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muon g-2

» muon g-2
—_ AXP _ SM
Aa, = a, a

U
= (2.51 + 0.59) x 10~°

Standard Model Experiment
Average

17.5 18.0 185 190 195 200 205 210 215

4.20 discrepancy a, % 10° - 1165900

* EW-size corrections are necessary

e |attice results are more consistent with the Exp. value



Ry anomaly

_T(B->Ku'u™)
K7 T(B - Kete)

SM holds lepton universality: Ry = 1

BaBar > Moriond 2021

0.1 < g% < 8.12 GeV7¢c*

Belle

1.0 < g% < 6.0 GeV/

Rk = 0.84675:035 + 0.013

LHCb O fb"!

1.1 < g* < 6.0GeV/ct

~ 3.1 o below

LHCb, 2103.11769



b —» su*tu~ anomalies

» Lepton Non-Universality
Ry = 0.84615035 £ 0.013 RSM =10 ~3.10

> Branchingratio B > ¢ utu~, Kutu~™  +angular observables
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b = suu anomaly

4GF , a ' ony
}[effz—ﬁvtbvtsg Z (G0, +C0/)+h.c.
j=9,10

O(I)H (SVMPL(R)b)(”VMﬂ) 0( = (SVMPL(R)b)(HV”VSH)

> global fit of (CYF, CNP)

fit the Wilson coefficients to all
observable related to b — suu

—» (I’ =-0.80+0.14

=3 5.70 improvement from SM

—0.5 0.0

~bsip
C o HH

W.Altmannshofer, P.Stangl, 2103.133760
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Vector-Like [VL] fermion + U (1)’

simultaneous explanation for muon anomalies

» U(1)" + VL-leptons + VL-qaurks
b U
E12 4
u u
A S U
—> Aq, —> b > suu
» Models

* U(l)L“—LT + VL-lepton + VL-quark  w.Altmannshofer et.al 1604.08221

o U(1)3_, +VL4™ family S. Raby, A Trautner 1712.09360

e e.t.c. Allanach, Queiroz et.al 1511.07447, Megias, Quiros et.al 1701.05072



Our Model

» Complete Vector-Like 4™ Family + U (1)’

VL fermions (Pp)~(D)~TeV

*similar setup:
A. Falkowski, S. F. King et.al

* Only the VL-family have U(1)' charge 1803.04430
« Z'-SM particle couplings appear in mass basis

* Unwanted new physics contributions may be evaded



Mass Matrix and Couplings

> Yukawa interactions and mass matrix

—Lyukawa = €k, Y,’ [, H + AeERL H — A,LgHE,
+Ab¢ LrL, — A5 ¢ EREg + Ay LRl — A7 ®*eg E;

5 YJH 0 o) /e,
—>  ExM.E, =(er, Ep Ep)| 0 AH ¢ || E
A]LCIJ e ALH/ \EL

* similar for quarks/neutrino

» Z'-coupling in mass basis : U;TMeUf = diag(me,mu,mr, mEl,mEz)

033 0 O 033 0 O
Je, = g'Uf*( 0 -1 0 )Uf gér = g'U}j*( 0 -1 0 >U§
0 0 -1 0 0 -1

—3 7'-couplings to the SM families



Possible Flavor Violations

» Lepton flavor violation

e~

, ~25%x107° u—ey,t- uy, - 3u et.c.

» Quark flavor violation

b u
ZI
<
S u

CNP < —0.5 — B, K — K mixing



CKM Matrix

) 1543 0 O
5 X 5 “CKM” matrix VCKM=UJ 0 1 0]Uq4

CKM matrix is unitary

» Non-Unitarity

3
y)
s M, : VL quark [VLQ] mass
V - [V, . =08::+ 0 2 — Q
kZ[ ckmlikl CKM]k] ij T ( tr MS) €t,: Mixing bet. top and VLQ
=

2 2 2
, Mg _ ( Etp ) 2 TeV
— ~7.2X107" X |—=
"R M2 0.01) \ "M,

CKM is approximately unitary as far as €;, < 0.01



Benchmark Points

¥ = 22.6,

Observables

Point A

Point B

Point C

Point D

Exp.

Aay, x 107

2.62

2.52

2.52

2.45

2.68 £0.76

BR(jt — ey) x 1013
BR(7 — py) x 10°
BR(7 — jujupe) x 103

0.147
3.34 x 1074
6.96 x 10~

1.597
3.62 x 1074
4.77 x 1074

0.061
3.27 x 1076
6.55 x 1075

0.822
8.45 x 1077
4.36 x 1077

< 4.2
<44
< 2.1

Re Cg'
Re (1,

—0.548
0.370

—0.806
0.252

—0.838
0.347

—0.808
0.322

—0.7+£0.3
0.4+0.2

A My [ps ! ]
AM; [ps™ ! ]
SyK.

