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Magnetic moment:
classical description

Magnetic moment of current | _— current 7

p=1A=1nr ‘-
Current from single particle: E

[ = qv/(2nr)

u = qv/(2mr) . mr? = qrv/2
Relation to angular momentum

S=mrv=2m/q.u

uL=q/(2m).S

Magnetic moment proportional to spin also for
clementary particles, .... but quantum mechanics kicks in
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o

Magnetic moment relation to point-like
lepton spin different from classical phys.

NEWS Workshop, Pisa - March 2018 F. Bedeschi, INFN-Pisa




o

Magnetic moment relation to point-like
lepton spin different from classical phys.

Tree level QED : g =2 for all leptons

NEWS Workshop, Pisa - March 2018
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Tree level anomaly:
a=(g-2)2=0
...only 1f pointlike
g,~3.0,8,~-3.8
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Magnetic moment relation to point-like
lepton spin different from classical phys.

Tree level QED : g =2 for all leptons
Explained by Dirac in 1928

NEWS Workshop, Pisa - March 2018

Y

Tree level anomaly:
a=(g-2)2=0
...only 1f pointlike
g,~3.0,8,~-3.8

ol

F. Bedeschi, INFN-Pisa




@ Higher orders (1)

Radiative corrections (challenging!) change the picture
a+(
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@ Higher orders (1)

Radiative corrections (challenging!) change the picture
a+(
Schwinger (1948): 1 loop correction p'\ ¥
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Radiative corrections (challenging!) change the picture
a+(
Schwinger (1948): 1 loop correction p'\ ¥

NN
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@ Higher orders (2)

Higher order corrections depend on lepton mass

QED calculations becomes more complex:
l1loop -2 1 diagram analytic calculation
2loop -2 7 diagrams analytic calculation
3loop -2 72 diagrams analytic calculation
4 loop -2 891 diagrams numerical calculation

5loop -2 > 12,000 diagrams numerical calculation

3 Contribution irrelevant compared to current experimental errors

NEWS Workshop, Pisa - March 2018 F. Bedeschi, INFN-Pisa




“gD» Other corrections

a, 1s affected by loops with W/Z or quarks (hadrons)

T

QED WEﬂk Had VP Had LbL

Weak contribution small and precisely calculated
Had VP and Had LBL are hard .... however

i Improvements and new approaches expected

NEWS Workshop, Pisa - March 2018 F. Bedeschi, INFN-Pisa




Had VP and Had LBL are hard .... however

i Improvements and new approaches expected

Contributions of virtual heavier particles (including new
physics!) scale with lepton mass squared
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PaN . . INFN
@D New physics sensitivity (- e

New physics effects similar to weak contributions

SUSY gives relevant contributions from y* e %’ not strongly
bounded by LHC

« Supersymmetry

_tan|3 sign(p)|,
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PaN . . INFN
@D New physics sensitivity (- e

New physics effects similar to weak contributions

SUSY gives relevant contributions from y* e %’ not strongly
bounded by LHC

_tan|3 sign(p)|,

Presently a®P — ath ~ (245 + 81) x 10-!! (Kinoshita, Jul. 2014)
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@D New physics sensitivity

New physics effects similar to weak contributions

SUSY gives relevant contributions from y* e %’ not strongly
bounded by LHC

® sps@
& PS5 SPSB

« Supersymmetry

20
30l
40
50

|
EEUEY ~130x1 U‘“ { 100 SPS benchmark points LHC Inverse Problem (300~ ")

M [v.\_Nejtershaqsen,Sf:héfer, can't be distinguished at LHC
(] Stockinger-Kim,DS "10] [Sfitter: Adam, Kneur, Lafaye,
Plehn, Rauch, Zerwas '10]

Presently a®P — ath ~ (245 + 81) x 10-!! (Kinoshita, Jul. 2014)

Experimental precision close to new physics effects
NEWS Workshop, Pisa - March 2018 8/30 F. Bedeschi, INFN-Pisa
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“@> Relation with other measurements - s

Connected with other measurement of great interest
Bs2>upu, u>ey g-2
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“@> Relation with other measurements - s

Connected with other measurement of great interest

LHC plus
amu

LHC
alone

5 4 6 8 10 12 14 16

tan B
[Hertzog, Miller, de Rafael, Roberts, DS '07]
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Connected with other measurement of great interest

Bs=2>uu, u=2ey
tan 3
Dark photon

KLOE ee—»vee
preliminary

II T T TTTI

£2BR(U— e*e)

ﬂa.rk photon __ QF(’TTZL /TTZ #)

10" M, (GeV/c?)

Visible decay

NEWS Workshop, Pisa - March 2018

‘ Relation with other measurements =

LHC plus

10°

Invisible decay [iE=s

10"
my; (GeV)

[Hertzog, Miller, de Rafael, Roberts, DS '07]
F. Bedeschi, INFN-Pisa
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n . )
SM theory prediction (2014) /NP
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n . )
SM theory prediction (2014) — /NFIX_

O(a”) complete
11'658'471.9x10-10

o =0.01x10-1°

i T. Kinoshita, Cape
Cod, July , 2014
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n . )
SM theory prediction (2014) — /NFIX_

O(a”) complete
11'658'471.9x10-10

o =0.01x10-1°

i T. Kinoshita, Cape
Cod, July , 2014

2-loop
15.4x1019
oth =0.2x10-10
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n . )
SM theory prediction (2014) — /NFIX_

O(a®) complete Al NNLO -+ exp.

