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Abstract:

A massive U(1)' gauge boson known as a &aoedark photona€e or A', has long been proposed as a potential explanation for the muon g &” 2 anomaly.
Recently, experimental results have excluded this possibility for a dark photon decaying visibly and invisibly. | revisit this idea and consider a
model where A" couples to inelastic dark matter, leading to a semi-visible decay mode. | show that for large mass splittings between the dark sector
states this decay mode is enhanced, weakening the invisibly decaying dark photon bounds. As a consequence, A' resolves the g &”2 anomaly in a
region of parameter space the thermal dark matter component of the Universeis readily explained.
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Current Status of Particle Physics

Standard Model has been very successtul
in explaining much of the
observed particle physics phenomena.

Quarks

q,_gs’" ____ & Leptons
T
a*"‘d‘ll To date all SM particles been
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\
\ Yet we have hints that 1t does not

tell the complete story
of the Universe.
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The usual culprits:

- Dark Matter
- Dark Energy
- Neutrino Mass origin

- Origin of Electroweak Symmetry breaking

These require some new Physics beyond the Standard Picture!!!

Theorists & Experimentalists are hard at work trying to turn hints into evidence

Page 5/46

Pirsa: 19100039



Pirsa: 19100039

New Physics may show itself in different complementary forms:

Direct production of new particles at colliders
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New Physics may also show up on opposite side of spectrum:

Indirectly: as deviations from SM predicted processes

-~
-

C.

)

@ Anomalous magnetic moments

>

NP may show up

in here \
|

Precision tests for the SM
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Outline

1. Discuss how 'precision frontier’ can help uncover new physics
Anomalous magnetic moment of the Muon

2. Ongoing efforts from theory & experiment

3. Inelastic DM contribution to muon g-2

4. Results

5. Conclusions
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Quick Recap

Magnetic field Spinning charged particle in uniform

magnetic field induces magnetic dipole
moment

Ly 9 Q_

L] S
Spinning charged

| 2m;
\ particle
“.

u( P’ )y, u(p)

Dirac Eqn g = 2

Anomalous part of dipole moment

g — 2
2

@ =
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Electron

Electron magnetic moment one of the most accurately verified predictions
in nature

Aoyama, Hayakama, Kinoshita & Nio,
PRL 109 (2012) 111808
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= —84 + 36 x 10~ 4

Giving a —2.30 discrepancy

I Jegerlehner, arXiv: 1804.07409v2
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Muon
m,, ~ 200m,

<= NP effects more likely to show up in muon
magnetic moment

40,000x more likely to be precise

Also....

Muons: - relatively easy to produce and deal with

1ons perfect for s iIng anomalous moments for possible
Muons perfect for studying anomalous moments for possibl
new physics effects
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Muon?
Experiment; BNL E821 [BNL Muon g-2 collaboration, PRD73, 072003 (2006)]

at™ = 1.16592089(63) x 10~

g-2 Experiment at BNL

- Contribution to very high
precision magnetic field in
main muon storage ring
- §C coll, Iron pole piece,
and SC inflector

measured to (0.54 ppm)

Theory: Calculation in the SM

an™ =1.16591795(62) x 10~

Inflector

Jegerlehner & Nyfleler, 2009 Davier et al, 2010 Hagiwara et al, 2011
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Experiment: 0.00116592089 \

[BNL Muon g-2 collaboration, PRID73, 072003 (2006)] ’ . : ’
) Comparison in 9th decimal place
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Hagiwara et al, Nucl.Part.Phys.Proc, 287-288 (2017) 33-38
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Origin of discrepancy?

Experimental Sensitivity?
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CERN BNL Running Yem experiments are extremely
Courtesy F. Jergerlehner, arXiv:0g02.3360 important,
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Transport of the muon g-2 storage ring
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Outline

. Ongoing efforts from theory & experiment

. Inelastic DM contribution to muon g-2

. Results

. Conclusions
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Ongoing effort in the experimental community

E Fermilab E989 experiment

A J-PARC E34 experiment

Set to decrease experimental errors by factor 4

/
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How does muon g-2 experiment work?

Overview

- Shoot muons into storage ring

- As Muons accelerate around storage ring
measure precession rate

Muan Storage Ring with Magnetic field (B) = 1.45 Telso

- Extract g-factor from there

24

/A
i v /
NP A T

—
Precession Rate for g = 2 Precession Rate for g > 2
Spin and momentum are Spin is rotating faster
rotating at the same rate, than the momentum.
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Diagram with

Higgs

Pirsa: 19100039 Page 19/46



Pirsa: 19100039

Contributions from SM theory:

Hadronic vacuum

polarization —i

i

Hadronic Light-by-light
/ scattering,

Davier ¢t al.,, Eur.Phys. ). CTI1(2011) 1515

-1

'
i

Iz

»

5
% HP QCD collaboration,
PoS LATTICE2016 (2016) 377

Aoyama et al, Phys.Rev. D85 (2012) 093013

= RBC &UKQCD collaboration,

EPJ Web Conf, 175 (2018) 01024

QCD Contribution: Significant progress being made

& many others
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What does it all mean?

