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The simplest bound state: muonium

Spin-0 (singlet)

e Muonium: a bound state of u™ and e~
paramuonium

o

— (uT ") bound state is true muonium (anti-symm)

e Muonium lifetime 7, = 2.2 us
u

— main decay mode: M, — e*e"D,u,

— annihilation: M, = v v,

Spin-1 (triplet)

) ) orthomuonium
e Muonium’s been around since 1960's

(symm)
— used in chemistry
— QED bound state physics, etc.

— New Physics searches (oscillations)

g

Hughes (1960)
The masses of singlet and triplet are almost the same!
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Muonium oscillations: just like BYB” mixing, but simpler!

% Lepton-flavor violating interactions can change Mﬂ — 1\7”

Pontecorvo (1957)
Feinberg, Weinberg (1961)

e Such transition amplitudes are tiny in the Standard Model

— ... but there are plenty of New Physics models where it can happen
Clark, Love; Cvetic et al,
Li, Schmidt; Endo, Iguro, Kitahara;
Fukuyama, Mimura, Uesaka,; ...

_ v,
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b : effective operator
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(c) (d)

— theory: compute transition amplitudes for ALL New Physics models!

— experiment: produce Mﬂ but look for the decay products of 1\7”
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Combined evolution = flavor oscillations

e If there is an interaction that couples Mﬂ and 1\7” (both SM or NP)

— combined time evolution: non-diagonal Hamiltonian!

A (1MW) z(m_ig) M (L))
di \ |M(t)) 2/ \|M ()

— diagonalization: new mass eigenstates:

|Mu1,2> = % [|Mu> + |Mu>]

— new mass eigenstates: mass and lifetime differences

Am = Ml - M29 Am AP
x (small)

AT =T, —T}. — T Y7o

These mass and width difference are observable quantities
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Combined evolution = flavor oscillations

e Study oscillations via decays: amplitudes for M, — fand 1\7# - f
— possibility of flavor oscillations (M, — 1\7” - f)
[M(®) = g4(t) M) +9-(t) [My),

M) = o) M)+ 9O [FL),

: 1
g+(t) _ 6—I‘1t/26—zm1t [1 + g (y . z:z:)2 (Ft)2:| 7

1 :
g-(t) = se el (y — i) (I't).

— time-dependent width: T'(M, — f)(¢) = —Nf | Ay e Tt (I't)* Ry (z, v)

— oscillation probability: E’(M# — M),) = gg%" : g = Ry(z,y) = % (2 +y2a
i

R. Conlin and AAP
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Oscillation parameters: introduction

e Mixing parameters are related to off-diagonal matrix elements

— heavy and light intermediate degrees of freedom

? <M IHeﬂ“ln> |Heff|Mu>
<m—§1—‘)12 <M |Heff| Z / MM E +z€ ‘

Bi-local at scale y¢ = M, both Am and A’

lepton number changes: (AL, = 1)?
or (AL, = 0)(AL, =2)

Local at scale u = M,,: only Am
lepton number change AL, = 2

— each term has contributions from different effective Lagrangians

1
— ... all of which have a form Leg = —FZ@-(M)QZ-, with A ~ O(TeV)

Mass difference = real (dispersive) part; width difference: imaginary (absorptive) part
[ S O S VNS S S D
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Mass difference

e Mass difference comes from the dispersive part

z/d4xT

1
2My T

— 1 =
[AL=2 _ _FZC}ALJ (1)Qi(1)

— leading order: all heavy New Physics models are encoded in (the Wilson
coefficients of) the five dimension-6 operators

Q1 = (Bryeer) (Bry%er), Q2= (BrYaer) (BrY"€R),
Qs = (Arveer) (Bry*er), Qa= (Brer) (Brer),
Qs = (Hgrer) (Brer) -

— need to compute matrix elements for both singlet and triplet states
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Mass difference: matrix elements

e QED bound state: know leading order wave function!

