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1. Why muon g-27?
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Debnition

Being charged spin 1/2 particles, leptons are tiny magnetic dipoles !
with the magnetic dipole moment aligned with the spin:

o~ 0
U—Qﬁ

Dirac theory predicts

(9" 2)/2

+«~  electric charge (xe)

“_____ lepton mass

g =2

In quantum Peld theory, loop corrections give:

# 0

anomalous magnetic moment



How do we measure !-7?

Our particles then interact with external magnetic belds such that B
torque ]\7 _ ,J < BS’
and this makes their spin precess about the Peld direction

Measuring the precession frequency allows to determine g

® From now on, letOs focus on muons:

m, ~ 106 MeV 7, ~ 22us W ! € !, (" 100%

mass lifetime decay

We can produce muons by protons hitting a target ! pions ! pion decays:

Neutrinos are only left-handed,
pions have spin 0, muons
must be left-handed too

highly polarised !
muon beam

—




How do we measure !-7?

The muons are injected into a magnetic storage ring! v
(Peld perpendicular to their velocity):
W, =" @’ Dy =" —qu " fy)g Storage
mry 2m ym Ring

cyclotron frequency precession frequency

The di"erence iIs the anomalous precession #  —>

spin
—

11 ! gll 2 qé 1] qé momentum
rl — rl 1] rl — —
e s e 2 m @ m

In presence of an electric beld too (e.g. for vertical focusing) the formula becomes

-

. 4~ 1 vaB = vak =0
Wby = | — 81 a,! v" E ' '
| |
Vanishes for the OmagicO momentum) l. can be determined by precise!
p, =3.094GevV! " # 1 =29 3 measurements of #, and B only
1$ v2



How do we measure !-7?

Because weak interactions violate parity (W™ only couple to LH fermions)!
the muon decay Is not isotropic. In the muon rest frame:

T

dZ! + Gﬁ m Le = Ee/EmaX

5

H 2 /m |

= X% (3' 2Xe + P,, cosY2x 1
dx. dcos% 1923 "° ( € H o(2Xe )

pt

The direction of the positron is correlated to the muon spin! 7w =1

In the lab frame: FEj, ~! E(1+4cos") | dependson $

= the number of positrons above a certain threshold energy E is modulated

at frequency #, , which we can then measure: , [ . BNLES21
N (t) = No(E) exp E [1+ A(E) sin(%t+ &E))] 2 .
é 10'1;—‘
10” ;
10” ;_ | | | | | VAV
0 I20III4OIII60III80III100
Time modulo 100 ps [us]



https://arxiv.org/abs/hep-ex/0602035v1

Experimental results and prospect

Using the above technique experiments at Brookhaven and Fermilab measured:

a, (BNL‘06) = (116592089 £ 63) x 10' '*  (0.54ppm)  BNLEs21

a, (FNAL21) = (116592040 4 54) x 10~'"  (0.46ppm) ENAL Muon g-2

The Pnal ex
~BNL will be a

pected sensitivity of the FNAL experiment is 0.1ppm. A sensitivity
so achieved by another experiment under construction at J-PARC,

using a comp

etely dilerent concept (lower-momentum muons, no electric peld)
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https://academic.oup.com/ptep/article/2019/5/053C02/5506729

Theoretical prediction

What does the Standard Model predict for the value of !-?

We are interested in how muons interact with a magnetic beld, that is, in the
zero-momentum-transfer limit of the muon-muon-photon vertex function:

(p2) "
v(q) HAP oM q #

= (#ie) u(p2) Y'Fe(¢®) +im—Fu(¢®) ulp) w=p Fn(0)= a

2my,
p(p1)
Any bPeld that can correct this vertex at loop level will contribute to !-

Leading-order QED: ’

Schwinger '48

% 0

= a = - ~00011614

Historically one of the brst triumphs of QED!
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https://journals.aps.org/pr/pdf/10.1103/PhysRev.73.416

