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The anomalous magnetic moment ﬁ‘f?s‘i%ﬁi?ﬁ

2

: . e z
Magentic moment: i = —2—gS : = bare (no quantum effects)
m
(Dirac)
= Renormalise the QED vertex: s (k1 k2) = g /{ ’A[A\
wot¥q,
= By virtue of Gordon decomposition: I''(k1,k2) = —16 ’)’ Fi(¢®) + 5 Il Fz((l'))
. . F5(0
= In NR limit, with ko — k; = g — 0: (7#(0# oA y—m S 2"(’ )F,,,,a'“’) =0

— New F5(0) form factor term in Dirac equation from radiative corrections

; g ’ 1 - > 5
= Effective Hamiltonian: H = !%(ﬁ— eA)? +eA’ + 2‘—,?(1 - F-Z(O))E.B]

.

— Magnetic potential U = —ji- B = o= (1 + F5(0))6.B = —gS.B = —gé.B

= Implies g = 2 + 2F5(0) with quantum effects — a = F5(0) = (g — 2)/2 J
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A quick history recap...

PHYSICAL REVIEW VOLUME 74, NUMBER 3 AUGUST 1, 1948

The Magnetic Moment of the Electront
P. Kusca axp H. M. FoLey
Department of Physics, Columbia Unisersity, New York, New York
(Received April 19, 1948)

A comparison of the g; values of Ga in the Py and *P) states, In in the *P state, and Na in

the 15 state has been made by a of the f; ies of lines in the Afs spectra ina
constant magnetic field. The ratios of the g values depart from the values obtained on the basis
of the ion that the ek spin gy ic ratio is 2 and that the orbital electron

gyromagnetic ratio is 1. Except for small residual effects, the results can be described by the
statement that gz=1 and gs=2(1.0011940.00005). The possibility that the observed effects
may be explained by perturbations is precluded by the i y of the result as obtained by
various comparisons and also on the basis of theoretical considerations.

On Quantum-Electrodynamics and the
Magnetic Moment of the Electron
JULIAN ScHWINGER

Harvard University, Cambridge, Mossachuseils
December 30, 1947

TTEMPTS to evaluate radiative corrections to elec-
tron phenomena have heretofore been beset by di-
vergence difficulties, attributable to self-energy and
vacuum polarization effects. Electrodynami ion-
ably requires revision at ultra-relativistic energies, but is
presumably accurate at moderate relativistic energies. It
would be desirable, therefore, to isolate those aspects of the
current theory that essentially involve high energies, and
are subject to modification by a more satisfactory theory,
from aspects that involve only moderate energies and are
thus relatively trustworthy. This goal has been achieved by
transforming the Hamiltonian of current hole theory elec-
trodynamics to exhibit explicitly the logarithmically di-
vergent self-energy of a free electron, which arises from
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A quick history recap... (i) MRS
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Magnetic moments: a, vs. a, (i) MTRSTESTRE
a,= 1159 652 180.73 (0.28) 1012 [0.24ppb] a,= 116 592 089(63) 1011 [0.54ppm]

Hanneke, Fogwell, Gabrielse, PRL 100(2008)120801 Bennet et al., PRD 73(2006)072003
trap cavity electron top endcap
LY *— electrode
quariz spacer | compensation
~ electrode
nickel rings — —ring electrode
0.5cm] ~— compensation
bottom endcap _§ electrode
electrode field emission

microwave inlet point

one electron quantum cyclotron

* a,”" more than 2000 times more precise than a,”", but for e" loop contributions
come from very small photon virtualities, whereas muon “tests’ higher scales

* dimensional analysis: sensitivity to NP (at high scale Ay): ~ Cmy /ANP

- pwins by mi/mﬁ ~ 43000 for NP, but a, provides precise determination of a

{& Fermilab
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Why do we care about the muon anomaly? MISSISSIPPI

Currently, there is a > 30 discrepancy between theory and experiment (new physics?!)...
Fermilab experiment is set to improve the uncertainty on a,, by 4x compared to BNL

6

DHMZ10
JS11
HLMNT11
FJ17
DHMZ17
KNT18
BNL

BNL (x4 accuracy)
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210 220

Keshavarzi, Nomura & Teubner (KNT18), Phys. Rev. D. 97 114025 (2018).

BNL experiment achieved 540ppb precision.
Fermilab experiment targeted to reach 140ppb precision.
Requires taking 20x statistics compared to BNL.
If mean value is unchanged, this would result in a ~7¢ discrepancy between
theory and experiment.

Therefore, theory estimates are further improving as we will see...
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The Muon g-2 theory initiative ﬁ%ﬁé&%ﬁﬁﬁ

A year of meetings/workshops of the Muon g — 2 theory initiative...

— First full workshop, 3-6 June 2017, Fermilab/Q Centre

— HVP workshop, 12-14 February 2018, KEK, Japan

— HLbL workshop, 12-14 March 2018, University of Connecticut

— Second full workshop, 18-22 June 2018, JGU Mainz

Proposed paper structure (one ~300 page paper and one ~20 page overview)
@ Intro, QED, EW
@ HVP

e Data-driven HVP
e Lattice HVP
e Future of HVP

@ HLbL

e Model LbL
e Lattice LbL
e Analytical LbL

@ BSMg —2

{& Fermilab
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The theoretical determination of a,, () iTSSTaSTRor

Theory __ _QED EW had, VP had, LbL BSM??
a,, =, — a, — a, — a, - a, J
1-loop 2-loop

- /4&\ + /ék t o (Io672 diagrame) 99-99% of a3 ~0.001% of 65"

% a) b) c) o
EW . 5. Known to two-loop 550794 of aSM ~0.2% of daSM
<ol 2.\ (with mg known)
B Vg V4 H

HVP Non-perturbative 4 40604 of aSM ~47% of 6aM
; i (data input + lattice)

Non-perturbative SM - SM
0.0001% of ~53% of da
HLbL (data input 4+ model/lattice) ek gy 4t by

BSM SEFEES

{& Fermilab
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QED: a five-loop success (i) MTSSTESTr

= All contributions due to photons and leptons alone

® All one Swo. thres. four and Phys. Rev. Lett. 109 (2012) 111808, Phys. Rev. D 97 (2018) 036001.
five-loop contributions have now FOQQ m m F”‘@ F’@
been accurately calculated (@) I(h) i) I(d) I(e)

@ All 12,762 five-loop diagrams [®\ [@\ /@\ [@\ [®\
determined numerically 10! 7y T 16 TH]

@ Huge success for perturbative p{lﬁ\”‘q m % % ﬁ
QFT and computing [1(a) 11(b) 1(c) 11(d) )

@ Independent checks crucial... ﬁ /O“\ /’\\ f“\\ /"\
Phys. B 877 (2013) 647.

Nuel. Phys. B 879 (2014) 1. T Mi(a) Ii(h) Imi(c)
Phys. Rev. D 92 (2015), 073019.
Phys. Rev. D 93 (2016) 053017. P
Phys. Lett. B 772 (2017) 232. | o 5 - — e e
...and all corroborate Kinoshita's
results @ !z;! }§§{ !351 q

VI(f) V(g VI(h) VI(i) VI(j) VI(k)

= QED results safe

a®P = 11 658 471.8971 (0.0007).m, (0.0017)41(0.0006)51(0.0072) o (r,) X 10~ J

{& Fermilab
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EW contributions (i) MTRSTESTRE

(a)
= 1-loop: Y

ap "t TI% = (19.5 £ 0.0) x 107 °
1

ke e E BT |

m
Sayu[mm,mi] = 0.022 x 10"

da,[had] = 0.072 x 1077

H Yy H l/‘, IO_@!
EW —10
[F. Jegerlehner, Springer Tracts Mod. Phys. 274 (2017) 1.] a,, — (154 =+ 01) x 10
= Total uncertainty has halved now with myg known [Phys. Rev. D 88 (2013) 053005 ]

QED
7

= Uncertainty is not negligible considering projected experimental accuracy,
but small compared to hadronic and well under control

= Relatively small contribution when compared to a

= EW results safe

{& Fermilab
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Hadronic contributions (i) MRS

11

* Hadronic: non-perturbative, the limiting factor of the SM prediction X =2 V

ghad  —  hadVP LO had VP NLO had Light—by—Light

T a
LO L-by-L e.g.

“ A

L-by-L: - so far use of model calculations (+ form-factor data and pQCD constraints),
- but very good news from lattice QCD, and
- from new dispersive approaches

For the moment, still use the ‘updated Glasgow consensus’:
(original by Prades+deRafael+Vainshtein) a hedl-byl= (98 + 26) x 1011

e But first results from new approaches confirm existing model predictions and
* indicate that L-by-L prediction will be improved further
* with new results & progress, tell politicians/sceptics: L-by-L _can_ be predicted!

{& Fermilab
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aEad, VP, theoretical setup PN B R

= We want to calculate the leading order hadronic
vacuum polarisation (HVP) contribution

1) Feynman rules for HVP insertion to photon propagator:

- _'jyyn . —i_(]'d"
" W@W\ Vv o= ((]2_'5)( ze)[HQJ(q ( /e)m

Hr!ﬂ(qz)

oG ietg., ' [T ImII(s)

Huﬁ(’lz]
: ghad, LOVP a [ ds
3) Insert to vertex correction, solve for ay: a,}* —2/ —ImIThaq(s)K(s)
™ Sth S
4) Utilise optical theorem: 5) Arrive at equation for azad‘ SO
2
. 4had, LOVP _
T Tl (7°) ~ hod (@?) agadﬂ = bare cross section, FSR included
= Similar dispersion integrals for NLO and NNLO HVP
{& Fermilab
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O = T
] I [HH]
O-had, - VP corrections P AN MISSISSIPPI

2
= Reconsider the optical theorem: Im|~: J ~ @l
)

Im Myaq (g ~ Ohad(q%)
) : ; had, VP
=> Photon VP corresponds to higher order contributions to a,,
et et
— Must subtract VP: = }%@
e e
o(ete™ = 4* — hadrons) o(ete~ — 4* — hadrons)

= Fully updated, self-consistent VP routine: [vp_knt_v3_0], available for distribution

— Cross sections undressed with full photon propagator (must include
i : 0 2
imaginary part), opad(8) = onad(s)|1 — II(s)]

= If correcting data, apply corresponding radiative correction uncertainty
1 : : :
— Take 3 of total correction per channel as conservative extra uncertainty

{& Fermilab
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0haq. ,: FSR corrections @ rivssrsmi

2
= Reconsider the optical theorem: Im VM’A@M & wj@

Im Myaa(q®) ~ Ohad(G%)
. . had, VP
= Photon FSR formally higher order corrections to a,,
. E
Y <

= Cannot be unambiguously separated, not accounted for in HO contributions
— Must be included as part of 1P| hadronic blobs
= Experiment may cut/miss photon FSR — Must be added back

= For w7~ , sQED approximation [Eur. Phys. J. C 24 (2002) 51, Eur. Phys. J. C 28 (2003) 261]

= FOf'highef multiplicity states, Need new, more developed tools to increase
difficult to estimate correction precision here

.. Apply conservative uncertainty (e.g. - CARLOMAT 3.1 [Eur.Phys.J. C77 (2017) no.4, 254 ]7)

{& Fermilab
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Building the hadronic R-ratio (i) MTSSESTR

had, LOVP __ o s . Uhad (3)
a, = - - R(s)K( ), where R(s) = 1702 /35
e S s P "y(15-65) E .
Non-perturbative | wizs) M . Perturbative
1000 - (Experimental data, - (pQCD) -
isopsin, ChPT...) ;
100 - ' ' :
0 1 Non
* e : -perturbativg)/ :
R %erturbativ% [
1 L k,/' * (Experimental data, I
: pQCD, :
. . Breit-Wigner.,.) L
1 10 100
Vs [GeV]
& Fermilab
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had, VP
a,

from KNT (now being updated)

1802.02995v2 [hep-ph] 13 Jul 2018

arXiv

The muon g — 2 and a(M2%): a new data-based analysis

Alexander Keshavarzi!, Daisuke Nomura?* and Thomas Teubner?