— spacial part is the same as in Hydrogen atom
1 __r

p(r) = —=—==e "M
A /Waﬁ,fy

— can unambiguously compute decay constants and mixing MEs (QED)
Ol my*y°e | M) = ifpp®, (Olmy“e|M)) = fvMye*(p),
(0|,Tw°‘ﬂe |MZ> = ifr (eapﬂ — eﬁpa) :

— in the non-relativistic limit all decay constantsfp =fV =fT =fM

_leOF
fo=ae)

(QED version of Van Royen-Weisskopf)

— NR matrix elements: “vacuum insertion” = direct computation

L S LR S VS S DS L U T RN T T T E O e e e e e S T
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Mass difference: results

e Spin-singlet muonium state: (MP| Qi |MPY = M3y,  (MP|Q:|MPY = f3M},
. | 3 |/ 1
— matrix elements: (M| Qs [M7) = =5 S2Miy, (M| QM) = =3 My,

= 1
(7| Qs |y = Lz

4(mreda)3 AL=2 AL=2 O ~AL=2 1 AL=2 AL=2
CUP — 7rA2F Cl + C2 - 503 i Z (04 + Cs )

e Spin-triplet muonium state: (MY|Qi|MYY = =3f3,M3%, (MY|Q,|MY) = —3f2M3,
_ 3 - 3
— matrix elements (M Qs |MY) = =S SuMir, (M| Qu M) = =23 M3y,

= 3
(| Qs MYy = gz

12(mypeqar)®
=T A2’

1 1 _ _
CIAL=2 + C2AL=2 + §O3AL=2 + Z (C4AL—2 + CSAL—Z)

Experimental constraints on x result in experimental constraints on Wilson coefficients CkAL:2
that encode all information about possible New Physics contributions
R. Conlin and AAP, Phys.Rev.D 102 (2020) 9, 095001

[ i S VRS S D S
Alexey A Petrov (U of South Carolina)
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Effective Lagrangians and particular models

e Effective Lagrangian approach encompasses all models

— lets look at an example of a model with a doubly charged Higgs A™~

— this is common for the left-right models, etc.
pt : It

Lr = gulrl’A+ H.c, A

— integrate out A7 to get

Geeup o«
Hpa = QMZM (ZrYatr) (BrY“er) + H.c.,
A

— match to ggfszz to see that M, = A and

Chang, Keung (89);

CAL=2 _ 2 Schwartz (89);
) Geed uu/ Han, Tang, Zhang (21)

Is it better than/worse than/complimentary to y — 3e?
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Width difference and muonium decays

e Width difference comes from the absorptive part :
— light SM intermediate states (eTe ™, yy, Dv, efc . ) My My
— UL state gives parametrically largest contribution :

N GrfuMiy Br(MY — 7,v,) =88 x 10712

127 AAP, R. Conlin, C. Grant

e Muonium two- and there-body decays
— two-body decays (MX’P — eTe™, vy, etc) are dominated by New Physics
— probe different combinations of SM EFT Wilson coefficients

— e.g. u — 3evs. MM — eTe™ (also phase space enhancement)
R. Conlin, J. Osborne, AAP

- canM, - invisible (SM: M, — v,,) be measured?

Gninenko, Krasnikov, Matveev.
Phys.Rev. D87 (2013) 015016

; 1 Future muon program at Fermilab,
Alexey A Petrov (U of South Carolina) 0 Caltech 57.56 March 2023



Width difference

e Width difference comes from the absorptive part

— light SM intermediate states (eTe ™, yy, D, etc.) M, M,

— UL state gives parametrically largest contribution

1 — .
1 -
Myl / n\
New Physics AL, = 2 contribution Standard Model AL, = 0 contribution

AL,=2 1 AL=2 = AG
Lo —“Ezci (WQi(p) — p5=0 = \/‘F (Ervaer) (Tery Vi)

Qs = (Brvaer) (T 7 ver)
Qr = (IER'YaeR) (V—pL’YaVeL)

GrfuMy

v MGy s AL,=2|?
DM, = Vey,) = ’C’ + C; 5

9TAt

H I‘(MX — Vyle) =
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Width difference: results

e Spin-singlet muonium state:

Gr M3
yP — 9
\/§A2 w4l

(mreda)3 (C6AL=2 _ C7AL=2)

e Spin-triplet muonium state:

- Gr My
V2A2 721

Yy = (Myeq)? (506AL=2 -+ C’7AL=2)

e Note: y has the same 1/A? suppression as the mass difference!

R. Conlin and AAP, Phys.Rev.D 102 (2020) 9, 095001

; Future muon program at Fermilab,
Alexey A Petrov (U of South Carolina) 8 Caltech, 27.26 Mareh 2023




Experimental setup and constraints

e Similar experimental set ups for different

. pump (-
experiments o ' iron
magnetic field coils MCP
— example: MACS at PSI hodoscope Csl—_]
MWPC annihilation
; . ; + beam counter phot 1
— idea: form M by scattering muon (u™) photons
. H SiOstarget . —
beam on SiO, powder target accelerator ~ ©
iron
e A couple of “little inconveniences”: T || collimator HH‘
= how to tell fapart from f? S== = j]
. +,—5 — 5 : :II:\ - °) o
- M, — fdecay: M, —> e"e v, [ fg/ B[
— — v + - - separator
- M, — f decay: M, — eTe"i,p, e T s—

= f fast e~ (~53 MeV), slow e™ (13.5 eV) Muonium-Antimuonium

= oscillations happen in magnetic field Conversion Spectrometer (MACS)

_ L. Willmann, et al. PRL 82 (1999) 49
— ... Which selects MM VS. Mﬂ

The most recent experimental data comes from 1999! Time is ripe for an update!