S 10

Ht h

Bs—pupt

0.561
19.6
0.697
0.0366
0.841

0.610
19.8
0.696
0.0374
0.890

0.598
19.4
0.692
0.0373
0.850

0.590
20.0
0.695
0.0379
0.861

0.506 £ 0.081
17.76 = 2.5
0.695 £+ 0.019
0.021 £ 0.031
0.754+0.16

best mg, >1.2TeV m, >750GeV my > 750 GeV

Most observables are explained within 1 o




LFV decays

muon decays tau decays

)

(7 — pepape)

-
=
2 &

10—1-‘1 IU—H 10713 1071."5

BR(y — ev)

Br(u — ey) >» Br(u — eee) Br(t = uy) < Br(t = uup)



B-meson mixing

exp.
SM(unit. )
SM(indp.)

SM (unitary CKM)

* B meson mixing is consistent with SM

e NP contributions are smaller than CKM uncertainties



Upper bound on Z' mass

600 700 800 000 1000

Mg [Giﬂ-’_]

m, < 800 GeV is required for y* < 28



Upper bound on VL lepton mass

o00 G600 900

mz |GeV]

* Aa, is explained inside the contours

» VL lepton should be lighter than 1.4 TeV even if m; ~ 500 GeV



Summary

JK, S.Raby, A.Trautner, 1906.11297, 1911.11075

both anomalies are explained in models with Z' and vector-like [VL] lepton

» muon g-2
14
2/ L R
500 GeV 9uE9 LE
Aa, ~5x%x107° x < HETH
i < my ) 0.09 E
L/R. I/ . . M
9rr : f —F — Z' coupling in L /R current U
ZI
» b - SUU anomaly c.f.Cg ~ [—1,—0.5] is favored b 5
2
o~ —0.83 x 500 GeV gSLb gfm + gﬁu 7!
? ' my 0.0006 0.6
U 2

m, ~ mg ~ 0(500 GeV) is predicted
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Outline

1. Muon anomalies

2. Vector-like U(1)’ model

3. High multiplicity muon signals from Z' and VL lepton

v How to confirm the model ?

4. W mass anomaly
use LHC

5. Summary
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7' search

» dimuon search at LHC

ATLAS
/ +. - Vs =13 TeV, 139 fb™
pp > Z > pu 5 X
0-width resonance
Z !/
—— Observed limit
Expected limit
[ Expected + 16
[ JExpected+20c
p l.,l, : 400 600 800 1000 1200 1400 1600 1800 2000

m, [GeV]

» muon anomalies, B; — B, mixing

500 GeV* gk, + gk,
mZ/ 06

Co ~ —0.83 X (

Z' may strongly couple to leptons, but weakly to quarks

—» ohglpp > Z' > ptuT) <1fb

20



Dimuon Z' Search at LHC

MadGraph5
FeynRules

arXiv: 1903.06248
ATLAS limit

ohalpp — Z' — pp)|fb]

 —
]

HL-LHC expected

S GO0 700 500 900 1000

g [ G L‘\-"_]

* Cross sections can be smaller than current limits

 HL-LHC is sensitive to not all, but many points



> 4u signal

» VL-lepton pair production: pp — LL L= E/N

« 6 muons are produced if both Z’ — uu frompp - EE - u~u*z'7Z’
* 4 muons are produced if one Z' — uu

* 4 muons are also produced from VL neutrino production

22



Assumptions

> VL leptons are assumed to be SU(2), singlet or doublet

singlet /s = 13 TeV
doublet /s = 13 TeV
singlet /s = 14 TeV
doublet /s = 14 TeV

production cross section

=
o=,
A
€3]
+
S}
T
=

mg = my for doublet case

750 1000 1250 1500 1750

mg [GeV] Madgraph5

» Z' boson decays to muon or neutrino

2 2
, ~ I'(Z' - uw) _ 95| +|95,] _
BR(Z - .u.u) _ F(Z’ - VV) + F(Z’ SN HH) — 2|gﬁ#|2 n |gﬁu|2 =

|gfm| = |gﬁu| is predicted in Cq9-only or C;4-only scenario

2

!
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Recasting ATLAS analysis ,.o; 116e4

