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Muonium: just like hydrogen, but simpler!

Spin-0 (singlet)

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

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

o

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)

rbr

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

R)
; B)
AT
: Wy \
O—

~ (ATe) (ATe)

pt 3 et ot 5 S N

: Lyt .
: O : X effective operator

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

— experiment: produce Mﬂ but see for decay products of ]\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!

4 (o) _(,_py (1
4\ [M(8) 2/ \|M(®)

— diagonalization: new mass eigenstates:

M, ,) = % [1M,)  |72,.)]

— new mass eigenstates: mass and lifetime differences

Am = M1 — M2, Am AF
x (small)

AT =T, —T}. ~ T Y79

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, — ]\7” - f)
M (1)) = g4(t) M) +g-(t) [M,),
_ _ with
|M(t)> = 9—(t) |Mu> +9+(t) |M;U«>7

- 1

g_|_(t) — e—I‘lt/2€_zm1t [1 i g (y . 'lil?)2 (Ft)2] ,
1 :

g-(t) = ge e (y — i) (Tt).

— 1
— time-dependent width: I'(M, — f)(t) = §Nf |As|” e T8 (Tt)* Ry (, )

(x2 + yzﬂ
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— oscillation probability: ED(MH — M,) = LM, = /) _ Ry (z,y) =

N | —

I'(M, — f)




Oscillation parameters: introduction

e Mixing parameters are related to off-diagonal matrix elements

— heavy and light intermediate degrees of freedom

i 1 (M [Heg| n) (n [Heg| M)
(m_ir)u 2My (M, |Heff|M>+2M Z /« My — Ey, + ie |

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 = —FZci(u)Qi, with A ~ O(TeV)

Mass difference = real (dispersive) part; width difference: imaginary (absorptive) part

LT e L VNS S D d
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Mass difference

e Mass difference comes from the dispersive part

1
- 2MyT

. Re [2(MM Hog| M) + (M

_ 1 _
Lo~ = —FZCZ—AL‘2(/L)Q¢(M)

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

Q1 = (Breer) (Ey%er), Q2 = (BrYeer) (BrRY€R),
Q3 = (EpYeer) (BrYer), Q4= (Hrer) (Brer),
Qs = (zger) (Bger) -

— need to compute matrix elements for both singlet and triplet states
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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.

Lr= ggngch + H.c.,
— integrate out A7 to get

geeg — — o
Ha =15 (BrYeer) (BrY“er) + H.c.,
2M3

— match to Zé{fzz to see that M, = A and

Cpi=? = GeeGpup/ 2
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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

o(r) = —=—==e "M
\/ A,

— can unambiguously compute decay constants and mixing MEs (QED)
Ol my*y°e|MYY = ifpp™,  (0lmy*e | M) = fyMuye*(p),
(0| io*Pe }MX> = ifr (e“pﬁ — eﬁpa) ,

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

_ @)
far =4 Mo

(QED version of Van Royen-Weisskopf)

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

e Spin-singlet muonium state: (MP| Qi MY = M2,  (MP|Qo|MPY = iM%,
. _ 3 . 1
— matrix elements: (M| Qs | M) = =5 firMiys (M| Q[ M) = =2 fie My,

- 1
(V7| Qs | MF) = — 3730

4(mreda)3
wA2T

3
2

Tp = lclAL:2 4+ CzALZZ . C3AL=2 .

(C4AL=2 + C5AL=2)]

|

e Spin-triplet muonium state: (MY|Qy MYy = =382, M%, (M| Qy|MY) = —3£2 M,
_ 3 - 3
— matrix elements (M Qs [ M) = =S huMir, (M| Qu|M) = =2 i May,

(WY | @s MY = 373

12(Myeqar)
W= A2l

3 1 1
ClAL:2 4+ C2AL=2 i 5Cf3ALz2 i Z (C4AL22 i C5AL=2)

Experimental constraints on x result on experimental constraints on Wilson coefficients CkAL:2
that encode all information about possible New Physics contributions
R. Conlin and AAP, arXiv: 2005.10276
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Width difference and muonium decays

e Width difference comes from the absorptive part :
— light SM intermediate states (e*e™, yy, bv, etc .) M, M,

— DU state gives parametrically largest contribution

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

Gninenko, Krasnikov, Matveev.
Phys.Rev. D87 (2013) 015016
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Width difference
e Width difference comes from the absorptive part :
— light SM intermediate states (e*e™, yy, bv, etc .) M, M,

— DU state gives parametrically largest contribution

1 —
= I M

1 _

; / diz T [Heﬁ(x)HeH(O)]' Mﬂ)]

i / d*z T [H;‘ﬁ%ﬂ(xm;’?ﬂ:"(m] | M,)]

e \

New Physics AL, = 2 contribution Standard Model AL, = 0 contribution

AL, =2 ]' AL= — 4:G
L™~ = _qu (1)Qik) L™ = _Tg (BrYaer) (Zery*Var)

Qs = (BrYalL) (V_uL’YaVeL) ;

Qr = (ﬁR’YaeR) (V_uL’YaVeL)
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Width difference: results

e Spin-singlet muonium state:

Gr M2,
yp = 2
V2A2 m2T

(mred a)3 (C6AL=2 . C7AL=2)

e Spin-triplet muonium state:

~ Gp My,
V2A2 w21

Yy = (mreda)?’ (5CGAL:2 + C’7AL:2)

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

R. Conlin and AAP, arXiv: 2005.10276

T S S VNS S T D .
Alexey A Petrov (WSU) o} Muon Campus Experiments, 24-27 May 2021




e Similar experimental set ups for different

experiments

— fifaste™ (~53 MeV), slow e* (13.5 eV)
= oscillations happen in magnetic field

— ... which selects M, vs. 1\7#

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

Alexey A Petrov (WSU)

Experimental setup and constraints

pump—— ()
iron
magnetic field coils MCP
— example: MACS at PSI hodoscope Csl
. MWPC annihilation
H . 1 + \ \\ beam counter hot —
— idea: form M, by scattering muon (u) | T photons
. \ iOtarget —
beam on SiO; target . accelerator &
\ | iron
e A couple of “little inconveniences”: | N 1 T collimator
= how to tell fapart from f ? ==
u—_ O Ié,’! -
- M, — fdecay: M, > ete D v T
H YoMy, p-e ———
— - v + - separator
- M, — f decay: M, —» eTe D, R [ a—

e

Muonium-Antimuonium
Conversion Spectrometer (MACS)

L. Willmann, et al. PRL 82 (1999) 49
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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
(VA X(VxA)or
(S =P)X(S*P) 0.75 0.35 00
(VA X(VFA)or
(S =P)X(SF*P) 0.95 0.78 0.67

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

— no oscillations have been observed
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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" /Sg(By)
— no separation of spin states: average

1

P(M, — M,

P(M.u — Mu)exp = Z
=P,V

— set Wilson coefficients to one, set constraints on the scale probed

Operator Interaction type | Sp(Bo) (from [9]) Constraints on the scale A, TeV
Q1 (V-—A)x (V-A) 0.75 5.4
Q2 (V+ A) x (V+ A) 0.75 5.4
Qs (V —A) x (V+ A) 0.95 5.4
Q4 (S+P)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 1073
Q7 (V+A)x (V- A) 0.95 0.38 x 1073

R. Conlin and AAP, arXiv: 2005.10276
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Other new muon sources

Fundamental science with EMuS (China)

10 "m P

103

10}

107k

10::{ « The latest bound was done at PSI more
0 18_8{ than 20 years ago .with a muon intensity.

I 8 x 10%u* /s and high-precision magnetic

4 110910:[ spectrometer.

s i »  Timing resolution in detector: ~ ns

10_12; * Position resolution in detector: ~ mm

10-2f « EMuS pl.an.to offer 10.9”+./S

104§ * Current tlmlpg resolutlop |n.detector: ~ ps

10_1?386' T . 'éolzg'SNgoso « Current position resolution in detector:~us

« Expect to be improved by > O(102)?
Year
o T(M, — ?) MACE experiment at EMuS (Chinese SNS)
— P(M,— M,) = m = Ry(z,y) Jian Tang, talk at RPPM meeting (Snowmass 2021)
Ry(z,y) = L (932 + yz)
2
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Conclusions and things to take home

e Muonium oscillations
— a heavy-light state that can exhibit flavor oscillations (like K, B, and D mesons)
— oscillations probe New Physics without complications of QCD

— results can be matched to particular models of New Physics
— found that both Am and AI" parametrically scale as O(A™?)
e Muonium decays
— the only SM-dominated annihilation mode is vv (not observed)
— lifetime differences AI' (SM intermediate state, NP in ALM operators)
— two-body decays: different constraints on SM EFT Wilson coefficients

e Muonium is the simplest atom: atomic physics

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

e Last experimental data is from 1999! Need new data!

— we already probe the LHC energy domain!
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Muon facilities

e A possibility of using muon beams at CMP facilities

Jian Tang, talk at RPPM meeting (Snowmass 2021)

- Proton Surface muons Decay muons

s Intensity ~ Polarizaton Spread energy Intensity Spread

LAUE  1E6/s] [%] (%]  [MeVic] [E6/s]  [%]
PSI 1.3 420 90 10 85-125 240 3
ISIS 0.16 1.5 95 <15 20-120 04 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 14 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 (ut/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 1.9x108
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Effective Lagrangians and lifetime difference

e Effective Lagrangians for ALﬂ =0, ALﬂ =1, and ALﬂ =2

aL—o 4G
ceffL T=— \/f (,UL’YaeL) (V6L7 VuL)

AL,=
Eeﬁ' H 1 — @Z C‘f/.R l,LR’Y 6R+ CVL /.IIL’Y eL) f’yaf

+ (CAR BrY*er + Chp Bry 3L> s f
+ memsGr (C£R firer + C; ﬁLeR) ff
+ memiGr (C};R URer + CIJ;L ﬁLeR) ?’st

+ mem;Gp (CTR figo®Per, + Cl, fipo® eR) faagf—khc]

- 1 -
Lo ™ = T D CP 2 (Qiw)

Qs = (EL’YaeL) (V_uLfYaVeL) , Q7= (ﬁR'YaeR) (V_uL7aVeL)

e AT naively O(A~) from double AL, = 1 insertion! But not always...
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