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Extension of gauge symmetries

Problems in the Standard Model (SM)

B Unexplained phenomena v oscillation, dark matter, baryon asymmetry, ...

B Theoretical problems Unification of gauge interactions, gravity, ...

B Experimental anomalies Muon g-2, B anomaly, W boson mass anomaly, ...

We need new physics!
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Dark photon model

Dark gauge symmetry: U(1), (The SM fermions don’t carry the dark charge Q)

t e e
L==1BuwB" + 5 —BuZi¥ — ZuwZj

Cy = €oS Oy,
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Dark photon model

Dark gauge symmetry: U(1), (The SM fermions don’t carry the dark charge Q)

i A A/lzl/
Zapv g

Cy = €oS Oy,

/ e ‘ mixig

The SM fermions interact with Zd
via kinetic mixing Holdom. PLB (1986)

f
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Dark photon model

Dark gauge symmetry: U(1), (The SM fermions don’t carry the dark charge Q)

_ = A AILV

Cy = €OS Oy

/ e ‘ mixig

The SM fermions interact with Zd
_ via kinetic mixing Holdom. PLB (1986)

f

U(1), symmetry breaking: Zd get the mass term by a singlet VEV

: ; ~ % New physical

Mass eigenstates: v, Z, and Zd # gauge boson

G Z, couples J-
d em“/dp (m%d < m3) (Dark photon)
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Dark Z model
Davoudiasl, Lee, Marciano, 1203.2947

Dark gauge symmetry: U(1),

Nature of gauge symmetry breaking is quite different

: : 1 1
Higgs sector: ®, : (1,2’5,()) D, : (1,2,5,1> D, : (1,1,0,1)

U(1), symmetry breaking: Zd get the mass term by the singlet VEV (v,)
and the doublet VEV (v,)
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Dark Z model
Davoudiasl, Lee, Marciano, 1203.2947
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_ and the doublet VEV (v,)
Mass matrix
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Dark Z model
Davoudiasl, Lee, Marciano, 1203.2947

Dark gauge symmetry: U(1),
Nature of gauge symmetry breaking is quite different

- : 1 1
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U(1), symmetry breaking: Zd get the mass term by the singlet VEV (v,)

_ and the doublet VEV (v,)
Mass matrix

New source of mixing!

a0 2

Mass mixing , _ 284V
=

independent of € g2, V2
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Mass matrix
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independent of & g2, V2

7 H
| 9 5ZJ§Q) de, 4 couples to J
2ew m2 «m2 Dark Z boson
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Light dark Z boson and the weak mixing angle

The neutral current with light Z,induces  Davoudiasl, Lee, Marciano. 1203.2947
1507.00352

the deviation in the running of sin? éW @ low energies.
2
. 24 )2 Lo D PRl CW s
S1I1 HW — Kqg S1Il HW SM Rd = 1 —¢€0

mz mz
mz mz

etw
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Light dark Z boson and the weak mixing angle

The neutral current with light Z,induces  Davoudiasl, Lee, Marciano. 1203.2947
1507.00352

the deviation in the running of sin? éW @ low energies.

SiIl2 éW (Qz) — KR{d SiIl2 éw(Qz)SM kg =1— €0

2
y Mz Cw mZd

2
mz, sw Q% +myg,

LR T T [ | T T T

0.242/Preliminary result m, =15GeV | o _ Tz, mz,
| d

- = Sz etw
0.240" E158 -0.00054 < €6' < 0.00004 1z mz

5] > 1.8 x 107 (Light color) - Figure from Davoudiasl, KE, Lee,

cb 0.238 Lee, Marciano, work in progress
, (Preliminary result)
& 023 (Solid black line)
N
& 0.234 The SM prediction
¢ APV(Ra") ¢ P2(ep) } o Czarnecki, Marciano,
0.232 $Moller SoLID SKEKB hep-ph/0003049
? . e ’E|c} | . (Blue regions
0230/ "Anticipated sensitivities" | gions)
0001 0010 0100 1 10 100 1000 Eredlctlon
Q (GeV) In the dark Z model

Light Z, motivated by muon g-2 has also been studied. ?;ggg‘i‘gg" Lo, Marciano.
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Heavy dark Z boson and 7 boson mass anomaly

