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Muon Magnetic Moment: (g-2), JGlv

—_— —>

Magnetic Moment: p = p; g S
a,M=(g-2),/2=0a,2% + g ek + g had= (11659182.8+4.9)- 1010

' Teubneretal’11
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Muon Magnetic Moment: (g-2), JGlv

. s pug
Magnetic Moment: p = pu; g S
aus"" = (g-2)u/ 2= auQED X8 auweak 1 auhad = (11659182.8+4.9) 1010
\ Teubner etal 11
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BNL-E821 (world average) :
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BNL/E821 measurement a P = (11659208.9+6.3) 1010
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Muon Magnetic Moment: (g-2), JGlv

. s pug
Magnetic Moment: p = pu; g S
aus"" = (g-Z)u/ 2= auQED X8 au""eak 1 auhad = (11659182.8+4.9) 1010
\ Teubner etal 11
JN 09 (e+e"-basec:)\ :

—299 =65 I ® I

DHMZ 10 (t-based)

—195 + 54 —A—
Aa =a ®P—3a M=

DHMZ 10 (e*e") H H H

2872 40 —e— (26.1 £ 8.0) - 10'° (3.3 0)
HIMNT 11 (7o) —e—i Error(s) or New Physics ?

BNL-E821 (world average) :
063 i
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BNL/E821 measurement a P = (11659208.9+6.3) 1010
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(g-2),, and BSM Physics

Note: Discrepancy twice as large as a, weak |

)2

Expect Ag *M =26 - 101°~ g "¢k x couplings x ( o
BSM
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(g-2),, and BSM Physics

Note: Discrepancy twice as large as a, weak |

Expect Ag M =26-10"~a, weak x couplings x (

)2

Mo

Testing a very wide range of BSM models

]

mgg,, ~ O(m,, ), SUSY

2
Aa>®" ~+13-107" sgn(u)( 1(:2 GeV) tan 8

SUSY

Increasing tension with LHC data, non-

traditional SUSY models viable
Stockinger et al 13
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(g-2),, and BSM Physics

Note: Discrepancy twice as large as a, weak |

)2

Expect Ag M =26-10"~a, weak x couplings x (

Mg
Testing a very wide range of BSM models
m,, ~ O(m,,), SUSY Mgy << O(my,),
2 e.g. Dark Photon
100 GeV
AajUSY ~+13-10°1° sgn(u)( mSU: ) tan g coupling << aem/4n-

Increasing tension with LHC data, non-

traditional SUSY models viable
Stockinger et al 13
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Direct Measurement of (g-2) ,

After each circle,
muon's spin axis
changes by 12°,

yet it keeps on traveling

Pions decay
to muons.

One of 24 detectors

see an electron After circling the ring
many times, muons
spontaneously decay to
electron

Achim Denig
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Direct Measurement of (g-2) ,

After each circle,
muon's spin axis
changes by 12°,

yet it keeps on traveling

Pions decay
to muons.

Positron counting rate (log scale)

One of 24 detectors

VARV VA VA 5'/\':, NANA A A
- - - .n'. N VA A A ~ VYV ..:v:‘ i .". !:. LY t; :',\".
see an electron After circling the ring 1 AVRVAVATAVAVAW W

many times, muons P VVVYVNAAAA A
f iy iVIA N vV V Il:‘: "4::.

spontaneously decay to ATRTATAYAVAV W

electron

-4.ni
YR YEYAFAWA! vV VvV vV y
YRRV AT AW AW A NoA - v Vv
VNV YV YYILAONANAN A A N
eB j YV VIV YN E
v ¥ 9V i f3 %
-

(Da=(l)s-(l)c=au'

o¢: Cyclotron frequency
®g: Spin precession frequency

a, P =(11659208.9*5.4,,%3.3, ) 10

BNL E821 '06
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BNL 2 FNAL, A new (g-2), Experiment

.~ @ 2=Fermilab Ng;gglgﬁsygy

)

amsy

The Big Move
Travel by barge: = == == =

South along East Coast

Around tip of Florida

Northwest through Gulf of Mexico
North through Mississippi River
North through lllinois waterways

ergy tests of the Standard Model



Upcoming (g-2) ,Measurements I8 v

=-" aué—(au— 21 )'BXE
m y"-1) ¢

BNL/FNAL Approach J-PARC Approach
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Upcoming (g-2), Measurements I8 u

