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Introduction

Some basics

B

* Magnetic moment for spin-1/2 particle fim = g Q 1o fo = e/2m
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anomalous magnetic moment (AMM) a; =

* AMM: can be calculated unambiguously in a given theory and compared
with experiments

e Muon AMM: one of the most precisely measured & theoretically best
Investigated quantities in particle physics

e Muon AMM: sensitive to BSM

e.g.if BSMscale ™mx2mu  Aa,~ (m,/my)’

(me/myu)? = 2.34 x 1073

muon AMM: 40000 times more sensitive than electron AMM



Introduction

e EFT for AMM:  scay™ = "29 ;n {D1(z) " F, (z) Yr(2) + Yr(T) 0**F,, () ¥1(z)}

In perturbation theory (QED)

W‘< ie) a(pa) | Fe(q?) + 52 Fu(a?)| o
¢? = (p2—p1)* = 0.

Ay

QED = A1 + A2( myQAz my/m:) + Az(my /me, my /m-)

universal mass dépendent
2 3 4 5
Ay = AP ( ) + A (a) + A® (—) + AP ) + A ( )
Yy Yi§ Yy .
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e.g. photon vacuum polarization (PVP
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Introduction

Apart from QED contribution, there are weak and hadronic contributions

Lowest order hadronic contribution: hadronic vacuum polarization (HVP) at 2-

loop dominant contribution to

total error of SM prediction

Aa,. from HVP
R-ratio 6931(40) x 10~

! Ao Lattice  7116(184) x 10~1!

SM prediction asM = 116591810(43) x 10~
Comp. w/exp A, TP = af® — i = 251(59) x 107 ~ 4% of HPV

If BSM modifies PVP and Aa,, ., its contribution could be of ~ O(0.01) of SM PVP



Introduction

e |[f BSM modifies PVP

A BSM particle must carry EM charge

not necessary to have hadronic contribution
u 7

e.g. with milli-electric charge,
behaving as missing energy

e A toy model: mMCPs X  with a mass m, and a multiplicity factor N,

crucial for explaining muon g-2
e |nteraction: ee AuXY"X while satisfying constraints

<< 1



Muon g-2 from mCP

LO (2-loop VP) contribution from mCP

1078

1 m 29
Aa&i)(vap,x) ~ NX€2 [-g log m—i — %
T M, My \ [ My 2| ra2
(54 a0 ™) ()] (2)
4 my my, my "
N, €2
~11 X _
5 251 x 10 (1.79 > 10_3)(mx 10 MeV)
N,e* ~ 1077 <
Q
N
m, ~ O(10) MeV 3

\AGZNAL+BNL:25](59) XIO_HE

N,& =2 x107
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m, [MeV]



Muon g-2 from mCP

Constraint from electron g-2 Aa, = a®™P — a>™ = —88(36) x 1014

MCP also contributes to electron g-2
Deviation in electron g-2 has an opposite sign

We require mCP contribution to electron g-2 smaller than
the absolute value of the deviation

This sets a lower bound on mCP mass
m, > 7 MeV



Muon g-2 from mCP

Other contributions to muon g-2 from mCP:
higher orders, suppressed

| ——

e Mixed contribution from mCP and SM leptons to PVP: 3-loop

(a/m)’ ﬂﬁ

e Light-by-light from a mCP loop: 3-loop

extra <’a/m compared to HVP




Muon g-2 from mCP

Constraints from electroweak precision observables

e MCP modifies running coupling of QED up to EW scale

a_l(Mg) =o' [1 - Aalep(M%) - Aaﬁsaii(Mg) 120.1]

— Aa'P(M3) — Ay (M3)] ,

Ao‘x(Mg) = ng2 X Aaiep, 1=y (M%)

Aalep, [ (M%)

1 5 10 50 100 500

n 9 3 mi? M% M% Yellow (green): 0.1% (0.05%) deviations from c.v. a~*(M2)

Black (red): N,e* = 0.1(0.01)
Blue: N,&? = 0.01 (different Aay,qq(M3))

For m, ~ 10 MeV and N,e* <1072

MCP modification to fine structure const. at Z mass is well below 0.05%



Detection of mCP

e |ndirect search: not detecting interaction-generated signal

e 1) Invisible decay of hadrons (JPC =1--) J/&  T(15)

Br (Y(1S) — invisible) < 3.0 x 10~4 Br(Y(1S) = ete™) ~ (2.38 + 0.11)%

N2 Br (Y(1S) — invisible) <13 x 102 my, < My(15)/2 ~ 4.7 GeV

X Br (YT(1S5) — ete™)