Theoretical prediction

The QED calculation has been completed PR PR PR PFE Y
up to order (%&)y (12672 diagrams!) : /@\ f@\ /@1 r@\ ;%z
a?="(! (a0)) = 116 584 71842(7)(17)(6)(100)(28)[106] 10 ** ?MQ :@M@ /@\ /@\ f?z%
"White paper" (WP) arXiv:2006.04822 in?z ;O;;E % m %

Uncertainties two orders of magnitude @l@ @ @ Eﬁ @

VI(a) VI(b) VI©) ™" VI T VGe)

smaller than the experimental one! @ @ @ @ = @

VI() VI®) VI(h) VIG) vigp  VIK

! | The electroweak contributions are relatively
small and the uncertainties also under control,!
W W 1-loop + 2-loop + leading 3- and 4-loop give:

/7N A aEW = 1536(1.0)" 10°%% WP 20

Larger uncertainties stem from the hadronic contributions

)


https://arxiv.org/abs/2006.04822
https://arxiv.org/abs/2006.04822

Theoretical prediction

We can not use perturbative theory in QCD to calculate something like this

One approach is to extract the hadronic vacuum polarisation from data ! )

Analyticity and unitarity (in particular, the optical theorem relating
the imaginary part of the amplitude to the cross section e*e- Into

hadrons) allows to write the leading hadronic contribution as ~ had u
1 . ‘ 1 x?(1! Xx)

HVP,LO _ n0(at | =

a, TR dsK(s)"“(e"e ! hadrons K (s) : dxX2+(1! I 2)

100

Low-energy data (i.e. pion modes) weight more 1o}

1+

aHVP,LO :6931(40) " :]_()I 11 WP'20 . oif

| Keshavarzi et al. '18 |

H e
uncertainty comparable to the exp one 0001 |
NLO and other hadronic contributions fo-05 |

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Vs [GeV]

R(9) = o%(ete $ hadrons{y)) S Ana?

have smaller errors



https://arxiv.org/abs/1802.02995

Theoretical prediction

One can also perform prst-principle calculations within lattice QCD . !
The latest result of the BMW collaboration reached high precision:

| a

HVP, LO

= 7075(55)" 10 1!

BMW Nature ‘21

BMWcO20}
MainzO19}
FHMO19}

| —

11

ETMO19t
RBCO18t
BMWcO17t
DHMZO19;
KNTO19t
CHHKSO19}

11

|
=

lattice —HB—
R-ratio —&—

11

o
&

11

-5+ no newiphysics

660 6380 700 720 740
1010 ahO-HVP

This result and those based on e*e- data are somewhat in tension (~2')
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https://arxiv.org/abs/2002.12347

The famous discrepancy

Putting everything together, the SM prediction (using data-driven HVP) is

a, (SM) =(116591810+ 43)! 10 WP '20
Exp. comb. : a, (BNL+FNAL) = (116592061 + 41)! 10 '* FENALMuong-2
BNLg-2 — PN
FNAL g-2 A ®
<< 4.20 :>
@ : @
Standard Model Experiment
Average

175 180 185 19.0 195 200 205 210 215
9
aux']O - 1165900

gy ! ayP" a3V =251(59)# 10 1| (4.2')
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https://arxiv.org/abs/2006.04822
https://doi.org/10.1103/PhysRevLett.126.141801

2. Muon g-2 and
New Physics (NP)

The FNAL result caused a sensation, as it excluded the most mundane explanations
of the discrepancy (that has been there for ~20 years, since early BNL data), i.e.

#a statisticalf3uetuations (very unlikely-nrewy)!
#unknown systematiesa“ecting the-BNL _measurement

U

Now only two possibilities are left

#underestimated hadronic contributions!
(as the tension with the lattice calculation may suggest)!

#contributions from additional belds in the loops, I.e. new physics!

3



How could NP solve the problem?

From now on, letOs assume we indeed need new particles/interactions. !
The NP contribution should be positive and quite large, of the order of the EW one:

5Gema  5m2 /[ ¢?
EW q VO vl | O
1-l - ——— = I 1.95# 10

Does this imply that the scale of NP (if weakly-coupled) should be ~100 GeV?

