had. had.

Of these, azad' VP LO has the largest uncertainty.

The internal hadronic “blob” contains the contributions from all the
possible hadronic states!!
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\ TSP BR N CNEESTE The Hadronic LOVP Contribution

: had
Calculating aj,

LOVP

@ By means of unitarity,

Oet+e— —hadrons (8) -

COTTIEI

@ Using analyticity, we get the dispersion integral

ds 1
ap = ;/0 ;*ImHZad(S)K( s)

and aﬁad,LOVP _ (am#)Q /ood ZZZG(S)K( )
3 sth s2
m2
where Rpaa(s) = 0%, , /i1’ and K(s) = 22(04 ... 1).

@ Integration limits go from s = 4m2 — 0o as K(s) = 0.4 — 1.
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P
Combining Data Sets

Large number of available data sets for a given hadronic channel.

z

CeN e CCNC ST S D << NN

75 !KLOE10

337 !BaBar, PRL103 231801 (2009); 337pts, 0.30 .. 3.0

60 !KLOE®S, GBGQ‘BQSBNZ (2008); ©.5916 .. 0.9747

10 |CMD-2, Akhmetshin®6, hep-ex/0610016; 10 pts, 0.37 .. 0.52

29 1CMD-2, Akhmetshin®6, hep-ex/0610021; 29 pts, 0.6 .. 0.97

45 1SND, Achasov04, re-analysis, hep-ex/0605013; 45 pts, 0.39 .. 0.97

36 1CMD-2, Aulchenko®6,hep-ex/6663021,IETP Lett82(2005)743, 36pts, 1.04-1.38
60 !KLOEGS, Rad.Ret., KLOE Note n.192, 60 pts, ©.35 .. 8.94 Gev~2 (OLD KLOE Data, exclude)
2 IOLYA-VEPP2, Vasserman79, SINP3@(1979)519; 2 pts, 0.4 and 0.44

4 ITOF-VEPP_2M, Vasserman81, SINP33(1981)368; 4 pts, 0.4 .. 0.46

4 INA7-CERN, Amendolia84, PL138B(1984)454; 4 pts, 0.32 .. 0.422

77 |OLYA-VEPP_2M, Barkov85, NPB256(1985)365; 77 pts, ©.6426 .. 1.397

24 ICMD-VEPP_2M, Barkov85, NPB256(1985)365; 24 pts, 0.36 .. 0.82

16 !DM1-ACO, Quenzer7s, PL76B(1978)512; 16 pts, 0.483 .. 1.896

17 !DM2-DCI, Bisello89, PLB220(1989)321; 17 pts, 1.35 .. 2.125

13 |BCF-ADONE, Bollini75, Lett.NC14(1975)418; 13 pts, 1.2 .. 3.

1 IMEA-ADONE-Frascati, Esposito77, PLB67(1977)239; 1pt at 1.6

1 IMEA-ADONE-Frascati, Esposito8e, NCL28(198@)337; 1pt at 1.45..1.52

8 IBCF-ADONE, Bernardini73, PL46B(1973)261; 8 pts, 1.2 .. 3.

28 INOVOSIBIRSK-CMD, Dolinsky91, PRep202(1991)99; 28 pts, ©.81 .. 1.39

29 INOVOSIBIRSK-VEPP-2M, OLYA, Bukin78, PL73B(1978)226; 29 pts, 1.33 .. 0.78
17 INOVOSIBIRSK-VEPP-2M, OLYA, Koop79, INP-79-67 (1979); 17 pts, 1.06 .. 1.40
3 !Cosme85, LAL-1287 (1985) and NPB256(1985)365; 3 pts, 0.915, 0.99, 1.076 !should be from 1976
43 1CMD-2, REANALYSIS, hep-ex/0308008; 43 pts, 0.6105 .. 0.96152

60 |KLOE, Babusci 2013, PL 720B,336; 60 pts, ©.5958 .. 0.9721

We must make sure that for each data set we,
@ correctly remove the photon VP effects.
@ calculate accurate errors considering our VP corrections
@ account for any final state radiative (FSR) corrections.
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Computing ah @l W12 1O Data Combination

How do we use data from different experiments in a given

channel to compute its contribution to ahad?

@ Combine the data in a given channel before integrating.
@ Re-bin the data points into energy clusters.

r N(k m) (k m) Tr N(k,m,) 4 -1

R, =

NG (k m)y [ N&™ 71—t

8|S | |

N#m) — total no. of data points within cluster m.

@ Use adaptive clustering algorithm to produce target clusters.
— too small a cluster = precise data overwhelmed
— too large a cluster = data missed about resonance peaks
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L=
Fitting The Data

Use a non-linear non-linear x2-function [HLMNT, 2012]

Neap 2 (Naw NE™ /o (m) 2
1- R, — fxBRm
k=1 i= w/o cov. mat

ks
m=1 ng ™

i=1
clu N(k ™) N(k’ n)
{Z Z Z (B"™ = fiRm)C™ (mi»nj)(R§k'n)—fkRn)}

where Ny, Negp are total number of clusters, experiments

o Treat the statistical /systematic errors according to experimental data
@ Input covariance matrices where provided (last term!)

