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Outlook

* The anomalous magnetic moment of the muon : a = (g-2), /2

e Measurement of a,
« The Standard Model calculation of a,

« The hadronic contribution and measurement of the hadronic
cross sections at low energy

e Future measurement of a, at FNAL

e Conclusions



Muon anomaly =82

*Measured and computed with fabulous

precision (~0.5ppm) aiM compared to BNL world av.
Long established discrepancy (>30) T. Teubner, PHIPSI08
betweenSMpredictionandBNLE821 exp. |IIII|IIII|IIII|IIIIIIIIIIIIIIIIIIIIIII”II
DEHZ (03) (e'e) ——
*Theoretical error da M (~5x10-19) slightly |
smaller than experimental one. Dominated HMNT (030) I
by hadronic corrections (HLO-VP and GJ (04) I .
HLBL) —
-Twofold improvement on 6a,°" from 2001 — including new %" data [GMDiE: KLOE, SND) —
(thanks to new e*e- measurements)! R
HMNT (06) o
In 2001 auEXP-aMTH=(23i16)'10'10 - experniment ------- : —
In 2013: a,FXP-a TH=(288)+10-10 BL I A
I S DAY PO PP USSP DR TP
160 170 180 180 200 210
* New g-2 experiment(s) at FNAL and J- a, > 10'"" - 11659000
PARC to reduce the experimental aBXP _ TH — (27,6 £8.1)- 10710, ~ 3.40
uncertainty of a factor four (1.5 10-10) ¢ a

...but where all of that did start from?



In the beginning there was Dirac

1(Op — ieAu(z))vH(x) = my(x)

predicted electron magnetic moment
p=g(z—)s e>0
2m

g =2

However, experimentally §J > 2; need to add a Pauli term
Q dimension 5 operator
&

—CMZ(:E)FILW(:E)O'MVZﬁ(:C) (only from loops)
dm ( _ 2)
where QA is the g = 2(1 a) . — )

anomaly, 2




In the QED, @ becomes an expansion in (oc/n:) from loops

o[ s a8 Vo %LE
= Z J (W> JUUAN CCHWINGER
7=1 L 2El2 A9 8 L TG K994 ]

g L2
+e2( ) . a=o,/2mw
Y
Schwinger
h-Fole
v
P —— (1 + - ) — " % 1.00116
- 2mc 2T 2mc "
of Kusch and Foley 1948 !

exp __ S AL . .

Empty space is not empty... there are also other (important)
contributions... (SM)



Standard Model contribution to (g-2)

Weak Hadronic contributio
y § "é ; Y
W%, W HLO HLbL
v /‘*m\ K
u 1
1
N\ J

_/ ~v"

Large uncertainty

Y

Precisely known
(significant work going on)

SM _ QED Had Weak
poo=ap T e, tay

a

a 0D ~a/2x~ O(103)  aHAD ~O(10%)  a Weak ~ O(10)

In the 70 at CERN a, was measured with an uncertainty of 8x1 0-°
(7ppm), of the same order of aus"" (sensitive to hadronic
contribution)



Cern experiment in ‘70: a triumph for the QED
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But how was possible
to measure g-2 to
such an accuracy?
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aE*P 1 165 924 (8.5) x 10~° (7 ppm).

lAAl

103

Number of events /(Qg32 psec

QED terms Muon Numerical values ( x 10°)

2nd order: A 0.5 Total QED: 1 165852(1.9)

4th order: B 0.765 782 23 Strong interactions: 66.7 (8.1)

6th order: C 24452 (26)  Weak interactions: 2.1(0.2)

8th order: D 135(63) Total theory: 1165921 (8.3)
420 (30)

10th order: E




The a, Experiments:

* Place polarized muons in a B field pucEmmme
— spin precession frequency (q = * e)
B} ¢B 4B
bg=—g5——_—(1-7)
m - ym
— cyclotron frequency

, qB

Go = ———

C mey
- e R
Wqg — W9 —Wo = — _a'/LB

Since g > 2, the spin gets ahead of the momentum



For a =1 (y=1), spin rotates wrt momentum by 1/10 turn per
turn.

Karlsruhe - Fall 2001  Paolo Franzini - g —2 8



4 Key elements of modern storage-ring g-2 measurements

(1) Polarized muons vV —mte— pt

~97% polarized for forward decays

(2) Precession proportional to (g-2) AN
(Da = (DSpin - (DcyCZotron = ( S ; 2) eB ‘ J;
me L} '
=

(3) P, magic momentum = 3.094 GeV/c

_ 1 -~
a,B-|a, - x E
i

E field” doesn'’t affect muon spin when y = 29.3

(4) Parity violation in the decay gives
average spin direction

u —>e'v,v,
*Note: this carries a tiny systematic error of < 0.05 ppm in past experiment

N e

w, =
mc




# of high energy electrons vs time:

events / Qa32 psec
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Figure 13 Muon Storage Ring II : decay dectron counts versus time (in microseconds) after injection. Range of time for each line s shown on the

right (n microseconds).

a, = 1165924 (8.5) x 1077 (7 ppm)

This was the results of CERN exp (‘70). Since that many advances in

Experiment and Theory



ing

Muon (g-2) storage r

E821 exp at BNL




Experimental Technique

25ns bunch of X, =77 mm
= 1X10% B =10 mrad
profons O V% B-dl = 0.1 Tm
M Inflector ]
J\ 4 BT -
Target [ -1 B+

« Muon polarization Injection orbit

Muon storage ring
injection & kicking

» focus with Electric Quadrupoles

24 electron calorimeters
e —

—_
Wa — a/,uB
mTm




et from put — eTv are detected

o
muon spin Calorimeter

module

Measures Energy
and time

il 76300 ns 76350 ns 76400 ns

w o

spin forward, more
high energy e

spin backward, less

high energy e Picture of a Lead-Scifi

VWEVCHJi e lle[i{F4-T@ Calorimeter from E821
gives t, E




The arrival time spectrum of high-energy e- (W

f(t) ~ Nge=M[1 + A coswat + ¢)]

[72) —
< — A
o = AW ~
9 _ Swl—z L
3.6 X 10 2 EVVW\ AN
€ sl .
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2 v N p e
(9-2): 7, = 4.37 ps; 10° " VA ﬁ“«,’"gﬁq \/‘m\ﬁ,i\v,
Cyclotron: t. = 149 ns F ol .
0 20 40 60 80 100

Result: us

af/%?1 = 116592 089(54)141(33)sys(63) 0 x 1071

How does it compare with the SM?