This talk: Heavy dark Z boson (m, > my)
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Heavy dark Z boson and 7 boson mass anomaly

Why? This talk: Heavy dark Z boson (m, > my)

A. It can explain the W boson mass anomaly reported by the CDF
Davoudiasl, KE, Lee, Lee, Marciano, work in progress

CDF-I1 -
My = 80.4335(94) GeV CDEF. Science (2022) Am%v {on el

mSM = 80.356(06) GeV PDG (2022) /0 deviation!
Hint for new physics?
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Heavy dark Z boson and W boson mass anomaly

Why? This talk: Heavy dark Z boson (m, > my)

A. It can explain the W boson mass anomaly reported by the CDF
Davoudiasl, KE, Lee, Lee, Marciano, work in progress

CDF-I1 -
My = 80.4335(94) GeV CDEF. Science (2022) Am%,v {on el

m$M = 80.356(06) GeV PDG (2022) /0 deviation!
Hint for new physics?
It is known that it CANNOT be explained within 2¢ in the dark photon

model because of the strong constraint from the electroweak (EW) global fit
Cheng et al, 2204.10156 Ihomas. Wang, 2205.01911 Asagi et al. 2204.05283

EW global fit
w/CDF-liresut =~ S =0.06(10) T=0.11(12) U = 0.14(09)
Lu et al, 2204.03796
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Why? This talk: Heavy dark Z boson (m, > my)

A. It can explain the W boson mass anomaly reported by the CDF
Davoudiasl, KE, Lee, Lee, Marciano, work in progress

CDF-I1 -
My = 80.4335(94) GeV CDEF. Science (2022) Am%/ {on el

mSM = 80.356(06) GeV PDG (2022) /0 deviation
Hint for new physics?
It is known that it CANNOT be explained within 2¢ in the dark photon

model because of the strong constraint from the electroweak (EW) global fit
Cheng et al, 2204.10156 Ihomas. Wang, 2205.01911 Asagi et al. 2204.05283

EW global fit
w/CDF-liresut =~ S =0.06(10) T=0.11(12) U = 0.14(09)
Lu et al, 2204.03796

We found it CAN be explained in the dark Z model
under constraints from EW global fit & direct searches.
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Heavy dark Z bosons and W boson mass anomaly

In the dark Z model, couplings & mass of Z boson deviates from the SM ones
because of kinetic & mass mixing

| 5
Egauge e §m2z(1 i Al)Z“Zu 7 %(1 %5 A2)J§CZAL i GASJ‘E}LMZM "’@
mzz £ gz,Uz /( A C%/V ) Other terms are

the same in the SM
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Heavy dark Z bosons and W boson mass anomaly

In the dark Z model, couplings & mass of Z boson deviates from the SM ones
because of kinetic & mass mixing

Lguge = 55 (1+ A1) 2" 2, = 55 (14 D) Fio 2y — eIt Zu +(-)

-

S /( i ) Other terms are
2 W the same in tThe SM

New physics effect in 4 fermion processes
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Heavy dark Z bosons and W boson mass anomaly

In the dark Z model, couplings & mass of Z boson deviates from the SM ones
because of kinetic & mass mixing

| 5
Egauge e §m2z(1 i Al)Z“Zu 7 %(1 %5 A2)J§CZAL i GASJ‘E}LMZM "’@
mzz £ gz,Uz /( A C%/V ) Other terms are

the same in the SM

~_ Coupling
« deviation
AZ’ A3
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Heavy dark Z bosons and W boson mass anomaly

In the dark Z model, couplings & mass of Z boson deviates from the SM ones
because of kinetic & mass mixing

1557
Longe = 5M5(1 + £1)ZZ, — %(1 + 82) T2 — ey Tt Zu +(- )

S /( i ) Other terms are
2 W the same in tThe SM

e Includlng AN

new particles
o, ., Coupling
' « deviation
iy AVIFAY:

Sub Ieadlng @ Z pole
(unless m, ~m; )
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Heavy dark Z bosons and W boson mass anomaly

s
['gauge = §m2z(1 52 AI)ZMZM 5 ﬁ(l 12 AQ)JﬁCZM e eAngMZ“ = ens

The effect of the deviations A, A,, and A; can be described by

S, T, and U parameters Holdom. PLB (1991)
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Heavy dark Z bosons and W boson mass anomaly

s
['gauge = §m2z(]- 52 AI)Z'MZM 5 ﬁ(l 12 AQ)JﬁCZM e eAngMZH S B

The effect of the deviations A, A,, and A; can be described by

S, T, and U parameters Holdom. PLB (1991)