; . Future muon program at Fermilab,
Alexey A Petrov (U of South Carolina) 7 Catach, 27.29 March 2023




Experimental results

e MACS: observed 5.7 x 10! muonium atoms after 4 months of running

— magnetic field is taken into account (suppression factor)

Interaction type 2.8 uT 01T 100 T
SS 0.75 0.50 0.50
PP 1.0 09 0.50
(V£A) X(VxA)or
(S =P)X(SxP) 0.75 0.35 00
(VA X(VFA)or
(S £ P)X(S=FP) 0.95 0.78 0.67

L. Willmann, et al. PRL 82 (1999) 49

— no oscillations have been observed (yet!)

L S O S VS DS LU Tt R RS P ST T RN E T S e e T e U S T
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Experimental constraints

e We can now put constraints on the Wilson coefficients of effective
operators from experimental data (assume single operator dominance)

— presence of the magnetic field

P(M, — M,) <83 x 107" /Sp(By)
— no separation of spin states: average

1

P(Mu — M.U)exp = Z mP(M,] — Mﬂz)
=Py ~t
— set Wilson coefficients to one, set constraints on the scale probed
Operator | Interaction type | Sg(Bo) (from [9]) | Constraints on the scale A, TeV
Q1 (V —A) x (V- A) 0.75 5.4
Q| (V+A)x (V+A) 0.75 5.4
Qs (V—-A)x (V+A) 0.95 5.4
Q4 (§4P)x (S+P) 0.75 2.7
Qs (S—P)x (S—-P) 0.75 2.7
Qs (V—A) x (V- A) 0.75 0.58 x 10 2
Q7 (V+A)x (V- A) 0.95 0.38 x 1073
) R. Conlin and AAP, ths.ReV.D 102 :2020: 9, 095001
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New muon sources: CSNS

e Experimental Muon Source (EMuS) at Chinese Spallation Neutron Source

— CSNS proton driver can be used to produce muons

Protqrﬂr s ¥\

|

TavgetR

Proton driver [MW]|Intensity [x10°/s]|Polarization|%] | Spread [%] suaton| I
PSI 1.30 420 90 10 —
ISIS 0.16 15 95 <15 og |
RIKEN/RAL 0.16 0.8 95 <15 -2,
JPARC 1.00 100 95 15 A2
TRIUMF 0.075 1.4 90 7 \X o
EMuS 0.025 83 50 10 e\
e E N N
— EMuS will produce up to 10° p*/s, which will L ".:
be transported to MACE e sl O

e Muonium states will be formed in laser-ablated silica aerogel target

— the muonium emission rate of aerogel
target with holes is up to 36 times
higher than that of silica powder
target used in MACS

J. Beare et al, Prog. Theor. Exp. Phys. 2020, 123CO01
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MACE experiment

e Muonium-to-Antimuonium Conversion Experiment (MACE)
— MACE uses the same kinematical tag as MACS o Bl etalaniv:2203. 11400 [hep-phd
- M, — fdecay: M, — eTe D,
- M, fdecay: M, — eTe D,
— f: fast (Michel) e~ of 52.8 MeV and slow (shell) e* of 13.5 eV

/
Magnetic
spectrometer

— Triple coincidence: The Michel electron is detected by the drift chamber. The
atomic-shell positron is accelerated and transported to the MCP and annihilates
into two photons. The photons are detected by the electromagnetic calorimeter.

L T S L S OVESE S D L T T R RN N TN R I RN T T e e e L e e N L
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MACE experiment

Fundamental science with EMuS (China)

10"
1072
1073
1074

10—12
10—13

~14
ok L CSNS

1980 1990 2000 2010 2020 2030
Year

—
<
3
T T T T Ty Ty T Ty TR T

—> P(M,— M,) = % = Ru(z,y)

1
Ruy(z,y) = 3 (2* + )

LT i S VNS S D
Alexey A Petrov (U of South Carolina)

The latest bound was done at PSI more
than 20 years ago with a muon intensity

8 x 10°u* /s and high-precision magnetic
spectrometer.