The SM Value for a,
mll%||||||||’§|:|||||||||§||""

b

well known significant work ongoing
CONTRIBUTION RESULT (x 10~"") UNITS
QED (leptons) 116 584 718.09 4+ 0.14 + 0.04,,
HVP(lo) 6 923 =42
HVP(ho) —97.91+0.9
HLxL 105 = 26
EW 194 = 2H;499s £ lugd
Total SM 116 591 802 £ 42 £+ 26 = 2
We have reached a 0.6 ppm accuracy! O-exp — ___63

(E821 @ BNL)



a,°M: the QED contribution

Schwinger 1948

a8 = (1/2)(a/x)
+ 0.765857408 (27) (o./x)?

Sommerfield; Petermann; Suura & Wichmann °57; Elend '66; MP '04

+ 24.05050959 (42) (a/n)3

Remiddi, Laporta, Barbieri ... ; Czarnecki, Skrzypek; MP "04;
Friot, Greynat & de Rafael '05, Mohr, Taylor & Newell '08

+ 130.805 (8) (a/n)?

Kinoshita & Lindquist 81, ... , Kinoshita & Nio 04, '05;
Aoyama, Hayakawa, Kinoshita & Nio, June & Dec 2007

+ 663 (20) (a/n)°

Kinoshita et al. ‘90, Yelkhovsky, Milstein, Starshenko, Laporta,
Karshenboim, ..., Kataev, Kinoshita & Nio ‘06, Kinoshita et al. 2011

Adding up, we get:

a,SEP = 116584718.08 (14)(04) x 10!

from coeffs, mainly from 5doopunc <. |l from 5a(08)

win 0=1/137.035999084(51) [0.37 ppb]

M.Passera LNF Nov 32011

In progress...

M u
AAAAAANAY
ATAAY

T3

dau9El =0.001ppm 9



Impressive calculation...hundreds of diagrams

Note on 3-loop contribution (Remiddi et al., Remiddi, Laporta 1996 [after 27 years]):
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Result turned out to be surprisingly compact

_ 28259 17101 , 298 139 100 (.. 1. 1 L s
=~ 184 T80 9T ‘In2+ C( ) + = {Ll4(2)+241n 2— 57 In 2}

——7

2160

F. Jegeriehner WydziiatFizyki, Uniwersytet Warszawski — December 15, 2008 -



a;°M: the Electroweak contribution

W 2" BN Va SN Y S h
® One-loop term: 2 1 W W W e
it it it
5G,m?2 1 2 , m2
EW H a2 L ~11
a 1-loop) = 1 1 — 4sin“Oy O 1| &~ 195%x10
1 ( p) YW, +5( w)” + (Mg.“.‘,,

1972: Jackiv, Weinberg; Bars, Yoshimura; Altarelli, Cabibbo, Maiani; Bardeen, Gastmans)\Lautrup; Fujikawa, Lee, Sanda;
Studenikin et al. '80s

® One-loop plus higher-order terms:

Kukhto et al. '92; Czarnecki, Krause, Marciano '95; Knecht, Peris,
Perrottet, de Rafael '02; Czarnecki, Marciano, Vainshtein '02;
Degrassi, Giudice '98; Heinemeyer, Stockinger, Weiglein '04;
Gribouk, Czarnecki '05; Vainshtein '03.

a,EW = 154 (2) (1) x 101

Hadrons

Higgs mass variation, Mmp error,
3-loop nonleading logs

Hadronic loop uncertainties:

M.Passera LNF Nov 32011
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ap®M: the hadronic leading-order (HLO) contribution

Central values Errors?

9 ey >
2.0 GeV
1.0 GeV
1 22(1 - z) F. Jegerlehner and A. Nyffeler, Phys. Rept. 477 (2009) 1
K(s) = / dz
Jo Tx?24(1- :r)s/mﬁ
1 00 a? o ds
HLO _ (0) 7.y — /
a = — ds K(s) o §) = —= — K (s) R(s
H 473 '/4’7”'72r ( ) ( ) 372, 471'1.%. S ( ) ( )
CIMHLO = 6903 (53)?0,r X 10-11 F. Jegeriehner, A. Nyffeler, Phys. Rept. 477 (2009) 1
= 6923 (42)fot x 1011 Davier et al, arXiv:1010.4180 (incl. BaBar & KLOE10 2n)

= 6949 (37)exp (Zl)md X 10'11 Hagiwara et al. (HLMNT11), arXiv:1105.3149

au 4 ppm

1- ' A
M.Passera LNF Nov 3 2011 @ Radlatlve Correctlons are cruclal! S.Actis et al, Eur. Phys. J. C66 (2010) 585 i,



) HLO-

L.O. Hadronic contribution to a, can be estimated by means of a dispersion

integral: ,
()
Y y “ ZI
i A 1 / s> makes low
*  R()K L
a," =(%) ) dsi@(%)/ energy contributions
4m,2r
tete” — gt ortant:
R(s) = 0,.(e’e” = y* —q g — hadrons) in the range < 1 GeV
L .
O(e7e rru) contributes to 70% !

- K(s) = analytic kernel-function
- above sufficiently high energy value, typically 2...5 GeV, use pQCD

Input:
(G.dR 69, E.J.95, A.D.H."97,....)

a) hadronic electron-positron cross section data

b) hadronic t- decays, which can be used with the help of the CVC-theorem
and an isospin rotation (plus isospin breaking corrections) (A, D., H.'97)



Dispersion Integral: K(s)~1/s

Contribution of different energy regions to the dispersion integral
and the error to a "-°

F. Jegerlehner, Talk at PHIPSIO8

1.0 GeV 6au“'-°
~75 %

(mostly 2m)

0.0 GeV, o¢ 0.0 GeV,
4 9.0 GeV 3.1 GeV
3.1 GeV 20 QeV
2.0 GeV
Very important
also the region
1.0 GeV 1-2 GeV

- error?
contributions

Experimental errors on ¢"# translate into theoretical uncertainty of a,"!
- Needs precision measurements!