11'658'471.9x10-10 AN 686.3x10-1°
ot =0.01x10-10 o™ =2.3x10°1

1 T. Kinoshita, Cape o = 3.7x10-1
COda JUIY s 2014 Gtotal — 4.4X10_10

2-loop
15.4x1019
oth =0.2x10-10
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n . )
SM theory prediction (2014) — /NFIX_

O(a®) complete Al NNLO -+ exp.

11'658'471.9x10-10 AN 686.3x10-1°
ot =0.01x10-10 o™ =2.3x10°1

1 T. Kinoshita, Cape o = 3.7x10-1
COda JUIY s 2014 Gtotal — 4.4X10_10

2-loop
15.4x10710 _ NLO

ot =0.2x1010 [ 11.9x10°1° JN"09
] oth=4.0x101°

10.8x 101 PRV’09
ot =2.6x1010

NEWS Workshop, Pisa - March 2018 F. Bedeschi, INFN-Pisa




0(o) complete [P - NNLO + exp.

11'658'471.9x 10710 NS 686.3x 10712
o =0.01x10-1 < o' =2.3x10"1°

i T. Kinoshita, Cape o®P = 3.7x10-10
COd, JUly ) 2014 Gtota] 4 4X10 10

2-loop ctotal = 3 3x10-10

15.4x10-10 ~ NLO
. oth =0.2x10-10 A 11.9x10°10 JN’09
Results — Jul 2014

Had LbL from:
JN’09: (11'659'185.5 £ 5.9) x10-10
PRV’09: (11'659'184.4 +£5.1) x10-19> 11°659°181.9 + 4.2 (Davier16)

INEWD Worksnop, risa - iviarcn 2ulo LY7oV Kr. bedescinl, 1INFIN-F1Sa




HMINT (06) R

IN (09) -

Davier et al, T (10) e

Davier et al, ee™ (10) '_'_'

Js (1) s el 0 = 3.7x10710

B — 4.4x10°10
HLMNT (11) |—5—l—| i

Kinoshita (14) ' E i =3.3x101Y

- experiment —0— Dav1erl2016l

BNL

) p)
BNL (new from shiftin ) x10-1% JN"09

ReSUItS ||II||I||I||I|||IIII|IIIIillllillllillllilllléllll
170 180 190 200 210
Had LbL a, x 10"’ - 11659000
JN’
PRV’09: (11'659'184.4 +£5.1) x10-19> 11°659°181.9 + 4.2 (Davier16)

INEWD Worksnop, risa - iviarcn 2ulo LY7oV Kr. bedescinl, 1INFIN-F1Sa
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Muon g-z experiment at FNAL L,_Ii N

Improved measurement of the 1 anomalous magnetic
moment: a, = (g,-2)/2
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Muon g-2 experiment at FNAL (s
Improved measurement of the 1 anomalous magnetic |
moment: a, = (g,-2)/2

Best previous measurement BNL-E821 (1997-2001)
a;? = (11659208.9(5.4)4tar(3.3) syst(6.3)10r) x 10 W] G W.Bennett etal,

PRL 92, 161802 (2004).

e . . L. Roberts, Chinese Phys. C
Error statistics limited 34,741 2010).

Difference wrt. SM ~ 3o (theory error ~ 5 x 10-19)
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B /j
Muon g-z experiment at FNAL L,_Ii N

Improved measurement of the 1 anomalous magnetic

moment: a, = (g,-2)/2

Best previous measurement BNL-E821 (1997-2001)
8= = (11659208.9(5.4)star(3-3)syst(6.3)ror) x 10 1° NGBS

PRL 92, 161802 (2004).

e . . L. Roberts, Chinese Phys. C
Error statistics limited 34,741 2010).

Difference wrt. SM ~ 3o (theory error ~ 5 x 10-19)

Goal of new FNAL experiment (E989) (x4 better)
o, = (1.2 stat. ® 1.3 syst.) x 1010 =1.6 x 101
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B /j
Muon g—2 experiment at FNAL L,_Ii N

Improved measurement of the 1 anomalous magnetic

moment: a, = (g,-2)/2

Best previous measurement BNL-E821 (1997-2001)
ailtl‘ - (11 659 2089(54)"4“(33)“%4(6S)H}T) % 10 (80 G. W.Bennett et al.,

PRL 92, 161802 (2004).

.« e . . L. Roberts, Chinese Phys. C
Error statistics limited 34,741 2010).