! Department of Mathematical Sciences, University of Liverpool, Liverpool L69 3BX, United Kingdom
Email: a.i.keshavarzi@liverpool.ac.uk

2KEK Theory Center, Tsukuba, Ibaraki 505-0801, Japan
3 Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502, Japan
Email: dnomura@post.kek.jp

4 Department of Mathematical Sciences, University of Liverpool, Liverpool L69 3BX, United Kingdom
Email: thomas.teubner@liverpool.ac.uk

Abstract

This work presents a complete re-evaluation of the hadronic vacuum polarisation contributions
to the anomalous magnetic moment of the muon, a,t}"d' VP and the hadronic contributions to
the effective QED coupling at the mass of the Z boson, Aap.a(M3), from the combination
of e*e~ — hadrons cross section data. Focus has been placed on the development of a new
data combination method, which fully incorporates all correlated statistical and systematic
uncertainties in a bias free approach. All available ete~ — hadrons cross section data have
been analysed and included, where the new data compilation has yielded the full hadronic
R-ratio and its covariance matrix in the energy range m, < /s < 11.2 GeV. Using these
combined data and perturbative QCD above that range results in estimates of the hadronic

vacuum polarisation contributions to g — 2 of the muon of aﬁ“d'l‘o VP - (693.26 + 2.46) x 1010

and o224 NOVE _ (9 89 4-0.04) x 1012, The new estimate for the Standard Model prediction

is found to be a‘S‘M = (11 659 182.04+3.56) x 1019, which is 3.7 below the current experimental
measurement. The prediction for the five-flavour hadronic contribution to the QED coupling at
the Z boson mass is Aaj),(M2) = (276.11+1.11)x10 4, resultingin o 1(MZ) = 128.946:-0.015.
Detailed comparisons with results from similar related works are given.

16 30/09/19  Alex Keshavarzi | The Muon g-2: theory and experiment
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Building the hadronic R-ratio (i) MTSSESTR

my < /s <2 GeV 2 < /s<11.2 GeV 11.2 < /s < oo GeV

@ Calculate R using
pQCD (rhad)

@ Can use experimental
inclusive R data* or

@ Input experimental
hadronic cross section

data* i pQCD i
@ Combine all available | @ Must use data at : *ohad experiments
data in exclusive : quark flavour : @ KLOE
hadronic final states | thresholds : BaB
g K+K_ ) : ; Q apar
(mrm, yoae .o Combine all available : e SND
@ Sum ~ 35 exclusive ' R data '
; ; @ CMD-(2/3
channels . @® Robust treatment of |, (2/3)
@ Detailed data analysis | experimental errors | @ KEDR
® Robust treatment of ' @ Include narrow : @ BESIII
experimental errors ' resonances '
@ Estimate missing data
input (isospin Question: for reliable precision, how are data correlated
relations, ChPT...) and how should those correlations be implemented?

{& Fermilab
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Data combination: setup (i) MTSSESTR

= Re-bin data into clusters
— Scan cluster sizes for preferred solution (error, x?, check by sight...)
= Correlated data beginning to dominate full data compilation...

— Non-trivial, energy dependent influence on both mean value and error
estimate

KNT18 prescription

@ Construct full covariance matrices for each channel & entire compilation
= Framework available for inclusion of any and all inter-experimental
correlations

@ If experiment does not provide matrices...
— Statistics occupy diagonal elements only
— Systematics are 100% correlated

@ If experiment does provide matrices...
— Use all information provided

@ Use correlations to full capacity

{& Fermilab
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Data combination consideration (1) MiTSSTSRE

Question:
What are the main points of concern when combining experimental data

to evaluate azad' vP7

= When combining data...

— ...how to best combine large amounts of data from different
experiments

— ...the correct implementation of correlated uncertainties
(statistical and systematic)

— ...finding a solution that is free from bias

d'Agostini bias [NuclInstrum.Meth. A346 (1994) 306-311]

1 = 0.9+ 0z Gl — ( p’r; P21731172) = T ~ 0.98 (systematic bias)

2 2.2
e = , Tox T :
g = 1102 Pt N0 Effect worsened with full,
(Normalisation uncertainties defined by data) iterative data combination
& Fermilab
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Data combination consideration (1) MiTSSTSRE

Question:
What are the main points of concern when combining experimental data
to evaluate azad' vE?

= When combining data...

— ...how to best combine large amounts of data from different
experiments

— ...the correct implementation of correlated uncertainties
(statistical and systematic)

— ...finding a solution that is free from bias

Fixed matrix method [R. D. Ball et al. [NNPDF Collaboration], JHEP 1005 (2010) 075.]

1 =0.9+ 62
X9 — 1.1 5:E2 g

(PQLTTQ P21_72> = T = 1.00 (systematic bias)

2-2 2-2
P P Redefinition repeated at each stage
(Normalisation uncertainties defined by estimator)  of iterative data combination

{& Fermilab
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n 2 m u m n mEUUNIVERSITY~
Linear y“ minimisation () VTSI
=> Clusters are defined to have linear cross section

— Fix covariance matrix with linear interpolants at each iteration
(extrapolate at boundary)

Ntot Nt,ot
E=3 3 (B —RL)CTH (i, 1) (R — i)

i=1 j=1
= Through correlations and linearisation, result is the minimised solution of all
available uncertainty information

— ... through a method that has been shown to avoid d'Agostini bias

1400

= The flexibly of the fit to vary due to the &l Gw“:?:f?“%: { 1200
energy dependent, correlated uncertainties _ 2sf [ p 1= 2
benefits the combination i Ll \H. ” [l
— ... and any data tensions are T ous) 11 ,‘U\ Jaoo &

reflected in a local and global I MIAIE

x2../d.o.f. error inflation 04 06 08 1 12 14 15 18
Vs [GeV]

& Fermilab
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The *mt~ channel [preliminary] MISSISSIPPI
had, LOVP
U

- Combines ~30 measurement totalling over 1000 data points

¥~ accounts for over 70% of a

KNT 2019 update: combination now includes CLEO-c (2017) data (phys.rev. 097 (2018) 032012]

KNT re-analysis 2019: n* n~ channel

KNT re-analysis 2019: n* n~ channel

1400 Fitof all m* n~ data 1400 [ : ==
S SuRsr{bo) 1 | 4 { Fitof all n* m~ data
m BaBar (09)
1200 | KLOE (08) 1300 y | | KLOE (08)
= t  KLOE (10) - | KLOE (10)
MD-
g - & oo -
= 1000 — 4+ CMD-2 (06)
e +  SND (06) = { SND (06)
b |  €MD-2 (05) - 1100 |  CMD-2 (05)
+': 800 t CMD-2(03) + { CMD-2 (03)
} KLOE (12) = 1000 {  KLOE (12)
T ¢ BESII (16) T 4 BESII(16)
'q; 600 +  CLEO-c ¢(3770) (17) | { CLEO-c ¢{3770) (17)
2 CLEO-c ¢(4170) (17) f’ 900 f | CLEO-c ¢(4170) (17)
© 400] | ) P
= S~ 800 ! ;
e} s}
nem- - -10 ¥
200 8l " (VE=1.937 GeV) =(503.46 + 1.90) x 101 7007 %7 E= 1'(933,07,,:?;) 7;5::::;1.90) e {
Global x2,,/d.0.f=1.26 " )
60
8.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 8.74 0.75 0.76 0.77 0.78 0.79 0.80 0.81 0.82
Vs [GeV] Vs [GeV]

—> Correlated & experimentally corrected a,gn(y

af ™ [0.305 < /s < 1.937 GeV] = 503.46 + 1.1454, + 1.525,,5 & 0.05,, + 0.145,
=503.46 £ 1.91,, KNT18:502.97 +1.97,,,

) data entirely dominant

- 14% local sznin/d'o'f' error inflation due to tensions in clustered data

{& Fermilab
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The *mt~ channel [preliminary] MISSISSIPPI

Tension between BaBar and other data slightly alleviated by CLEO-c data iphys.rev. 097 (2018) 032012]
» However, large difference between KNT vs. BaBar and KLOE vs. BaBar is still evident

bk KNT re-analysis 2019: n* m~ channel KNT re-analysis 2019: n* m~ channel
W BaBar (09) al " (0.6= Vs = 0.9 GeV) =(369.84 + 1.30) x 10717 1400
i Global x2,,/d.0.f=1.26
: :tgi:‘:g; Xinin! G011 Fitofallm*n~ data: 368.84 = 1.30 ——p—
031 { cmMp2(08) 1200
¢ CMD-2 (06) 3
{ SND (06) ——— i 2 370.7 J
I Eibizios) 1000 = Direct scan only: 370.77 + 2.61 e
o | CMD-2 (03) =
o 021 | oy !
Q 4 BESII(16) . = —_—— KLOE combination: 366.88 +2.15 g
ox }  CLEO< 6{3770) (17) ‘ 800 +:
[s) | CLEO-c ¢{4170) (17) t T
| 1 ' ‘ — e BaBar (09): 376.71+2.72 ——
% \ )
~ +
) SHI(15): 368.15 + 4.2
; ; a0 2 BESHI (15) +£4.22
Tl [}
o
}’ 200 CLEO-c (17): 376.69 £ 7.05 ——
0.60 0.65 0.70 0.75 0.80 0.85 0_98 360 365 370 +315 380 385 390 . 395 400 405
Vs [GeV] a] " (0.6=Vs=0.9GeV)x 107

Compared to aﬁ+”_: 5035+ 1.9 - aﬁ+”_(BaBar data only) =513.2 + 3.8

Simple weighted average of all data — aﬁ+”_(weighted average) =509.2 + 2.9
(i.e. — no correlations in determination of mean value)

BaBar data dominate when no correlations are accounted for in the mean value.
» Highlights the importance of incorporating available correlated uncertainties in fit.