6a,P— 1.5 101 =0.2% on a,"-°
New g-2 exp.



ete- data: a worldwide efforts

6 B ] T T T T ]

© Babar/Belle (TSR), 5

5 1 =

B i E e QD .

4 KLOE [ISR) y
st |
VEPF’ 2000, . 3 53 ! :
[ M i Eiighes _:

s B VEPP-ZM _ O BES m Crystal Ball _f

: T m == exclusive dala * T2 4 PLUTO .

n_ B 1 | | J"'I |I'H'-|| l |hh|_-|'-__+ L1 | 1 | L1 | | L1 1 I | | I I | L1 1 1 | I 11 1 | I 11 1 ]

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

60HAD ~19, ~3-50% ~7-15% ~6% e+e— c.m. Energy

Js (GeV)



Main contributions to a ,"© and Aa(My)

Channel

ap*C [1071]

Aapaa(MZ) 1074]

70

mY

xtx~

atx—x°

O2xtom—

L
2W+2ﬁ_ﬂ°(nexdj

7~ 3x" (1 excl., from isospin)

3rt3x~
2t 2r~27° (n excl.)

xtx~4x" (n excl., from isospin)

mrtE

nw

2=t 2n~

nrtr 27 (estimated)

wr? (w— %)
wrtn™,w2n® (w— %)

w (non-3m, Ty, nY)

KYK~

K2K?

¢ (non-KK 3w, ®y,17)

K K= (partly from isospin)
K K27 (partly from isospin)
K K3 (partly from isospin)
on

wKK (w— 7%)

442+0.08+0.13+0.12
0.64 £0.02+0.01 £0.01
507.80 £ 1.22 + 2.50 + 0.56
46.00 £ 0.42+1.03 £ 0.98
13.35+0.10 £ 0.43 +£0.29
18.01 £0.14 +1.17+0.40
0.72+0.04 £ 0.07 £ 0.03
0.36 £0.02+0.03 £ 0.01
0.12+0.01 £ 0.01 + 0.00
0.70 £0.05 = 0.04 = 0.09
0.11 £0.01 £0.11 = 0.00
1.15 £+ 0.06 = 0.08 £+ 0.03
0.47 = 0.04 = 0.00 £+ 0.05
0.02 +0.01 £ 0.00 £ 0.00
0.02 +£0.01 £ 0.01 +0.00
0.89 +0.02 + 0.06 + 0.02
0.08 +0.00 + 0.01 + 0.00
0.36 = 0.00 + 0.01 £+ 0.00
21.63 £ 0.27 £ 0.58 + 0.36
1296 = 0.18 £ 0.25 +0.24
0.05 £+ 0.00 + 0.00 + 0.00
239+ 0.07+0.121+0.08
1.35 £ 0.09 + 0.38 + 0.03
—0.03 £0.01 £ 0.02 £ 0.00
0.36 £0.02+0.02+0.01
0.00 £+ 0.00 + 0.00 £ 0.00

0.36 +0.01 £0.01 £0.01
0.08 £0.00 + 0.00 = 0.00
3443 £0.07 £0.17 £0.04
458 £0.04 £0.11 = 0.09
3.49 £0.03 £0.12+0.08
443 +0.03+0.29+0.10
0.22 +0.01 £0.02+0.01
0.11 £0.01 £ 0.01 = 0.00
0.04 £0.00 £ 0.00 = 0.00
0.25 +£0.02 +£0.02+0.03
0.04 £0.00 +0.04 = 0.00
0.33+£0.02+0.02+0.01
0.15 +£0.01 £ 0.00 £ 0.02
0.01 £0.00 £ 0.00 = 0.00
0.01 £0.00 £ 0.00 = 0.00
0.18 £0.00 £+ 0.02 = 0.00
0.03 = 0.00 + 0.00 £+ 0.00
0.03 = 0.00 + 0.00 £+ 0.00
3.13+0.04 £0.08 £0.05
1.75 +£0.02 £ 0.03 = 0.03
0.01 £0.00 £ 0.00 = 0.00
0.76 £0.02 +£0.04 = 0.02
0.48 £0.03 £0.14 = 0.01
—0.01 = 0.00 +£0.01 = 0.00
0.13 £0.01 £0.01 £ 0.00
0.00 £+ 0.00 + 0.00 £+ 0.00

M. Davier et al. Eur.Phvs.J. C71 (2011) 1515



Cross section [nb]
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BaBar measurements summary

[ = = = = =
o ® =Y
= 10° :
8 A KK
=) O K¥amet
KK
§ 102 g
§ : x:‘
10
1
1 Py '. )
L "‘.fp; j\ ’ v"“
al L i AR Al | u
0.5 1 1.5 2 25
0.5-2% syst. errors 4-15% syst. errors 2E, GOV

To calculate R in the energy range 1-2 GeV the processes
e 3nl, i 4nl, KK, KK i, KK nnl are under study.
The mtn2a0 is still preliminary. Work is in progress.

