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MUONS AND NEW PHYSICS

e muon the lightest unstable particle in
the SM

e relatively easy to produce = large
samples available

e can use muons to search for
® heavy new physics
e light new physics
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SEARCHING FOR
HEAVY NEW PHYSICS

see Ana Teixeira's talk for an in depth overview

e high effective scales probed
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SEARCHING FOR LIGHT NEW
PHYSICS

e light particles: a window to high UV dynamics

® the gain comes from very small SM muon decay width

NP mass

NP coupling \

awindowto  §
| (very) high scales %‘
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small coupling region

e eSS
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ITEE REST OF THE TALI

e heavy new physics
e EFT based u — e predictions
e searching for light NP using muons
e flavor violating QCD axion in y — ea
e time dependent searches in y — e
® i > de
®.
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EFT BASED [/ — €
PREDICTIONS



U — € KINEMATICS

Haxton, McElvain, Menzo, Rule, JZ, 2406.13818

e initial state: 4~ in 1s orbital

e final state: relativistic ¢~ with three momentum

o E}jmd < m, (for %’Al E;’ind ~ (0.463 MeV)
= |g| ~ 0(100 MeV)

&
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TOWER OF EFTS
—> MUONBRIDGE CODE

Haxton, McElvain, Menzo, Rule, JZ, 2406.13818
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Haxton, McElvain, Ramsey-Mussolf, Rule, 2208.07945
Haxton, McElvain, Rule, 2109.13503
Haxton, McElvain, Menzo, Rule, JZ, 2406.13818

NON-RELATIV. EXPANSION

e a hierarchy of small parameters

s . L s
y = (£)? > |on| > || > |v7]

B
bisanticlear . -y, = (/;1 + %2)/2 bound muon  velocity of
size average velocity  outgoing target
nucleon velocity nucleus

e y~ 0.2 —0.5 = nuclear scales are being probed

e Chiral EFT: interactions with single nucleon current
dominate

&

e canexpand invyandv,

e we keep O(vy), @(Vﬂ) terms
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Haxton, McElvain, Menzo, Rule, JZ, 2406.13818

LEPTOQUARK EXAMPLE

e scalar leptoquark R, in the (3,2, 7/6)
of the SM gauge group

LDyt WqRo L) + g5 R R3Q7 + huc.,

Sam———T

e integrating out R, = generates all 10 dim 6 ops in
WET

® including tensor currents

e these have coherently enhanced contribs. at
subleading powers in vy, v, = kept in MuonBridge
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relative contribution.

Haxton, McElvain, Menzo, Rule, JZ, 2406.13818

DIFFERENT CONTRIBS.

e typical point in the parameter space is dominated by
spin independent contrib.
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SEARCHING FOR LIGHT
NEW PHYSICS



SEARCHING FOR
LIGHT NEW PHYSICS

* can we use large datasets of stopped
muons for light NP searches?

® answer experiment dependent
e three examples

e QCD axionin 4 — ea

e time dependent y — e@

® 1 — Se at Mu3e
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QCD AXION



see, e.g., Calibbi, Redigolo, Ziegler, JZ, 2006.04795

AXION LIKE MODELS

e any spontaneously broken global symmetry = (p)NGB
e if "light enough" can be DM

e in general couplings to gluons, photons, SM fermions

O Eaem a ~  0Oua 2 v A
Fett = 87EGG A AR LU S
FVA — 2fa f
fils C}/z.’?j \/| 0:t; 2+ 1C7 2:0; |2

e in general ALPs will have flavor violating couphngs

® here focus on enhanced couplings to leptons
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see, e.g., Calibbi, Redigolo, Ziegler, JZ, 2006.04795
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e in general ALPs will have flavor violating couplings

® here focus on enhanced couplings to leptons
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TIME DEPENDENT
U — eq



NON-ABELIAN PNGB

Bigaran, Fox, Gouttenoire, Harnik, Krnjaic, Menzo, JZ, 2503.07722
e if DM a non-Abelian pNGB the interactions with the SM of the form

Z¢c(au¢)
2f2

e example in the SM: 7™ interacting with leptons via photon exchange

Lint D ZZ'Y'LL(C?;‘]/ T 05275)63"

ST

e classical ¢ background induces time

dependent 4 — e¢ decays 204 Pe .
dc(t) = P cos(myt + 9) Po = Mg B '/'/
e time dep. searches can be more sensitive N
& for systematics dominated searches ¢
R i:l~w'

e time dep. a smoking gun signal of DM
e can do the same type of search at MEG-II, Mu2e-X, COMET-X
e can do time dep. T — £¢ search at Belle II
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e can do the same type of search at MEG-II, Mu2e-X, COMET-X

e can do time dep. T — £ ¢ search at Belle II
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A SIMPLE DARK
SECTOR MODEL

Hostert, Menzo, Pospelov, JZ, 2306.15631

e higgsed dark abelian gauge group U(1),
e dark photon y, et

e light dark Higgs h, o / )
e
. Vd

e coupling to SM

‘e
.
.
.
.
.
‘e
.