» Signal regions

SROL0%se > > veto Mege > 600 GeV

bveto

Srotieht > veto Mg > 1250 GeV

bveto

SR5L > -

+ trigger condition
Megr = EP1SS + Z pr + z Py

f=e,u Jj(pT>40GeV)

» Experimental result

SROloose  gpotieht SR5L

bveto bveto

* no evidence of new physics

e 1.90 excess in SR5L

24



95%C.L. limits on Br(E — Z'u)

> SU(2), singlet » SU(2); doublet

SRW ight
1GO0 breto A
1400
1200
. 6
i
2

1400

= 1200
QL
9

& 1000

200
600
400

200
1000 1250 1500 1750

500 750 1000 1250 1500
mg [GeV]

me [GeV]

Madgraph5+pythia8+Delphes3

tight
bveto

 SRO gives the strongest bound for Br(E — Z'u)
* limitis1(1.3) TeV for Br(E — Z'u) = 1 for singlet (doublet)

 SRS5L limit is weaker because of the excess

25



Future limits at HL-LHC: L = 3ab~!

tight
bveto

+lmgs — 500] < 100 (250) GeV

> SROtight > SRO

bveto
*doublet VL lepton

1800
1600

1400

< 1200
[}

1000
800

600

400

200

500 750 1000 1250 1500 1750
mpg [GeV]

500 750 1000 1250 1500 1750
mpg [GeV]

bkg = 3000/139 b13TeV = 76.6 bkg = 10
Madgraph5+pythia8+Delphes3

e background colors are exclusion upper bounds

» white lines are discovery potential for a given Br(E — Z'u) attached on the line

tight
bveto

* if Br(E - Z'u) = 1, exclusion (discovery) limit is 1.7 (1.5) TeV by SRO
26
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W mass anomaly ?

» CDF measurement Do |

CDF |

my, = 80.4335 (94) GeV

DELPHI

L3

» PDG average
my, = 80.379 (12) GeV

» SM value ppg
my = 80.361 (6) GeV 79500 80000

new value is 7o larger than the SM expectation

80478 + 83

80432 + 79

80336 + 67

80270 + 55

80415 + 52

80440 + 51

80376 + 23

80370 + 19

80433 =+ 9

80100 80200
W boson mass (MeV/c?)

CDF, Science ‘22

80500

28



Vector-like lepton explanation

* VL quark may be possible
y be p
J.Cao et.al. 2204.09477

w w

» W mass shift by VL leptons - (L°): charged (neutral) doublet

2
w

A
oMy o ora s (250GeV ? [ mi- —m?
mé, ' my (100 GeV)?

* my, is explained for (200 GeV) VL lepton with O(10 GeV) mass diff.

* large singlet-doublet mixing is required as for muon g-2



Vector-like lepton explanation
2205.10480, JK, S.Raby

» with singlet VL neutrino

E;, — SM
E1— Z'u
E, — ynu
E, - N\W

200
mp, GeV

e VLLis lighter than 200 (250) GeV with (without) singlet VL lepton

* muon g-2 can be explained in both cases

30



LHC limits ?

» doublet VL lepton

138 b (13 TeV)

Vector-like lepton doublet
— o(t'T+vv'+TV)

95% CL upper limits

E ‘U —— Observed

------ Median expected
I 589 expected
95% expected

600 800 1000 1200

m. (GeV)

* VLL decaying to tau

* Runl limit for VL lepton decaying to muon is about 300 GeV
1408.3123, R.Dermisek, J.P.Hall et.al

* Run2 limit may be stronger than 800 GeV

31



LHC limits ? 2205.10480, JK, s.Raby

possible way to relax LHC limits

» VL lepton + VL neutrino + X

N

scalar X
ex) U(1)" Higgs

200

mp, GeV

* VL neutrino can be singlet-like
e scalar X may decay hadronically

e complicated signals

32



Summary

* Aa, and b — supu anomalies are explained in the VL family + U(1)" model
* > 4u signals are expected in models with muon-philic VL leptons and Z'
* new CDF value of W mass can be explained by 200 GeV VL leptons

e LHC limits may be evaded if VL lepton decays to VL neutrino + X

Thank you !

33



Backup
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Complete vectorlike fourth family and new U(1)' for
muon anomalies




Patterns of Cq, Cy9

This model predicts —Cy > (7 to explain Aa,,



CKM elements

CKM values via SM fit

CKM values are consistent with SM fit

SjuswaJinseaw |enplAipul ysulede s||nd



Patterns of Cq, Cy9

This model predicts —Cy > (7 to explain Aa,,



Heavier VL-lepton

200 400 GO0 800 1000 1200 1400
me, [l'.__h;ﬁn-"_]

mg, S 1.7 TeV for Aa,, ~ 2.68 X 1077 since LR-effect is crucial



Current limits on doublet-like VL lepton

1600
1400

= 1200
&

1000
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200
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Figure 3: Limits on BR(EF — Z’p)

1600
1400

= 1200

L)

750 0 ) 1500 1750

1800

1600

1400
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my [Ge

SR2L

1000

for the doublet-like VL lepton.