If! np ! my NP e"ects can be encoded in the (dimension-6) dipole operator

model-dependent! chirality Rip of the

coe$cient muon beld
L | e@ D ﬂ Fu! + h NP _ muV Re(C)
<' NP - * NP
EW-symmetry breaking vev (for gauge invariance) Ioopr;ig;ogrsén%cl)lejglléings, !
. Re(C
Requiring ay” = ! a, ! 2( ) | [15 24]" 10 ° GeV' ¢ (1)
* NP

4



A simplibed example

Let us consider a simple model with new fermions ( F) and new scalars (S)
coupling to muons with interactions of the kind ! | (r)y PS p (r)

As we have seen, the goal is generating the dipole operator, proportional to an EW-
breaking vev to provide a gauge invariant chirality Bip ! we need a Higgs insertion:

() Higgs insertion on the external line ! suppression from the (small) muon
Yukawa coupling, and sign of the contribution determined by the EM charges

. o . ST

7 N P ~
/ \ , \
/ \ / \
pL AT Fr AL | UL MR HL PR A% Fr )\R\ LR
> > —> > <— > ¢« < g
my, m,
2 v
NP T 2 2\ F (. S
au - 812 )\ 2 Z (|/\L| + |/\R| ) [QFfLL(;.l.) + QSfLL(;lT)] (ffis(;l?) > 0. ff}’f(i) > 0)

S F,S

<>EM charges QF = Qs %1

see e.g. LC Ziegler Zupan '18
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https://arxiv.org/abs/1804.00009

A simplibed example

Let us consider a simple model with new fermions (F) and new scalars (S)
coupling to muons with interactions of the kind ! | (r)y PS p (r)

As we have seen, the goal is generating the dipole operator, proportional to an EW-
breaking vev to provide a gauge invariant chirality Bip ! we need a Higgs insertion:

(i) Higgs insertion inside the loop: we need another Peld that mixes with our
scalar or fermion via a Higgs vev ! no ~y- suppression (chiral enhancement)

, e ~N . y N
/ \ /. \ muon Yukawal
;IUIL , )‘Z AR \ fR )/-LL , )‘L S ]VI;( 3 )‘R \ f'R COUplIng
Fr FT, F Fe f
A — — S 90 Re (ARAL) [QFJCLR(J') T QSfLR(J')] »
8m Mg 3 enhancement
( + H .. Iy !
| l . (mixing) (O(10°) for 'y ! 1)
see e.g. LC Ziegler Zupan '18 F(S)

6


https://arxiv.org/abs/1804.00009

A simplibed example

Due to the suppression it is di$cult to explain the anomaly in models of type (i):

Model LL1, \;=Vd 7

'LI\ =M F

Model LL1, A;=2

8007 7] SOOLLLQ

600

i;. 1 1 | | . J 1 ! |
0 200 400 600 800 0 200 400 600 800

M [GeV] Mg [GeV] LC Ziegler Zupan '18
region compatible! see also Athron et al. '21
with the discrepancy: wr
NP = | g region excluded by! - - so:l S could bel
H - H LHC searches: _ s°_| dark matter

L

Models of type (ii) can instead explain the discrepancy with Mggs ! few" TeV

7


https://arxiv.org/abs/1804.00009
https://arxiv.org/abs/2104.03691

Another minimal solution

In the above example we had to introduce at least 2 new belds, but in some

models, It Is possible to explain the g-2 discrepancy with one new Peld only
reviews in Biggio et al. 014 & 016 Lindner etal. '16 , Athron et al. '21

A possibility Is leptoguarks, Pelds that couple to both leptons and quarks, e.q.:

T

S1 (§1 1,1 3) Ls, =" "oLQzal2S1+ "y tp.Si + h.c. Chakraverty et al. '01

SU)e, SUR2)L, U(D)y

05 I ty 0.1
o '
0.4
El Here some bPne
, o 7 RN . 03 tuning is needed
o
279 KR 0.2 Muon-g-2
> [ > ¢ < | < ﬁrrrr.-r'f““d
Lot | P
Similar to the previous model, with F being the top quark A/ )
The leptoquark couples to both LH and RH muons,! '1'060 5600 3600 4000
the chirality Rip is due to the (large) top mass! Ms1[GeV]