Difference wrt. SM ~ 3o (theory error ~ 5 x 10-19)

Goal of new FNAL experiment (E989) (x4 better)
O, = (1.2 stat. @ 1.3 syst.) x 101 =1.6 x 101

Assuming same central values (exp. & theory):

SM — exp. difference:
i ~ 56 if no improvement in theoretical determination

i ~ 8o if theory improved by x2
NEWS Workshop, Pisa - March 2018 11/30 F. Bedeschi, INFN-Pisa
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“@2D~ Back to hi story (e

Measurements of g-2 started in 1957

Continuous evolution of the technique until now
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Garwin/Lederman (1957)

First experiments

Magnetic resonance

g =2.0040.10

* Their arguments are as follows: From the He® recoil experi-
ment and from Eq. (A-4) of reference 1 one concludes that
(|Cal2+4C4" |2)/(|( T'|2+'(,g~’|2)<1 Hence, by comparing Eq.
(16) of reference 3 [see also Eq. (A-6) of reference 1], one con-
cludes that the present large asymmetry is possible only if both
conservation of parity and invariance under charge conjugation
are violated.

LETTERS TO

Observations of the Failure of Conservation
of Parity and Charge Conjugation in
Meson Decays : the Magnetic
Moment of the Free Muon*

Ricuarp L. GarwiN,f LEON M. LEDERMAN,

AND MARCEL WEINRICH

Pliysics Department, Nevis Cyclotron Laboratories,
Columbia University, Irvington-on-Hudson,
New York, New YVork
(Received January 15, 1957)

NEWS Workshop, Pisa - March 2018
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Istituto Nazionale
di Fisica Nucleare

IN
L/

IX. lhe magnetic moment of
carbon, is found to be negative anc
limited accuracy with that of the p*.%
X. Large asymmetries are found for the e" from
polarized p* beams stopped in polyethylene and
calclum. Nuclear emulsion (as a target in Fig. 1) yields
an asymmetry of about half that observed in carbon.

, 85 MEV
PION'BEAM

agrees within

13/30 F. Bedeschi, INFN-Pisa
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Garwin/Lederman (1957) (e

First experiments

Magnetic resonance

gzzo():l:O]O LETTERS TO TI

* Their arguments are as follows: From the He® recoil experi-
ment and from Eq. (A-4) of reference 1 one concludes that
(ICal*+1CA 1D /(| Crl24Cr’'|2) £%. Hence, by comparing Eq.
(16) of reference 3 [see also Eq. (A-6) of reference 1], one con-
cludes that the present large asymmetry is possible only if both
conservation of parity and invariance under charge conjugation

ara wvinlaterd m

tio
sp!

PHYSICAL REVIEW VOLUME 109, NUMBER 3 FEBRUARY 1, 1058

Magnetic Moment of the Free Muon™f

T. Corrin, R. L, Garwin,} S, PExmaxn, L. M. LEDERMAN, AND A. M. SAcHS
Columbia University,§ New YVork, New York

aH = OOOI 13:|:OOOOOI4 (Received October 1, 1957)

The magnetic moment of the positive p meson has been measured in several target materials by a magnetic
resonance technique. Muons were brought to rest with their spins parallel to a magnetic field. A radio-
irequency pulse was applied to effect a spin reorientation which was detected by counting the decay elec-
trons emerging after the pulse in a fixed direction. Results are expressed in terms of a g factor which for a
spin } particle is the ratio of the actual moment to e#/2muc. The most accurate result obtained in a CHBr;
target, is that g=2(1.0026==0.0009) compared to the theoretical prediction of p=2(1.0012). Less accurate
measurements vielded g=2.00520.005 in a copper target and g=2.004£0.01 in a lead target.

NEWS Workshop, Pisa - March 2018 13/30 F. Bedeschi, INFN-Pisa



@ CERN-I (1964)

Precession in magnetic field
6 16]65~
IRBP‘GS-

G. CHARPAK, of al.

16 Giugno 1065

Il Nuovo Cimento

Serie X. Vol. 37, pag. 1241-1363

c,/a, =1.9 2043 %

ap

The Anomalous Magnetic Moment of the Muon.

G. CHARPAE (), F. T, M. Farrey, B. L. GarwIy (™), T. MULLER (™",
J. C. SExs and A, ZICHICHT
CERN - Geneva

(ricevuio il 18 Settembre 1964

Summary. — The anomalous part of the grromagnetic ratio, a = Yg—2) 4 Faﬂey Sens, Charpak, Muller, Z]Cthhl
)

of the muon has been measured by determining  the precession
0= amyBt for 100 MeV/e muons as a function of storage time t in o

known static magnetie field of the form 3= By (1-+ay -+ bys Loyt +dyt), 6_m g_z magnet
The result is B, =( L 162L5). 106 compared with the theoretical value

Ay =/27 0. T0a4x?=1165-10-%, This agreement shows that the muon

obeys standard quantum electrodynamios down to distances ~ 0,1 fermi.

Details are given of the methods nsed to store muons for ~ 10° turns

in the field, and of messuring techniques and precautions necessary to

achieve the final aceuracy, Some of the methods of orbit analysis, magnet

tonstruction shimming and measurement, polarization analvsis, ana

digital timing electronics may be of more general interess.