=" auﬁ—(au— 21 )ﬁXE
m y"-1) ¢

BNL/FNAL Approach J-PARC Approach

=293
=3.09 GeV/c

Ymagic

P magic
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Upcoming (g-2) ,Measurements I8 v

) " 1 \BxE
B=—— aB-|a,-— b
m vy -1) ¢
BNL/FNAL Approach J-PARC Approach
}Imagic = 293 -
~3.09 GeV/e £=0

P magic
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Upcoming (g-2), Measurements I8 v

) ” 1 \BxE
B=—— aB-|a,-— b
m vy -1) ¢
BNL/FNAL Approach J-PARC Approach
Ymagic = 293 -
~3.09 GeV/e £=0

P magic
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Upcoming (g-2) ,Measurements U Glu

) " 1 \BxE
B=-" aB-|a,-— b
m y*-1) c
BNL/FNAL Approach J-PARC Approach

* table top experiment

* ultra-cold muons

* injection in 3T MRT magnet
* even larger muon statistics

 concept at FNAL as BNL/CERN
* higher muon statistics

* less pion contamination

* better control of systematics

Factor 4

improved
accuracy

Achim Denig Low-energy tests of the Standard Model
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Standard Model Prediction of (g-2),, JGJu

EW contributions: A trimph of perturbative QFT and computing
aus’V’ = auQED + au""‘*é‘k - aluha“I = (11659182.8+4.9)-1010

Czarnecki et al.

(15.4+0.2) - 1010

Kinoshita et al. ‘12
(11 658 471.808 +0.015) - 1010

I(a) I(b) (o) I(d) Ile)
10
12672 (@\ /@ f@\ f@\ ;‘@g)‘z
diagrams 1) I(g) I(h) 1) 1)
60 oo 2 L
lI(a) li(b) l{c) 1I(d) li(e)
& o A ey 2
11(f) lli(a) 111(b) lii(c) v
v Vi(a) Vi(b) Vi(g) wa)ﬁw v%
VI(f) Viig) ™" Vi(h) VI(i) wﬁ) VI(K)
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Standard Model Prediction of (g-2),, JGJu

Hadronic contribution non-perturbative, the limiting contribution
aus"” = auQED + au""e‘"k - au"aCI = (11659182.8+4.9)-1010

Teubnernet al. ‘11

= HVP: Hadronic Vacuum Polarization ( 692.3 +4.2) - 1010
NLO Hadronic Vacuum Polarization (-9.8 £0.1) - 1010

=> HLbL: Hadronic Light-by-Light ( 10.5 +2.6 ) - 1010
HLbL

Achim Denig Low-energy tests of the Standard Model
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Standard Model Prediction of (g-2),, JGJu

Hadronic contribution non-perturbative, the limiting contribution
aus"” = auQED + au""e‘"k - au"aCI = (11659182.8+4.9)-1010

Teubnernet al. ‘11

= HVP: Hadronic Vacuum Polarization ( 692.3 +4.2) - 1010
NLO Hadronic Vacuum Polarization (-9.8 £0.1) - 1010

=> HLbL: Hadronic Light-by-Light ( 10.5 +2.6 ) - 1010

4m]2T
O;,,0 = O( e"e™— hadrons )

~ 1/s = Data below ~3 GeV needed!

Achim Denig Low-energy tests of the Standard Model
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JG|U

Initial State Radiation

Rev. Mod. Phys. 83, 1545-1588 (2011)

Initial State Radiation (ISR)

aka Radiative Return ISR spectra measured by BABAR
Q A : : s : o mwy
C 0tk : ' S Do
m E A n*n:n:n: .
e+ Yisr S | e
—— : : : : 3n*3n
‘6 102 - ................. .......... A &;‘%"n'*
8 E;’ : i ' : : . KKKK
= * K'Kn®
E M 3 K * K:K:n‘:nf’
cM ) hadr - JRT T 0 A T £
T) - : i
Hadrons . 4, \ 80— :
e- 1 B . ‘ “':i. 20 " g.. g, of
* Pioneered by KLOE ‘05 r
10' E._. asssafasaamaldl
* Needs no systematic variation of F
beam energy (particle factories!) BP0V 001 I

* High statistics thanks to high
integrated luminosities

- Entire E range <E,, accessible

Achim Denig Low-energy tests of the Standard Model
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ot - JGU
Most relevant Channel: ee™ — w*m

'E ot 'Ij]' L ':'3 ~ N L L L L B B
= presonance . tor  «kLOE10 I - + OLYA  * KLOE10 ]
—_— + OLYA *SND <1400 jJl= CMD  ¢SND ]
L = CMD  * DMT 3 L - ToyesE « CMD2  + DM{ .