Athron et al. '21

(RS


https://arxiv.org/abs/1411.6799
https://arxiv.org/abs/1607.07621
https://arxiv.org/abs/1610.06587
https://arxiv.org/abs/2104.03691
https://arxiv.org/abs/hep-ph/0102180v1
https://arxiv.org/abs/2104.03691

A light possibility

The g-2 anomaly could also be caused by light , very weakly-interacting particles,
such as axion-like particles and light gauge bosons of new local symmetries

Example: ACfrom gauged U(1)L,: . (one of the combinations of the global
Xiao-Gang He et al. '91 symmetries of the SM that are anomaly-free)
A 10' - o Ll

10! 3

| 14567689 ;;$

R L T

=
A
=

9u

[ -1 2 I . / Ma Jur
| g, = Qx2 = X dU u (1 U) 10" 5 -' BP1 | 15MeV | 5x10°*
M s T 1! u ] BP2 | 25 MeV | 6 x 1074 .
2
0 us + —— ] 4 [
X3 BP3 | 50 MeV | 6 x 10 LM _ LT [
) 0 BP4 | 100 MeV | 1 x 107°
I _ 2/ 4" 3 |€ur| = 9,7/ 70
x = T Tw T
— MAI [GeV]
— |

Amaral et al. '21
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.43.R22
https://arxiv.org/abs/2104.03297

What about SUSY?

In R-parity conserving SUSY models, the only SUSY particles that contribute to the
g-2 are smuons (including %), charginos and neutralinos. The relevant parameters are:

Vu
My, Mo, Il tan! = V_ m,, Mg, [AU]
d
Bino, Wino, Higgsino! LH/RH smuon mass terms, !
mass parameters [trilinear coupling]
Mass matrices: ! C 5 _
M, = Mz Mw 2sin: charginos
' My 2cos! L
t
M 0 #Mysycosl  Mysysin!
0 M > Mzcw cos!  #Mzow Sin! :
" .
0 % # Mz Sy cos! M~ cy cos! 0 # U neUtra“nOS
Mstsin! #MzCWSin! #Ll 0

x

2 L m?2 2 )1, ‘ |
mi+ mi+ MZcos2 "#3+ s, mu( AL

2
3 mu(+ Ay) m3 + mg + MZcos2 (#sg)

PO

sSmMuons



What about SUSY?

A substantial contribution to the g-2 requires that either the neutralinos/charginos
or the smuons are substantially mixed (e.qg. if the lightest neutralino is ~Bino !

Ni.e. Mz, " ! MiNand the smuons are not mixed, its contributions are negative)

The leading contributions then are:

mZ ' m? Wino-Higgsino-!
22 HZ $ LH smuon/sneutrino
2' M2
mp M g
MV 2 2 : i :
1 M Bino-Higgsino-!
mZ’'mé LH smuon
# $
2 12 . L
1 M Bino-Higgsino-!
2 ’$m§ ’ RH smuon
2
=, mF; _ LH-RH smuon-!
Mi M{ Bino
Moroi '95

for reviews see StSckinger '06 , Athron et al. '21
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What about SUSY?

A substantial contribution to the g-2 requires that either the neutralinos/charginos
or the smuons are substantially mixed (e.qg. if the lightest neutralino is ~Bino !

Ni.e. Mz, " ! MiNand the smuons are not mixed, its contributions are negative)
5 . H2 _ L
M1 H The leading contributions then are:
5 HY
e !

If My! Mo! p! Msysy :
-Higgsino-!
on/sneutrino

| ' 500 GeV ‘tan#
ay - 1 21" 10 POsign(uM ) © al

- Msusy | 40
. ' 500 GeV “°tan# -Higgsino-!
a; - 1 1.2" 10 Ysign(uM ;)
v . . 1 )
M 4 smuon
! 5(S)LcJ)S(Y3 v 2 O #
. eV “tan _Higasino-
aBHR 1% 24" 10 Vsign(uM ) T 0 H;%gus;ao!

|
' 500 GeV “tan#

M susy 40 500 GeV

H smuon-!

g T4 R 1 24v 10 OsignuM ) Bino

HR = Bt HL Do for reviews see StSckinger '06 , Athron et al. '21


https://arxiv.org/abs/hep-ph/9512396
https://arxiv.org/abs/hep-ph/0609168v1
https://arxiv.org/abs/2104.03691

What about LHC searches for SUSY?