F. Bedeschi, INFN-Pisa
NEWS Workshop, Pisa - March 2018
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CERN-II-IIT (1968-1979) (. mrose

CERN-II: muon storage ring 2 G, /a, = 265 ppm

CERN-III: magic mom./electr. quads = o,,/a, =7.3 ppm

S van der Meer, F J M Farley, M Giesch, R Brown, J Bailey, E Picasso and H Jostlein
NEWS Workshop, Pisa - March 2018 15/30 F. Bedeschi, INFN-Pisa




BNL-ES821 (1997-2001)

Extremely good storage ring magnet! = B uniformity
AGS hlgher statistics then CERN 2 6,/a, =52 0.5 ppm

NEWS Workshop, Pisa - March 2018 F. Bedeschi, INFN-Pisa




Measurement

Sensitivity

R eference

‘}'H'll‘J—}—”lHl”_i

— LIKiL2

3

e

Garwin ef r'..r"'ﬂ']' Nevis ( 1957)

| Nevis (1959

':__;HI"F'Li.] el lJ }I- .

0.001145(22)
0.001162(5)

| -'{'J".'.f-:i'j-
0.43%

Charpak ef nfr CERN 1 (SC) (1961)
Charpak ef r'.'.!r:cl'»_l CERN 1 (S5C) (1962)

0.001 166 16(31)

265 ppm

e I

Bailey ef al[36] CERN 2 (PS) (1968)

0.00 1 06(6T)

5.8

11 G T TR

Henry et all46] solenoid (1969)

0.001 165805(27)
0.001165911(11)

23 ppm

7.9 ppm

(41" + Hadronic
'I”']J 4+ Hadronic

Bailey ef al|37) rlﬂ{Y'i(P%l(lWTﬁ1
Bailey ef al[38] CERN 3 (PS) (1979)

0.0011659191(59)
0.001 1659202(16)

J ppm

.3 ppm

(2)” + Hadronic

(&) : + Weak

Brown ef r'.'!'f_l?"u_ H_\.T. (_.31,]{,]1,}]
Brown ef ,-.-f_l!:]j BNL (2001)

|u-nl + Weak + 7
+ Weak + 7
+ Weak + 7

0.001 165920 3(8)
0.001 165921 4(8)(3)
0.001 16592080(63)

(0.7 ppm Bennett ef al[50] BNL (2002)
Bennett ef all51] BNL (2004)

Bennett ef all51, 26] BNL WA (2004)

0.7 ppm l”‘!
0.54 ppm | | ‘;_H

NEWS Workshop, Pisa - March 2018 F. Bedeschi, INFN-Pisa



History of experiments

Summary

M
Y . .
Brookhaven m |5 + hadrionic + weak + ?

3
CERN 11l REERE (<] + hadrionic
e fay?
con [ ECE ()
{7}

i ItII|]I| i lII|I|_|J (] §Lik il i IIIII|I|
SES

K,
FNAL 2019

]

NEWS Workshop, Pisa - March 2018

eference

rarwin ef all30], Nevis (1957)

sarwin el all33], Nevis (1959)

‘harpak ef aff34] CERN 1 (SC) (1961)
“harpak et al35] CERN 1 (SC) (1962)

3ailey ef all36] CERN 2 (PS) (1968)

lenry ef all46] solenoid (1969)

Jailey et al37] CERN 3 (PS) (1975)
Jailey ef l[38] CERN 3 (PS) (1979)

Srown ef alfd8] BNL (2000)
Srown et aff49] BNL (2001)
Jennett ef ol[50] BNL (2002)
Jennett ef all51] BNL (2004 )

ennett ef all51, 26] BNL WA (2004)
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”@“ Future FNAL CXPp criment L

Ring magnet from BNL!
20X more muons

Much cleaner beam

Better calorimeter

Tracking stations added
Better B field measurements

Miscellaneous improvements on systematics

NEWS Workshop, Pisa - March 2018 F. Bedeschi, INFN-Pisa




Main Injector

-

npctan & AR

NEA TRANSFERLINE

NEWS Workshop, Pisa - March 2018

No hadronic flash
Pions all decay
Protons removed by a DR kicker

Forward muons collected
95% polarized
~800,000 p*/fill (SP/P 2%) at ring

F. Bedeschi, INFN-Pisa




Main Injector

npctan & AR

NEA TRANSFERLINE

0
IIII—.—'

Entmcten Tem Flﬂr_!_,,
ey

I
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No hadronic flash
Pions all decay
Protons removed by a DR kicker

Forward muons collected
95% polarized
~800,000 p*/fill (SP/P 2%) at ring

F. Bedeschi, INFN-Pisa




Main Injector

-

npctan & AR

NEA TRANSFERLINE
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No hadronic flash
Pions all decay
Protons removed by a DR kicker

Forward muons collected
95% polarized
~800,000 p*/fill (SP/P 2%) at ring
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Main Injector

-

npctan & AR

NEA TRANSFERLINE

NEWS Workshop, Pisa - March 2018

No hadronic flash
Pions all decay
Protons removed by a DR kicker

Forward muons collected
95% polarized
~800,000 p*/fill (SP/P 2%) at ring

F. Bedeschi, INFN-Pisa
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&> FNAL E-989: how it works

a, proportional to difference between precession
and rotation frequency

Measure:
o, eB
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H

&> FNAL E-989: how it works

a, proportional to difference between precession
and rotation frequency

Magic momentum

o M 3094 Gev
0, eB il T~ v=29.3

Measure:
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FNAL E-989: how 1t works

a, proportional to difference between precession
and rotation frequency

#= Tracking stations add much
control over beam parameters

pecayelection- T EBlectric dipole moment ++

e

T, s 1L |

1 —

|

it { L= S T q_._.r'.'“f.- N
/ | — 0 —
! 0 T [ il
Decay electron e ¥ = Ry It I
> S W | = ! ! i il
. - | | | = - Y | oy Y L i
C e — 7 e ¥E i
| ¢ ] e, ! i
I ."II Pl L ) y
= !
¥ HI