Alex Keshavarzi (UolL)

. V P
Calculating a**

May 20, 2015 10 / 17



had,VP LO
4

Computing a, Minimisation

Goodness-of-Fit

Minimise x2(Rn, fx) to give

o Fitted values R,, and fj.

o Minimised global x2.

e Covariance matrix V' (m,n) that defines the correlation of errors
between the clusters.

V(m,n) = (dRm)(dRn)pcorc(m, n)
— Determine a ‘goodness’ of our overall fit from

Xr2nin _ X%]in
d.o.f. Ntot - Nclu - Nexp

vz
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Local x2, [HLMNT, 2012]

14

IFit (IocallchiSq) h ' ' '
Fit (global chiSq)
12 | Mock data 1 ~—=— i
Mock data 2 ——
10 -
g
s of
%
6
s
5 L . . L L L L
04 0.6 0.8 1 12 1.4 16 18 2
s [GeV]
Channels Global x2 /dof Global inf err Local inf err Global - Local
27 1.3971 3.0560 3.0896 —0.0336
3T 2.5669 1.1865 0.8045 +0.3820
4m(2n) 1.2922 1.1915 1.2593 —0.0678
4 1.6926 0.4902 0.4738 +0.0164
KTK~— 1.8423 0.5910 0.4781 +0.1129
KIKQ 0.8055 0.1602 0.1627 —0.0025
6m(2n) 4.0304 0.3945 0.2383 +0.1562
5m(1n) 1.3831 0.0903 0.0857 +0.0046
kkmm N/A 1.3234 1.3225 +0.0009
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ey
Using the Trapezoid Rule

Between two arbitrary energies E, and E}
EX ds Ei dE _ _
I :/ — Rpaq(s)K(s) = 2/ —5 E Rnaa(E>)K(E*) =T  with error + AT
B2 S g2 E

Then, suppose that E,, < Eq < Ey41 which is less than E,,_1 < Ej, < E, and estimate using
linear interpolation,

_ Ems1 — Ea ~ Bt — Eq - “2 By —E_g -
I=2<m+1aRuKa+m+2aRm+1Km+1)+2< Z MR1K1>

2F, 2Em+1 2 2E,;
Eb — En_2 - Eb —En_1 5
2| —————Rp_1Kn— ——————— Ry K,
+ < Yo n—1Kn—1+ 2E, b4y

@ We find the integral error AT via the inflated covariance matrix V.
n n T T
- I - oI
ADN?=>">" =Vpa55

where we must be careful that the border terms are well defined.
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Updating the Current Value for a ﬁ“d‘vp L© Results

ete” — ™, [HLMNT, 2012]

— Most important channel (> 70%)

1400 T T T T T T T T
BaBar (09) mmmmm
/g{iﬁﬁ New Fit
1200 | 1 KLOE (10) =1
2/! KLOE (08) =
1000 | l/f -
L3
A
800 | { -
‘I

o%e*e” - n*n) [nb]

600 ) A
400 | s{! \ 4

200 1

O 1 1 1 1 1 1 1 1
0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95

s [GeV]
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Updating the Current Value for a ﬁ“d‘vp L© Results

ete” — KTK ™, [PhysRevD.88.032013 |

@ 159 New Points (14 sets, 364 points in total)
— Improved precision in tails and around resonance.

@ Systematic covariance matrix required.

@ First analysis indicates definite reconsideration of data treatment to improve fit.

:
—~ T T T T T New Fit
2 2200 F ! ! ! K ! E 2000 [- Old Fit B
S2000F SND = Babar (13) ——i
g E * CMD2 3
£ 1800 = BABAR 3
D E |
2 1600 ? ‘ E E 1500 |- B
S 1400 - ? 4 2z
1200 1% A 4 7
g B 000 —
1000 : 4 e
£ ] o
800 4 ’ =4 %
F - - |
600 : % = 500 |- g
400 - ¥ . =
200F - - =
ok ) -p® | | "'T" - 0 e e . . . L N
11005 101 1015 102 1025 103 1035 104 11005 101 1015 102 1025 103 1.085  1.04
Vs [GeV]
Figure : BABAR plot vs. New/Old fit
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Updating the Current Value for a Zad.VP L© The Future...

Conclusions

@ Improving accuracy of a, provides stringent test of the SM and the
possibly of new physics.

@ Hadronic leading-order VP sector provides largest uncertainty.

d

Using unitarity and analyticity, we can calculate aZ“ via a dispersion

relation.

Combine data sets through locally inflated target clusters.
Employ a y?-function to minimise and fit data.
Once integrated, we can produce a new value for aZ“d and compare.

Imminent emergence of new data promises for exciting years to
come...
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Updating the Current Value for a

ha
7

Thank You

Keshavarzi
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