{& Fermilab
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KNT vs. DHMZ: the use of correlations (i) MTSSESTR

Differences are dominated by the choices of how to use the correlations

— Consider the combination of the KLOE 7™ 7~ data sets:

KNT18 DHMZ17

Only allow correlations to only influence the
combination locally inside defined energy

Use available uncertainty and correlation
information to fully influence over entire

0.4 0.5 0.6 07 0.8 0.9

Vs [GeV] Vs [GeVv]

|
[ |
|
|
]
|
| .
energy range i intervals
1400 ] vT _";"’V"f"’f:'xr"'r"V*;'*‘~~I~xv~l~|:-<;
0.15 KLOE12 —— ] - E -
i KLOE10 —e— 1 S 015 3
KLOEos —e— - 1200 x 8 L e'e—-n'n =
& le’e » x'T) {1000 T : & I 3
s o005 = © 005 | =
: 800 4% 4 N i €
: T g O I E
= 900 I S : E
g o 2.0.05 .
qF ® 1 3 E :
% 400 ob ] ; -01* ‘ :
e ' g _.F "1+ KLOEO8 = KLOE12 3
015 B 7 i ' ©-015L1 . KLOE10 KLOE-08-10-12(DHMZ) -
2 | : . ’ . ¢ i 40 : C# ' | (IS0 SRV ST Y ST A W T Y I P I |
' 03 04 05 06 07 08 09
|
|
|
|
|

o ™ (v/5 < 2.0 GeV) = 503.74 =+ 1.96 o ™ (/5 < 2.0 GeV) = 507.14 & 2.58

Take-home message: correlations are important and the choices of how to use them
are not trivial

{& Fermilab
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Other notable channels

1000 |
z 100
o
w  10f
1
o 1
%
01
0.01
HLMNT11: 47.51 &= 0.99
KNT18: 47.92 4+ 0.89
KTK~
200 . L [ DT ——
: LiL& =
L1500 - e
: 1000 ~ oK e
% P ’%‘
2] X .
.,-3' R - e
ole : : .
1.0 1.016 1.02 1.026 1.038
Vs [Gav]
HLMNT11: 22.15+ 0.46

KNT18: 23.03 4= 0.22

b 2w ww) [rb]

lo*a” = K'eK") [nb)
o B88BEEE

oj.s ‘_1 1‘.2 1‘.4 16 llﬂ
Vs [GaV)
HLMNT11: 14.65 =0.47

KNT18: 14.87 £+ 0.20
KSKL

ua-l‘,# a2

T
k f CUDA {16 Scms p—e—] ]
2 Sal (14] =t
P e 7

: DS )+t
3 L R L T ——
i IND (20 - Nt Mochn |
[P P eE—

; L § OV 1] bt i
T e o s e
Vs[GaV]
HLMNT11: 13.331+0.16

KNT18: 13.04 4+ 0.19
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7T7I'7T7l'

B0 F 7 pdwm —— ! E
T e—— 4
OMD-# iy -
—_ S0 oS ey - -
£ U ) —— 4
o [T YT e—
S 40 4
“u ]
.
“ @0t 1
1 . | 4
°: 20 ~ /)
3 A
=
1 1 1 1 L
1 1.2 14 1.6 18

HLMNT11: 20.37 £ 1.26
KNT18: 19.39 £ 0.78

Incluswe (f > 2 GeV)

Als)

41.40 4 0.87
KNT18: 41.27 4+ 0.62
2= Fermilab
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Highlight: data tensions in K* K~ channel

0
)0

0
i

(o®° -0

Notable tension also now exists on ¢ in K™ K~ channel:

0.3

0.2

=4
o

0.0

KNT re-analysis 2019: K"K~ channel

+ o - +

Fitof all K*K~ data
CMD-3 (18)

BaBar (13)

SND [scan 1] (00)
SND [scan 2] (00)

af"*7(0.6= v5 =0.9 GeV) =(16.22 £ 0.15) x 1071°
Global x2,./d.0.f=2.12

2500

2000

1500

1000

500

_9[.%)100 1.0125 1.0150 1.0175 1.0200 1.0225 1.0250 1.0275 1.0380

26

Vs [GeV]

o’(ete” -K*K™) [nb]

mEUNIVERSITY
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KNT re-analysis 2019: K* K~ channel

et Fitof all K*K~ data: 16.22 £0.15

CMD-3 (18): 17.44 £ 0.35

— BaBar (13): 16.39+0.19

SND (00): 15.65 +1.12

All other data: 17.63 £ 0.83

16 17 18 19 20 21 22

af"* (1.01=vs=1.03GeV) x1071°

Most recent CMD-3 data is higher than BaBar data...

... and BaBar was already relatively high compared to than previous direct scan data

(Note: previously used CMD-2 data under reanalysis and therefore omitted).

ak"¥7[0.9875 < /s < 1.937 GeV] = 23.03 + 0.0844; + 0.205 £ 0.03,, £ 0.004,

= 23.03 + 0.22,,,

» Tensions results in 20 % local sznin/d'o'f' error inflation
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KKmt, KKt & isospin

= New data for K K7 and K K7

. ‘ . -0 -0
removes reliance on isopsin (only Kg = K7)

KK
KSKP 7 [Phys.Rev. D95 (2017), 052001, arXiv:1711.07143]
14 T T T T T T T
- o°(KKx) [HLMNT(11) Isospin estimate]
121 o(Kix) [Data) +—=— ]

1

10 }IIiI{I

o [nb]
[o+]
—_—
el
Heliir!
=

N ﬁi i}i i
i i'ili i
0 lo—t— nw, 1 ! 1 ] 1
13 1.4 1.5 1.6 1.7 1.8 1.9
Vs [GeV]

HLMNT11: 2.65 4+ 0.14
KNT18: 271 4+0.12

comm

mEUNIVERSITY o

u m
MISSISSIPPI

KKrnm

K2 K'Y 7T n~ [Phys.Rev. D80 (2014), 092002]

K2 KZxTn™ [Phys.Rev. D80 (2014), 092002],
KQK7 77 [Phys.Rev. D95 (2017), 052001]
K2 KT 7F z° [Phys.Rev. D95 (2017), 092005 ]

18

16

14
12
10

o N A OO @

I I 1 1 1 1
&% (KKxx) [HLMNT(11) Isospin estimate] J
&°(KKxx) [Data] —=—
i fd 3
§ -x-n—‘f \ L 1
1.4 15 1.6 1.7 1.8 19
Vs [GeV]

HLMNT11: 2.51 +£0.35
KNT18: 1.93 + 0.08
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Inclusive channel (1) MiTSSTSRE

= New KEDR inclusive R data [Phys.Lett. B770 (2017) 174-181, Phys.Lett. B753 (2016) 533-541] and
BaBar K} data [Phys. Rev. Lett. 102 (2009) 012001.].

45 1 1 1 I I I I I 1 1 I
) _ﬂ'““m&';:; 46 | Fit of all inclusive R data !
—— BaBar R, data (09)
BaBar R, data (08)
i L BESIH (08) |———I 1 agil, CLEO {o7) l-—ﬂ—'r : I
CLEO (07) —8—i 2 CLEQ (88) (—— |}
BES (06) —4—1 i I CUSB(82) —e—o |
BES(02) I ik 4 | YiEsIBret Wigner] + R, dp0CD] [ 4 I
35 BES (86) —* }{ : Y(6s)[Brez-Wigner] + R 5, JpQCD] --evvvve
w i MD-1(96) |—s——i AN v I RysdPQCO] =mimml T ©
il Crystal Ball (88) —e— ﬁ_ "= o 4 L / i
3L LENA (82) ——i i 1§ A T3 :
PaCD --------- 4 H [ : : \ &
i ‘ 3.8 » g ' 5 1 —\:.‘: =
BS5E22- UREZEREARET | A et B4 RN o R
2 N ] | | L ) ] 3.4 ] ] | | 1 ] ]
2 25 3 35 4 45 105 106 107 108 109 11 111 112
Vs [GeV] Vs [GeV]
KEDR data improves the inclusive data Ry, resolves the resonances of the
combination below c¢ threshold T(55 — 6S) states.

—> Choose to adopt entirely data driven estimate from threshold to 11.2 GeV

@ = 43.67 £ 0.17aus £ 048,55 +0.01,; + 0.445,— 43.67 + 0.67sc

{& Fermilab
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Exclusive/inclusive transition point MISSISSIPPI

= New KEDR data allow reconsideration of exclusive/inclusive transition point

3% KNT18 aim to avoid use of pQCD 28 KNT re-analysis 2019: Inclusive vs. exclusive data
. i I R o= cD
and keep a data-driven analysis pu

—e— Exclusive data combination

= ] . . —— Inclusive high data
— Disagreement between sum of 20 TSGR Bl L5 Gy iEligivelow dats

exclusive states and inclusive t KEORQ010)
data/pQCD 24
— New 77~ 77 data result in ., /./’\
reduction of the cross section T e '
— Previous transition point at 2 GeV 2o \/\{J

no longer the preferred choice

R(s)

— More natural choice for this 1880 185 190 105 200 205 210 215 220
transition point at 1.937 GeV Vi [5eV]
Input a, > "9 VP[1.841 < /s < 2.00 GeV] x 10"
Exclusive sum 6.06 =0.17
Inclusive data 6.67 + 0.26
pQCD 6.38 +£0.11
Exclusive (< 1.937 GeV) + inclusive (> 1.937 GeV) 6.23 +0.13
2% Fermilab
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R(s) form, < +/s <11.2 GeV

T B T ! ! ¥ T R I
Jhy
10000 [= Y(‘IS—GS)-
—
y(2s)
1000 Transition pointiat 1.937 GeV -
3 100 | ) .
2 p/®
10 :
1 | ]
Exclusive data Inclusive data
0.1 ' = : e
1 10

Vs [GeV]
= Full KNT18 compilation data set for hadronic R-ratio now available...

—> ...complete with full covariance matrix

{& Fermilab
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R(s)

31

Contributions below 2 GeV

100

10

1.8

Full hadronio R ratio
x's”

e

KK
P e
'rx's

K'sKy

(=" x"x ="y

x'x

(='s =" !,L)m 3
o

mw

All ofhor stalos
(='x lolnlo)m

aned

ne
rrr'ca's
"% "Ny »

mEUNIVERSITY o

;
AN MISSISSIPPI

E — Dominance of 27 below
—_— 0.9 GeV evident for

= both cross section and
— uncertainty

|

0.1 I
0.01 i
0.001
0.0001 i
16-05 L=
0.4 0.6 0.8 1 1.2 14 1.6
Vs [GeV]
0.1 T
0.09 -
0.08 -
3 0.07 -
— Large improvement to 0.06 [
cross section and g oosf
uncertainty from new e
0.03 -
41 data -
0.02 -
0.01 |-
0.4
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a

Bad, LOVP from KNT [preliminary]

KNT18: af}ad' LOVP

had, LOVP
ay

Preliminary:

mEUNIVERSITY
MISSISSIPPI

= 693.26 + 2.46,,,

693.84 + 1.19444: £ 1.964y5 + 0.22,, + 0.7 14,

= 693.84 + 2.29,, + 0.74,44

= 693.84 + 2.41,,,

DEHZ03: 696.3+7.2

HMNTO3: 692.4 £ 6.4

L ]

DEHZ06: 6909+ 4.4

= HMNTO6: 689.4 + 4.6

- FJ06: 692.1 £ 5.6

DHMZ10: 692.3£4.2

JS11: 690.8 £4.7

— HLMNT11: 694.9.+ 4.3

FJ17: 688.1 4.1

DHMZ17: 693.1 +3.4

e KNT18: 693.3+2.5

DHMZ19: 693.9£4.0

T

f———o— KNT19: 693.8 +2.4

32

685 690 695 700 705 710 715
aLlad, LOVP X 10—10
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» Precision better than 0.4%
(uncertainties include all available
correlations and y? inflation)

value (error)2

oomn

2
1.4

0.9

» Clear ttm~ dominance

2= Fermilab



aEM from KNT19 [preliminary]

Updating only the LO & NLO HVP wrt to KNT18...

33

mEUNIVERSITY
MISSISSIPPI

2018 2019

QED 11658471.90 (0_01) [Phys. Rev. D 97 (2018) 036001]
EW 15.36 (0.10) [Phys. Rev. D 88 (2013) 053005]
LO HLbL 9.80 (2.60) [EPJ Web Conf. 118 (2016) 01016]
NLO HLbL 0.30 (0.20)  [Phys. Lett. B 735 (2014) 90]

KNT18 [Phys.Rev. D97 (2018) 114025] KNT19 [preliminary]
LO HVP 693.27 (2.46) > 693.84 (2.41) This work
NLO HVP -9.82(0.04) > -9.83 (0.04) This work
NNLO HVP 1.24 (0_01) [Phys. Lett. B 734 (2014) 144]
Theory total 11659182.04 (3.56) - 11659182.61 (3.52) This work
Experiment 11659209.10 (6.33) World average
Exp - Theory 27.1(7.3) - 26.5(7.2) This work
Aa, 3.70 - 3.70 This work

30/09/19  Alex Keshavarzi | The Muon g-2: theory and experiment
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aEM from KNT19 [preliminary] (i) MitSSTSRE

Updating only the LO & NLO HVP wrt to KNT18...