S = 88%,VC%;VA2 v 48WCW(C%V s S%V)A3 ] fonc mZd/mZ
3 et € et bl
2 —4SWCW( iy W){SwCW 2 —6} Sw = SIIIHW
1 —r? 1 —r2

cy = €08 Oy,
ol = —Al —+ 2A2

(EZ + etw (2 A 7'2)5Z i 7’28tW /E\C/\/ng:l?';al fiTH
SRty e
S = 0.06(10)
aU = —8syyew (cwAa + swls) T=0.11(12)
ez + etw \ 2 U=0.14(09
~ 4%, (Z157) s

Lu et al, 2204.03796
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Heavy dark Z bosons and W boson mass anomaly

s
['gauge = §m2z(]- 52 AI)Z'MZM 5 ﬁ(l 12 AQ)JﬁCZM e eAngMZH S B

The effect of the deviations A, A,, and A; can be described by

S, T, and U parameters Holdom. PLB (1991)

S = 88%,VC%;VA2 v 48WCW(C%V s S%V)A3 ] fonc mZd/mZ
3 et € et bl
2 —4SWCW( iy W){SwCW 2 —6} Sw = SIIIHW
1 —r? 1 —r2

cy = €08 Oy,
ol = —A1+ 27,
EW global fit

Sy 2
2 _(521 i egW) ((2 r iez S5 8’5W) (w/ CDF-IT result)

S = 0.06(10)
alU = —8siyew (cw A2 + swAs) (5% i — D)
248%4/6%/‘/(62 +€tW)2 > O 4/Vl]: 014(09)

I~ 2 Lu et al. 2204.03796
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Heavy dark Z bosons and W boson mass anomaly

Using S, 7, and U parameters,

&) G aS . ol | alU
My = MzCy, , , Peskin, Takeuchi, PRL (1990);
2(0%,‘, — S%,V) 1 — t%v 48%,V PRD (1992)

; coy 1 ( g )2
e e ) o &
xd C%V_S%V g Z =
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Heavy dark Z bosons and W boson mass anomaly

Using S, 7, and U parameters,

5 G oS oT aU
Ami; = mzcyy | 5— | Peskin, Takeuchi, PRL (1990);
2( 455, PRD (1992)
5 2
— —mZ (5Z -+ gtW)
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Heavy dark Z bosons and W boson mass anomaly

Using S, 7, and U parameters,

5 G oS oT aU
Ami; = mzcyy | 5— | Peskin, Takeuchi, PRL (1990);
2( 455, PRD (1992)
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Heavy dark Z bosons and W boson mass anomaly

Using S, 7, and U parameters,

5 N oS oT aU
Ami; = mzcyy | 5— | Peskin, Takeuchi, PRL (1990);
2( 455, PRD (1992)

Favored by the CDF-IT result e
my > my

CDF-ll: AmZ, ~ 12.5 GeV?

(62 — 0.55¢)° ~ (1.6 x 1073) x (( S )2 — O.83>

100 GeV
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W boson mass anomaly & EW global fit

1.0" ' ! ! I ! ' ' T v T T T T . . I ' ' T .
- Preliminary result

0.5

~0.5-
i my, = 200 GeV
e
0.0 0.2 0.4 0.6 0.8 1.0
&
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W boson mass anomaly & EW global fit

Dark photon limit
I (€7 =0)
O -3
Preliminary result .
-2
& &
> >
] ]
-l -l
~1
_ S
O—Pr'eliminar'y result
0 -3 -2 -1 0
Logqglél

Dark photon limit
(ez = 0)
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W boson mass anomaly & EW global fit

. Cheng et al, 2204.10156
No overlap region Thomas. wang. 2205.01911

in dark phoTon limit Asadietal. 2204.05283

Dark photon limit
I (€7 =0)
0 -3,
Preliminary result .
-2
& &
S S
] ]
-l -l
~1
_ S T
O—Pr'eliminar'y result
0 -3 ) -1 0