Similar bound from  J/v



Detection of mCP

e 2) Mono-photon + missing E search at lepton collider

ete™ = ~v+F -

N,e* <64x107%,  (PEP) m, < 5 GeV Nasignal o N, €2

0.100

" AdP(vap,y)=251(59) x 107"

Preferred mCP mass range:
7~36 MeV

1 5 10 50 100 500
m, [MeV]



Detection of mCP

e Direct search: detecting mCP-electron/nucleon scattering
generated signals

e Fixed target experiments Niignal < N, g2t

T hit

e Recasting to get our bounds ~ Nye” < Ny ™™t el (Ny = 1,my)

107°
1076
1077 3

10_85

N, > 10%

1079%
: Enormously large!

10-10 . miliQ@SLAC  m , = 10 MeV

P L ra—T But not end of the story
N/l/




Astro-cosmo bounds

Constraints from Supernova (SN) 1987A

Massive star collapses at the end of its life, emitting neutrinos and anti-
neutrinos. Eventually massive star -> neutron star

Neutrinos and anti-neutrinos carry away ~ 99% gravitational energy of
the dying star

SN 1987A: number of neutrinos detected @ Earth roughly agrees with
theoretical exception

@ SN core T ~ 30 MeV -> possible to produce mCPs ~ 10 MeV

If MCP produced from SN core can fly away, it will reduce neutrino
fluxes & neutrino signal duration -> constrained by neutrino observation



Astrophysical bounds

Constraints from Supernova (SN) 1987A

| —

To be consistent with neutrino observation

* 1) If mCPs produced in the core fly away, the energy they carry must be small
enough

g 5 10_9 for a single species [Davidson, Hannestad & Raffelt, 00’]

Recasting to our case:

ngz S 10_18 But muon g-2 requires NX‘SZ ~ 10_3

e 2) If mCPs produced in the core are trapped, their mean-free-path (or lifetime) must
be shorter than the core size L ~ 1 km

g > 10~ 7 [Davidson, Hannestad & Raffelt, 00’]

Ours: Ny 2. 101"0 N,e* ~ 1077 = 107" < ¢ <107%° Tiny range!

But 1()_9 < e< 1()_5 is ruled out by  [Chang, Essig & McDermott, 18°]



Astrophysical bounds

Constraints from Supernova (SN) 1987A

To be consistent with neutrino observation

* 1) If mCPs produced in the core fly away, the energy they carry must be small
enough

g 5 10_9 for a single species [Davidson, Hannestad & Raffelt, 00’]

Recasting to our case:
ngz S 1()_18 But muon g-2 requires NX€2 ~ 10_3

e 2) If mCPs produced in the core are trapped, their mean-free-path (or lifetime) must
be shorter than the core size L ~ 1 km

g > 10~ 7 [Davidson, Hannestad & Raffelt, 00’]

The simplest mCP model
with large multiplicity
is ruled out by SN bounds

But 10_9 < e < 10_5 is ruled out by  [Chang, Essig acmviewermor;—romp=

Ours: Ny 2 10" Ne? ~107% = 1077 < e <10765



Astrophysical bounds

e Apart from the SN constraints, the relic abundance of
MCP in this simplest model is also a problem

(overclosure), for the parameter range that can explain
muon g-2.

e A remedy to cure all these problem: + hidden sectors with

strong dynamics under which mCPs are charged + other
necessary DOF



Hidden confined sector(s)

Hidden sectors

L

e Hidden gauge groups:  [SU(Ng)]Ne N, = Ngs-Na. Nf > 1

not have to be enormously large

e Each hidden sector contains 1 hidden gauge group and 1
mCP as fundamental under this group

e Confinement scale < mCP mass ~ O(10) MeV

momentum in the loop ~ muon mass > confinement scale
=> mMCP instead of hidden hadron in PVP

e Running coupling ag(p) ~ 6m/(11Ny)(1/ In(p/Ay)).  Ng>1

aqd(p)Ng  ~ O(1) for [~ m, > A,



Hidden confined sector(s)

Hidden hadrons

e Meson: xx form Upsilon ¥, (@WpPC=1--)

like QCD Upsilon in which b mass > QCD confinement scale

no pion (only 1 flavor in each sector, no global sym. breaking, no goldstone )

e Baryon: N4 x’s form a baryon in each sector

(and an antibaryon formed by anti mCPs)

Make baryon heavy s.t. they are non-relativistic in SN plasma Nd > 10
Minimal choice: N, = Ng = 10

e Glueballs of various quantum numbers
JPC=0++,0-+, ...