+ * CMD2 *DM2 7 +1200[ " “®* KLOE08 ° BABAR -

. * KLOEO8 ° BABAR § - Average 1
Average - 1000 - -]

P i
- x :
2 by 800 - interference " *m
o l & - p
+'LL +’f"f‘f‘ 400:— -
15 2z 25 07 072 074 076 078 08 082 084
\E [GeV] \E [GeV]

Systematic Uncertainties

BABAR 0.5%
- KLOE 0.8%
- CMD2 0.8%*
- SND 1.5%*
* limited in addition by statistics

Achim Denig Low-energy tests of the Standard Model
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. ot - G|U
Most relevant Channel: ete™ — a'x J
‘.- 0-2:""1""l""|""l""I""l""l""l""l"":
= = BABAR Fit =
£ 015 KLOEO5 -
qu:h' 01_ A KLOE08 1
- - » KLOE10 -
0.05F ° KLOE12 4
0 :
-0.05 H =
0.1 + —i
-0.15 ;— —z Note: KLOEO5 super-
o TR ET P T P T TR 7 seded by KLOEOS8

0.5 055 06 065 0.7 075 0.8 0.8 09 09 1
\'s’ [GeV]

- KLOE and BABAR dominate the world average
- Relatively large systematic differences, esp. above p peak
Knowledge of auhacl dramatically limited due to this difference

Achim Denig Low-energy tests of the Standard Model



Future Hadronic Cross Section Measurem. JG|U

Energy Scan e+e-

Radiative Return e+e- R Scan <2 GeV
> BELLE-II
Novosibirsk/CMD-3, SND Vs=1058 GeV

R
aSH 2
IHEP/Beijing

BESII, R scan >2 GeV
BESIII

Vs =3..4GeV

KEK/Tsukuba

Achim Denig Low-energy tests of the Standard Model



Future Hadronic Cross Section Measurem. JG|U

Energy Scan e+e-
Radiative Return ete- R Scan < 2 GeV KEK/Tsukuba

ol BELLE-II
Novos:blrsk/FCJjMD-& SND Vs=10.58 GeV
5 o IHEP/Beijing
LEf e BECTT BESII, R scan >2 GeV
g = ;_ —}— using the R ratio * | %“ﬁq preliminary BESIII
Lok m*ﬁfl Vs=3..4GeV
g = $}**+ | | H l
- L N
oF  iwt T 4,
- ;**Ii*&ﬁ ety
_.-#...|....|....|....|....|.-.+;*:.”T‘
6 0.65 0.7 0.75 0.8 0.85 ( [GeV]
: 1'3iﬁf'”ﬁifffﬁfffff”ﬁfﬁ;\*f?????g'géé@:_fffffffff?ffffffﬂffff?f?fff;fffff}iff luminosity / R ratio
: Eulwﬂw ______ AN g..f.._!__ft.*_m_._.ﬁ =(0.35£1.68) %
B 0B et limited by low ppy statistics

Achim Denig Low-energy tests of the Standard Model
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Hadronic Light-by-Light Scattering

aMH”"L =(10.5+2.6) 1010

Prades et al.
Based on phenomenological
theoretical models (different
groups find significantly larger
values/errors)

Achim Denig

Low-energy tests of the Standard Model
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Hadronic Light-by-Light Scattering JG|v

BESIII, KLOE-2 e
Relation ? e */
Y '
< M, M
Exp. Input ? et Y e*

Dispersion Relations being developed using expt. input

a, Pt =(10.5+2.6) - 1010 from yy-scattering ! Form Factors F(Q?)!

Prades et al. Vanderhaeghen et al., Colangelo et al. ‘14

Based on phenomenological
theoretical models (different
groups find significantly larger
values/errors)

Achim Denig Low-energy tests of the Standard Model
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Crystal Ball: TL FF 1 — ete y VDS

3= 5o

OF THE STANDARD MODEL  [fyvim etz

IF 12

S. Prakhov, M. Unverzagt et al. (A2 collab.) ‘“14

= This Work: Data

This Work: Fit (p0=1)
o A2,20M11

---- TL calculation _?