DHMZ10

Js11

HLMNT11

17

DHMZ17

KNT18 ——

DHMZ19

KNT19 [preliminary] S

BNL 3.70
BNL (x4 precision) 6.90
160 170 180 190 200 210 220

(aﬁ"" x 1071%) — 11659000
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The Muon g-2 Experiment at Fermilab ﬁ%%“svféﬁi%

{& Fermilab
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How do we measure a,,? (i) MTSSTESTr

Inject polarised muons in a magnetic storage ring (dipole B-field = 1.45T).

» Measure the difference between the muon cyclotron and spin frequencies:

: _ geB . eB
Spin frequency: w, = P (1-y) e "
Cyclotron fr ncy: i
yclotron frequency: W=

Anomalous prececssion frequency:

g — 2 eB eB
) = ay— = 229kHZ
2 mc mc

—

— —
wazws_wcz(

(Note that if a, = 0, then g = 2 and &, = @,.)

<

Therefore, the Fermilab Muon g-2 experiment will measure two quantities:
1. The anomalous precession frequency, w, to £ 100 ppb (stat) = 70 ppb (syst).

2. Magnetic field B in terms of proton NMR frequency to £ 70 ppb (syst).

{& Fermilab
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How do we measure a,,? (i) MTSSTESTr

- We need to know the spin of the muon...

In the weak decay of a pion, the neutrino spin must be opposite of

momenta.

» The same must be true for the muon, resulting in a polarised muon
beam.

momentum

Then, the highest energy positrons are
emitted along the direction of the spin of
the muon...

Relative Probability

So, by detecting positrons above a certain energy threshold using
calorimeters, we know the spin of the parent muon.

{& Fermilab
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Producing the muons ﬁ?ﬁévfzs‘%i?ﬁ

s K Pions decay. Muons injected using superconducting
Overview of the g-2 experiment | collectforward,  inflector into 14 m diameter magnetic
polarized muons storage ring operating at 1.45 Tesla. Pulsed

at 3.1 GeVic magnet kicks muons on to stable orbit.
( After each circuit,
muon momentum
. D) ‘ ‘ ——— vector rotates by
< O ‘ : 120 3609, spin vector
Tt ( Winstiie ' rotates 3729,
Bunch with 1012 Focus pions additional 122 from
ur‘l; wt ey produced with G‘O~ . where it was on its
?ro ;s a o e lithium lens previous circuit
TOM Soomer into beamline around the ring.

One of the 24 calorimeters
. detects positron. Cutting on Typical muon circles ring 400 times
high energy e* in lab frame before decaying to a positron (plus
selects muons with spin neutrinos). In rest frame, the most
direction along momentum. energetic e* emitted in direction of
Rate will oscillate. the muon spin.

Fermilab statistics advantages
* Long decay channel form — u

Reduced p and r in ring
Factor 20 reduction in hadronic flash
4x higher fill frequency than BNL

- 21 times more positrons detected than at BNL

R ol

{& Fermilab
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Storing the beam: the inflector ﬁfg&%‘ﬁ‘%ﬁ

A superconducting inflector magnet at injection cancels the 1.45 T storage field to
allow the muon to enter without being deflected:

Inflector
Cryostat
Central Orbit 1 Inflector Body Inflector
) Services
Fixed NMR
Probe
p=7.112m ——ﬁ ==
~~~~~~~ = e =
0=1.4513T ! ./r‘«ﬂ"“‘" """" g‘\\ ~~~~~~~~~ =
149.2 ns ‘ - ; 4’.\\ == Y

Note: new open-ended inflector
upgrade being installed in summer of
this year.

- Projected 40% gain in statistics.

{& Fermilab
39 30/09/19  Alex Keshavarzi | The Muon g-2: theory and experiment



Storing the beam: the kicker () MRS TES R

* Beam enters the ring displaced by
11mrads from ideal orbit.

» Kicker magnets inside ring require 65kv

pulse to produce 300 Gauss B field over R _|R
4 metres for 100 ns at 100 Hz.
- “Kick” muons onto correct orbit.

Run-2 upgrades

Run-1 kicker performance problems:

* 30% less kick strength than necessary.

» Kick reflection due to impedance
mismatching.

This has lead to a full kicker system
upgrade, which has just been completed
ready for Run-2 data taking.

» Projected to give us up to 30% better
storage efficiency.

{& Fermilab
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Storing the beam: electrostatic quadrupoles 2 ), ‘ MISSISSIPPI

—> Storage ring B-field only provides radial focusing.

- Use electric field (electrostatic quadrupoles) to provide vertical focusing (to
counteract vertical pitch angle).

y=3.004 GeV/e . %

7112m non-zero vertical momentum

e , _ with focusing
1.4513T component without focusing

However, combination of E and B field leads to 2D SHM
about closed orbit (in the form of betatron oscillations)

| station12-3.50us | 30

0 el S 96 :

s LA ]

1300% 0".::":::‘ £.1190+04 z 105—

The amplitude, e §

frequency and damping ;- T

time of these beam . F £

oscillations are critical - £%c

00— g . E

to the measurement .t s
il R e S N B R N

{& Fermilab
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Measuring the decay positrons Il MISSISSIPPL
24 calorimeters located equidistantly around the storage
ring measuring arrival time and energy of decay positrons:

=» Each calorimeter has 54 Cherenkov PbF, crystals with
very fast SiPMs.

The muons pass the calorimeters at cyclotron frequency,
so the oscillation occurs at the difference frequency w,,.

[ 6 =0.0 degrees, Fraction over Threshold = 0.26_|

go02r —— ~ The wiggle plot: no. of

a 0.02 =
®o018f = + H
i e™ (>1.8GeV) as a function
0.014f =
axep 1 of time.
0.008f- = - : . : :
0006} ] . e x?ndf: 8519/4165 3
asoel & Run-1'60 107 precision: 1.35 ppm
002}~ ~ £ , N N ]
° 500 O m0 200 2800 3000 hour’ 10° 7 ‘ ‘r\/W\/\-ﬁ\/\/\/? 0—-100 ps
Energy in calorimeters data set 10 , Y 100 - 200 ps
© 028 — 3 200-300 s
g 02 e 10° - 7y 300 —-400 ps
§ 024 E Z 4 400 -500 ps
: : 10°L | 500600 pis
: E
S 0.18 3
Eov . Not good e '/\/\NVVWW“\/W\
014 i (not enough fit
0.12 : 0 10 20 30 40 50 60 70 80
0.5 o o T o8 eld; : paramEters) . time modulo 87 us
egrees i
Direction/phase of muon spin Ne(t) = Noe™ 77 [1 = Acos(wat + ¢a)] % Eormilab
af rermiia
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Trackers and fiber harps

e JNIVERSITY o
MISSISSIPPI

We have two other detectors that we use to monitor the beam dynamics:

Straw trackers (non-destructive)

* Acceptance corrections for calorimeter due to

James Mott

43

Vertical Position [mm]

Decay e*

Calorimeters Tracker

Provides essential information for:
Weighting magnetic field data by muon

distribution.

beam oscillations.
* Pitch correction Cp to w,,.

pgé x10°

60 300

Radial & Vertical Position

40

20 2
0

250

-20

-40

-60

-60 -40 -20 0 20 40 60
Radial Position [mm]

'\"\J

Fiber harps (destructive)

Fiber profile beam monitor measure vertical
position of beam at 180° and 270° around ring:

...and provides information on Coherent

Radial beam centroid [mm)

Betatron Motion amplitude:

Smoothed centroid for run 8147: Kicker = 2.42/1,98/2,37, Inflector = 2784 A

0 gl‘{“ | ‘l‘l{t?'l f l { l | i
T
S ;‘F;rmilab
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The muon’s view 22 W MISSISSIPPI

2= Fermilab
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Dealing with a less than ideal world... ﬁ‘f%”sﬁ‘”‘s‘%‘x?ﬁ

In addition, our expression for w,now includes two more terms:
e S

5aL:mc[a“E)_(a“_yz;—1)[))><E>_ (y+1)('8 B)'B]

—> Choosing the “magic momentum” y = 29.3 (p = 3.094 GeV) cancels the
electric field term to first order.
- This leaves two effects that we have to correct for:

Pitch correction
 Some muons still have a small
amount of vertical pitching.

* Have to correct w, for those
muons.

e This Pitch correction, Cp, can be
determined from straw tracker
data.

e This results in a systematic
uncertainty.

Electric-field correction
* Not all muons are at the magic
momentum. |
* Have to correct w, for those muons. 5
* This E-field correction, Cg, can be
determined via the ’Fast Rotation’
analysis.
e This results in a systematic
uncertainty.

{& Fermilab
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Fitting all the relevant beam dynamics ﬁ?ﬁéﬁ%ﬁ‘%ﬁ

T-Method, all calos, 1.71 GeV threshold |
x10~

FFT of fit residuals shows other systematic

2oof i [ G L effects in frequency space
1ooo;~ fCBO i - Physical frequency Variable | Frequency (MHz) | Period (ps)
oo | | Anomalous precession | fa 0.23 MHz 4.37
eoof i | B ! Cyclotron fo 6.70 MHz 0.149
ok / fC + fevo £ Horizontal Betatron fx 6.34 MHz 0.158
mw w | Vertical Betatron 2.2 MHz 0.455
AL L CBO fcao 0.37 MHz 27
O o5 s Vertical Waist fuw 2.3 MHz 0.435

f [MHz]

—> Fit function must account for all these effects: CBO, vertical waist, pileup,
muon losses, in-fill gain changes...

And so, five-parameter function:

N, () ~ Noe~ 77 [1 — A cos(wat + ba)]
... becomes 17-parameter function:
N(t) = NoNCBo(t)NQCBo(t)va(t)L(t) exp(—t/'r) [1 + A(]ACB()(t) COS (wa(R)t + ¢(t))]

... that fully describes the beam dynamics.

{& Fermilab
46 30/09/19  Alex Keshavarzi | The Muon g-2: theory and experiment



Fitting all the relevant beam dynamics () VTSRS TR

And the fit is complete...

T-Method Run-1'60 hour’ data set

107 isi _
I RANAANAAVY
104,,,,,,,,,,,,,,",,,

aa W\

e
time modulo 87 us
2= Fermilab
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Blinding PN

The experiment is both hardware and software blinded:
Software blinding

* Analysis package applies two frequency offsets to w, and w,:
w, =2m-02291 MHz-[1 — (R — AR) X 1079]

- Each analyser has an individual, unknown personal offset AR.

- We are currently fitting for R and are very close to a relative unblinding of the

Hardware blinding first data set.

A 40MHz clock drives the calorimeter digitizers,
straw tracker and NMR digitisers.

« This has been shifted by a small amount in the
range +/- 25ppm.

» The offset is known only to two people (not part of
the experiment).

Take-home message:
We can’t say anything about the final result (yet), despite recent rumours...

{& Fermilab
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A sneak preview... MISSISSIPPI

Relative unblinding of 60 hour’ data set confirmed 6 precession
frequency analyses are consistent

Commonly Blinded R vs Analysis number

Commonly Blinded R [ppm]

|
=
({=)
IIIIIIIIIlIIIIlIIII|IIII|III
s
|

—t
N
.
=S
(8]

L L | L L L

6
Analysis number
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The full picture (after unblinding) ﬁ‘fé“s‘i‘*‘s“&?ﬁ

Distribution

n) m
2018 Analysis Structure (g w = Pf ']u p My Je + E & pitch
l;u ,,f,ue Me 2
s bhaaay) O (e Theory independent extractions
L Process?nl J L‘/{ S CODATA, MUSEUM, J-PARC
q TA (UW) J\ il h
b=
ReconW -~ |
— SRR TR (
Recon .4 | |
_Europa__ [\T“talwm J/ ® Dist
( )
- | TE(Cornell) | ~ e <
L Recon E JL‘/ [ (U::Jq J m u [ Distribution
\\ y), m l Momentum ’ > £ field

correction

Result from 1st physics run with BNL level statistics planned for
early 2020.

{& Fermilab
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Reaching 100ppb statistics...

51

- Over the next 3 years, we will increase the

In Run-1, we recorded 17.5B e* (x2
Brookhaven dataset).

Run 2 was stable, but started late. Greatly
reduced running at end because of lab

budget
Run 3 is planned to be a direct

continuation of Run 2; no major changes

Run 4 is still far away ...

current dataset by factor of 5.

4.5

a0l BA
35| ALG2D

I Without data-
25 quality cuts (DQC)

20

e+ (x BNL)

15t
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Fraction of BNL
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Systematic uncertainty budget

meJNIVERSITY ¢
MISSISSIPPI

Category ES821 | E989 Improvement Plans Goal
Wgq [ppb] [ppb]
 New calorimeters, trackers, Gain changes | 120 | Better laser calibration
- low- hreshol 2
techniques to reduce . ow-energy uesheld v
o Pileup 80 | Low-energy samples recorded
uncertainties by a factor of calorimeter segmentation 40
2.6 Compared to BNL. Lost muons 90 | Better collimation in ring 20
. . CBO 70 | Higher n value (frequency)
Upg rades have dra stl.cally Better match of beamline to ring | < 30
reduced SyStematICS ISSUES E and pitch 50 | Improved tracker
in Run-1. Precise storage ring simulations 30
Total 180 | Quadrature sum 70
Wp
Source of uncertainty 1999 2000 2001 E989 .
Systematics of calibration probes 50 50 50 ===p 35 New eIeCtronICS’ new
Calibration of trolley probes 200 150 90 ==p 30 pI’ObeS, new teChniqueS
Trolley measurements of By 100 100 50 =p 30 .
Interpolation with fixed probes 150 100 70 ==p 30 reduce uncertainties
Uncertainty from muon distribution 120 30 30 ==p 10 factor 2.5
Inflector fringe field uncertainty 200 - - - o . .
Time dependent extemnal B fields - - e A Temperature ISSl_JeS In
Others 150 100 100 b 30 Run-1 now alleviated
Total Systema(ic f?l’l‘or on &A.'I, : 4()0 : : 240 : |70 ﬁ 70 Via magnet insulation
Muon-averaged field [Hz]: w, /27 61791256 61791595 61791400 - .
and new hall cooling.
{& Fermilab
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Conclusions (i) MTRSTESTRE

*  Accuracy of a,SlM limited by hadronic contributions.

« Hadronic VP contributions can be determined from dispersion relations and hadronic cross
section input.

* New data combination method + new data yields improvements in all channels due to
increased fit flexibility.

« Correlations have large effect on mean value and uncertainty and all available information
should be correctly incorporated.

had, LOVP
a,

3.70

* Overall HVP uncertainty now better than HLbL uncertainty

« Fermilab Muon g-2 experiment on track to ascertain whether current discrepancy with SM
is well established.

« The experiment will measure two frequencies, w, and w,, to an unpresented precision.

« Major upgrade work has taken place over the shutdown to ensure that the experiment
reaches its statistics and systematics goals (with more planned for summer 2019).

* Run-1 (2018) data is currently being analysed, but is currently fully blinded.

« The blinding is applied for both hardware and software, for both w, and w,.

»  First result from Run-1 with BNL level statistics is planned for early 2020.

* Run-2, Run-3 and Run-4 will ensure we reach the 20x BNL statistics goal, and systematics
are currently very well under control.