Calorimeter active volume

Magic momentum

M re:
casure 3.094 GeV

o, eB
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Inject polarized muons into
the ring

Million Events per 149.2ns

Observe decay electrons

Count electrons above energy
threshold (1.9 GeV optimal)

—h
o,
L]
e

—h
=)
w

S MM T T AT &

: 80 100
Time modulo 100us [us]

Figure 2: Distribution of electron counts versus time for 3.6 billion
muon decays from the E821 experiment. The data are wrapped around
modulo 100 us [9].

Harder electron spectrum when
spin is aligned with momentum F. Bedeschi, INFN-Pisa




“@D> How it works: B/®,
B measured with NMR probes (precision ~10 ppb)—>

o, = free proton precession frequency o« B

Probes 1n several fixed positions and on trolley that can move
around the ring
8 What matters 1s average field around ring

i 15 ppm demonstrated in ring section with laminations

Oct 2015 =P Aug 2016

150 200 250 300 350
Azimuthally-Averaged Map azimuth (deg)
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. INFN
@ How it works: all together (s

The whole measurement 1s reduced to the measurement
of two frequencies: ®, and ®

With a little math:

P Wa/Wp

a —

A = p,/uy, 1s the ratio of the magnetic moments of the
muon and the proton

Measured with 120 ppb (26 ppb indirect) precision with
spectroscopy of muonic hydrogen like atoms in a magnetic
field monitored with NMR probes

W. Liu et al, Phys. Rev. Lett. 82, 711 (1999)

S. Karshenboim and V. Ivanov, Can. J. Phys. 80, 1305 (2002)
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W, systematics

Most relevant: calorimeter gain variations

Improving .

E821 Error  Size |[Plan for the New g—2 Experiment Goal

(ppm] [ppm]

Gain :'11;1115_11-.-= Better laser calibration and low-energy threshold

Il.ua! muons | 0.09 [Long beamline eliminates non-standard muons 0.02

Pileup 0.08 |Low-energy samples recorded; calorimeter segmentation 0.04

0.07 |New scraping scheme; damping scheme implemented 0.04

E and\pitch .05 I[ll]}l‘tl\'t'tl measurement with traceback 0.03

Total 0.18 [Quadrature sum 0.07

Coherent Betatron Oscillations
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Istituto Nazionale
di Fisica Nucleare

24 stations
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o

24 stations

Fast:

Crystals PbF,
|l Cherenkov

S1PM readout
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o

ucleare

24 stations

Fast:

Crystals PbF,
l Cherenkov

S1PM readout

_,..-'"".-'-.-_
,,ﬂ—"”’/ B

Laser calibration A : /@ e v i

Reduce -_ % :

systematics ~—

& ﬁ‘c": :
Wi

ibora :_ aW “
ME

‘@ ﬁ“’ﬁ/’f P
:
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o

Energy resol. ~ 3%

Optimized for good timing
Timing resolution

25 ps Intrinsic

Digitizer bin 1.25 nsec
Pile up

Resolve up to 4.5 ns
separation

2430

NEWS Workshop, Pisa - March 2018

2435

2440

2445

SLAC 2016
3 GeV beam
o(E)/E ~ 3%

Pileup toolbox:

1. double-pulse fitter

2. spatial pattern of dep. energy
3. temporal pattern of hit times
4. pulse shape

4.5 ns separation

2450 2455 2460 2465 2470
9 umber

1 sample numt

F. Bedeschi, INFN-Pisa




*@“ Calibration system (1)

Light from 6 blue lasers
distributed to all
calorimeter cells

Source monitor: tracks
laser intensity variations

Local monitor: tracks
distribution chain
variations

NEWS Workshop, Pisa - March 2018

e |

-~
/ [raser control LASER HUT \\
System
Filter Wheel Launchnp
(optical )~

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
\

v
——— Calorimeer

/7 I'COMPUTER® ™.

DAQ :

f
S
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H

“@D Calibration system (2)

Single channel details
Laser (X6) Cube 50:50 Collimator !  Diffuser __,

Cube 70:30 H 2' B>- __TD Calo2 || Calo1light

Filter : ' 'distribution
wheel E — -t~ -ToCalo 3 | panel

>P- _i_ .ToCalo4

PIN Laser huti Ring
«— | >

local monitor

PMT 1]

source monitor PMT2 |

2 PMT/diffusors (48 in tot)
Ring
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Calibration system (2)

Single channel details

§ | Calo 1 light
' distribution

s (48 in tot)
oy o -9 Ring
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H

“@D Calibration system (2)

Single channel details
Laser (X6) Cube 50:50 Collimator !  Diffuser __,

Cube 70:30 H 2' B>- __TD Calo2 || Calo1light

Filter : ' 'distribution
wheel E — -t~ -ToCalo 3 | panel

>P- _i_ .ToCalo4

PIN Laser huti Ring
«— | >

local monitor

PMT 1]

source monitor PMT2 |

2 PMT/diffusors (48 in tot)
Ring
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’ IN{I?
”@“ Calibration SySL¢ ‘ (o

Single channel details

Laser (X6) ___ Cuybe 50:50_Collimator !