Extensive searches have been performed
by ATLAS and CMS for the electro-weak
production of SUSY sleptons/charginos/
neutralinos, that can exclude SUSY
masses even above ~1 TeV (barring the
cases with Gompressed spectrum O)

(d) NC/ZW (e) NC/3L

P3

m(X}) [GeV]

~0 ~0

p Hﬁ L u u x x
500 : L] [ T 1 Al 1 l L} L 1] T ] 1 T Ll L} I ] :
450 = A TLA s I , Expected Limit = p , Observed Limit
— 1 ---- [i_ Expected Limit =i Observed Limit
- i; ||m:lt:53 aTt-e9\5/°/ 1gl_9 fb ﬁ; Expected Limit = [ Observed Limit 3
400 ° [, ATLAS BTeV arXiv:1408.5204 o
- I ATLAS 8 TeV arXiv:1403.52%4 -
350 : E
300 —
250 —
200F- =
150 —
100F -
50 -

.o AEENENENENE N T T
100 200 300 400 500 600
ATLAS '19 m(J) [GeV]

CMS Prel/m/nary 137 fb (13 TeV)

_pp—»)(xz—ﬂvll BRx2—>II 1 m 095mi+005m

== Observed + 10, (NN) NLO NLL excl.
=== Expected £ 10,0 (NN) — 1709.05406 obs.
- Expected (SR)

J lllllll

gy lllllll

-z
—r—

-r';lllllllllllllllll

ey | llllll

llllll]llllllllllllllll

(0] " VU I (PR U N , 4 LS
200 400 600 800 1000 1200 1400

CMS '21 My = Meo [GeV]

10°

10

g5% CL Upper limit on cross section (fb)


https://arxiv.org/abs/1908.08215
https://inspirehep.net/literature/1847698

What about LHC searches for SUSY?

M, [GeV]

550

250

500
450
400
350

300 -

LHC searches can already probe substantial portion of the !
parameter space favoured by the g-2 anomaly

m_r = M1+50 GeV, My = 1200 GeV, tan =40

500 1000 1500 2000 2500

[GeV]

1000

800

M. [GeV]

600

400

P4

mLr = M1+25 GeV, M1 =250 GeV, tanf = 40

Illl]l‘jll

Al

/

~
o
i
i

S

[ ]

(E IT)- scejnario
| Il LHC recasting
| [JLHC silnplified |

1200 1400 1600 1800

v [GeV]

Athron et al. '21
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m(fir) [GeV]

What about LHC searches for SUSY?

LHC searches can already probe substantial portion of the !
parameter space favoured by the g-2 anomaly

2021 Sprin
' 7T
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- —. "

-/
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’
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- i e Bl
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m(7¥) [GeV] m(7¥) [GeV] m(7¥) [GeV]
(A) u= My, M1 = M»y/2 (C) u= My, m; o =100 GeV (D) u=2M,, m, o =100 GeV

Endo et al. '21

There is still room for a supersymmetric explanation of the discrepancy, but LHC
constraints are increasingly tight (and challenge UV-complete SUSY-breaking scenarios)
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m(fir) [GeV]

What about LHC searches for SUSY?

LH

C searches can already probe substantial portion of the !
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For instance, for minimal SUGRA/CMSSM:!

tanB =50, Ap=0TeV, sign(u) = +1

SM-like my,
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N/ |
<4 v\(J\(b |
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-------- 2arch limit
AaENL+FNAL
400 600 800 1000 1200 1400 1600 1800 2000 y = 100 GeV
My (GeV) Wang et al. '21
- ' Endo et al. '21

There is still room for a supersymmetric explanation of the discrepancy, but LHC
constraints are increasingly tight (and challenge UV-complete SUSY-breaking scenarios)
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Correlated observables

What about the electron g-27? It is one of the best-measured quantities in physics!

as® =115965218073(2.8)! 10 *°

[0.24 ppb_ 11

Hanneke Fogwell Gabrielse '08

Also the theoretical prediction is very precise (QED dominated, QCD contributions
less important) until few years ago it was used as a way to measure %m

—

In recent years, it became
possible thanks to atomic
iInterferometry

The two best measurements

In order to use it as a test for new physics, we !