accuracy better than 0.4% and improvement in HVP yields g-2 discrepancy of

Thank you.

{& Fermilab
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Backup slides
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Hadronic contributions (i) NitSSTSSHREr

= Uncertainty on a M dominated by hadronic contributions
— Non-perturbative, low energy region of hadronic resonances

ghad  — had VP LO + had VP NLO had ,Light—by—Light

ad
LO L-by-L
: %ﬂ e %

= LbL contributions (O(C}:B)), so far only fully determined using model calculations

— Difficult to quantify/control uncertainties from models

— Huge progress from lattice and dispersive approaches

— So far, no indication of unpleasant surprises

— But, big improvements expected in near future Phys. Rev. D 94 (2016) 053006.

= LO LbL, updated ‘Glasgow consensus’ estimate: ahad RO TEh = (9.8 +2.6) x T

— NLO LbL estimated to be ahad il =(0.340.2) x 10—10phys Lett. B 735 (2014) 90.

ab>® Pl = (10.1 £ 2.6) x 107%° J

{& Fermilab
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Avoiding systematic bias mpYieS s

= Data is re-binned using an adaptive clustering algorithm

= lterative fit of covariance matrix as defined by data — D'Agostini bias
[Nucl.Instrum.Meth. A346 (1994) 306-311]

HLMNT11 KNT18
= Non-linear x* minimisation fitting = Fix the covariance matrix in an
nuisance parameters Iiterative Y~ minimisation
— Penalty trick bias — Free from bias
B, B
114 e — 11 I———
L o - I /
wsl — gl %
e e /
¥
7 o8t /" osst
/’/
s 0.9 Unbiased Result: Ry = R - 1 SIS 09 Unbiased Result: R, - Ry =1
s 2 : Non-linearzzlldininisaﬁon e . ; Linear (Fined) 5 Minimisation -
-1 05 0 05 1 -1 05 0 05 1
Log pldé,/df] Logycldiy/df]

Allows for increased fit flexibility and full use of energy dependent, correlated
uncertainties

{& Fermilab
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Fixing the covariance matrix ﬁ‘fﬁ‘s&%‘&?ﬁ

= Apply a procedure to fix the covariance matrix

57

Csys (Z'(‘m)7 ',n))

RmR
(m) (n) m n '
R{™p

Cy (i(m),j(n)) — (Cstat (i(m),j(n)) i

in an iterative X2 minimisation method that, to our best knowledge, is free

from bias ,_,F_*'_" ________
= Fixing with theory value regulates ‘ il
influence st '
= Can be shown from toy models to /
be free from bias /J”l
= Swift convergence // ;_95__
= Comparison with past results P i -
shows HLMNT11 estimates are " 0.9 Unbiased Result: R =R, 1
Linear (Fixed) x“ Minimisation ————--
largely unaffected = = : o :
Log, o[df,/df]
Allows for increased fit flexibility and full use of energy dependent, correlated
uncertainties
& Fermilab
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= = = mUNIVERSITY o
Properties of a covariance matrix MISSISSIPPI

Any covariance matrix, C;;j, of dimension n X n must satisfy the following requirements:

58

@ As the diagonal elements of any covariance matrix are populated by the

corresponding variances, all the diagonal elements of the matrix are positive.
Therefore, the trace of the covariance matrix must also be positive

Trace(C Z i = Z Var; > 0

It is a symmetric matrix, C;; = C;i, and is, therefore, equal to its transpose,
Ciz =C;;
The covariance matrix is a positive, semi-definite matrix,
alCa>0: acR”
where a is an eigenvector of the covariance matrix C

Therefore, the corresponding eigenvalues A, of the covariance matrix must be real
and positive and the distinct eigenvectors are orthogonal

bCa=MXa(b-a)=aCb=>X,(a-b)
nifdaF£ A = (@b) =0

@ The determinant of the covariance matrix is positive: Det(C;;) > 0

2= Fermilab

30/09/19  Alex Keshavarzi | The Muon g-2: theory and experiment



Clustering data

= Re-bin data into clusters

Better representation of
data combination through
adaptive clustering
algorithm

as) [re]

mEUNIVERSITY o

MISSISSIPPI

T T T

8 T T T T T T 6
&= 5MaV
a, = (1.73:021)10™

T
&= 55 MaV
[ &, =(1.48 to0e)0™

o) [t

I I L I I 1
18 09 1 11 12 1.3 14

!
15

L L L I L
09 1 1.1 1.2 13 14 17

— More and more data =

Vs 1GaV]

Vs !C;-VI

risk of over clustering

= |oss of information on resonance

— Scan cluster sizes for optimum solution (error, x°, check by sight...)

=> Scanning/sampling by varying bin widths

now adaptive to points at cluster boundaries

— Clustering algorithm

it}
i
£
§

Chaxced Cats Poesn  » | Chmpweat Oy Prees »

e |

I

A
\
o e

15 [GaV)

59

& [GaV) V4 [GV]

2= Fermilab
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u mEUNIVERSITY o
Integration MISSISSIPPI

= Trapezoidal rule integral
— Consistency with linear cluster definition

— High data population .-, Accurate estimate from linear integral

1400 T T T T T T T T

- S C— Cuntase
Lo e 2000 - e
Ot

Oubic  —

g T

T S T

800

o%e'e” — ') [nb)
aYle*e” — K'K) [nb]

400
200
0 1 1 1 1 1 o 1 1 1
06 065 07 075 08 085 09 1.01 1.015 1.02 1.025 1.03
Vs [GeV] Vs [GaV]

— Higher order polynomial integrals give (at maximum) differences
of ~ 10% of error

= Estimates of error non-trivial at integral borders
— Extrapolate/interpolate covariance matrices

{& Fermilab
60 30/09/19  Alex Keshavarzi | The Muon g-2: theory and experiment



277 CLEO-C datal syssen osrarimosmors @ v,

= New 27 data from CLEO-c should be used with caution

— Two measurements taken at different COM energies (¢/(3770)/%(4170)) have very
different cross sections

— Large statistical and systematic errors compared to other radiative return sets

— VP correction has been applied with FJO3VP (needs updated version) and only subtracts
real part

L

13

— Systematics will be highly correlated and should be incorporated

— The values for a given in the paper only calculated using weighted average
— The authors have fitted the data to Gounaris-Sakurai parametrisation

— Unreliable representation of cross section at high s
— The authors find (with FJO3VP):

af ™ ($(3770)) = 489.6 + 4.55tat, afi " ($(4170)) = 503.6 + 5.9ta

aZJr"_ (Weighted average) = 500.4 & 3.6stat & 7.5sys
— | find (with KNT18VP):

+ i —
T ™ (Y(3T70)) = 499.6 + 4.55tas + 7.55ys, al ™ ((4170)) = 504.3 % 5.9¢at & 7.6sys
+

a, ™ (Fit — w/o correlated systematics) = 500.9 + 4.0stat £ 5.9sys
az+"_ (Fit — with correlated systematics) = 500.7 = 4.0s¢at + 8.3sys

{& Fermilab
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KEDR R(s) with covariance matrix @ mivssrss

= New precise KEDR update [arXiv:1805.06235] with systematic covariance matrix for all
measurements provided by experiment

KNT18 KNT18 4+ new KEDR data

4.5 | Ftorarincuswe R osts : : g & 4.5 | Froratincusve A osa :
KEDR (16) F—— KEDR (18) —+—
BaBer Ry, data (08) BaBar R, cata (09)
4 k BESU (08) ——| 4l BESH (08) —w—
CLEO (O07) F—o=— CLED (07) ——a—
BES (06) +—— BES (06) F—%—
BES(02) |—m BES(02) —8—
35 F BES (89) | 35 | 555(99;
D MD-1(86) |—&——} T p—a—y
vl Crystal Ball (38) —o— 5":" Gysta!MBl:l‘((:;) s
3 = LENA (82) —s— 3 B LENA (82) F—e—
mD ......... m .........
26 I T[IIl. ] it 25
) .t-..ji.i,}.};;{;I.;.jlil.;l;.fé.g.i..;.;. - SRS ERauRRR ST
[ ] 1 ] i 2 [ ] ;
2 25 3 3.5 4 45 2 25
Vs [GeV] Vs [GeV]
Inclusi i
S — AR Y L0051 o e — 43 54 410,51
2 - 2 n s
VX m/dof. = 1.44 VX2im/doof. =147

Note: Uncertainties quoted here do not include radiative correction uncertainties
= Observe very small changes due to including correlations (slightly closer to pQCD)

{& Fermilab
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r: UNIVERSITY o
New data updates [preliminary] MISSISSIPPI

3n*3n~m%hannel — CMD-3 (Phys.Lett. B792 (2019) 419-423)

» This is the first measurement of a 7-pion final state below 2 GeV.

KNT re-analysis 2019: (3 * 31 ~n°),, , channel

0.006

. af3n"3m Mhon(y's < 1.937 GeV) = (0.00 £ 0.00) x 10710 ¢ CMD-3(19)
o)
< 0.005
S 0.004-
..
%=  0.0031
|
=
M  0.0021
Ja [ ]
=
™M 0.0011 l S .
¥ | ®
| 0.000 ¢ + ++ ¢ + 5 gl e e o
3 A |

et . ®
@ —0.001 $
B

—-0.0021

1.4 15 1.6 1.7 1.8 1.9
Vs [GeV]

B3 10 nw

" = 0.00 £ 0.00
—> After subtracting n and w contributions to avoid double counting, entirely consistent with zero!

New [preliminary]: a

{& Fermilab
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New data updates [preliminary]

2t 2~ w channel = CMD-3 (Phys.Lett. B792 (2019) 419-423)

64

> First measurement of this mode as a production mechanism for 3n*3n ™7

30/09/19

KNT re-analysis 2019: 2n*2n~ w channel

mEUNIVERSITY
MISSISSIPPI

0

0.12 aj"‘zﬂ‘w(\/?s 1.937 GeV) =(0.01 + 0.00) x 10710 ¢ CMD-3(10)
ey
5 0.101
3
| i
= 0.08
~N
+
=
o 0:06
T
| ®
o 0.04 ®
+
3
B 0.02]
0.00 2~ : : : : ;
1.65 1.70 1.75 1.80 1.85 1.90
Vs [GeV]
.. +or—
New [preliminary]: ™ 2™ © = 0.01 + 0.00

- Very small new contribution from this channel.

Alex Keshavarzi | The Muon g-2: theory and experiment
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r: UNIVERSITY o
New data updates [preliminary] MISSISSIPPI

2t 2~ n channel — CMD-3 (Phys.Lett. B792 (2019) 419-423)

» New addition to compliment lone measurement in this channel.
KNT re-analysis 2019: 2n*2m~ n channel

1.0

aa" 2" N(Vs = 1.937 GeV) =(0.08 £ 0.01) x 107 Fit of all 2m*2n~ n data
Global x2,,/d.0.f=0.99 | BaBar (07)

= + CMD-3(19)

c 0.8

(S

[

=

N06'

+

=

N

|T 0.4 |

<u

+

Q

o 0.2

" 1

L e
1.4 1.5 1.6 17 1.8 1.9
Vs [GeV]

KNT18: aﬁ"+2”_’7 = 0.08 + 0.01
+ —
Now: a;" °* " =0.08 +0.01, y2;,/d.of. = 0.99
[preliminary]

{& Fermilab
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r: UNIVERSITY o
New data updates [preliminary] MISSISSIPPI

n* = 3mchannel - BaBar (Phys.Rev. D98 (2018) 112015)

» This channel was previously estimated via isospin relations:

KNT re-analysis 2019: (m* m~3m°),, , channel

a3 hen(yS < 1.937 GeV) = (0.64 £0.11) x 1072° Isospin estimate
® Data

3.0
2.5

2.0

RO
++ H+ H ﬂ*

0.5

o%e*te~ = (n*tn~3n%u,,) [Nb]

0073 1.4 15 1.6 1.7 1.8 1.9
Vs [GeV]

0.0

KNT18: a7’ ™ ™™™ = 0.50 + 0.04
Tt = 0,64 +0.11
[preliminary]

n'm I

Now: ay,

{& Fermilab
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New data updates [preliminary]

" n%r% channel - BaBar (Phys.Rev. D98 (2018) 112015)

67

» This channel was previously estimated via isospin relations:

30/09/19

KNT re-analysis 2019: n* m~2n°n channel

=
i

® Data

=
N

=
=}

o o
£~ [o)]
S —

o%ete” »n*n~2n°n [nb]
o
[00]

o
N
= o

Isospin estimate a"}*"'z"o"(\/?s 1.937 GeV)=(0.12 +0.02) x 107 %°

0960 1.65 1.70 1.75 1.80 1.85
Vs [GeV]

at

KNT18: a;

+

T — 0.08 + 0.04

T — 012 4+ 0.02
[preliminary]

T
Now: a,

Alex Keshavarzi | The Muon g-2: theory and experiment
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r: UNIVERSITY o
New data updates [preliminary] MISSISSIPPI

w(—=npp)nr channel - wr°® from BaBar (Phys.Rev. D98 (2018) 112015)

» This channel was previously estimated via isospin relations:

68

30/09/19

0.9
a;;"“”"p)"”(\/?s 1.937 GeV) =(0.13+0.01) x 10710 Isospin estimate

® Data

© o
N

o
o

(=] o
w H
——

o%e* e~ - w(-npp)nm [nb]
o o
N wu
_._
_.—

S
[

___LA_,..~:¢*+ +++ 4 | +m+++++

1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9
Vs [GeV]

o
o

KNT18: a,f‘j(*npp)"” = 0.10 + 0.02

Now: a;’(*“pp)”" = 0.13 +0.01

[preliminary]
{& Fermilab
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r: UNIVERSITY o
New data updates [preliminary] MISSISSIPPI

't ~n channel - BaBar (Phys.Rev. D98 (2018) 112015) & CMD-3 (arXiv:1907.08002)