---- Padé approxim. 'X

0 0.1 0.l2 0.13 0.4
m(I'T) [GeV/c?]

TL calculation: S. Leupold, C. Terschlisen 5 VMD p0|e model: )
Padé calculation: R. Escribano, P. Masjuan, P. Sanches-Puertas N2=(1.95 +0.15,, + O'1osyst) GeV-

Achim Denig Low-energy tests of the Standard Model
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Conclusions & Outlook (g-2),

(g 2),, Experlment Reductlon of error by factor 4!

(g-Z) Theorv Reductlon of error by factor 2 !

- This Work: Data

This Work: Fit (p0=1) (a) b
o A2,2011

--- TL calculation

--- Padé approxim.

C b 1 ! 1 1 1
0.1 0.2 0.3 0.4 0.5
m(I'l) [GeV/c?]

Achim Denig Low-energy tests of the Standard Model
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Conclusions & Outlook (g-2),

= 1;r*’JR,:r~5. ¥

R et =

(g 2),, Experlment Reductlon of error by factor 4!

f‘
1 Establish deviation at >>50 level
-

(g-Z) Theorv Reductlon of error by factor 2 !

=  This Work: Data
(a)
| This Work: Fit (p0=1) —
o A2, 2011
--- TL calculation
--- Padé approxim.

C b 1 ! 1 1 1
0.1 0.2 0.3 0.4 0.5
m(I'l) [GeV/c?]

Achim Denig Low-energy tests of the Standard Model



The

Dark Photon
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Dark Photon Search

New massive force carrier of extra U(1), gauge group;
predicted in almost all string compactifications

Dark photon
: : e >
10 102 106 10° 1011 108 Mass [eV]
I__
a'=¢-a,,

Search for the O(GeV/c?) mass scale in a world-wide effort

» Could explain large number of astrophysical anomalies
Arkani-Hamed et al. (2009)
Andreas, Ringwald (2010); Andreas, Niebuhr, Ringwald (2012)

» Could explain presently seen deviation of >30 between (g-2),

Standard Model prediction and direct (g-2) , measurement
Pospelov(2008)

Achim Denig Low-energy tests of the Standard Model
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The (g-2), Parameter Range

102

Coupling
A

Mixing Parameter ¢

Status 2011

(9-2)¢ vs. BaBar
e'e sy Y
I’y ut
v
allowed parameter Dark Photon

range for Dark Photon
explanation of (g-2),

100 1000
Dark Photon Mass m, (MeV/cZ)
> Mass

Achim Denig

Low-energy tests of the Standard Model
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JG|U

Kinetic Mixing and the Dark Sector

Holdom 86
A portal to relate the dark sector to the SM world (coupling ~ €2)

Standard Dark
Model -y ! Sector
Sector y U(1),

U(1)
Heavy Charged Leptons L Dark Photon
(carry U(1)4 charge) (aka A", U, Z, ...)

Features a la Arkani-Hamed: A theory of Dark Matter
* More than one Dark Matter particle - Dark Sector

*dm + dm — e+e- explains positron excess

* Astrophysical anomalies (PAMELA, FERMI, DAMA/LIBRA, INTEGRAL, ...)
suggest dark photon mass on GeV mass scala (and lighter than 2M,))

Achim Denig Low-energy tests of the Standard Model
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JG|u

Searches using Fixed-Target Experiments

Low-energy, high-intensity accelerators (MAMI, JLAB)
are ideally suited for Dark Photon searches!

Bjorken, Essig, Schuster, Toro (2009)

Achim Denig Low-energy tests of the Standard Model



Searches using Fixed-Target Experiments | Glu
Low-energy, high-intensity accelerators (MAMI, JLAB)
are ideally suited for Dark Photon searches!

