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Muon g-2 Anomaly in SM

The standard model of strong and electroweak interactions

SU(3) x SU(2) x U(1) gauge theory for strong and electroweak interactions
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SM, only 3 generations of quarks and leptons are allowed.

gg -> Higgs ~ (number of heavy quarks)?, if fourth generation —
exist, their mass should be large, 9 times bigger production of ‘
Higgs. LHC data ruled out more than 3 generations of quarks.

LEP already ruled out more than 3 neutrinos with mass less than m;/2. N<

Cosmology and astrophysics, number of light neutrinos also less than 4.

g
SM, triangle anomaly cancellation: equal number of quarks and leptons! ﬁ

PAN

SM works well. But there are some anomalies at some high statistic level, among
them, the muon g-2 anomaly is an serious one with 4.2 s from SM prediction!

There are only three generations of sequential quarks and leptons!
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uon magnetic dipole momentum in SM

The energy of a particle with magnetic dipole u interact with a magnetic field B is given
by: H= - wB

Classically, a particle of charge g moving in circle in magnetic field Q
with angular momentum L, the magnetic dipole: w, = qL/2m. i

Quantum mechanically, a Dirac particle has an intrinsic magnetic dipole moment: u= gqS/
m which can be written as u = g qS/2m, ------- g=2. a §

g is called the g-factor. (Dirac) 4

In quantum field theory, there is correction at loop level making a = (g-2)/2 not zero. This

is the anomalous dipole moment of a particle. At one loop )
for charge leptons, i = e, u, T, a, = a/2n (Schwinger) /&

In the SM, including QEC, Strong and electroweak &1
contributions, a, has been calculated to very high precision. BN AN A R /-\
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xperimental measurements

Mu as also been measured to high precision.

BNL experiment (1997 — 2001) final result
for AaM = au(exp) — aM(SM) at 2.7o larger than zero.

FNL experiment first result announce in April, 2021, confirm BNL_racult hit with a hinh

confidence level at 3.30. " axmms
BNL3Z3E
..
Combining BNL and FNL results, Aa_ =251(59)x10-11 , e
uw EMWeESR o) KR T
The deviation away from SM is at 4.20 level! < >
(Thearﬁrﬁ%;ve)
Recent Lattice calculation indicates the deviation is only 176 18 185 19 195 20 205 21 215

a”><109—1165900

at one o level. More accurate theory calculations and
Experimental measurement needed to confirm this anomaly.

Even the anomaly itself still needs to be confirmed, a lot of efforts have been made to explore
the anomaly through beyond SM physics to match data.



. The Minimal Gauge Sector Extension: U(1),_ .

Implest model which has an additional gauge boson than that in SM:

The smallest gauge group: U(1) whose gauge boson usually called a Z’
No additional matter and Higgs fields compared with SM particle contents,

The only triangle gauge anomaly free models are:
U(1)yy Withi, j=e, nore

(PRD 43 (1991) R22; PRD 44(1991) 2118)

SM is triangle anomaly free, in U(1);,; model, the anomaly produce by L, is

cancelled by L;. The Z" only couple to lepton current differences:
Lo Iy =TT+ v Ly — vy Lir) Z, A % ,,

Many interesting consequences, new gauge boson for collider search, g-2 for
charged leptons. If Z' couples to dark matter it is a leptophilic dark matter

interaction.... ior jto be e, has very stringent constraints, i=u, j = t less
: )




" contribution to muon g-2

implest version has Z' coupling to w and T in
diagonal form. An additional anomalous AaM will be

generated at one loop level
(Baek, Desh, He and Ko, PRD64(2001)055006)

)

g* m; /1 20%(1 — z)dx
o 1—x+ (m}*’,/m?).rz '

A2

Aul/j = 3
ON ,,'2/ .
In tne 1large m,, >>m  Imig,
AnZ — (72192 2 2
Aafi = (g°/127%)(ms, /m7,).
To explain the muon g-2 anomaly: - - n oo g 5N X7
P 9 Y 7%/m%, = (2.66 +0.63) x 10~°GeV

One must check if the above region is ruled out by other processes.