September, 2013 ISR at BaBar, E.Solodov



a,;°M: the hadronic higher-order (HHO) contributions - LBL

® HHO: Light-by-light contribution

# Unlike the HLO term, for the hadronic I-b-I
term we must rely on theoretical approaches.

Hadrvms

€ This term had a troubled life! Recent values:

a,"Ho(Ibl) = + 80 (40) x 10" Knecht & Nyfeler 02
a,"HO(Ibl) = +136 (25) x 10! Melnikov & Vainshtein '03
GQHHO(Ibl) = +105 (26) x 101! prades, de Rafael, Vainshtein ‘09

a HHO(Ibl) = +116 (39) x 101 Jegerlenner & Nyffeler '09

Results based also on Hayakawa, Kinoshita 98 & ’02; Bijnens, Pallante, Prades 96 & '02
§ “Bound” au"'"'o(lbl) <~ 160 x 10" Erer&sanchez ‘06, Pivovarov ‘02 (Boughezal&Melnikov'11)

€ Recent large result: 217 (91) x 10" Fischer, Goecke, Williams, PRD83 (2011) 094006

€ Had Ibl is likely to become the ultimate limitation of the SM prediction

PR . '
¥ Lattice? Very ha;fc’) but in progresst! See Jansen’s and Moricciani’s talks '
MPassera LNF Nov32on OAM > =0.3 ppm 19



o782l — 116592 089(54)sat(33)sys(63)s0rx 10~ 11

(0.54 ppm!)
A factor 15 improvement (9.4 ppm)  CERN u*_
in accuracy respect to - CERNE
CERN! E821(97) K
. E821(98) i
- E821(99) "
.. + [E821(00) I
~3.5 “standard deviations” : * E821(01)
with SM ' - -

Error dominated by
experimental uncertainty!

-
-
-
-
o)
O
(e
—
—

116 591 000
| 10 D92 ULU
116 593 000
116 594 000
116 595 000

——
o

aiM =116 591802 +49 XIO_H M. Davier et al. 2011
a”*' — g™ =(287+80)x107"" (3.6 0)

8 Hint of new physics?



What are we missing (theory or exp)?

[/ Size of BSM effect to fix current
discrepancy with SM is large

Hadronic Uncertainty

QED+EWK Uncertainty

30

1072 10" 10" 10° 10° 107 10° 10° 10* 10° 107
Contribution to a ,
Possible explanations?



New Physics?

TH QED HAD
da " a v aM a
SUSY?
800~ — S — t'an B,= 10'9 ll>'0
: :'m =114 GeV
™ , Dark Photons?
> . : 104 0.01 0.1 ‘ o~
S = 10
) 1107
% APEX 10—7
- “orMainsy 1108
E ws 1107
: 10710

001 01 1
Natalia Toro, Aspen 2011 mA, (GeV)

100 200 300 400 500 600 700 800 900 100
gaugino mass m;;, (GeV)



SUSY?

SUSY with mass scale of several 100 GeV \
is consistent with discrepancy 1 OO G V
SUSY 10 €
Aa, " =~13-107" (sgnu) tanf

u

a, SUSY I 10"0 I

Large tang, u>0 prefer

strong limit on Mg gy

Important
constraint for
interpretation of
BSM physics
searches at LHC




Correlation btw g-2 and LHC result on H->yy

Correlation between the Higgs Decay Rate

to Two Photons and the Muon g — 2 Post Higgs paper

Gian F. Giudice®, Paride Paradisi® and Alessandro Strumia®® 26 JUI 201 2
arXiv:1207.6393v1

107 (R e i
R, :
* Observations: ‘[ I
— production rate is too high by ~40-50% § & y
— Higgs rates in ZZ* and WW* are consistent 'é 3 - o
with the SM B TR i
— Muon anomaly differs from SM by ~ +280 x 10-"1 ‘g ;‘:‘f *s.':::,,’
. . . ot L
Theoretical SUSY model that fits observations g ) s
— light stau with large left-right mixing s lo§

— light Bino o | B8
— heavy higgsinos
Other consequences 10 12 14 16 18 20 22

v" Predicts Muon Anomaly exactly TR Tl e
Compatible with thermal dark matter Large corrections to I'(h ) arise from

v
v Predicts small deviations in h > yZ and h > vz |2rge mixing of the L-R s-leptons
v
v

B N N .

Predicts measureable violations of Lepton Non-Universality in t—u and t-e
Predicts NO violation in the p-e sector



Correlation btw g-2 and p->ey

N.B.: in SUSY (an in most NP
modes) there 1s a natural link
between |1 — ey and non-SM
contributions to (g-2),,

I _Uv roj
Lo ERchuv

Within SUSY:
 same tanp enhancement,
 same dep. on slepton masses

» only the flavor structure
distinguish the two effects

E.g.: My~ 1012GeV — (6 );,~ 104
@No constraints from B physics
@ With B physics constraints

G. Isidori — Theoretical considerations on LFV

0.3 |

02 |

0.1

G, ool i

o — . o— —;.—x. % ’ 7 .' V _‘ " ~
: FL S
i . ¢

G.I.. Mescia. Paradisi. Temes. '07

Riunione GR1 [FRoma, 3 Dec. 2012]



Dark Photons?

15 May 2012 arXiv:1205.2709v1
The Muon Anomaly and Dark Parity Violation

Hooman Davoudiasl*, Hye-Sung Leef, and William J. Marciano?
Department of Physics, Brookhaven National Laboratory, Upton, NY 11973, USA
(Dated: May 2012)

The muon anomalous magnetic moment exhibits a 3.60 discrepancy between experiment and
theory. One explanation requires the existence of a light vector boson, Z; (the dark Z), with
mass 10 — 500 MeV that couples weakly to the electromagnetic current through kinetic mixing.
Support for such a solution also comes from astrophysics conjectures regarding the utility of a
U(1)q gauge symmetry in the dark matter sector. In that scenario, we show that mass mixing
between the Z; and ordinary Z boson introduces a new source of “dark” parity violation which is
potentially observable in atomic and polarized electron scattering experiments. Restrictive bounds
on the mixing (mz,/mz)é are found from existing atomic parity violation results, 62 < 2x107°.
Combined with future planned and proposed polarized electron scattering experiments, a sensitivity
of 62 ~ 107¢ is expected to be reached, thereby complementing direct searches for the Z4 boson.

€
Lix = _EFETFSI\IZ (6 < 1) . st

Searches for dark photons are currently underway at e*e- colliders: B-,tau/
charm-, ¢-factories (KLOE)and fixed target experiments



Summary of present status

E821 experiment at BNL has generated enormous interest
Tantalizing deviation with SM (although persistent since 10 years) is ~3c

Current discrepancy limited by experimental uncertainty (BNL)
BNL E821 citations Present

Status: summer 2011 (published results shown only)

JN 09 (e'e -based)
~299 = 65 ——
DHMZ 10 (e'e") 3.60
-287 =49 —e—
HLMNT 11 (e*e") 3.30
-261+49 —e—
BNL-E821 (world average) i
063 -
: k
R —

700 -600 -500 -400 -300 -200 -100 O _
x 107" .