3.60 simply not enough to celebrate

New Physics

0 BNLE821 , @ E989 ,

ry - Experiment

Theo
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Outline

3. Inelastic DM contribution to muon g-2

4. Results

5. Conclusions
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Could this be where New Physics shows up?

If so what could it be?

Many NP examples out there
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Focus for this talk: Dark Photon A’

Massive gauge boson in U(1) extension of SM
f],}‘lf 4, 4],[ _a‘ . 4/!‘ /1 5 _h_’ '_1.’!1 fs
i) ¥ 1 4 + (]1) (/ D 7“ i, (, 2 ) + [ (/ ‘.._,-‘;”_"T“ < (,! s

Kinetic mixing with SM photon

il

Contribution to g-2
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M. Pospelov, Phys.Rev.D80 (2009) 095002
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Focus for this talk: Dark Photon A’

Massive gauge boson in U(1)" extension of SM

o VAT i I - i
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M. Pospelov, Phys.Rev.D80 (2009) 095002
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..................................................................................................................................................................................................

If Dark Photon is responsible for g-2 we can search for |t
| _Inourexperiments |

How it may decay gives us clues where to look
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. » Al
May couple to visible sector through: €€, v, A g,

Search for dark photon decaying to visibly to leptons

Al

SEAVAVAVAVAVAVAV

Visible Decay
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A1,
€c (/".‘-{'ﬂii. 7[1 *‘4 f/-’.a’fm.

Al
! /\/\/\/\/\/\/\/ Coupling to visible sector been searched for

Favored to explain muon g-2

BABAR collaboration, Phys. Rev.Lett, 113 (X14) no.20, 201801

102
KLOE s’y
15}
10°
BABAR pielinninary
10*1 A = 't A 1 Illllll L L lllllll 1 L l]lllll
10° 100 1 10
m,. {GeV)
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Alternatively may couple to sector through: gp VD iy At

Search for dark photon decaying to invisibly to dark sector states

SVaVAVAVAVAVAY

Invisible decay
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Al TR
1 /\/\ /\/\/\ /\/\/ Jp .(;f__, D ..-}_.-l g Al;: : (!/; D

Invisible Decay

Favored to explain muon g-2

BABAR collaboration, Phys.Rev.Lett. 119 (2017) noA3, 131804 NA64 cjlaboration, Phys.Rev. D97 (2018) no.7, 072002

107 ————r
BaBar 2017 _
107 . _ — . '
L (92), 7 NAG4 \‘/ 104 b /" NA64 4
10 = ....1’ fi s ) PR |
107 107 10~ 1 10 107 o - o
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However....

We may question the dark sector model building

Dark Sector 1s unknown

Why should dark photon couple so simplistically to dark sector?
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Ly DOm thﬁ pY¥p+y < Hp >YpyYp

Dirac Majorana

DD D]

What if Majorana mass is small but NOT zero *

ii_; Diagonalizing from gauge basis to mass basis:

Up = (‘)} fl) _— (\ | \3) Pseudo-Dirac fermions

L D gpXxavuA*x1 + mpxexi + h.c

With mass splitting

Y1 A =me — my
A’
97
(l‘l ) : . s 1) " - ) E2 . ) 1. : &
0= A ., Heavier state decay into

lighter state & SM states
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[ revisited invisibly decaying dark photon idea

Can dark photon still explain muon g-2?

1ol A=04my ,me=3my ,ap=0.1

107 3

BaBar 2017

10~

€

- L i g b ]
o L e m, (Gev) ' 103 S S
& 10 107! 1 3
my |GeV)
BABAR collaboration, Phys,Rev.Lett, 119 (2017) no. 13, 131804 Maohlabeng, Phys.Rev. D99 (2019) no. 11, 115001

» G A2 v p A°
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Signatures (@ Proton Beam Dumps
(quasi) elastic scattering & decays

Target Decay Pipe Beam Dump MiniBooNE Detector

P =
Bel i
) 50m
=@ :;
Z

A’ production modes

- neutral meson decay LSND (2001)
- Dark Bremstrahlung E ~ 800 MeV, le24 POT

MLME"BOONE (2017) Batell. Pospelov, Ritz, Phys.Rev. D79 (2009} 115008

| ~ Q ( ;C\’I. ] Cz() ]]( )[ deNiverville. Chen, Pospelov, Ritz, Phys.Rev. D95 (2017) no.3, 035006