The trident neutrino scattering data come in and rule out the above solution
For large Z' mass indicated above!




. Small and Large Z’ Mass Solutions for Muon g-2

The t neutrino constraint

Normalize SM contribution to
experimental measurement, og,,/Ogy-

If data agree with SM, o/c(SM) = 1.

Experimental data: 0,,,.,,/05‘\,|,,.,-,1,.,,,: 1.58 + 0.57. 0.82 + 0.28 and ().721(l,j::5_§
from CHARM-II, CCFR and NuTeV.

oz | (1 + ds3y + 8g°miy/g*m%,)* + |
With Z’ contribution: gopy e 14 (1 +4s2,)?
Using central value for 2.66x10-> GeV-2 tor g'-’/,,,'j, ' Obtains oz /osny = 5.86

The model is ruled out as a solution for muon g-2 anomaly for large Z" mass!
(much larger than muon mass)




mall Z’ solution

What about small mass m, << m_?

In this region, the previous result for trident neutrino scattering is not valid
because the g2 exchange by Z" is g
comparable, the heavy Z’ mass limit 0.01%
Cannot be applied!

More involved numerical calculations
obtain the results shown in the figure
On the right.

1072}

Itis a folklore that in U(1), . in order

to explain muon g-2 anomaly, T ——

0.01 0.1 1 10
m.. must be less than 300 MeV!
m ., (GeV)

In this rest of the talk, I will show that this needs not to be the case!
The model can admit solution without affecting to trident neutrino scattering!
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Contents lists available at ScienceDirect

Physics Letters B

[] arXiv: 2112.0992

Widening the U(1)r, L, Z' mass range for resolving the muon g — 2 )

anomaly =

www.elsevier.com/locate/physletb

Yu Cheng*®, Xiao-Gang He *"<, Jin Sun®"*

It has long been shown that the U(1), ,  can be modified to have Z’ coupling

to leptons in the following form

~( = _ — — M 7!
—qli~AY'r +7"u + v, A" Ly v-~"Luv 2 .
(PRD 50 (1994) 4571) g( TTY R VA T+ V) i') T

Achieved by the discrete symmetry: Z' -> - Z, mu to - tau and tau -> - mu

In this case, no v, N — wv;ujiNocess in the model and can naturally avoid trident
neutrino data and may survive! In this case

~*) )
- g=m 3Im
. A2 g My T,
Easy to explain muon g-2 anomaly! Aaj, = 55 ( - 2)
127w°m?,, \ m,,
However, the above interaction will generate T — W,y + HVrVy

Ry = I'(t = pww)/Tsmu(t — pwrv) = 1.0066+0.0041
The data rules out the above simple at more than 5c level!
Need to work harder to find solution!
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Solutions to problems facing

Nee troduce new ingredients to cancel the large contribution to obtain the wanted
interactions. Triplet Higgs A;: (1,3,1)for type-II seesaw model will help!

The mode:  Hios @ (1,2,1/2) (< Hi >= vi/V2)), , charges (2,0,-2)

Impose an exchange symmetry Z, : Z' - 7' .Hy & H, and Hy, & H;
Also v2 = v3 (no spontaneous Z, symmetry breaking).

Ly =—g(lay* Lly — I3y* Ll + é27" Res — €37 "R(';;)Z;, 1ass matrix is

" (7 7
- [ : 5 ([ Reo + I3 Re:
[} 11 _lR( Lt )"4 2ftez + I3 R ';)]Hl Vo Y22‘l’2/\/g Yosuy/ _2
Yl (IsRes Ha + I3Res Hy) + H.C. Mir = Vosva/V2 Yagvay/2

Which is diagonalized by
In the mass eigenstate basis, Z' interaction with leptons is

(/1) 1 (l —l) (('->) —g(pyH'r + ™ + vyy¥ Lvy + 04" Ly, )Z,',

+] /A \l1 1 L Jeedtofi.. .
€3 T — UWWyuVy + W1V

2
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Introduce Ai123 (< A; >= [,/\/ﬁ) with U(1)., -1, charges (0,-2,2)

Under Z, symmetry: A, < Ay, Ao & Ay — [f;;Ll,,()fz'.’z(Ag + Az) — 2Y534,)
vev constrained to be less than 1 Gev = - -

from electroweak parameter p
+218 Ll (Y35 (A2 — Ag))] /2+ H.C.