— 8Xp
a, a,

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

*\o"

We need a new (possible more) (g-2) experiment(s)!



We need a new (possibly more) (g-2), experiment(s)!

Current discrepancy limited by experimental uncertainty. Two

proposals to improve it x4:
- New experiment at FNAL (E989) at © %=
magic momentum, consolidated A

method. 20 x u w.r.t. E821.
Relocate the BNL storage ring to
FNAL. Has got a Stage-1 approval!

 Alternative proposal at J-PARC w/
out magic momentum and no E
field, requiring ultra-slow muons
generated from laser-ionised
muonium atoms (see talk of Saito)

Precision target (E989): 16x10-11 (0.14 ppm). If the central
value remains the same = >70 from SM!



New experiment at FNAL (E989)

- New experiment at FNAL (E989) at - W ()" + nao o+ weakok

magic momentum, consolidated : m_@ +<T)d;°”‘c
method. 20 x u w.r.t. E821. cm._”(a)z
Relocate the BNL storage ring to — =
FN AL 10 100 1.:%)(1:6»00.11 100000 1000000  1E7
oo 330
Precision target ~ 16x10-11 (0.14 - >
ppm). If the central value remains -
the same = 5-8c from SM* (enough
to claim discovery of New Physics!) onLeE21 08 e | £821
+
*Depending on the progress on Theory I .
140 50 160 170 180 11906593:;(102_}3) 220 23



New experiment at FNAL (E989)

- New experiment at FNAL (E989) at - W ()" + nao o+ weakok

magic momentum, consolidated 3 — — ) +<';a>d;"“‘c
method. 20 x u w.r.t. E821. :’j=(a)z
Relocate the BNL storage ring to e
ENAL . R
Precision target ~ 16x10-'1 (0.14 - 8 o
ppm) . If the central value remains " —
the same = 5-8c from SM* (enough
to claim discovery of New Physics!) anesn o i
by g E989
*Depending on the progress on Theory T . Y

210
a -11 659 000 (107



Fermilab (g-2) Experiment;
 E821 at Brookhaven

O-S'tat — ::O.46 me )
Usyst — 220.28 me )
- E989 at Fermilab

— move the storage ring to Fermilab, improved shimming,
new detectors, electronics, DAQ

— new beam structure that takes advantage of the multiple
rings available at Fermilab, more muons per hour, less
per fill of the ring

- o = 10.54 ppm

+0.1 ppm
+0.1 ppm

Ostat
Ogyst

-0 = +0.14 ppm

o



Why Fermilab?

* The existence of many storage rings
that are interlinked permits us to make
the “ideal” beam structure.

proton bunch structure:

« BNL 4 X 102 p/fill: repetition rate 4.4 Hz
« FNAL 1072 p/fill: repetition rate 15 Hz
using antiproton rings as an 900m pion

decay line

Flash compared to BNL

parameter FNAL/BNL
p/fill 0.25
n/p 04
T survive to ring 0.01

m at magic P
Net

50
T
( 0.05 2

« 20 times less pion flash at injection

than BNL
0° muons
« ~5-10x increase w/p over BNL

Can run parasitic to main injector
experiments (e.g. to NOVA) or take
the booster cycles

Stored Muons / POT

parameter BNL FNAL gain factor FNAL/BNL
Y, pion/p into channel acceptance =~ 2.7E-5 =~ L.1E-5 0.4

L decay channel length 88 m 900 m 2

decay angle in lab system 3.8 = 0.5 mr forward 3

Sp=/p- pion momentum band +0.5% +2% 1.33

FODO lattice spacing 6.2 m 3.25 m 1.8

inflector losed end  ope 1 2

total < 11.5 >

* Expected data taking in 2016



Beam delivery to g-2

Recycler Ring y Recyder
) B — 8 GeV protons from Booster
— Re-bunched in Recycler

— New connection from Recycler
to P1 line (existing connection
is from Main Injector)

* Target station
— Target
— Focusing (lens)
— Selection of magic momentum

Beamlines / Delivery Ring

— P1toP2to Ml line to target
— Target to M2 to M3 to
Delivery Ring
Proton removal

S Extraction line (M4) to g-2
3 4 Muon Campus stub to ring in MC1 building




Fermilab Muon Campus




— PbF2 Crystals with SIPM

— X,=0.93cm

— o/E ~ 3.5% | \E

— 4 ns pulse width :
« Calorimeter stability tracked with Iaser

pulsing system (ltalian contribution)

* New electronics

— 500 MHz 12-bit WFDs, with deep memories
* New t"aCklng stations (|n Vacuum) | EX
’ |mPr0V9ments in the mag netic fiel d oty

calibration, measurement and monitoring.
- p. 43/57




Improving w,

E821 Error  Size |Plan for the New g—2 Experiment Goal
[ppm] [ppm]
Im 0.12 |Better laser calibration and low-energy threshold 0.02
0.09 |Long beamline eliminates non-standard muons 0.02
0.08 |Low-energy samples recorded; calorimeter segmentation 0.04
CBO 0.07 |New scraping scheme; damping scheme implemented 0.04
E and pitch  0.05 |Improved measurement with traceback 0.03
Total 0.18 |Quadrature sum 0.07

Systematic uncertainty on w, expected to be reduced by 1/3 at E989
(compared to E821) thanks to reduced pion contamination,the segmented

detectors, and an improved storage ring kick of the muons onto orbit.



Improving m.