Timing resolution in detector: ~ ns
Position resolution in detector: ~ mm
EMuS plan to offer 10%u* /s

Current timing resolution in detector: ~ ps
Current position resolution in detector:~us
Expect to be improved by > O(102)?

MACE experiment at EMuS (Chinese SNS)
Jian Tang, talk at RPPM meeting (Snowmass 2021)

Snowmass2021 Whitepaper: Muonium to antimuonium conversion
A.-Y. Bai, et al arXiv:2203.11406 [hep-ph]

See S. Zhao’s talk at this meeting

Future muon program at Fermilab,
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Conclusions and things to take home

e There is no indication from high energy studies where the NP show up

— this makes indirect searches the most valuable source of information

e Muonium is the simplest atom: atomic physics

— level splitting (Lamb shift): probe NP w/out QCD complications
MuSEUM experiment (J-PARC)

e Muons are ideal tools to probe fundamental physics
- ﬂavor‘conserVing quantities (g—2, EDM) Prospects for precise predictions of g, in the Standard Model
. G. Colangelo, et. al., arXiv:2203.15810 [hep-ph]
— flavor-changing neutral current decays
— flavor oscillations (muonium-antimuonium conversion)

— muon transitions already probe the LHC energy domain and can do better!

e New experimental facilities: MACE at CSNS
— similar domestic experiment at SNS (Oak Ridge)?

— possible muonium oscillation experiment at J-PARC (Japan)?

Snowmass2021 Whitepaper: Muonium to antimuonium conversion
A.-Y. Bai, ..., AAP, ..., arXiv:2203.11406 [hep-ph]
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Muon facilities

e A possibility of using muon beams at CMP facilities

Jian Tang, talk at RPPM meeting (Snowmass 2021)

ayiven Intensity  Polarization Spread energy Intensity Spread

LU [1E6/s] [%] [%] [MeVic] [ES/s]  [%]
PSI 1.3 420 90 10 85-125 240 3
ISIS 0.16 1.5 95 <15 20-120 0.4 10
RIKEN/RAL 0.16 0.8 95 <15 65-120 1 10
JPARC 1 100 95 15 33-250 10 15
TRIUMF 0.075 1.4 90 7 20-100 0.0014 10
EMuS 0.005 83 50 10 50-450 16 10
Baby EMuS  0.005 1.2 10
X5 CSNS-II upgrade
Facility Source Type Intensity (p+/sec)*
ISIS pulsed 1.5x10°
J-PARC continuous 1.8x10° - Muonium Antimuonium
PSI continuous 7.0x10* Conversion Experiment
TRIUMF pulsed 5.0x10° (MACE) EMuS at CSNS
SEEMS pulsed 1.9x103
LT i S VNS S D IR N S L S F NV S A M ST AT I o A R S Fede e ]
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Muonium vs muon decays

e Muon decay u — 3e:

' (p— 3e) =
am5

= m(leL| +|CDR|) 810g P —11
AmS

+ W (miG% (ICsrl® + 1C&LI%)

+ ( (|CIC?R|2 + [CYr, 24 |Cfm|2 +[Car 2) +|Chr + 05R|2 +1C% — Cyp, 2))
4o

~ 3Mr m“ (8‘3 [Cpr (3Cy g+ Chg) ]+§R[ (3CvL — Can)'])

e Muonium decayMP‘l/ — etTe”

f M3 € 3 € €
41;317TA4 |CVR + C4gl® - §|CVL +C4.)?

+12C5 L + Cypl* + 205, + Cfm|2}

r (MV o e+e_) =

7

e Note: different combination of Wilson coefficients!

R. Conlin, J. Osborne, AAP
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Flavor violation and effective Lagrangians

* Modern approach to flavor physics calculations: effective field theories R

/‘/-

% It is important to understand ALL relevant energy scales for the problem at hand

el NG '//1
~ ~

ALQ U e Az

e RN |
Anp >< New Physics generates lepton FCNC

u, d,c,s,b, t, 7, y, e

e e Scales associated with heavy SM
Ho e” particles (quarks, leptons)
iz,
t LR ]
u,d,s,c,b
g’y g’y
heavy
my quarks
decouple
+—~ M H. ¢
= ::>x<:: t,b, ¢
Q
2— Scales associated with experiment
u, d, y, e
w % 87
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Flavor violation and effective Lagrangians

% Systematic approach: Standard Model Effective Field Theory (SMEFT)