Hidden confined sector(s)

Upsilon decay channels

suppression

167?&254%)( (0)?
3 ]\J%X

Visible

(Y, = eTe ) =Ny

> 2mx
meson
wavefunction

[y, (0)* ~ (Cragp)? (p = m, /2 as the reduced mass of the y pair)
Cp=Tp(N3—1)/Ngy

Hidden dominant

(N2-)(N3—1) 1 Ng64 , o o fer (O
( X gdgdgd) 16N§ Nd 3 3 (7'(' )ad( Tx) AI’%‘X

12Ny
[(Yy — 79494) = N2 4F(Tx — gagaga; @y —> agae’)

d

16N2—1, ) 2 [, (0)[2

= 7 —9) a5 (M, ) ae®—=
3N, (7~ 9)eulMry) M3,

Gluons will form glueballs JPC=0++,0-+, ...



Hidden confined sector(s)

A few comments

S—

* Upsilon and glueballs must satisfy the SN constraints: lifetime shorter
than the core size L ~ 1 km to be trapped

e Glueballs eventually decay into photons or electrons unless new
channels are opened

e Upsilon mixes with photon and should be constrained by dark photon
(DP) search.

Difficult! Those experiment detectors have similar sizes with SN core.

Will be fixed
The visible decay products (electrons and photons) will be detected! e e

e Constraints from fixed target neutrino experiments (e.g. milliQ &
ArgoNeuT) can be removed

 Multiplicity does not need to be enormously



Hidden confined sector(s)

To satisfy both SN and DP search constraints

A simple solution: let Upsilon dominantly decay into neutrinos, eventually

How:
introduce two real singlet scalars of similar mass, coupling to mCP via Yukawa
and neutrino via L-violating dim-6 operator, and an approximate discrete symmetry

to érevent
S——-S, XtrR—>Xri, L—iL, ep—ieg H—H (LH)A2 with large
, coefficient
0(1) B S(LH)Z tlny B
— 1YsSXVsX — My XX — (iLHegr + h.c.) + 12 — ’{'snyXX
Upsilon (JPC =1 - -) discrete’'sym-bregking
can decay both to 23, for 2nd lightest
i=1,2,0orS1+S2 glueball (JPC = 0 -+)

to decay to nuvia S

S mass << mCP mass ,
tadpole of S —> <S> —> neutrino mass

‘ 3
v? RgYs My v

My ~ (S)535 ™ 1672 m2 22

<~0.1eV




Hidden confined sector(s)

Summary of decay channels

| Sz — 2V
Ty — 394 ++
Gluons form glueballs 0 — Si + Sj
Ty — v+ 294 0T = 2y
T, »e" +e” 07" = Si+S;
0~ — 2y

Require: O_+ — 27 -+ O—H_

1) Upsilon, glueballs, S lifetime shorter than SN core size
2) Visible decay channels have negligible branching ratio (to evade DP search)

Not difficult to satisfy all due to millicharge suppression



Hidden confined sector(s)

Summary of decay channels

‘ Si%QV
TX%Si—l—Sj Si%Q’Y
TX — 39d O_H_ — SZ —+ Sj
Ty — v+ 294 O++%27
T, »e" +e” 07" = Si+ 5,
0-Ft — 2y

MCP mass >>
—+ ++
Hidden confinement scale ~ a few MeV 0 — 27+ 0
> BBN scale



Hidden confined sector(s)
0t w2y Nfiemer @7
07" = Si+ 5, Na 169;51/75,7,2 S*Gy" @- .

1 /N, 2 /N o 2
(gO++ S) — % ( dXd ys) Ad > P(QO++ s 77) _ - ( dOq O ) Ag




Hidden confined sector(s)
0t 5 S +8 NEEacer (T

Nz
— 22,2 i ~—— X € 4
077 =2y N, fé; N teroh @- e
X o S IR 2{\/\/\/
— e,
C &K:“—"*-SJ‘
1 Ndad Rl 2 5 Ndad CY“Q
— SS) = — =] A I = A
G )= 5 (T ) 5> T(@ = 77) )
m
~ 3.3 x y,—=
\/_ \/47r Ad / Ag



Hidden confined sector(s)

EC
AN (]
Si s
MSJ—<V Y e G
2N A2
\/\/\/\/\(t
el
1 ’U2 2 a? y2 m3 9
'S — ~ s > 1'(S = yy) = S S |Nye’F
(5= w) = 16 (21\2) ms > TS =277 = 5555 5 me Ve ™)
o’ y:m3 J4|°
- S 2 | Nge’= 1) ,
e 2 m2 [ 3] TP