Bjorken, Essig, Schuster, Toro (2009)

e

e W7
I .......... >_<:

Target Detector

QED background processes: 3000F

o+ 25000 OFD bkg. as Hypothetical Dark
- Photon signal:
bump in one

single bin

—
a
o
o

m
I
3
Events / 0.5 MeV
N
o
o
o
|

—
o
o
o

500[

200 250 300
(a) Me,o. [MeV/c?]
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Mixing Parameter ¢

MAMI Results (A1 collaboration) *->1'=

3= 5o

OF THE STANDARD MODEL  [fyvim etz

107*E

Phys. Rev. Lett. 112 (2014), 221802

107° -/<
10~°
L 3 weeks of beamtime
| | E774
10_7lllllIlIlIllIlIlIllIlIlIIlIlIIIllI
0 100 200 300
Dark Photon Mass m_. (MeV/cz)
Achim Denig Low-energy tests of the Standard Model



BABAR Dark Photon Search (arXiv:1406.2980)

107
KLOE ¢—>e ey

w

107 "YN r h

al e'e’ = W Vs
ete” — e*e Y,
arXiv:1406.2980

10-4 L L1 Ll 1 L ol

BABAR
2014

102 107" 1
m,. (GeV)

10

ot Visr

e*/u’
e/w
e
Analysis of the full data set
(10 years)

Achim Denig
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BABAR Dark Photon Search (arXiv:1406.2980)

102 '*l
w

BABAR h
2014

d & ’M

-
10-4 \\\\‘ | IIllIII L 1 L1 1. 111 1 1 L1 1 111
102 107" 1 10
m,. (GeV)

Remaining (g-2), welcome region!? By [
Dark Light @ JLAB iy = . ,, I
MESA @ Mainz ./

Achim Denig Low-energy tests of the Standard Model



BABAR Dark Photon Search (arXiv:1406.2980)

107 %‘7

10°3 ’YNM hh

\

10'4 1| | -2 J 1 1 11 1.1 -1 1 1 1 lIlIII 1 1 1 lIIlII Enﬁre remainingWhite
10 10 1 10

m,. (GeV) region (JLAB APEX, HPS)
Interesting in view
of dark sector

w

Achim Denig Low-energy tests of the Standard Model
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The Frontiers of Particle Physics

JG|u

Achim Denig

Low-Energy
Frontier

* New light gauge bosons
* Proton radius puzzle

* EDMs

* LFV (e.g. un—e¢y)

* Flavour CKM Physics

Future:
* low-energy sin’Q,

Low-energy tests of the Standard Model
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EW Mixing Angle sin’©,, at Low Energies §

-2 2 2
S1T1 @W — (e/g) =1 — (Mw/Mz)
A quantity which incorporates SU(2),xU(1), + Higgs
Mechanism+ Renormalizability

0.242
0.240 |~
0.238 |~ }‘

N 0.236 |~ atomic parity

Moeller scattering

E158 Standard Model

neutrino - in2
scattering Running of sin“0,,

i

W

0

(% violation (Cs) forwar d'bac“,‘_"'é‘{, d
L .. asymmet
0.234 Precision measurement AT
0.232 |- at low Q
- Probe BSM at multi TeV scale ¢
0.230 left-right asymmetry
| | | | SLAC
0.001 0.01 0.1 1 10 100 1000

momentum transfer [GeV]

Achim Denig Low-energy tests of the Standard Model
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Parity Violating Electron Scattering

Scattering of longitudinally polarized electrons on protons / electrons

- Z boson exchange introduces parity-violating effect
—> Measure parity-violating Left-Right cross section asymmetry A

_ oef)—ole]) G .
Ak = clet)+o(el) 4ﬁna(Qw TQ )

QW = 1-4 Sinz 9W (.u ) hadron structure

Achim Denig Low-energy tests of the Standard Model
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Parity Violating Electron Scattering

Scattering of longitudinally polarized electrons on protons / electrons

- Z boson exchange introduces parity-violating effect
—> Measure parity-violating Left-Right cross section asymmetry A

_ oef)—ole]) G .
Ak = clet)+o(el) 4ﬁnoc(QW TQ )
QW = 1-4 Sinz 9W (.u ) hadron structure

3 projects at JLAB (1.2 GeV, 11 GeV ) and MESA/Mainz (0.1 GeV):
* QWEAK@JLAB (6 GeV), data taking finished SANIC2020 -

* P2@MESA (0.1 GeV), in preparation - AsinZGW 4 x 104
* Moeller@JLAB (11 GeV), in preparation

(Thursday afternoon session)

Achim Denig Low-energy tests of the Standard Model



Thank you!