Source of errors Size [ppm]

1998 1999 2000 2001 future
Absolute calibration of standard probe 0.05 0.05 0.05 0.05 0.05
Calibration of trolley probe 0.3 020 0.15 0.09 0.06
Trolley measurements of By 0.1 0.10 0.10 0.05 0.02
Interpolation with fixed probes 0.3 0.15 0.10 0.07 0.06
Inflector fringe field 0.2 0.20 - - -
Uncertainty from muon distribution 0.1 0.12 0.03 0.03 0.02
Others 0.15 0.10 0.10 0.05
Total systematic error on w, 05 04 024 0.17 0.11->0.07

Systematic uncertainty on w, expected to be reduced by a factor 2 thanks
to better shimming (uniformity of B), relocations of critical NMR probes,

and other incremental changes



Time schedule of the Experiment

* Proposal submitted to FNAL, February 2009 (66 authors)
Positive response from PAC, April 2009

« Stage-l approval January 2010
« CDO obtained on Settembre 2012
« CD1 review on 17,18 Settembre 2013 (CDR ready (>100

auhtors)) :

« CD2/CD3in 2014/15
« Expected beam 2016/17

2012

2013

2014

2015

J FMAMIJ] AS OND

J FMAMIJASOND

J FMAMI)JASOND

J FMAMIJASOND

Engineer/construct building and tunnel
Disassemble and transport storage ring
Reassemble storage ring and cryogenics
Beamline and target modifications

Shim field, install detectors, commission




Protons/Hour

Who gets beam when?

== Main Injector

== Booster Neutrinos ==fr=g-2 ==é=Mu2e ==i=Total

2.50E+17
2.00E+17
1.50E+17
NOvVA
1.00E+17 Kkt A
MINOS?
5.00E+16 / \ g-2

2011 2012 2013

MicroBooNE

T T T T T T T T T T T T T T T T T T T T T T T T T 1

2014 2015 2016 2017 2018 2019 2020 2021 2022
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Second muon experiment receives Mission Need approval from DOE

Fermilab's plans for creating a Muon Campus with top-notch Intensity
Frontier experiments have received a big boost. The Department of Energy
has granted Mission Need approval to the Muon g-2 project, one of two
experiments proposed for the new Muon Campus. The other proposed
experiment, Mu2e, is a step ahead and already received the next level of
DOE approval, known as Critical Decision 1.

"We now are officially on DOE's roadmap," said Lee Roberts, professor at

Boston University and co-spokesperson for the roughly 100 scientists

collaborating on the Muon g-2 (pronounced gee minus two) experiment.

This rendering shows the location of the proposed "This should make it easier to increase the size of our collaboration and

2’:‘;‘;2;2’23:2?1:::2?& dmzz:;zg;;ﬁgf foster international participation. Potential collaborators supported by the

Click to enlarge. Image: Muon DepartmenyFESS ~ National Science Foundation or foreign funding agencies will be happy to
see that we now have DOE's official Mission Need approval."

At present, the Muon g-2 collaboration includes scientists from institutions in China, Germany, Italy, Japan, the Netherlands
and Russia as well as 16 institutions in the United States. Physicists from several institutions in the United Kingdom are in
the process of joining the collaboration.

CDO received in September!
- p. 48



L

WBS 476.5 Disassembly & Transport

Muon g-2

» Most difficult part of transport is delivery of 50 ft
diameter superconducting coils

« Emmert International contracted to transport coils

Chris Polly, Muon g-2 DOE CD1 Review, Sep 17-18 2013




WBS 476.5 Disassembly & Transport y

WIS SOCITTUS
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Muon g-2

- Ended up choosing Southern
route for transport

- Longer, but...

- Average wave height less than
N. Atlantic

- Never more than 12 hrs from
safe harbor

- $300k cheaper

- Live GPS used to follow ring and
engage public

- Website had more hits than
any other special FNAL webpage

- People came out all along the
riverway to see the magnet pass by

Chris Polly, Muon g-2 DOE CD1 Review, Sep 17-18 2013



— WBS 476.5: Start of Chicago ground transport
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BNL ring arrived at FNAL for the new g-2 experiment

July 26 201




Which improvements we
expect from Theory?

- p. 54/57



A rough estimate for g-2: now

a, P - a theosM = (27.7+ 8.4)10-10

e
8.4 = ~3, 0@~3LpL P6NL

(3.30)

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII]IIIIIIIII
3.30

JNO9 >

179:6.5

SMXX -

17935

BNL-E821 04 ave. v E821
208:6.3 i

|
New (g-2) exp. e
208:1.6 |

|

|
llllllllllllllllllllllllllllllll ll:ll llllllll
140 150 160 170 180 190 200 210 220 23(

a,-11 659 000 (107

5a HLO=5.3=3.3(Vs<1GeV) ®3.9(1< Vs<2GeV) ®1.2(Vs>2GeV)

G. Venanzoni - CSN1-4/12/12



A rough estimate for g-2: ...and (possible) future

a P - g fheosSM = (27.7+ 8.4)10-1°  (3.30)

oo T eEes
8.4 = ~Sy 0D~311LbLD6BNL ARARI RN AR RARARRAMRRRARITAN [ANARAARARE

I -

179:6.5

SMXX o 180

17935 ( )

a, P - a theosSM = (XXX 3.8)10-19

BNL-E821 04 ave. .
208+6.3

If central value is the same = 7-80 238“ :géZ)eXP- & [E989

(if no progress on theory - 5 o)

llllllllllllllllllllllllllllllllllllllllllll

140 150 160 170 180 190 200 210 220 23(
a -11 659 000 (107

da 0 —2.6=1.9 (Vs<1GeV) @ 1.3 (1<Vs<2GeV) ®1.2(Vs>2GeV)
This is possible if:

G. Venanzoni - CSN1-4/12/12



e d0uap ~ 0.4% Vs<1GeV (instead of 0.7% as
now)

(Possible at KLOE2 with 1-2 fb-1 at 1 GeV)

* 30uap ~ 2% 1<Vs<2GeV (instead of 6% as now)

(Possible with direct scan at VEP2000
and with ISR at Flavour factories)

6a 10 = 2.6 (instead of ~5 as now)

Understanding of Radiative Corrections essential!l!



What about HLbL ?

- As today da,-°- =[2.5-4]10°"°
 How to improve? yy physics can help? YES!