=T
¥

MU

o"—"""-l.r

TID ution:

Lﬁ
'?éﬁforlmeter %

=
1 ! —
——
i ——

THOR

.. Distribution:

Optical 1able
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H

“@D Calibration system (2)

Single channel details
Laser (X6) Cube 50:50 Collimator !  Diffuser __,

Cube 70:30 H 2' B>- __TD Calo2 || Calo1light

Filter : ' 'distribution
wheel E — -t~ -ToCalo 3 | panel

>P- _i_ .ToCalo4

PIN Laser huti Ring
«— | >

local monitor

PMT 1]

source monitor PMT2 |

2 PMT/diffusors (48 in tot)
Ring

NEWS Workshop, Pisa - March 2018 F. Bedeschi, INFN-Pisa






)
A INFN
w(g-2) Test beam results (o

1 laser system fully tested 1n 2016
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“gD» Test beam results

1 laser system fully tested 1n 2016
Frascati BTF

N
o

. —=— Electrons uncorrected data x2 / ndf 9.0/10

—=— SIiPM Laser Data slope [%/h] 0.01+ 0.02
—s=— Electrons corrected data

[N}

20.7

Variation (%)

— SiPMs Temperature

—
(&)

29.65

Temperature (°C

29.6

29.55

£

BTF@LNF

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I_
0.5 1 ] 2 . 3 3.5 < 4.529'4

Time (hours)

T

29.5

'|""ju
I

29.45
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Frascati BTF
SLAC

N
3
N
©
N
&)
)

——=— Electrons uncorrected data x2 / ndf 9.0/10

—=— SIiPM Laser Data slope [%/h] 0.01+ 0.02
—s=— Electrons corrected data

20.7

ariation (%)

29.65

)
b
-
= |
et
(T
-
b
o
=
b
I_

29.6

29.55

v2/ ndf 73.74 /69 i e A e
0.3259
2531 +0.5389 i e i g

29.5

)b

29.45

h

LUTIOA ] | |
LTI L b gk ] [ N R
LT T T L LU IR TR T 4 25 294

Laser corrected ] Time (hours)

3440 3460 3480

run humber
NEWS Workshop, Pisa - March 2018 F. Bedeschi, INFN-Pisa




)
A . INFN
“@2D~ COHCIU.SIOIIS L

The muon anomaly has great history and interest.

Crucial test of higher order calc. and can signal new physics

Lots of new theory work started including major lattice projects
Ring, detector and beam for planned FNAL experiment
are complete

Physics quality data taking 1s 1n progress now
This new experiment has injected many new ideas and
improvements on top of a well established method
Superb laser calibration system from INFN!

First results are close
> 1 x BNL data by summer 2018

NEWS Workshop, Pisa - March 2018 F. Bedeschi, INFN-Pisa




Backup slides 7

JRE SLIDES

”Ja—-&.—. p -

NEWS Workshop, Pisa - March 2018 F. Bedeschi, INFN-Pisa




N

. . IN
Correlation with u—=>ey (7

study correlation for fixed d;; = 2 x 107°

@ However: strong correlation of individual diagrams does not imply
strong correlation of the sum! Strong correlations for strong
parameter constraints or domination of certain diagrams

[Kersten,Park,DS, Velasco-Sevilla '14]

7
6
C iR
.
2 4
=
@ 3
T
=,
g 2
fas}
v 1 F - 2 -
X free M,/M
U : | free MyM]

_____________________ —e 0 | constrained|

5 H 1 1 { v/ 1 0 f { L I I

s F d 0 100 20 30 40 50 60 70 0 10 20 30 40 50 60 70 80

R i+ _10 ) ~10
3 @ V., a, [1077] ay [10 7]
1 - " black: from [Isidori et al]; other regions have looser constraints parameter regions where single diagrams dominate

NEWS Workshop, Pisa - March 2018 F. Bedeschi, INFN-Pisa



o~ '(ac Josephson) = 137.035 987 5 (43)
o~ (quantum Hall) = 137.036 003 0 (25)
o~ '(neutron wavelength) = 137.036 007 7 (28) [21 ppb]

o~ '(atom interferometry) = 137.036 000 0 (11) [7.7 ppb]

o~ (Rb on optical lattice) = 137.035 999 049 (90) [0.66 ppb]
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Theory of g-2

@ a, may be expressed as
a, = a,(QED) + a,(EW) + a,(had).
where

a,(QED) = A1 + Ao(m,/meg) + Az(m,/m;) + Az(m,/Me,m, /M, ).