A
¢t VioLAON &

; TIMATTER
g 0ACILLATI0%S

: WZ
PRODUCTIO)

W MASS{,
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Energy Scan < 2 GelV at Novosibirsk

VEPP-2000 (since 2010):

 Classical energy scan technique, no ISR
* Upgrade of detectors CMD-3, SND,
* L., =103 cm?stat2 GeV, 20% reached

— concept of round beams
— already now competitive in statistics

e 50— T T S — VR N— _—
z : : f f . Preliminary, not all

|F

: : 12 Cl corrections taken
40— |F1‘t| .......................... ij% ..into.account....;......
: &
: : : : & :
30 _ne/u/nsepapa*ﬁen ................ .................. %& ......... e/u/n‘r ........... ...........
using particles seP?ra lon
momentum & using energy
20 —.Canmmsur‘e ..................................... {Pdeposi.honl..
N () /N (ee) an d %ak)%rlmefer;
10— ¢ompare 10-QED - g S S Absolute p+u-y cross section
. : : .
""s..eﬁ Toe, measured with 0.5% accuracy!
*®
o ._'.. ..... ....................... ...................... § ..................................
P I RN TN NN TN TN AT TN M A T T AN ST T IR N B R R A L1
0.3 0.4 0.5 0.6 0.7 0.8 0.9 Low-energy tests of the Standard Model

1
Vs, GeV



MESA contribution to sin’6,,

Scattering of long. polarized electrons (150 MeV) on protons

- Z boson exchange introduces parity-violating effect

—> Measure Parity-violating Left-Right cross section asymmetry A, ; of 20 x 10

MESA: Asin?0,, =4 x 10*

0.242 Moeller scattering
E158
0.240 |- neutrino
scattering
0.238 |~
4=
= MESA
C\ld: 0.236 |~ atomic parity
17 violation (Cs) forward-backward
0234 | asymmetry LEP
0232 b Stanfjard Mf)del
Running of sin26,, .
0.230 left-right asymmetry
| | | | SLAC
0.001 0.01 0.1 1 10 100 1000

momentum transfer [GeV]

Achim Denig

Low-energy tests of the Standard Model
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Summary (g-2),

Future improvement of a "¢ ?

aZad,VP X \\‘
N\ 1%t priority:
Clarify situation regarding t+m—
(KLOE vs. BABAR puzzle)
) Zad VP KK 2" priority:
K+K— Measure 3, 4t channels

“

nta—ntn— '

3" priority:
KK and higher multiplicities

Achim Denig Low-energy tests of the Standard Model
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Dark Photon Search in a world-wide Eﬁort
| BCST g

KLOEH BABAR, BESII|@Beijing

WASA@COSY
HADES@GSI

Dalitz decays N ticle fact KLOE@Frascati
a pseudoscalar e+e- particle factories BABAR@SLAC

ISR production of y*

HADES n—e‘evy

Radiative
meson decays
O — nete”
Y(4S) = uiuy

APEX @ JLAB

HR spectrometer
+ septum magnet
- extend MAMI range

fixed target

B/ HEAVY PHOTON
i ge, SEARCH

0]y

fixed / target

HPS@ JLAB
Dark Light @ JLAB - HallB 2015
MESA@Mainz Displaced vertex technique

. - sensitivity to low € region;
Low mass region < 50 MeV Si vertex trigger, PbWO, EMC
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BESIII

BESIT 4RJHBS

imi THE LOW-ENERGY FRONTIER
prellmlnary OF THE STANDARD MODEL

Single Tag Method

On/
0.35 Y\ — N ,
> - S 3 t (p
- 03fF COrre drs
= - —— CELLO 91
. B BES/// St nd to F F a;
X 0.05F —— cLeo 98 a Stic orm Factor 2" )
G 0-25¢ S F(Q2) -a,nn
I_L -
& [ —— BES-Ill Simulation e* % e¥
o 0.2: _ \"\
0.15- JuINEES Unprecedented accuracy
o T = D Q%< 1.5 GeV?
I most relevant range for HLbL
0.05
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Outline

Anomalous Magnetic Moment of the Muon (g-2),

* (g-2), Overview

* Experiment: Towards a New Measurement of (g-2),

e SM Prediction: Hadronic Vacuum Polarization
Hadronic Light-by-Light Contribution