On the possibility to measure the 7 — v~ decay width and the

I
*

v*~ — 1 transition form factor with the KLOE-2 experiment

/ /

D. Babusci!, H. Czyz?, F. Gonnella®%, S. Ivashyn®°, M. Mascolo®4,

R. Messi®?, D*. Moricciani®?, A. Nyffeler®, G. Venanzoni! and KLOE-2
Collaboration the purpose of this letter. The estimates are performed
to demonstrate, within several approaches, an improve-
ment of uncertainty, which will be possible when the
KLOE-2 data appear. Discussion of the validity of these
approaches as well as the form factor modeling is be-

yond the scope of this letter.

.. _ Eur.Phys.J. C72 (2012) 1917
vy physics is done at B-factories.

It will also be done at KEDR, KLOE-2 and BESIII with dedicated
detectors, in a region where data are scarse

Also e+e- — PSy can help (at KLOE2, BESIII, etc...)



KLOE-2 to measure yy*— 7’y to constrain a H-BL

» Constrain the on-shell amplitudes and remove a
significant portion of the theoretical uncertainty
on the HLBL ¥

» A reasonable improvement on a -

-
] I & (T AR R -
o um— " e Tix
Y <o ~_
S
A b
YAN

A\

For details see: D. Babusci et al., Eur.Phys.J. C72 (2012) 1917 —¢ . omor




Of course other approaches are possible

A new 2-3% lattice result for the lowest-order hadronic (u,d
quarks only) contribution:

Very promising results!

Prospects for HLBL?
xg :
o 1 Experimental value:
2 — ' hvp,exp ¢ ¢ = —8
B a, N,=2 = 5.66(05)10
1H® a=0079fm L=251fm _'
- a=0063fm IL=15fm -
[ ,A a=0.06l3fm L=2.0lfm l l ’
0 1 1 L 01 1 L 1 1 0-\—2 1 L l.‘ 1 OJ 1 1 1 1 04 1 L
m, [GeV']
hvp.,new _
a ]Ii[? R 566 ( 1 1) 10—8 <«— Excellent agreement
p, N p=

Feng, Jansen, Petschlies, Renner, arXiv:1103.4818v1 [hep-lat}- 69/29



In both cases experimental and
theoretical activities are essential!

806

Working Group on Rad. Corr. and MC Generators

E = — —
o < > [ & [ + | #?http:s jwww.Inf.infn.it/wg/sighad/
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Working Group on Rad. Corrections and MC Generators for
Low Energies

(with participation of the FLAVIAnet Working Group on Radiative return and Monte Carlo tools.)

/

+

e

=

e— with the participation of

FlaiA

The aim of this Working Group is to bring together theorists and experimentalists in order to discuss the current
status of radiative corrections and Monte Carlo generators at low energies. These radiative corrections and MC

Radio MonteCarLow WG
H.Czyz and G.V. conveners

60 participants, 13 countries
See www.Inf.infn.it/wg/sighad

for more information

THE EUROPEAN
PHYSICAL JOURNAL C

generators are crucial for the measurement of the R-ratio (both with ISR and energy scan), as well as the
determination of luminosity.

i
A% A fnurth meeting is currently nrenared to take nlace in Reiiine Ching Ovctober 9-11 2008 4fix 7}

2 |

Quest for precision in hadronic cross sections at low energy:
Monte Carlo tools vs. experimental data

Working Group on Radiative Corrections and Monte Carlo Generators for Low Energies

S. Actis™®, A. Arbuzov’<, G. Balossini*>*, P. Beltrame!?, C. Bignaminin’ﬂ1 R. Bonciani', C.M. Carloni Calame™,
V. Cherepmmvzj'%. M. Czakon!, H. C zyz“)’*h i AL Denign1 S. EidelmanZ262, G.V. Fedotovich?320¢ A, Fnarroglia?j‘1
J. Gluzalg, A. Grzeliﬁskag, M. Gunia'®, A. Hafner??, F. lgnatovzj, S. Jadachg, F. Jegerle]mer"’ 19,41 LAl Kalinuwskigg,
W. Kluge”, A. l‘éon:hinz‘]1 J.H. Kiihn!%, E.A. Kuraevg, P. Lukin?3, P. Mastrolia '4, G. I\-Iuntagnaﬂ'ﬂh’d.

S.E. Miiller?>!, F. Nguyenﬂ*d, 0. Nicrosini>>, D. Nomura>®", G. Pakhlova?*, G. Pancheri' . M. Passeragg, A. Penin'?,
F. Piccinini*?, W. Placzek’, T. Przedzinski®, E. Remiddi*>, T. Riemann*!, G. Rodrigo?’, P. Roig?’,

0. Shekhovtsova!l, C.P. Shen!®, A.L. Sibidanov®, T. Teubner2!:", L. Trentadue’®3!, G. Venanzoni!! <4, J.J. van

der Bij'?, P. Wang?, B.F.L. Ward*®, Z. Was®2, M. Worek*>'?, C.Z. Yuan’



Conclusion

e During the last ten years the muon (g-2) provided one of the strongest
tests of the SM, thanks to the impressive accuracy of BNL experiment
(6a,F*F = 0.54 ppm). Important interplay with LHC!

‘The SM prediction has steadily improved thanks to precise e*e- data
(worldwide effort): 6a 5™ = 0.43 ppm

At present a discrepancy of more than 3 “standard deviations” between
SM and Experiment; uncertainty dominated by BNL experiment. Possible
sign of New Physics?

* New (g-2)

experiment at Fermilab with a fourfold reduction da =*F =
0.14 ppm.. First results could be available around 2017/18

n

 Theoretical uncertainty will improve thanks to current and planned

experimental activities (as well as theoretical ones)
Stay Tuned!



SPARES

- p. 63/57



ISR: Initial State Radiation |

Particle factories (DAFNE, PEP-ll, KEK-B) can measure hadronic cross
sections as a function of the hadronic c.m. energy using initial state
radiation (radiative return to energies below the collider energy Vs).

+ hard photon
e radiated in initial
state

incoming e* and ¢

with M2,_= s

— hadrons

virtual photon

‘ g

with M29*< s
The emission of a hard g in the bremsstrahlung process in the initial
state reduces the energy available to produce the hadronic system in
the e*e- collision.