Batell, deNiverville, McKeen, Pospelov, Ritz. Phys.Rey, D90 (2014) no.11, 115014
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Signatures @ Missing Momentum Experiments

ECAL/HCAL

Tracker

Observe recoiling electron
with large missing energy and/or

mass (veto SM)

Invisible

Active Target (KCAL/HCAL)

LDMX
E~ 8 GeV
~3¢16 EOT

~0.1 rad. length

thin target

X1X2

Invisible

NAG4
E~100+ GeV
~lell EOT

~2 m thick target

NA64 Collaboration: Phys.Rev.Lett, 118 (2017) no.1, 011802

Izaguirre, Kengae, Schuster, Toro: Phys,Rev, DS (2013) 114015
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Signatures (@ B-Factories

mono photon + missing energy

On-shell Light Mediator, 2;11,(<m,.,-< Vs or may<2m,

NN,

]
LEP | |
S [
02| BaBar |
ector / Pseudo—Vector !
. AVAVAVAVAVAVEN! o oiond i ;
. . Improved Vector / Pscudu—Vcclul‘; :

10

.

| =, v 1
! .= - - - - N

. }

o,
s

v / m A Converted 4 |
AVAVAVAVAVAVA s L UL L =
(b) =

S .
Low-Energy

Standard Mono—photon

Mono—photon

“)5| i L | L i i | i

) . ) ) B e W -
Signatures from displaced vertices 0 2 4 6 8 10
and/or missing energy my [GeV]
BABAR BELLE I_I Essig, Mardon, Papucer, Volansky Zhong: JHEP 1311 (2013) 167
lzaguirre, Kenjaie, Schuster, Toro: Phys.Rev, D88 (2013) 114015
E~10.5 GeV E~ 11 GeV
L~ 53 fb™! L~ 50 ab™! by 2025
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This 1s a dark sector model

What about Dark Matter?

P
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We have much evidence that DM exists

rolational velocity

km/s]

50000 100000
distance from center (light years)
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0

1000

Primordial

Fluctuations

Page 38/46



SM does not give us a DM candidate

Inelastic dark sector model gives free DM candidate

X1 1s long lived and can be thermal relic

Whose relic abundance 1s set by:
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SM does not give us a DM candidate

Inelastic dark sector model gives free DM candidate

X1 1s long lived and can be thermal relic

Whose relic abundance 1s set by:

X1 SM
Coannihilation AVAVAVAY:

X2 SM
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Downscattering i

€ €

Decay 2 .
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Can dark photon still explain muon g-2?

A=04my ,my=3my ,ap=0.1 A=04my ,mg=3my ,ap=0.1

10 g 101:_ . T ] —
L g 4
107 o
L &

F ““L\,,x\ y
\\u\\: e ]
S, Bty n -
Bk "‘*\r-";""u' r" .
W ]0’3_— Belle 1 Mono—y 7;_"%.__/ —
10"4; =

1051 . L] . .| .
10-* 1071 1 3

my |GeV| m g |GeV]

Mohlabeng, Phys.Rev. D99 (Z019) no. 11, 115001

[ts possible BaBar could have vetoed lepton events in their invisible decay search

Belle II: with dedicated mono-photon trigger, search for Invisible & semi-visible
events
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For what splittings can we still explain g-2

¥p = 05 s My = 3 mk-l » €= ngz

T I T T | T T
A>myp—2 Myl
1 . .......—. ...................................................................................
0.9r S
0.8 e &
0.7F T
0.6 s Relic Abundang
) 0.5F | /".-u,i,‘;-[}\\
> 0.4 EI137 Scatter Spfses
£ O
g ;
0.3F Y T
0.2 S
S, .
\""'s.‘_ BaBar Mono—y
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L I | I | - ) 1 I
0.05 107! 0.2 03 04 05 0.6

my [GeV]

Mohlabeng, Phys.Rev, D99 (2019) no. 11, 115001
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[ have started talking with an experimentalists
Current experiments :

Belle

Bellell

MiniBooNE

Nova
N A 64 Scalar DM?

NAG2

Future projections:
LDMX
BDX
ScaQuest

FASER
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Summary
- Leptonic moments can be exquisite probes of new physics

- Dark Photon coupling elastically to dark fermions robustly ruled out in
muon g-2 explanation

- Dark Photon coupled inelastically to dark fermions:
+ Continues to explain muon g-2 anomaly
+ Simultaneously explains dark matter relic abundance
» Gives displaced lepton signature to search for

- Study is time appropriate because of upcoming g-2 data from E989
and new DM experiments
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Thanks for your Attention

Pirsa: 19100039 Page 46/46