Giudice Passera Paradisi '12

need an alternative, precise, determination of %m

are somewhat in tension

Parker et al. '18 Morel et al. '20

Washington 1987 { @] &
Stanford 2002 - h/m('%3Cs) | O :
- h/m(®"Rb
LKB 2011 (*'Rb) e | ° | h/m@Rb)
Harvard 2008 | a, Ay |y
RIKEN 2019
> h/m(133Cs) |ty
Berkeley 2018 - h/m(1*Cs) @
h/m(Rb)
This work - h/m(('Rb) ¢ 819 ' 910 ' 911 ' 912
1 1 | 1 I
8 9 10 11 12

D7 (@' —-137.035990) x 10°
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Correlated observables

What about the electron g-27? It is one of the best-measured quantities in physics!

as® =115965218073(2.8)! 10 *°

[0.24 ppb_ 11

Hanneke Fogwell Gabrielse '08

Also the theoretical prediction is very precise (QED dominated, QCD contributions
less important) until few years ago it was used as a way to measure %m

—

In recent yed|
possible thar

Depending on which one you adopt, you get! ssera Paradisi '12

C

" g

n Rb eXx SM,Rb —
ag° %aP & ag

% ag® & ag'"* = &(8.8+ 3.6)' 10 *°,

=(4.8+ 30)' 10

interfero
LKB 2011 1 h/m(*Rb) @ | ° | h/mERb)
The two best measurements Harvard 2006 _ 2 o 2 —o—
are somewhat in tension R him(%Cs) —@—]
Berkeley 2018 - h/m(1%Cs) @
Parker et al. '18 Morel et al. '20 h/m("Rb) @
This work - h/m(('Rb) ¢ 819 ' 910 ' 911 ' 9f2
g 9 10 1 12

P38

(@' — 137.035990) x 10°
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Correlated observables

The electron g-2 can be used to test models that explain the muon g-2 tension!
(some predict ag"/a}" ! (me/my)? or (me/my))

In general, there is no reason why NP should not have a generic 3avour structure:

L SEI—VC..' %,.P:" FM +hc " =zep$

NP models with non-trivial RBavour structures could exhibit correlations among the g-2 of
di"erent Ravours, but also the lepton EDMs, and lepton [3avour violating (LFV) observables:

BR("& "% , 3

' p— : [ I | 2
Fa o1 2 i) d = 4| |m(C||) BR(" & |&&|) 5 GB |C|| | + |Ci |
Some model-independent bounds:

g-2 Re(Cy,) # [15 24]$10° GeV 2 %19$ 10 ' GeV 2 | Re(Cee) ! 1.7$ 10 10 Gev °

de < 1.1$ 10 *°ecm

EDM d < 19% 10 9ecm =P |IM(Ced)|! 9.0$10 " GeV 2, Im(Cyy)|! 1.2$10 °GeV ?
u .
h! e | |
" l I 1
LFV - =P  |Col ICuel ! 39" 10 GeV'2 |Cvy|, ICy| ! 50" 1010 GeV'?

P9 see e.g. LC Ibt—ez-l —pez Melis Vives '21
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3. Take-home messages

# After the FNAL experiment conPrmed the previous BNL result, the g-2 puzzle
can only be solved by (i) hadronic vacuum polarisation (ii) new physics!

Either way, interesting (even exciting) times await us!!

#Plenty of NP models can explain the discrepancy, but constraints (e.g. from
collider searches) are becoming increasingly tighter!

#New particles models featuring chiral enhancement can address the g-2 with
masses in the multi-TeV range, thus evading the bounds more easily!

#1n general, If NP Is there, one can expect deviations induced by correlated
dipole operators ([3avour-conserving and 3avour-violating)!

Upcoming years could bring us other exciting discoveries!

BO
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