Y\ 2 ‘ 2
N < —5F_ ™ (l> ~ 013 x 102 L™ ("’)
ﬂysa ms \A Ys Ms \A



Hidden confined sector(s)

One benchmark point

m, ~ 15 MeV,

ANy ~ 3 MeV,

A ~ 10° MeV (scale of dim-6 operator (LH)?S),
N, = Ny = 10,

e~ 1077,

Ys ~ 1,

ke ~ 1070



Upsilon mixing with photon

€ v normalized Upsilon field
— Q_QPFP' P Py = 8#'01/ — up/ e
_ 4w a’e? 2m? ,
D(T, = efem) = 5 ; ( - f%x) \/Z\J%X — 4m2
16ma’e? [¢r, (0)/°
= Ny .
3 M
1 2|Yr, (0) N Craa(my) )’
S o Nd 372 ~ 2 ( X
gp A’.[TX
2 3/2
_ leF F'* € = € o 2ec+/ Ny (Nd 1ad(mX)> ., om = My, ~ 2m,,

2 i_ g, 2N, 4 "
Kinetic mixing parameter



Constraints from dark
photon search experiments

Dump experiments ' _

—
St : e
o shield
| — ——— L‘J P
] 1 TTTT7!I | | | TjTrT] | ] T 2 | e_’ +

detector

From [Raggi and Kozhuharov, 15]

% DP search:
DP all decays to electrons/photons

) ‘ Our model:
107" E137_.-- 3 Only a tiny fraction of Upsilon decays to visible
P e a :
10 107!
Our € Br(YT, — ete™) to be matched with their x*
m, |GeV |

From [Raggi and Kozhuharov, 15]



Constraints from dark
photon search experiments

Dump experiments

For benchmark point

, T T T rrrT]| T T T T1rIT T T l_‘ mXN15MeV,
1072 + Ag ~ 3 MeV,
] A ~ 10° MeV (scale of dim-6 operator (LH)?S),
10~* + Ny = Ny = 10,
: e~1072,
10‘4 k- Ys ~ 1,
So ] ks~ 107°
-5
10 E e~ 1070
. ] Br(Y — vis) ~107°
107 E 2 : —17
3 € BT(T — VlS) ~ 10 be|OW 10/\_16
10~ E Evading the bounds
i o’ malhy b WO AR 1 L gl L 1 15
1072 107" 5 o . .9
ur e T € € O De ImMatcnead wi c1r
e Our €2 Br(Y, — eTe™) to be matched with their x
y

From [Raggi and Kozhuharov, 15]



Relic abundance

By % check
SR}
T [ (xx—> 234),
I 7? — o S v T(X?—B Sigj)
mX' \jj s >H/\., 'T)%\/{P
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X | ___ S '
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Relic abundance

- O, guebells oll decy before BBN

[ Tx, (gwebolls < Sfx}l size L~ kn < IBBNWISeL)
¢ Bx s Bx - irﬂg fved [km(sj, L.d;a Nosri, 0]

- Bx - By onnihiladion @mwul%ml M{m)
TP, ~ T R () A (AL

(urreity abundance W%M

B ~ Nx | [ Ad [W\x %—MQV % l*ng o
Xs’\f\:\//‘\‘f' Na o \3e QSMQ\D (‘ﬁg Nx = Ndl




Check indirect detection for
mCPs

Now, with hidden strong dynamics

1) Invisible decay of  Y(195)

Br (T(1S) — invisible)
Br (T(1S5) - ete™)

O(1) N, &% = <1.3x 102

Invisible mCP and anti-mCP form meson and
eventually have O(1) fraction decaying into neutrinos

Mono-photon + missing E at lepton collider

Similar to the above. The bound is unchanged.



Summary

We provide a novel explanation to muon g-2 from mCPs at 2-loop level with mass
~0O(10) MeV, N,e* ~ 107"

MCPs in our model also transform as fundamental under hidden strong gauge
groups with confinement scale < mCP mass.  Minimal choice: N, = Ny = 10

(With the help of extra light singlet scalars S) Hidden Upsilon meson and
glueballs: 1) decay into neutrinos eventually (Their branching decay into visible
particles is tiny. ); 2) have lifetime shorter than SN core size.

Constraints from SN and DP search (via photon-Upsilon mixing) are both
satisfied.

The parameter space of interest is well below the bounds from indirect search for
mCPs.

MCPs with hidden confinement open up new possibilities for model building etc.



Thank you!
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