KNT re-analysis 2019: m* 1~ n channel

6
aj " (Vs =1.937 GeV) =(1.34 £0.05) x 1071° Fitof all m* n~n data
Global x2,,/d.0.f=0.98 4|— CMD-3 (19)
i BaBar (18)
Q ? ¢ BaBar (18)
=) ¢ SND(17)
= + DM2 (88)
| r+ +&
- Pl
* *
= 3 + +
! | +H+ *«
+(lJ 2 1 ++ + + + +
o \ t ‘ ‘
o .| 2 A + + I
! t .
it L
b
0 = ‘ i * & +, +*0l d +
1.1 1.2

1.3 1.4 1.5 1.6 07 1.8 1.9
Vs [GeV]
KNT18: @l ™ " = 1.29 +0.06, x2,;,/do.f. = 1.06

M= 134 £0.05, 22 /dof. = 098
[preliminary]

VIA
Now: a,
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r: UNIVERSITY o
New data updates [preliminary] MISSISSIPPI

wnn® channel - BaBar (Phys.Rev. D98 (2018) 112015)

KNT re-analysis 2019: wnm® channel

4.0 r
a¥"™ (Vs < 1.937 GeV) = (0.24 £0.05) x 1070 Fit of all wnn® data
3.51 Global x2,,/d.0.f=0.73 + BaBar (18)
4 SND(16)
Q 30/
c 3.0 ‘
O: 25’
<
3 ‘
T 20‘ ®
| L
15 J[
+
At
o
3 1.0 + J{
0.5
-
i + Y= , t

o
o

1.55 1.60 1.65 1.70 1.75 1.80 1.85 1.90
Vs [GeV]

KNT18: 2™ = 0.35 + 0.09

Now: @™ = 0.24 +0.05, x2,: /d.o.f. = 073
[preliminary]
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r: UNIVERSITY o
New data updates [preliminary] MISSISSIPPI

"% channel — SND (Phys. Rev. D 99 (2019) 112004)

» New addition to compliment single CMD-3 measurement in this channel.

KNT re-analysis 2019: m*m~n°n channel

8

al " m"n(ys < 1.937 GeV) = (0.97 £ 0.08) x 1071 Fitof all m* n~n°n data
71 Global x2,,/d.0.f=1.09 | CMD-3(17)

= + SND(19)

e

=6

=

o

E 5.

|

[~

+

= -

T

139 ‘

)

+ 1

L 2]

% » S
I Ve T
N _ N |

1.4 1:5 1.6 1.7 1.8 1.9

Vs [GeV]
(Tt~ m"Mnow _
KNT18: a, = 0.60 + 0.15

+—0
Now: a{" ™ ™ m0w = 0.71 +0.08, x2i,/d.o.f
[preliminary]

1.09
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wUNIVERSITY
New data updates [preliminary] MISSISSIPPI

nw channel — SND (Phys. Rev. D 99 (2019) 112004)

KNT re-analysis 2019: nw channel

4.0
a“(Vs =1.937 GeV) = (0.30 £ 0.02) X 10-10 Fit of all nw data
3.5, Global x2,,/d.0.f=1.05 | CMD-3(17)
» 4+ SND (16)
¢ BaBar [BW fit] (06)
'_3‘ 3.0 it ® SND(19)
E‘ k
= 25
3 +
o
T 2.0] It
[
(]
+ 1.51
8 ’ +
o
5 1.0 M ”‘H
0.5 ” l ‘ ‘ ‘ M M
| 4 _wq **ww, -
0.0 : : , [ i
1.4 1.6 1.7 1.8

Vs [GeV]

KNT18: a" ™ " now = 031 +0.03, y2. /dof. = 1.82
+o =0
Now: a[" " TP = 030 +0.02, 2, /dof. = 1.05
[preliminary]
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r: UNIVERSITY o
New data updates [preliminary] MISSISSIPPI

'y channel - SND (Phys.Rev. D98 (2018) 112001)

» This extends the upper border of the pi0 gamma data from 1.35 GeV to 1.935 GeV.
KNT re-analysis 2019: n°y channel

250
a" (Vs <1.937 GeV) = (4.46 + 0.08) x 1071° Fit of all m°y data
Global x2,,/d.0.f=1.41 | SND (18)
+ SND (16)
2001 ¢ CMD-2 (05)
o) ® SND (03)
= * SND(0)
S~150;
= +
T
|
O 100
+
K ?
o
% 50
;1
0
y X
O-L_Q_Q_Q__._M+++o+ S S M . - . 5
0.6 0.8 1.0 1.2 1.4 1.6 1.8

Vs [GeV]
LAY 2 .
KNT18: a, " = 446 + 0.08, )(min/d.o.f. = 1.44

0
Now [preliminary]: alf V' =446 +0.08, sznin/d'o'f' = 141
- Negligible changes, consolidation of previous estimate
$& Fermilab
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r: UNIVERSITY o
New data updates [preliminary] MISSISSIPPI

n¢ channel — SND (Phys. Rev. D 99 (2019) 112004) & CMD-3 (arXiv:1906.08006)

» Three new data scans from CMD-3; systematics taken to be 100% correlated.
KNT re-analysis 2019: n¢ channel

5
a[}"(\/?s 1.937 GeV) = (0.41 £0.02) x 10710 Fit of all n¢ data
Global x2,,/d.0.f=0.85 |~ BaBar (07)
+ BaBar (08)

44 ¢ SND(19)
S ® CMD-3[scan 1](19)
(= * CMD-3 [scan 2] (19)
:. r | CMD-3 [scan 3] (19)
S 3 @
t E
T
|
]
+ 2 (
Q 4

1_

J— B
f| |
o1 . . , , , ,
1.60 1.65 1.70 1.75 1.80 1.85 1.90
Vs [GeV]

. NP _ 2 .
KNT18: a,” = 0.42 £ 0.03, i, /d-of. = 0.54
Now [preliminary]: aZ(p = 0.41 4+ 0.02, sznin/d'o'f' = 0.85

{& Fermilab
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meEUNIVERSITY o
Exclusive vs. Inclusive data [preliminary] MISSISSIPPI

How have these data changes affected the KNT18 exclusive/inclusive transition region?

KNT re-analysis 2019: Inclusive vs. exclusive data

2.8
-------- pQCD
—e— Exclusive data combination
261 N , —— Inclusive high data
. Transition pointiat 1.937 GeV lheliicive 54 data
{ KEDR (2016)
2.4
0
xc
2.2 :
, I
2.0

250 1.85 1.90 1.95 2.00 2.05 2.10 2.15 2.20
Vs [GeV]

Changes are negligible.

1.937 GeV is still the preferred transition region.
{& Fermilab
75 30/09/19  Alex Keshavarzi | The Muon g-2: theory and experiment









900m of instrumented beamline MRS

I
8.89 Gev/c primary beam | | | | i

' 1 || . #! : 3.11 Gev/c secondary beam
bt |
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MISSISSIPPI

From BNL to FNAL

No tropical cyclones
at this time

" ’ The Big Move

~ - " Travel by barge: = == == =
23 - . South along East Coast
- L] Around tip of Florida
- . Northwest through Gulf of Mexico
- A\ ) North through Mississippi River
> - . North through llincis waterways
)
- R A
> - 4 o
-~ " 2013 "5 5 25
-~ :
LS 48-hour formation potential: O Low <30% EMedium 30-50% BHigh >50%
JE :
3¢ Fermilab
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2.5 years to get magnet field uniformity (i) MRS

It took 2.5 years to shim the magnetic field to achieve
the ppm uniformity required ...

ducting col

Supercot

1”40,
A g

’ é Con dUCt/{ A g BB \v Ole p,ec

gCo// n =
T Vi o =

{& Fermilab
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Anatomy of the magnet

Not simply a coil & 72
pole pieces but:

864 wedges

48 iron “top hats”

144 edge shims

8000 surface iron foils
100 active surface coils

requiring precision
alignment & “shimming”
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thermal

LE incuiation )

X
{ AN
1558
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]

wedge

shim

muon
region

I—-—=

pole piece I
edge _$ —
é S fixed NMR probes

P99

AN

i

(

outer coil

;surface - outer coil
correction coil

—
]
[ |
[ ]
g p 7112 mm

inner coil = t‘?ﬁ__hat

OO OO OCONONY Y

Yoke : 26 tons to 125 microns....
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Shimming the magnet ﬁfglsvf’gﬁ‘l?ﬁ[
- Progress towards a uniform magnetic field from Oct 2015 to Sep 2016:

1600

1400"

0 50 100 150 200 250 300 350
6 [deg]

o
Nov 2015 Jan 2016 Mar 2016 May 2016 Jul 2016 Sep 2016

Red = Initial dipole field starting point at Fermilab
Blue = typical BNL final field affer shimming

—> Final Fermilab Result is better than BNL by a factor of
~3 (p-p & RMS)

- Shimming checked between runs to ensure uniformity.

James Mott, SSP 2018, Aachen, 12th June 2018

{& Fermilab
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Measuring the B-Field to 70 ppb ﬁ?gévl‘%‘sfi?l"ﬁx

e 387 Fixed NMR probes outside storage volume measure field while muons stored
e Field inside storage volume measured by NMR trolley periodically

e Fixed probes calibrated when trolley passes; can infer field inside storage volume

aluminum L petroleum jelly aluminum
IS —— - o
cable Lp teflon Cs
100 mm
Fixed probes on vacuum chambers Trolley with matrix of 17 NMR probes

Electronics,
i Microcontroller, [ Position of NMR
| Communication | probes

Dave Kawall, Fermilab Measurement of Muon g-2, g-2 Theory Initiative Workshop in Mainz, June 18-22, 2018

{& Fermilab
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Mapping the field seen by the muons... 1) MISSISSIPPI

- The NMR trolley maps the B-field
inside the storage region:

Trolley Probes / Plunging Probe

A (
N | &

\«:ﬂ -

lllIlllllllllllllllllllll

Mark Lancaster, UCL Schuster Colloquim, 5" December 2018

{& Fermilab
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The k|cker magnet ﬁ%&‘”“s‘%‘l?ﬁ

] Je w0 T LS ; T
.')\‘ - gt 7 f',‘: A' . I
. = < T HF — :
<3 |
D 4
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f :
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'nmu U - 1
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‘ ||Il

65, ooov in 100ns{t o B

| \\\' F;il 1 ,‘ J‘ : "l ll! [Ta\ /T/r,.

L

=NS— e —
}“3'."2- :.. “ lL,“ L,_.ﬂ;.m,
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Shutdown performance issues

mEUNIVERSITY o

MISSISSIPPI

e Shutdown 2018 had a few key improvements to improve the number

of muons we store:

im —imroemers e

Beam Wedge 20%
Accelerator

Power Supplies & Vacuum Window 11%
Kicker Rework to provide higher strength 10%
Quads More reliable operation at higher voltage 10%
Total 60%

86

* Total expected improvement is 1.6x run 1 storage rate
* Next year, will likely install new inflector (+40%)
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Beamline wedges

a;;o{)é) = i1.26%

1000

| s

Incident Muon Beam

3.05 31

Momentum (GeV/c)

Evacuated
Dipole Magnet

Aplp

Wedge
Absorber
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3.15 3.2

In

meJNIVERSITY ¢
MISSISSIPPI

Only store a small fraction of
delivered muons

Upstream wedges placed in region
with dispersion to compactify
momentum (during 2018 shutdown)

Simulations indicate gain of ~20%

2= Fermilab



Kicker upgrade MISSISSIPPI

Feedthroughs

Refurblshed and

Blumleins
.. BCT3

Complete redesign
to make more

reliable g

Redesigned -

to Im prove Power supplies Capacitor banks Transformers A é é !
Speed and ket PO e > SV1 passasnnnnst : .:.
. AU U . b’ o N R 3 ALiilill ) 2 SV2 punsnnnanunnus -
reliability\ . | by | [FC}ereshens > vy (RS ERES— :

| covi [ covz|ceva

Expect +15% from more stored muons and better reliability
{& Fermilab

88 30/09/19  Alex Keshavarzi | The Muon g-2: theory and experiment



- mUNIVERSITY o
PbF, calorimeter MISSI%‘si¥P1

« Each calorimeter is array of 54 PbF, crystals - 2.5 x 2.5 cm2 x 14 cm (15X,)
* Readout by SiPMs to 800 MHz WFDs (1296 channels)

{& Fermilab
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Calorimeter performance

Energy Resolution

lLt:'“o.oaf— O'E/E ~ 28%@ 2 i
o.ozsf— GeV .
o.ozsf— ]
0.0245- { { '
0.022 — { .

o.ozf— “

2 25 3 35 4

45

Enerqy [GeV]

Electron pile-up

S—
E Temporal
3 separation at
af 5ns

See NIM A 783 (2015), pp 12-21 for details

sample number

Row number
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Timing Resolution

0.~ 25
pS

T Lo s b oo luns

1 1 1 1 1
04 045 0.5
delta T (clock ticks)

11 L)l 11 Ll 1
005 041 0.15 02 025 03 035

Position from Energy Deposit

10
10?
10
= 1
107"
[ i R
1 2 3 4 5 6 7 8 9
Cgl&mn number
aF Fermilab


http://dx.doi.org/10.1016/j.nima.2015.02.028

Gain stability

Slow Control

Sync. trigger

Laser Hut

i) Wi NLVERSITY
1) MISSISSIPPIL

Fiber
bundle

Diffuser

Diffuser

Diffuser

Diffuser

'''''

S.M. = Source Monitor
L.M. = Local Monitor

journal homepage: www.elsevier.com/locate/nima

Contents lists available at ScienceDirect

Nuclear Instruments and Methods in

Physics Research A

calibration system

A. Anastasi ““, D. Babusci?, F. Baffigi ®, G. Cantatore “%, D. Cauz®', G. Corradi®, S. Dabagov*,
G. Di Sciascio', R. Di Stefano*Y, C. Ferrari *”, A.T. Fienberg', A. Fioretti *”, L. Fulgentini®,
C. Gabbanini *>*, LA. Gizzi®, D. Hampai*, D.W. Hertzog', M. lacovacci“", M. Karuza **,
J. Kaspar', P. Koester ®, L. Labate®, S. Mastroianni', D. Moricciani’, G. Pauletta®', L. Santi %/,

G. Venanzoni®