Upper limits on Br(E — Z'u)

1250 1 1
: [
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Current limits on singlet-like VL lepton

1600
1400
1200

= 1000
9

I
—_

500

tight
SRr l.n.__ __
1600 bveto
1400

1200

= 1000
:ﬂl

750 1000 1250 1500 )0 1250 1500

mg [GeV]

Upper limits on Br(E — Z'u)
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Maximum number of signals in SR5L

0.200 700~
0.175

600 4 600 -+

0.150
0.100

0.050 200
500 600 300 350 400 450 500 550 600 650 700
mp [GeV] mp [GeV]

Figure 5: Maximum values of the number of signal events in SR5L consistent with the limits
of SROI%¢ and SROP®™® for the doublet-like (singlet-like) VL lepton in the left (right) panel.

eto bveto

Background colors are the BR (E — Z’'p).

The excess in explained in yellow region

42



Future limits for doublet-like VL leptons

tight
bveto

SRZp : SRO

750 1000 1250 1500

my [GeV]

SRZp

1250 1500

500 750 1000 1250
mp [GeV]

SR5L'

500 750 1000 1250
mp [GeV]

1500

1500

Future limits on Br(E — Z'u)

+ |mos — 500| < 100 (250) GeV

SR5L" : SR5L+Z-veto +m ¢ > 1000 GeV



Future limits for s

aphg
SRiyeto

SRZp : SRO

tight
bveto

1000 1250 1500

1250 1500

inglet-like VL |

1600

1400

1200

> 1000
3

Future limits on Br(E

+ |mos — 500] < 100 (250) GeV

SR5L :

eptons

SR

1000 1250 1500
my [GeV]

750 1000 1250 1500
me [GeV]

- Z'w)

SR5L+Z-veto +m ¢ > 1000 GeV
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Masses of VL quarks

400 500

g [ G L‘\-"_]

There is no stringent upper bound on VL quark



Muon g — 2

AL H

Ei, Aa,, ~ —

z' Ea Z Eg
W~ = ) 41 Mz, Gz(¥a)

U VL lepton mass

8?2 mZ,

1,2 / 1,2
gu Z IR

» Aay, is proportional to Higgs coupling: A’QZRHEL

2
C ALH 1TeV Gz (x1) — Gz(xg)
- _9 LE) e Y i A Z
Aau < 29x%x10 X (0.1 (174 GeV)( o ) CLE LME MLZ — M,?

AeH/® = 0.1 are needed



Lepton Flavor Violation ()

> U ey, T Uy €epr Ery g - MIXing bet. VL-leptonand e, T
Y Y
Ei <> Ei
Iz 1z K 2ot
A Z' €or

similar diagrams as Aa,, induce 4 = ey, 7 = Uy

Exp. limits
4

R ?/ €, \2(1.0TeV
Br(u - ey) ~ 2.3 X107 x | 75 (10—6) & ) <42x10713(90%C.L.)

2 4
A € 2 /1.0 TeV

B ~15%x 109 x | = ( ¢ ) < 4.4 %1078 (90%C.L.

r(t - uy) ~ 1.5 x 10 <1.0> To-2 ( )



Lepton Flavor Violation (ll)

» Z' coupling to SM families €e, r» €7, r  MiXing bet. VL-lepton and e, T

2

EeL el 9# eL-TL eL
171 (5 - g 2
~g'Zy(eL B T)yH | €e S,  So,, €156 (HL)

2 1L
€e €,  €7,50),, €1,
> U — eee, T — uuu e.t.c.
€e €1
u e T u
A € VA i
el 0 m

4
€, \/1.0TeV
Br(u — eee) ~ 2.3 x 10740 x (1056) ( > < 1.0 x 10712 (90%C.L.)

-9 6’1’
Br(t - puu) ~1.0 X 1077 X ( )

4
10-2 ) < 2.1 x 1078 (90%C.L.)