Dark Photons

e QOverview
 Recent Searches for the Dark Photon

Achim Denig Low-energy tests of the Standard Model



Flagship ISR Analysis: e"e”™ — ' y;qp BESII

Event yield after acceptance cuts only

>
é,zsooo_— , oty MC
& - — u*uy MC
@ - —+ data
2 20000 —
£ B
® - preliminary Features:
150007 1/ « y(3770) data only (2.9 fb1)
B hd * no dedicated background subtraction
10000 — * tagged ISR photon
5000 —> large statistics of e+e- — mry events
B —> background dominated by e+e- — ppy
B L - data — MC differences visible
| | | I L1 : | 11 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 | L1 1 1
00 0.5, 1 1.5 2 25 3 3.5 4
: i m2n [GeV]
> <
initial publication
600 — 900 MeV
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(1/N) dN/ dx

ete” — I YR T - U Separation BESIT

1771 Signal (test'saple) | "' " Sighal (tralning sample) | ' "' 3
E Background (test sample) o Background (training sample)

22

20
18 I~ Kolmogorov-Smirnov test: signal (background) probability = 0.735 (0.455)
-

16 [ .

b BESTI preliminary
127
10

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

o N A O ©®

1

0.1 02 03 04 05‘ 051 0.7 0.8 _09
CFMIpANN response

TMVA method (Neural Network):

* trained using puy and sttty MC events

* information based on track level

» efficiency matrix (p,®) for data, MC

» correct for data - MC differences

* cross checked for different TMVA methods

Event yield mmry after ;- separation

90000

80000

events /5 MeV

70000

60000

50000

40000

30000

20000

+
#**

‘.
5

*

BESIT preliminary ",

10000
0.

(=]

0.65

0.7 0.75 0.8 0.85 0.9
m,, [GeV]
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Measurement of u"u~y: Data vs. QED BESII

events / 20 MeV

data/MC

Event yield uuy after - separation
and all efficiency corrections

9000;—
soooE— — Wy MC
= uwy MC
70002— wuny 3
sono-- —+ data
50005— . . .
£ BESII preliminary Features:
= * background from sty very small
30001 * PHOKHARA accuracy <0.5%
2000~ * luminosity measurement based
1000 — N on Bhabha ev., 1.0% accuracy
0_ 1 1 1 -l 1 1 1 1 1|5 1 1 1 1 2| 1 1 1 1 2|5 1 1 1 1 3| 1 1
m,, [GeV]
Hg+————F—————— 77— < 2 excellent agreement with QED
1.3 X2/ ndf 1347134 |-
12 R o esin 1) A(MC/QED-data) =
B T L T O Y AT Y WP oy
oo AT LT LI I Ty e (0.51+0.28) %
07 BT > aceuracy on 1% level as needed
06: L L L 1 L L L L 1 L L L L 1 L L L L 1 L L L L 1

to be competitive !
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Meson Transition Form Factors P— y* y( *)

Time-like transition form factors:

0 N \S\N\' s
= Dalitz decays T, nn e
0<g®<My’ TESE
N e 0 /
e LN T
- Annihilation process ™ ./ bl
>Vﬂu'\l"vr'."'\/"."\:' ) W Y
¢ qZ =s> I\/IPZ e ")* 4444,/‘_4&
//
ei Pi
Space-like transition form factors: VLI 20 g
? ?

= Two-photon production of mesons
in e+e-

Achim Denig Low-energy tests of the Standard Model
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Existing Data on SL Transition Form Factors

ete —ete 1t

;‘ O.3_| T TT I T T I T 1T | T T 1T | T 1T | T T T 1T II]I_
o 1
O ]
—0.25 _{_ —
S I .
o it |
N 4 1! |
0.15:— —:
.k CELLO E

- ~+ CLEO .

0051 —+ BaBar B
Belle ]

O II:III]I|IIII|IIIIIIIIII|[III|IIIIIII]I_|

GI) 5 10 15 20 25 30 35 40

L Q? [GeV?
initial BESIII publication

<3.1Ge\?