@ Feynman-Dyson rules enables us to write A; as a power series

A = A (3) + A (1)2 + AP (1)3 oaen y = 1, 25,3,

T 1 m

with finite expansion coefficients.
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Q af_, (QED) including mass-dependent terms, is known up to n = 10.
(OED =05
a“ ( QED) = 0.765857 425 (17)
a,f (OE
(O

) =

) =
D) = 24.050 509 96 (32)
ED) = 130.877 4 (61) (A" is updated)
8 (QED) = 751.77 (93)  (AU'? is updated)

T-loop contribution to aﬁ, (QED) Is calculated by

\ 17 — ™ R A~ | - Y . o Talri \ Y 7 i A 4
L\ K K | il F redl toinhalicol 1r¥ i 1A07 O26/7 (2014
A Tl L, I :'.-:'5:.-‘:.-:!: ! | lcadlUloz] Ll ALY =\ J2D . 1] &)

@ Leading contribution to ay (QED) will come from diagrams which
contain one light-by-light subdiagram and three vacuum-polriztion loops.
A crude estimate gives

2 P -
a!?)(QED)(/m)° ~ 0.08 x 107",
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@ At present it is derived mostly from experimental data related to hadronic
vacuum polarization. Recent evaluations are
a,(had.vp) = 6949.1 (37.2)exp(21.0)rag x 10"
a,(had.vp.NLO) = —98.4 (0.6)exp(0.4)ag x 1071
a,(had.vp.NNLO) = 12.4 (10) x 10"
a,(had.lbyl) = 116 (40) x 10— "
(had.lbyl.NLO) = 3 (2) x 10—

H

1 :

" ; . = == SR e 2 =os e el o .. i 5
J Kiir7 I 111 2 Maratiard V] Steinhaticer PIR /7714 A |
\ Wwile, 1. Lild, - ivial Quldal U 1 cl ) LR F a9
y -

@ Electroweak contribution has been calculated up to 2-loop order:
a,(EW) =154 (2) x 107",
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( ‘ Potentlal theor\if leprovements

Had. VP:

X2 on experimental error =2 new hardonic x-sections from
KLOE2, BES-III, Belle2, VEPP2000

r_.!]'li'-'l.l_i'.IJ:-.:} o ( (KT ™\ < § IIIH Ttat |: f';-i'+f.f"_ — }.'l;‘_:l{:]]:i:}l'lﬁ-}

—K(s)R(s), where R = —— —
Jinz & Flere =3¢ V)
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( ‘ Potentlal theor\if leprovements

Had. VP:

X2 on experimental error =2 new hardonic x-sections from
KLOE2, BES-III, Belle2, VEPP2000

r_.!]'li'-'l.l_i'.IJ:-.:} o ( (KT ™\ < § IIIH Ttat |: f';-i'+f.f"_ — }.'l;‘_:l{:]]:i:}l'lﬁ-}

—K(s)R(s), where R = —— —
Jinz & ' Flere =3¢ V)

Improved radiative corrections in MC
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( ‘ Potentlal theor\if leprovements

F. Burger et al.
arXiv:1311.3885 —F— Davier et al. (1)

B Davier et al. (e"e™)

Jegerlehner, Szafron |, ,
had:LO hadrons)
[.I-IIL._. T

f : =)
Hagiwara et al. T )

HLS estimate
This work
6.6e-08 6.8e-08 Te-08 7.2e-08 7.4e-08

a hvp

1y

Improved radiative corrections in MC

4 flavor lattice calculations presently 5 times worse, but are
improving. arXiv:1311.3885v1 15 Nov *13
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Potential theory improvements
HLbL

PN

Had. LbL:

Use dispersion relations to connect Had LbL contributions to experimental
results.

i G. Colangelo et al., ‘Towards a data-driven analysis of hadronic light-by-light
scattering’, Phys. Lett. B738, (2014) 6 (10 Nov. 2014)

1 G. Colangelo et al., ‘Dispersion relation for hadronic light-by-light scattering
and the muon g-2’, PoS CD15 (2016) 008

Need yy production or decay to 2y —> x2 theory error reduction expected
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Potential theory improvements
HLbL

PN

Had. LbL:

Use dispersion relations to connect Had LbL contributions to experimental
results.

i G. Colangelo et al., ‘Towards a data-driven analysis of hadronic light-by-light
scattering’, Phys. Lett. B738, (2014) 6 (10 Nov. 2014)

1 G. Colangelo et al., ‘Dispersion relation for hadronic light-by-light scattering
and the muon g-2’, PoS CD15 (2016) 008

Need yy production or decay to 2y —> x2 theory error reduction expected
Lattice calculations also started (Tom Blum 2014: arXiv:1407.2923)
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Potential scenarios (2014) L mn

Two assumptions on Had. LbL LO (x 10-19):
11.6 £4.0: Jegerlehner, Nyffeler (2009) [JN’09]
10.5 £ 2.6: Prades, de Rafael, Vainshtein (2009) [PRV’09]

FNAL E-989 assumes x2 on o(e*e” 2had)/c(efe” 2 u )
BNL E-821 FNAL E-989

same th. syst. 1/2 th. syst.