Neutrino Mass

> Majorana mass for vg. ., Mp ~ 10'* GeV

vwH 0o Ao\ W vig IVH Vo
Mpirac = 0; AvH Ay v —> Mpirac = 0; 0 /111\/1915
Ao e AH 0 M, i

VR Ng N}’? 1% le Ny,

\WECEMERNERS \-/ M, \ 0 0 Y/ H INH ,11di)\
0 0 0 0 Ayo
0 0 0 0 M, i
Mioxio =1 pisg | o o 0 0
NH|I 0 M, 0 0 0 SM neutrino ~ H? /Mg
\ANch We 7 0 0 0 )

SM and VL neutrinos are secluded by Majorana mass



Benchmark point A

my = 277.608., wvy =4079.3, ¢ = 0.250042, Ay = 0.689454, A, = 0.210518
M, =
0.000486575  0.000000322078 —0.0000009971 0.000201232
0.0000000453521 0.159775 0.00162206 —153.074
—0.0000614248  —0.00512644 —1.74616 0 —0.0409467
0 0 0 0.0000361209  448.074
—0.00000237863  —312.626 0.0547758 280,432 —174.104

ﬂ[ﬂ_ =

0. 0. 0. 0 0
—15.7947 28,3788 . ¢0.0735218: 15.4093 . 01075351 0 0

10.4292 . 61,193971' G7.3777 - 6’0'0000000228655i —53.4556 0 0

0 0 0 1.54426 —454.964

—0.00000237863 312,626 0.0547758 980.357 —21.7762 Mass and WldthS

0.000893504 0.00562655 0.688382 - 1523131 0 —0.0228009
—0.000172924 0.631189 —0.119538 0 —40.8575
0.535431 - 17228804 4472 —171.657 0 —8.7671
0 0 0 —0.000301965  —3596.52
0.0051151 214.302 —96.8583 3445.76 5.50646

‘ Mass [GeV] Width [GeV] | Decay 1 BR  Decav2 BR

2776 0.1361 up 05001 vy 04907
651.9 0660538 | Ep 04301 Np 04227
18717 0.9049 NoN, 02088 E,E, 0.1473
367.9 00354630 | Zu 1. h 0.
4222 00817534 | Z'v 09995 Wu  0.0003
M, = N, | 450 0.1133%0 | WE, 08792 Zv 01179

0.0121338 0.0527148  0.0199472 . ¢—3-08081: 0 —0.0254167 2| 5483 4.07452 WNy 04799 ZE, 0415

—0.00528222  —0.0409769 258755 0 412307 15721 0.0371 Zb 04T Xk 0.2831
0.001809847 - ¢— 1624911 ) 0198056 ~1.21195 0 6.1041 ' 53T 30221 o 04T e 0.3820
2453.8 3.0228 Z's 04063 xs 03779
3506.8 0.1085 . 04504 xe  0.4213

0 0 0 —0.122713  —1571.54
0.0051151 214.302 —96.8583 3445.76 —1.99223




Angular observables

from talk slides at 10th LHCb IW by D.Gerick

angular differential decay rate:

e LHCb
L TC+D ‘Run 172016
d(T' +T)/dg? dq2dG |p . * Combined

" SM from DHMV

[%(1 — FL)sin2 O + F1, COSQGK

327

—1—%(1 — F'L)sinQ O cos 20,

—Fy, cos> Opc cos 20, + S3 sin> 0K sin” 0y cos2¢

+S4 sin 20 i sin 20 cos ¢ + S sin 20 i sin 6y cos ¢

+Sgs sin” O cosBp + Sy sin 20 i sin 6y sin ¢

+Sg sin 20 i sin 20, sin ¢ + Sg sin” 8% sin” 6y sin 2¢

plus S-wave contribution and P-/S-wave-interference terms.

Sgs . 0
2 = 5oy and Py = =7 3.30 discrepancy

S4.5.7.8




Explanation of excess in = 5¢ signal

explain the excess in SR5L and null excess in SROEEBEO, SRO{)OVOeSt%
» Mg distribution > EMISS distribution Br(Z' - Ew) = 0.25

0.008 (mzr, mp,) = (390, 400) GeV ’ (mz.mp,) = (390, 400) GeV
(mz, mp,) = (400, 1000) GeV SM bkg.
¢ data

0.007

0.006

0.005

0.004

Number of Events

0.003

0.002

0.001

0.000

500 1000 1500 2000 2500 3000 0 2 40 G0 80 100 120 140
me [GeV] ERiss [GeV]

Madgraph5+pythia8+Delphes3

tight(loose)
bveto

* |limits from SRO are weaker for light spectra

* excess explained by singlet VL lepton if (m,s, mg) = (390,400) GeV

* Our model only has muons, but the experiment also counts electrons
Y