Thank, you for your attention!

Fermilab I .
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“Standard Model” contribution to (g-2)

GSM — GQED + aHad + aWea.k

()
Weak Hadronic contrlbutlo
/&\ /@%\ A '
28

Large uncertainty
Premsely known o _
(significant work going on)

a, %P ~a/2n~ O(103) a Weak ~ O(10)[2ppm] a AP ~ 7x10-% [60ppm]
6a,%EP ~ 0.001ppm da Veak ~ 0.02ppm 6a AP ~ 0.5ppm (dominates)
> CERN (’70): daxr ~8x10 [7ppm] -> sensitive to a "AP
> E821(01): da *P 6x10-'° [0.54 ppm] -> sensitive to a,""EAK 3o with SM!
> FNAL E989 (“1X) ->da, exp 1.6x101° [0.14 ppm] -> a NewPhysics



Need of Electric field for Vertical Focusing

0

Ymagic = 29.3

If p,= 3.09 GeV (magic momentum) there is no effect of the
electric field on the precession frequency!

_. € -
@ =-—a,B
u
mu
Measure (precisely) w, and B and get a !

But...how to measure w_?

Produce polarized muons and let them decay... 0. 67/57



The Muons

— produced polarized in “forward” direction
T — U Uy
— decay with information on where their spin was

at the time of decay & — — -
L — e Ve Uy

u™ (at rest)

S-p correlation funda- &— spin
mental to all muon s
. e V.
anomaly experiments < ;ﬁ —> €
p =7,

High energy positrons have momentum along the muon spin.
The opposite is true for electrons from pu—.

Detect high energy electrons. The time dependence of the signal

tracks muon precession.  pighest energy et carry p spin information



q M-Spin -
at ur "
> Current

Pion beam
o

08}

dr/dz

V+A
06

Detect at
Absorbers — / 7 CLECLOLS ol

The rate of high energy decay electrons is time modulated with a
frequency corresponding to the precession of a magnetic moment
e/m(p) or a muon with g=2. First measurement of g(u)!!

Arrival time of high energy electron:

f(t) ~ Nge M[1 + A coswat + ¢)]



Cross section data:

At low energies (< 2 GeV) only measurements of exclusive channels, two
approaches:

Energy scan (CMD2, SND):

» energy of colliding beams is changed to the desired value
 “direct” measurement of cross sections
* needs dedicated accelerator/physics program

* needs to measure luminosity and beam energy for every data point
Radiative return (KLOE, BABAR, BELLE):

* runs at fixed-energy machines (meson factories)

* use initial state radiation process to access lower lying energies or
resonances

» data come as by-product of standard physics program
* requires precise theoretical calculation of the radiator function

* luminosity and beam energy enter only once for all energy points



The magnetic field is measured and controlled using )

pulsed NMR and the free-induction decay. P
o e O w,= Larmor frequency of the free p
| y_ We measure w, and w,independently
| Use A = u,/u, as the Blind

fundamental constant analysis

EIOOEY
ERY /\
WNNM\MWWWWW £ | —s0m So which was the result for ap?
1 40
201'
0_
ST 1 2600 2800 3000 3200

time [us] Frequency [Hz]



Hadronic contribution to g-2 :au""-o failure of PQCD

3 "‘",'r-O\. Yy which is not
i e Q;;?\i% calculable at
Need I.e. % 2
’ . Qa YV low g~.

<

Y h asi,y _DBQ‘eﬁ But. ..

Measure 0(e+e_ — hadrons) and use dispersion relations:

2
h v v
~
had
I, (¢*) ~ otad(¢?)
1/ s> makes important low

2 A
wa |0 mu) ¢, R(s)K(s) energy contributions (<2.5 GeV)
o) Lt

4mj2r

ete > a'a

R(s) = 2w (e’e” = y* = q g — hadrons) hadronic electron-positron cross
o,(e'e =yt—=uu) section data - p. 72/57




a, SM vs experiment: 3.30

* Long established discrepancy (>30)
between SM prediction and BNL E821
exp.

ar*® —a ! =(27.6 £8.1) - 107, ~ 3.40

-Theoretical error da, SM (5:6x10-19)

dominated by hadronic contributions
(HLO and LbL)

*Experimental error 6a,~*F =6.3 x10-1°

(0.54 ppm), E821. Plan to reduce it to
1.6 1010 (0.14 ppm) at FNAL

HLO VP

H LbL
¥ ¥
‘A
T had 7 i
Hy” T

au""-° = (690.9+4.4)10-10
[S.Eidelman, TAU08]
6a "0 ~0.6%

(11 =4)10-1° (J.N.)
6auH'-'°'- ~25-40%

THEORY EXP

HMNT (06) .—.—.

JN (09) .—-—| .

Davier et al, T (10) l—d—!

Davier et al, e'e” (10) l—l—l I

Js (1) e

HLMNT (10) e

HLMNT (11) H—«

--- experiment ------- ------- -------- ------- ------

BNL (new from shift in A)

IlIII]IIIIlIlII|IIII[IIIIillllilllliIIIIiIIIIEIIII
170 180 190 200 210

a, x 10" - 11659000

a Al =(10.5+2.6)10° [P. dR&V. 08]




“Standard Model” contribution to (g-2)

GSM — GQED + aHad + aWea.k

()
Weak Hadronic contrlbutlo
/&\ /@%\ A '
28

Large uncertainty
Premsely known o _
(significant work going on)

a, %P ~a/2n~ O(103) a Weak ~ O(10)[2ppm] a AP ~ 7x10-% [60ppm]
6a,%EP ~ 0.001ppm da Veak ~ 0.02ppm 6a AP ~ 0.5ppm (dominates)
> CERN (’70): daxr ~8x10 [7ppm] -> sensitive to a "AP
> E821(01): da *P 6x10-'° [0.54 ppm] -> sensitive to a,""EAK 3o with SM!
> FNAL E989 (“1X) ->da, exp 1.6x101° [0.14 ppm] -> a NewPhysics