At/V2 At | | 1 |
A= ( A/U —At/\/2 viLviAY — e Le; At — E(f/} Le; + & Lv;)A"
In the charged lepton eigenstate basis: The non-zero elements in M(D) are
. P ] I Ve 2 ; 7 . 1 2%
(\/2(17;:. oG, i) M(AY) + (¢, i1, 7 )M (AT )) Lie,p,7)T M =Yl Mz =My = 5¥55(A2 = As),
T l.,. v
— (¢, 5, U ) M(A®)L(ve, vy, v5) (13)  Mass = 5Vp(B2+ Ag) F Yp34: .

Exchange A0+ ++ will generate needed interactions!
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olutiontot->uvv

ol Pup VY Lvy, + v A" Ly )iy, LT

+ (/)1';4 Vy '7"‘ LV;: + Pur ’7;1 7“’[4'/7 )/-"7;4 Lt

= (|Y35)? /mA, F V)52 /7”/_\ ) /4and p,r = prp — |Y2'{,|2/m2Al

/)[I[I.T[l

M, are the A masses which are larger thanmy, . A/, ;i (7 — pi)

2 ~2
Pru g g i~ TR L
2 - 4771.%‘.. - m%, HuTVrY" M

_ (I)T" — g° )ﬂ'} V5TV Lv
2 4dmi, e g Prul2 — g*/m%, =0,

~2

Pu 9 _ Pur '\ - —

+ [( ’27 T2 ) P T — (’TT) l"'hﬁ-"f’" " Ly straints
.Z’

+(pup )iy L0y Lvy + vy Ly, ) . (17) T = Qv
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dditional effective interactions

ange A++ at tree level will give

) AL AR
Br(r — 3u) = MrTr (l 22 _ Yl )

3(16m)3 \ m3%, mi_‘

Exchange A+ ++ at one loop level will genetrate a non-zero AaM

m;, Y35/ | Ak | Ak
l(mz mi! mi mi

Also at tr . . Dy o . . —_— .
[(1 + 48%{' o (7”%!'/.(12)()1/“/1)2 + (1 o (""‘121'/.(/2)():/,,;1)2
+(—(m3y /9%)0,. )% /(1 + 4s3y ) + 1], (19)

v = |Yaol?/mA, + Yo |?/mA, + 4|Y35|%/m}, 8o s | 2/7”32 Y2 /mA .
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umerical Analysis

F ration taking A, and A; mass to be the same.

This choice eliminate potential T -> u y constraint,
also force vanishing T — JLjLfi

¢ ~2 /. .92 Neutrino trident excluded
Choose  Pru/2 — g~ /mz = 0. o
to reduce contribution to T — Qv
SV g % i 3
Also se_t Y1 03 << )223v0|d 3 10
potential Gaiyer num T — eV 3 §
: ®
Constraints from 0 o~
)
+ o +u=/r++= lvi
ete” = Z = ptp [trr Jvp » | E A
Aie aisu 1su sausiieu. 10~ 10~

g’Imj (Gev-?)

There are large parameter space to allow tiic 1nvuci W sausiy an v
Constraints! Z" mass can be large!
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. Conclusions

In the simplest model U(1), ;. , Z" interaction with charged leptons are diagonal.

If required to explain muon g-2 anomaly, trident neutrino scattering data
constrain the Z' mass to be less than 300 MeV or so.

It is possible to evade trident neutrino constrain with modified model. There are
large parameter space to allow the model to satisfy all known constraints!

Z' mass can be large!

Interesting Smollinn rin cinnatiira far madifiad madal-
v )Z* = pErT + (21 - oot ptr).
e+ e- or PP ->
etp

"~ - states
u*prr¥rE
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Thank you for your attentions!
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