TABLE 2.3 Operators with H", sets X°, H®, H'D?, and w2H3

- effective Lagrangian X I H® and H'D” P b
Qc [ABCGArGErGSH Qur (HfH Qen HH) (TyerH
oo . c® s regieag | auo (H'H )o H m) | G ('m) (@
L=Lsy+——QP+> Az @i T Qw  rwirwiwir | Qup  (H'p*H) (H'DuH) || Quw (H'H) (QpdrH)
- Q~ GIJKWIVWJ;J‘VK“
K3 w » v e
. . TABLE 2.4 Operators with H™, sets X2H?, 2 X H, and 2 H?D.
with the Weinberg operator Q(S) X Kt e | ST
Qne HIHG), G Qew (Tpotve,) T HWL, QL) (HTzD H) (I,,wr )
' T Q= HIHGA, GAme Qen (f,,rr’ )HB,,, QM (H'm H)( L e L )
Q(5) = €"k:€'m,'n.-[{‘7 Hm (Lk) CL'n. Quw HYHW, W' Qua (Q "I"TA“’) HG], Qe (H*JB H) (Epy"er)
- P " Q.  HEHFLW | Quw  (Qeur) T AW, ey, (#'iBum) (@ er)
Qun HUHB,, B Qun (@0 ) FB,, QY (HNDLE)(Q,7'vQ.)
6 Q ~ HHB,.B* Qac (Quorrtd.) HG, Qira (#"iD 1) ()
and lots (59+5) of Q.( ) operators Quws  HPEWLEY | Quw  (Guerd)rHWL | Qma Hu*a* uY (4.
L s Hir! HW] Bsv Qus (Gpa#”d,.) HB,, QHua H*D H) (u,v“d,)
» TABLE 2.5 Four-fermion operators, classes (LL)(LL), (RR)(RR), and (LL)(RR).
(ZL)IL) | (RR)(RR) | (LL)(RR)
Qu (FprLe) (Tarrs) Qee (Epy"er) (@yee) Qi (Tpr* L) @y er)
@ (@rer) (@vtar) Qua (py" ur) (Tar" ue) Qi (B Lr) @arvue)
) e . QR (@7Q) (@' Q) || Qua (47" dr) (dvd:) Qua (Zov L) (dy"de)
- the strategy of identifying an QY (L) (@4Q) | @ Erted) (v Qe (@Q) Erre)
] L QY (Zovr'Lr) (Qur"7'Qr) || Qua Erver) (day"de Qi (@ @r) @v"ur)
NP model involves fitting C; QY @rw) (v QF (g Ta) (@arTAu)
. l Qf‘sd) (u.p'y“'l'A'u.,.) (ﬁ,"y"’l'Adl) Q:b} (llp’y“q,. ﬁ "IIL)
from experimental data and/or ol (@,4414Q) (forran)
match i ng Of g to UV_ TABLE 2.6 Four-fermion operators, classes (LR)(RL), and B (baryon-number) violating.
(LR)(RL) B-violating
completed NP models Quess (@er) (@22) Qo e [(45)" cut] [(@2) ont]
Q.(,:‘)qd ((6:,‘“) €k (6:‘1!) Qqqu ‘mh‘ﬂt (Q:J)Tchk [(":)T Cc.]
Qe (@7%w) eu (@Ta) | QL Mepenn |(Q57)" Q| [(@mTcry]
Q. (@er) e (Qur) Q@ e (), (). [(o:’)’co?*] [@m™TeLy]
P, (Blowe) on (o w) | Quun e [(4)7 out] )7 0]
L S O S VNS S S D A W 7] ]
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Effective Lagrangians at low energy

o Effective Lagrangians for AL, = 0, AL, = I, and AL, = 2

_ ) AL,=0 _ 4GF oY
SM: ‘Cef’f \/— (:UL’YozeL) (VeL'Y V#L)

— four-fermion operators (assume no FCNC in quark currents for now)
AL,= — — 3
L™ = [ (C{;R mryern+Clp iy eL) IYaf
f
(Cfuz BrY*er+ Chp I7L706L) fravsf
mem;Gp (CéR Hrer + ng, ﬁLGR) ff

4
+
+ memsGp (C{m figer + Ch, ﬁLeR) frsf
+

mem G (C’TR Lpo®Per, +CTL L o* eR) fousf + h.c. ]

— dipole operators Lp= [(CDR&G“ Pply + Cprliot PRZQ) ww + D c]

— gluonic (Rayleigh) operators L = @ Br [(CGREPRKQ + CGLzlPL@)GZVG"’W

4o
+ (CGREPREQ n C@LzlPL@) G, G + h.c.}

AAP and D. Zhuridov
T E AL TR LT
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