@ -
® Kkinetic mixing v, .
e
® flavor violating -
high dim op.e.g., f@ejH ¢ S— —

M

e very conservative reach at Mu3e: Br(z — Se) ~ 10~12
® accepting all accidental bckgs.

e = reach on effective UV scale, A ~ 101> GeV
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OTHER LIGHT NEW PYSICS
SIGNATURES

e muon can only decay to e, y, inv = a "finite" numb. of differ.

observable signatures MEG-II MEG, 2005.00339

e\v| 0 \1 2[ 3 4

v
1 ey e2y edy edy
Mu3e L
3 [ 3e 3ey 3e2y
o _|,be Oe
2306.15631 ——— [ K
7T | Te
Greljo, Palavri¢, Tunja, JZ, work in progress
e other options — R
o displaced vertices in " — 3e Knapen, Opferkuch, Redigolo, Tammaro, 2410.13941
o U — 3ea Knapen, Langhoff, Opferkuch, Redigolo, 2311.17915

e BNV annihilation y~p — dark sect.  Fox, Hostert, Menzo, Pospelov, JZ, 2407.03450
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CONCLUSIONS

e EFT approach well suited for predicting
the 4 — e conversion rates

® results available in the form of a public
code MuonBridge

e rare muon decays can be use to search
for light NP

® QCD axion, time dep. npNGB DM,
U — de,...
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BACKUP SLIDES



LIGHT NEW PHYSICS =>
PROBE OF HIGH SCALES

e rare decays into a light state, X, e.g., 4 — eq,
® exquisite probes of UV physics

® parametric gains compared to probing NP
through dim-6 ops

e the reason is that the SM decay widths are
power suppressed I, mg/ my,

e if y — e through dim 5 op. suppressed by
1/fy = Br(y — e@) (mVZV/f¢mﬂ)2
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WET

Haxton, McElvain, Menzo, Rule, JZ, 2406.13818

* 10 dimension 6 ops

(6)

= (e7ap)(@7%q) , = (&Ya151) (@Y q) 5
(6) = (&Yak)(@Y*V59) ; 0V = (&yarys) (@1*759) -
@ = (ep)(q9) ) = (ivsp)(qa)
(6) (éﬂ)(qz%(]) 2(362, (€ivs1)(7i759)
é?; (0°P 1) (Goapa) Ql0)y = (€10 15m) (@0as0)

. addltlonal 16 operators at dimension 7
e related to other WET bases used in the literature by linear transf.

* note: tensor currents appear already at dimension 6
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Haxton, McElvain, Ramsey-Mussolf, Rule, 2208.07945
Haxton, McElvain, Rule, 2109.13503

NON-RELATIVISTIC LIMIT

e a hierarchy of small parameters

—— 3 , e
y = ($)? > |on| > || > [v7]

L mmile

b ~nuclear vy, = (%1 = %2)/ 2 bound muon  velocity of

size average velocity  outgoing target
nucleon velocity nucleus

e y~ 0.2 —0.5 = nuclear scales are being probed

e Chiral EFT: interactions with single nucleon current
dominate

&

e canexpand invyandv,

e we keep O(vy), @(Vﬂ) terms
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Haxton, McElvain, Ramsey-Mussolf, Rule, 2208.07945
Haxton, McElvain, Rule, 2109.13503

NON-RELATIVISTIC LIMIT

| O =1 1n, O, =1g, 14 - Un,
L a . A — — — —
03=1qu-[’UN><O'N], O4ZO‘L°0'N,
Os = a1 - (1§ X Un), O =1iG-0L 1q- 0N,
O7 =11 YN - On, Os = 0L, - UnN,
Og =37 - (1g X ON), O10 =1L iG- OnN,
O11 =14 -0 1n, O12 =361 - [Un X ON],
0’1325"L-(?:QX[’(7N><5"N]), 014:736‘5L?7N'5"N7
() /
) O15 =44 - G, 14 - [Un X ON], Ol =i 0L 14 - Un.
o Chiral"Err+ SWIth Single n /v
. £ b —
dominate (63 q

e canexpand invyandv,

e we keep O(vy), @(V’u) terms
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MATCHING ONTO NRET
 NRET effective Lagrangian

NRET Z Z NON

N=n,p 1=1

e paae

e low enerev coefficients ¢ functions of g*
gy i qeff

e for 4 — e thisis a constant
e their values from nonperturbative matching of WET to NRET
e follow from nucleon matrix elements (N | O;|N)
e for y — e transition rate prediction need nuclear physics |(A|O;|A) 5

e nuclear response functions W,

2 2 2
qe qe qe'
W, ~ O(A2) > {Wz,, W, —jwﬁ),,} > { "W, —jW&,,}
My My oy
TR SommepEEITTT