Test of candidate light distributors for the muon (g —2) laser @Gwm 3 } by it
0.98 a2 ° Corrected With Laser ; E
0.975F } E
0.97 _ . Uncorrected j _
%9995 1T 2 3 45 % ' ‘

Hours
-
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= = = = mEUUNIVERSITY o
Determining the E-field correction MISSISSIPPI
An Electric-field correction accounts for those muons not at the magic radius

—> This is achieved via a ‘Fast Rotation’ analysis of the stored beam de-bunching.
- Over time, lower momentum will catch up with higher momentum...

Higher Mom
(Lower Freq)

Lower Mom
(Higher Freq)

Beam
Direction

The way that the gaps between bunches are filled is related to the momentum distribution of the
stored beam.

{& Fermilab
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2

The fast rotation analysis (FRA) :: 4; (i) viESSTaSTRor

What’s so important about the fast rotation?

E i &

Fast rotation analysis +—— T e e
Radlal ? o.s;: =
Distribution = : |
7060 7080 71:Zdius:;2r:] 7140 7160
!
Muon equilibrium radius «—— Xe

| .

Electric (E) field correction +=——— (.= —2(n)(1 — (n))B2 <;ez>
0

There are two approaches to the FRA:
1. The Fourier transform method

Should be in agreement to achieve E989
2. The CERN IIl method }

E and pitch correction goal of < 30ppb

{& Fermilab
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Determining the E-field correction ﬁ?%‘éﬁ%ﬁi?ﬁ

The E-field correction accounts for those muons not at the magic radius
Use either an iterative X2 minimization or Fourier analysis to determine stored beam’s
time profile and momentum distribution

One Cyclotron

[ Fast Rotation Signal 0.03 - 0.21us | Period (~149 ns)
3 F -
goooo 3 002 Momentum
35000 - Distribution
30000 - 0.015
25000 N
20000 £ 0.01—
15000 f— N
10000 f— 0.005—
5000 f— E
- 0 L
-*-IIIIIlIIIllII[IIII]IIlIIIIII|IIII|IIII|III
0004 006 008 01 012 014 016 018 02 7070 7080 7090 7100 7110 71)\ 7130 7140 7150
Time [us] Radius [mm]
E-field correction: Ce= —2(n)(1 — (n))B?
; = n n
2& Fermilab
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mEUNIVERSITY o

Trackers mapping the muon beam motion 2 MISSISSIPPI

Cannot have detectors directly in the beam but instead we
measure trajectory of decay e* and do an extrapolation back...

Radial & Vertical Position «0°
@ y

Vertical Position [mm]

-60 -40  -20

20 40 60
Radial Position [mm)]

{& Fermilab
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What does a track look like? () MTSSTESTRE

« First track seen at start of engineering run (June 2017)

1400 Most likely a lost proton

. Mott, Price Run: 105 subrun: 1 event: 9 from p*p beam
1200}- § o
- " Hit
N RRR & : ,._.S
i /
1000}|— ot
£ ra
< so0f /‘ o
= 800|—
& [ R, SLRRRe .
u / |
600 {— o | \
B F - N
oo / - T Tracker Modules
([ Stored p ok 205, | /
200'_1 l 1 L L 1 l 1 1 1 I l L 1 1 ' l 1 1 L 1 l L 1 1 L l ' L 1 1 1 1 L 1 l I 1 1
-7100 -7050 -7000 -6950 -6900 -6850 —6800 -6750 —6700
ring z [mm]
« Track-fitting algorithm is a global x? minimisation using Geant4 for particle

propagation

{& Fermilab
96 30/09/19  Alex Keshavarzi | The Muon g-2: theory and experiment



Track extrapolation MISSISSIPPT

« We extrapolate tracks backwards to decay point and forwards to calorimeter:

— Muon Storage
— Region

Backwards Extrap.\

\ Calorimeter
\
] Forwards Extrap
Tracker Modules

Stop extrapolation
when momentum
is tangential

{& Fermilab
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Beam distribution

msUNIVERSITY o
MISSISSIPPI

+ Extrapolate tracks to where they are tangential to magic radius:

T r —
Ea B ////

= 6000 7

S - 7

= B

o = /

T 4000 , Imagic — 2 CM
e L /

© iy

.8 B //

5 2000 _—

-2000

-4000

-6000

E_\j\Trackers at 180° &

- \\ 2 7 O ° /
N\ /
TN \ /
e L, rm—— .. Nott

-6000 -4000 -2000 0 2000

4000 6000
Global Z Position [mm]

Top-down view of decay vertices

x10°
200

180

160

140

120

' [F =100

Vertical Position [mm]

Radial & Vertical Position ;

» Use these distributions to get the effective field seen by the
muons B ® M,

250
200
—1{150
-20
100
-40
50
-60
-60 -40 -20 0 20 40 60 .
Radial Position [mm]
Projection of beam onto radial slice
{& Fermilab

98 30/09/19  Alex Keshavarzi | The Muon g-2: theory and experiment



Beam distribution PN [

* Projections of 2D beam spot from previous slide onto radial and
vertical directions:

Decay Position - Radial o1t Decay Position - Vertical o1t

x10° x10°
£ = E =
= L " E 2000/ n
@ 1400 P 5
o B . . O 1800
g ¢ Alltimesin g
* 1200(— . * 1600
- this plot E
1000 1400 :—
- 1200—
800 =
- 1000
600~ 800 —
400~ 690
- 400
200 -
i 200[—
0 E 1 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 0 : L I 1 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 | 1 1 L
-60  -40  -20 0 20 40 60 -60  -40  -20 0 20 40 60
Radial Position [mm] Vertical Position [mm]

 Distributions are wider because the beam is oscillating

« We can also look at them in individual time slices...

{& Fermilab
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Radial Position [mm]

Beam radial oscillation: amplitude ﬁ%&%‘sﬁ?ﬁ

« Amplitude of radial oscillation decreases as beam spreads out:

Mean of radial distribution ;.

25
60 B
- 20
40 |
- 15
20 -
- 10f=
0 =
& 5__—.
20 B
" of-
-40 -
[ 5|
_50_ -
. _10 ]llllllllllllllllllllllllllllllllll[lll
0 0 20 40 60 80 100 120 140 160 180 200

0 10 20 30 40 50 60

Track Time [us] Track Time [US]

« Tracker measurements essential for calorimeter w, analysis:
— Amplitude shape and lifetime
— Oscillation frequency change

{& Fermilab
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Beam radial oscillations and w, ﬁ%&%ﬁ‘%ﬁ

« Beam oscillations couple to acceptance — change number of e*
detected with time

« Oscillation frequencies in fit residuals which are removed by
modifying fit function:

S R -~
- éw’g — fit E
¥ g §*:NAMVWMMW“WWWMN
54 3 AN AN NN NN
.27 3 : wwWWWWVWWVWMM’\MNVV‘NV\NV
o : Kinnaird, Mott W YIYAAAAAARAA YV
E 08__ time modulo 100 yis
n N —t
[ N Npe /T(l + Acos(wgt + ¢))
S 0-6_5 Wrag = Wy
() - : o
S L X2/ ndf = 7006 / 3148
& 04 e .
g Fit* including beam
0.2 . .
n | = oscillations
EL iR ol J '
u.'l‘-fn..':‘.:n ..‘J,.n._.liz..‘.n.,;..“.’ DR AN o L Ml 8 ...Ali.. ol Aot Sl ALY —
% o5 1 15 2 25 3 X%/ ndf =3052 /3145

Frequency (MHz)

{& Fermilab
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Beam radial oscillations: frequency ﬁ‘fg‘svfs‘ﬁ‘fﬁﬁ

» We expected the oscillation frequency to be constant but | found
that it was changing over time:

— 25

%2.45 =
"2 24F
s§ 2
2.35F
2.3} I
2.25 ;
E — a)(t)=o)o(1+Amt+Ae'm‘+Bem")
e 0, =-3.14 rad; &, = 2.3051 rad is"
“<ie Ao =1.86 +0.03 % ms™
2.1f A=-5.04+0.02%; 7, =73.3+0.5is
2.05F B =-13.10 £0.02%; t_ = 16.6 + 0.0 us

PETETSH IPET AT BT STUrErSl SYSrRrErE G ATAra SrATRrar el SrArErarey SrSrararel Srarerar s Sy a
20 50 100 150 200 250 300 350 400 450 500

* Helped us to eventually locate the problem as faulty resistors in
the electrostatic quadrupole system.

3% Fermilah
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Beam radial oscillations: frequency ﬁ‘fg‘svfs‘ﬁ‘fﬁﬁ

» We expected the oscillation frequency to be constant but | found
that it was changing over time:

— 25

%2.45 =
"2 24F
s§ 2
2.35F
2.3} I
2.25 ;
E — a)(t)=o)o(1+Amt+Ae'm‘+Bem")
e 0, =-3.14 rad; &, = 2.3051 rad is"
“<ie Ao =1.86 +0.03 % ms™
2.1f A=-5.04+0.02%; 7, =73.3+0.5is
2.05F B =-13.10 £0.02%; t_ = 16.6 + 0.0 us

PETETSH IPET AT BT STUrErSl SYSrRrErE G ATAra SrATRrar el SrArErarey SrSrararel Srarerar s Sy a
20 50 100 150 200 250 300 350 400 450 500

* Helped us to eventually locate the problem as faulty resistors in
the electrostatic quadrupole system.

3% Fermilah
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Coherent betatron oscillations (i) MTSSTESTRr

l=—ACc—I
|<— Kﬁx—>l (radial)
X

w

0 2np 4mp / 67TP S
I I 1 .,
a detector

feo = fo— fo = (1 —+v1—n)f.

)\CBO ~ 14 turns

* Detector acceptance depends on the radial coordinate x.
* The CBO amplitude modulates the signal in the detectors

{& Fermilab
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Weak focusing betatron MISSISSIPPT

Ry dE,
BBO dr

radial : T, = fov/1 —n ~ 0.929F,

vertical : f, = fovn =~ 0.37f¢

L 0135

Field index : n =

e The beam moves coherently radially relative to a detector with
the “Coherent Betatron Frequency (CBO)

fecpo=fc—Ff.=0— 1—n)fg

{& Fermilab
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Main systematic issues
Pile Up

L]
u [ Station12-350us
L]

ﬂ
Low Energy
Spin
High Energy Calo

msUNIVERSITY o
MISSISSIPPI

Beam Oscillations

30
Entries 1187 T E
00 Mean 4912 S 20 E
00 — §1d Dov 2448 ey =
E Undertion o § £
1800 = Overtiow o & 10
E Integral  £.1190:04 : F
1600 — c o
E § E
1400 — =
1200 E
1000 — T
E Jt =
800 — ol =
E g 20-
600 — a
E g 5=
0F £ 10E
200 5 5B
1y h E
30 -80 -40 -20 [ 20 40

0T et
=8 60 80

i
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Gain Change

T
C 1004 ! 60h fit
© 1 9d fit
O 1002 : 60h data
GL) I 9d data
40_)' 1.000 (':—:***_“ ’v--‘—""l—" e ‘.;’.:*"_"-':':"1,'."‘:‘ "“‘" ;."'.-'"
o — | | .
= 0998 |
S | 0.5%
——— 1
©p9964 |
B3 l
| 1
1 .
0941 | 1 Analysis starts here
1
0.992 - I
1 .
| Smith
0990+ — 1 : i . : v
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Time [us]
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"""""""""""""""""""""""""""""""""" Triple MIP-like signal

Lost Muons

6 ns apart

)

Calo
Calo

u* lost from storage ring
before they decay

2= Fermilab



mEUNIVERSITY o
Lost muons MISSISSIPPI

triple coincidence
P S T T e OO lost muon signature

~ -
-
-
-
-
-
-
-~
-~
S
~
-~
~
-~
-~
-~
~
~
~
~
~

~N @
88

N coincidences
e 888888

characteristic At T
MIP-like energy
1€ .
ol . deposition
— L) 'j .
1o — L st 5) Describes the rate of muons
10°H — [ o gy escaping the ring; not
104K decaying
10°
10° 50 100 150 200 250 300
time [u s]

{& Fermilab
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Pileup and energy calibration

msUNIVERSITY o
MISSISSIPPI

Direction of muon spin depends on energy of e*
- need to track variations in energy calibration (laser system)
- correct for when two low energy et fake one high energy (pileup)

Low Energy

B I\\/Iuon Spin Direction

108

Calorimeter

dN /dE

1073
1074
1073
107°
1077
1078
107°

10—10

all calorimeters

T

0
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all times “"‘“w,\\

T .
t>30 s i 8 T
t> 100 s “lewg“
t> 200 us “Ww}x
1000 2000 3000 4000 5000 .6000
energy [MeV]
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- mEUNIVERSITY o
Pileup MISSISSIPPI

Two low E e* can look like Different travel time means

ﬂ 20F e acceptance
Low Energy :

one high energy e*

o different spin direction ~3

25k — drift time

drift time [ns]
acceptance

Spin 15F

10[

High Energy

109

Calo T

o 500 7000 1500 2000 2500 3000

Momentum [MeV]

Pile up happens less often as the muons decay so phase changes

with time and we get w, wrong ¢
g i Uncorrected
S
i / pectrum
Derived Pile

Derive a pile up correction from
data and check validity above 3.1 10"
GeV 10°

Negative here
(abs. value shown)

Kinnaird

T [T Y TR e ! N (O TSN WY Vo (S | IS S |

0 2 3 4 5
Energy (MeV)
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