Features:

* recent high-Q? data from BABAR and BELLE Q?> 4 GeV?
* above 1.5 GeV2data from CLEO

* below 1.5 GeV? data from CELLO, very poor accuracy

- low Q? range not covered
most relevant for HLbL contribution to (g-2),,
—> most relevant channels: ¥, n, ',

e'e —een

S O R
© ]
o
—0.251 —
N
<)
T
T o2k -
g
H#%@ N
l CELLO
0.1F —
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0.051 + BaBar

o b b b Prva b by )

il
5 10

o
o T T
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0.25

Q?F(Q)| [GeV]

0.15[

0.05

0.1

ee—>ee;7

.Lu

L L O I B L B O l

ﬁ;muﬁ—ir—{— l +

c s b b b b B e 1

CELLO
+CLEO
<+ BaBar
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X « Impact of KLOE-II < Future

[ o~
/N
ete-— ee + X

taggers J - J/
KLOE

Installation of dedicated tagging
detectors close to beam pipe

Yy
§ |
0.25
LET (Low Energy tagger) 0.2 S,
* inside KLOE (1 m from IP) 0.15
= energy range = 160-400 MeV .
0.1 +
HET (High Energy tagger) 005 ‘F%t.
= after 1st dipole (11 m from IP) M‘._'___
. energy range — 420_495 MeV 204 L aaan o : L .....1|0 Pt S T

Q% [GeVF
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Relevance for HLbL

Pseudoscalar Mesons Axial Vector Mesons

Weighting functions dominate at low Q <2 GeV'!

courtesy: V. Pauk, JGU

Achim Denig Low-energy tests of the Standard Model
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Overview Novosibirsk Results

* CMD-2: "~ <1%, higher multiplicities few % accuracy

* SND measurement of n77t- with 1.2% accuracy

= B
610’ E
107 Ermmil e oo
— |[Processes : :
| = T
10 7 Tn
= 77T 070
| ¢* wnTnT
1 KK Vel D T LYl o o B 7T A A
= A KSKL
| A MY
-
10—1 §_ " TEOTEO’Y
—| 4 et
5 B - I(mcfn' -
10 400 600 1200 1400
2¢e, MeV
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) BABAR  Summary of ISR Results

Impact on g, — 2: had. VP 2VPLO — (602.3+4.2)- 10710

VP \\\‘

KSK?

BABAR not evaluated, yet

i ’/T—7T07T0

o K= wait for BABAR, BESIII and CMD3 results

\ - vt Tt

BABAR reduces 5azad(7r+7r_7r+7r_) by 40%

- _had,VP +
0ay

KTK—
BABAR reduces da°?(KTK™) by factor = 3 j

ata—n0xn0
vt & ntnw

7r+7r_7r+1r_' 0
-0
[data from Davier, EPJ C 71, 1515 (2011)] wait for BESIII and CMD3 results
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Motivation: SUSY in CLFV and DMs

« Large g-2 - Large CLFV

G. Isidori, F. Mescia, P. Paradisi, and D. Temes, PRD 75 (2007) 115019

Flavolur nhveire with larna tan R with a Rinn_ljike LSP
1 -

o
©
—-

Ty

BR(u—ey)x10"
> <

Br(pu — ey) x 101 o4 |

MEG limit now even:
5.7 x 10719 —

] 0 15 25 7 30 5 40 45 50
Aa, x10"
Achim Denig de\/]atlon from SM (g'ZO)\/-energy tests of the Standard Model




Lepton EDMs: d vs. a,

* One more reason to push for best possible muon EDM measurement:

LEDM could in principle fake muon AMM "The g-2 anomaly isn’t” (Feng et al
2001)

12_""[""""'['

L 20 |
10r K

5 =@ + @,

— /32 432
w—\/a—l—wn

d, x 10" (e cm)

e [ess

befo N I |
-300 -200 -100 0 100
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Current status of EDMs

d ecm «~——d(muon) < 1.9x10°"°
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AS

Complementarity to LHC: a,, central for BSM analyses

25—
20¢
& 15}
2 % i
; B
o 10}
-2+ -
LS
-0 $S1 5
-0+
-5 :
B 0
SPS B_ghchmark points LHC Inverse Problem (300fb 1) 2 4 6 8 10 12 14 16
[v.YVe]tershatfsen.Scpafer. can't be distinguished at LHC tan g
Stéckinger-Kim,DS '10] [Sfitter: Adam, Kneur, Lafaye, [Hertzog, Miller, de Rafael, Roberts, DS '07]
Plehn, Rauch, Zerwas '10] [Miller, de Rafael, Roberts, DS '12]

@ a, sharply distinguishes BSM models — here SUSY

@ helps measure parameters