JH™ erate: I'(u — e) x ZRin-
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Haxton, McElvain, Menzo, Rule, JZ, 2406.13818

MUONBRIDGE

e the code/repository MuonBridge consists of
three modules

e MuonConverter: matches WET to NRET M ON BRIDGe

e

e can interface with RG running codes

e Mu2e_NRET: calculates the u — e rate
Dlu +(4,2) > e + (4, 2)

B(u—_>e—):F[M_+(A,Z)—>VM+(A,Z—1)]7

e particle physics input from MuonConverter, i.e., WET Wilson
coeffs. C;

e Elastic: a database of shell model density matrices for calculating
nuclear form factors

e comes in both Python and Mathematica versions
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MATCHING ONTO NRET
 NRET effective Lagrangian

NRET Z Z NON

N=n,p 1=1

e paae

e low enerev coefficients ¢ functions of g*
gy i qeff

e for 4 — e thisis a constant
e their values from nonperturbative matching of WET to NRET
e follow from nucleon matrix elements (N | O;|N)
e for y — e transition rate prediction need nuclear physics |(A|O;|A) 5

e nuclear response functions W,

2 2 2
qe qe qe'
W, ~ O(A2) > {Wz,, W, —jwﬁ),,} > { "W, —jW&,,}
My My oy
TR SommepEEITTT

JH™ erate: I'(u — e) x ZRin-
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LIGHT ALP

e the same formalism trivially extends to light
mediators

e example light ALP coupling to e and gluons -
o strictly speaking WET no longer an appropriate EFT

e but trivial fix, allow Wilson coeffs to be g
dependent, C; « 1/(m?* — g?)

e since a only weakly couples to gluons: corrections
to QCD can be neglected, i.e., just an external probe

® in 4 — e the g is fixed, so C; are even constants
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MATCHING ONTO NRET

e NRET effective Lagrangian
NRET Z Z CNON

N=n,p 1=1

g aaae

e low energy coefficients are functions of g in general
e for u — e thisis a constant

e their values from nonperturbative matching of WET to
NRET

e follow from nucleon matrix elements
® for instance

L 46) mq/N | A(T 5(7
=3 HchygFg/ +CVFY + EVFN

+ Z Cfﬁq) F{I/N Z C(?) Fq/N Z 2mq; -~ Cg)q ( Fq/N 4 Fq/N)
q q

J. Zupan Searc:usgm ST——————Y R 5




_ | N 1 v
(N'|gv"q|N) = @y |FN (¢2)y* — Z—Fq/ (¢*)o* qy]wv,
| my
_ ) [4q/N 1 N
\ (N'|gy 59| N) = @y Fﬁ/ (@)Y ys — %FIZ{ (q2)75qu] UN
« NR (N'lmqgqlN) = F§™ (¢%) tyun
(N'|moginsa|N) = FYN (@) @yisun
N 127TGWG“ N) = FY(¢?) tlyun
A (N ISWG““”G“VIM FY(¢%) wyivsun
— UV — N, 2 v Z v N, 9
of (NImgoqlN) =iy [F%,/o (q%) o™ — 2mN7[“q FY (%)
. _ [ k’/] FQ/ ]
q ( ) un ,

e the m?2,

NR (N/|EF“VF y|N) = E)(¢°) tyun

o{ (N S—WF“”F y|IN) = F (¢°) tyivsun -

=5 e e
e for instance
C{VZZ—C(@FQ/N +é§7)Fg+C(7)F,§V,
2 A
+ Z CO RN 4 Z CFYN — 3 —2m‘jvmq ey, (FHY — arfly))
q
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Haxton, McElvain, Ramsey-Mussolf, Rule, 2208.07945

CONVERSION RATE

* matrix elements squared of NRET operators leads to
nuclear response functions W,
B G%‘ qe2ff eff pTT' WTT' RTT’ WTT' éTT’ WTT'
['(u—e) = T 14 - |67 Z Z v Wi (@est) + R5s Wels (gest) + RSsy Welsy (gest)
Mr 7=0,17/=0,1
+ R g Wil (qe) + REA WER (gen)]

2
defr HTT' 77’
+ n§2 qul@// [’[’ PP (qeff) ESEY Y
N

QQeff
- { o M W@//M(Qeff) + RAE' WAE’(qeff)] }

mn

DTT AT ~T ~T % DTT  _ (xT AT\ (xT ~T ~T' %

MM = €1 Cl "+ iy sy = (€3 — &) (¢} ) + C10C10 -

e “‘w wsbmmmsSERET
~ 1 ’

' ~r~1'x ~T ~T % ~ "

sy = CyCy +Cgcg C; EC,,:/’U2 :\/§GFC1',

————m

e particle physics is in products of Wilson coefficients R,

e for instance the terms not vanishing in vy, — 0 limit
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