A =Exp -JN'09 23.4 23.4 23.4

o = Total error 8.7 5.3 3.4

Alc 2.7 4.5 6.9

A = Exp - PRV'09 24.5 24.5 24.5

o = Total error 8.1 4.3 3.0
A/C 3.0 5.7 3.1
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. . INFN
Potential scenarios (2016) (e

Two assumptions on Had. LbL LO (x 10-19):
11.6 £4.0: Jegerlehner, Nyffeler (2009) [JN’09]
10.5 £ 2.6: Prades, de Rafael, Vainshtein (2009) [PRV’09]

FNAL E-989 assumes x2 on o(e*e” 2had)/c(efe” 2 u )
BNL E-821 FNAL E-989

same th. syst. 1/2 th. syst.

A =Exp -JN'09 23.4 23.4 23.4

o = Total error 8.7 5.3 3.4

AlG 2.7 4.5 6.9
A=Exp-PRV'09 | 27.0 245 27.0 245
G = Total error 7.6 8.1| 4345 43

Alo 3.6 3.0 6.3-6.0 5.7

NEWS Workshop, Pisa - March 2018 F. Bedeschi, INFN-Pisa

A=(a,, -a,)x1019

exp




TTilllTIu

TTT

l'Tff]]'-T[:]T-T['!']TTT[IIII II:T'[:I]Tl

=

H DHMZ A
A 180.2+4.9 IN N.
«(g-2) from E-989 TDR |

HLMNT T
182.8+5.0 e
Two assun s N
L ©
\
11.6 4.0 ; ..ﬁ%}
10.5 +2.6 &%" | o
FNAL E-94 BNL-E821 04 ave. %:ab. _____ ¥
208.9+6.3 g é@o |
A=(aexp'ath O J(go,ﬁl
New (g-2) exp. 7 I th. SVSt.
208.9:+1.6
A=Exp -J 23.4
G = TOtaI e 140 | 150I 160 170 180 190 200 210 220 230 34
A/G a -1 659 000 (107°) 6.9
A=Exp-PRV'09 | 27.0 24 5| 27.0 245 27.0 245
o = Total error 76 81| 4345 43 3.0 3.0
Al 3.6 3.0] 63-6.0 5.7 90 8.1
39/30
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H

(gD FNAL beam wrt. BNL

Beam improved recycling p-
bar source:

x20 total # muons
il X6-12 #muons/proton on target
1 x4 fill frequency

Statistical error on a,:
154x 109> 12x1010

Removed pion flash
1L, 90 m > 2000 m

Muon Campus

B
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H

<G> FNAL beam wrt. BNL

Beam improved recycling p-
bar source:

x20 total # muons
il x6-12 #muons/proton on target
1 x4 fill frequency

Statistical error on a,:
154x 100> 12x1010

Removed pion flash
2L, 90 m > 2000 m

Fast muon kicker

Turns off before one turn
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B field systematics

Mostly more and better probes/temperature stability

E821 Error

Absolute field
calibrations
Trolley probe
calibrations

Trolley measure-
ments of By

Fixed probe
interpolation
Muon distribution

Time-dependent
external B fields
Others

BNL,

Size

ppr]

U.02

0.09

Plan for the E989 g — 2 Experiment FN AL
Specia. 1.45 T calibration magnet with thermal
enclosure; additional probes; better electronics
Absoclute cal probes that can calibrate off-central
probes; better position accuracy by physical stops
and/or optical survey; more frequent calibrations
Reduced rail irregularities; reduced position uncer-
tainty by factor of 2; stabilized magnet field during
measurements; smaller held gradients

More frequent trolley runs; more fixed probes;
better temperature stability of the magnet
Additional probes at larger radii; improved held
uniformity; improved muon tracking

Direct measurement of external fields;

simulations of impact; active feedback

Improved trolley power supply; trolley probes
extended to larger radii; reduced temperature
effects on trolley; measure kicker field transients

Total

NEWS Workshop, Pisa - March 2018
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Tracking system

3 x 8 module stations of straw tubes 1n stereo arrangement
Measure muon profile
Monitor lost muons

Measure vertical pitch for EDM

;

A\
R
NN NN RS
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Tracking system

bes 1n stereo arrangement

Ar-Ethane 1800V 300mV

Single straw

radial resolution
= 180 um

80

60

40

T —

20 N \\\’lj
gl 1 I 2T I A = VI I Boboel 111 »_:,\;L.;:.‘.i,

-3000 -2000 -1000 1000 2000 3000
y residuals to fit [um] ‘

o

y - .
£ y )
/ ] ’f“ [
/o A &
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< Istituto Maz ale
di Fisica Nucleare

Fy1i4 FY15 FY16

! Construction (Project & Muon Qampus}

g-2 Cryo Plant {AIP) :
Ring Assembly 2t Ring cold ready fdr operations
L]
Shim Field
Prep Chambers/Install

1
1
L
1
1
|
I
I
1
|
|
I
I
|
]
]

Construct/Install Sub-systems ' * Ex periﬁne nt ready for cperations
Accelerator Modifications X ﬂ-.ccelelratur ready for opératmns

Detector/DAQ
Commission

b e e

H
Analysis (Cullahnratmn}
Analysis Tools Development

Mock Data
! ~5.10 xBNL |
2™ pacylts * 21 x BNL

Final Results *

_______________ T e s g |
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