Logqglél

Dark photon limit
(ez = 0)
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W boson mass anomaly & EW global fit

. Cheng et al, 2204.10156
No overlap region Thomas. wang. 2205.01911

in dark phoTon limit Asadietal. 2204.05283

(67 =10)

I Dark photon limit

O-

Preliminary result

Logqoléz

Preliminary result
S 2

Logqglél

Dark photon limit

™ CDF-II result can be explained
(€7 =0)

with |E‘Z| = (0(0.1) and small ¢
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W boson mass anomaly & EW global fit

Log,ql€7]

-3
100

500 1000
Preliminary result m; (GeV)
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W boson mass anomaly & EW global fit

&
I
(@)
O
-l
—2
Minimum m,
d
my, =~ 130 GeV
(|EZ| ~ 0.03)
-3
100

500 1000
Preliminary result m; (GeV)
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W boson mass anomaly & EW global fit

O
T
— Large €,
S /for heavier Z,;
S 4 e
-2 ‘Perturbation
Minimum m;, lis not good |
my =~ 130 GeV e i
(|EZ| ~ (0.03)
-3
100

500 1000
Preliminary result m; (GeV)
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W boson mass anomaly & EW global fit

O
T
— \Large & ;
S /for heavier Z,;
g . B |
-2 ‘Perturbation |
DI s lis not good |
M = 130 GeV i i
(|EZ| ~ (0.03)
-3
100

500 1000
Preliminary result m; (GeV)

Heavy Z, (mZd = 0(100)GeV) and relatively large | e,|( Z 0.03)
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Constraint from direct searches

m, = 0(100) GeV le,| = 0.03-0(0.1)

Dilepton resonant search @ LHC ATLAS. 1903.06248

pp = Z;— £Y¢~ (225 GeV < my, < 6000 GeV)

é‘ N LAV L ottt ]
o _ ATLAS -
v, 10 /s =13 TeV, 139 b —=
= § X =l -
© N . :":1;;-,,
T W .. “1:‘:;;:.:_.“‘ —
10" . [h \ ~ e, ~
- \ ‘ .
S N
10—2 — Observed limit at I'/m = 10%
- e Expected limit at I'/m = 10%
— ===I/m=3% == I/m=0% — Z'gg,, model
— 1000 2000 3000 4000 5000 6000
Dijet resonant search is not effective m, [GeV]
in the relevant mass range ATLAS. 1903.06248

CMS. 1911.03947
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Constraint from direct searches
The constraint depends on Br[Z, - £7¢]

for: 2
Case 1: Only the SM fermions (Dashed lines)
LCase 2: Including a dark fermion [m,, = 50 GeV, g, = 0.1] (Solid lines)

-3
ge; >0 : ge; <0
- mzd=225GeV
_2.
E 5 e :.' i mzd=300GeV
> mz,=225GeV S . mz,=500GeV
-l 1 L 1
mz,=300GeV
mz,=500GeV _
al Preliminary result - ol J Preliminary result
23 -2 1 0 -3 -2 R 0
Logqolé]

Logqolé]

Colored regions: CDF-Il result & EW global fit
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Summary

B New U(1) gauge symmetry is an attractive candidate for new physics.

® The dark Z model includes mass mixing ¢, independent of

kinetic mixing € and provides richer phenomenology.

B Heavy dark Z bosons with relatively large €, can reproduce
the CDF-l| result of my, and the result of EW global fit.

B Such a parameter region is strongly constrained by dilepton resonant
searches unless my 1S quite small or large.

Considering dark decay channels, this constraint is relaxed.

%Z/mj@ é@'%/
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Mass eigenstate of neutral gauge bosons

1

8 A A A A
v N

1 A A
Lkin — _ZBMVBMV'I'

2 cos Ow

Digonalize the kinetic term

Bu B 1 —¢/ey B“
de, 0 \/1—82/0%4/ Adu

Mass matrix for Bﬂ and Zdﬂ

R Zy
Loinass = m%VW,;"W H o+ §(Z“,Zg)M‘2/ (Z ) :
dp
Z, = —sinOyB, + cos o,W3, tanfy = g'/g
TTLZZ —’ﬁl2Z7’](€Z + ety
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Mass eigenstate of neutral gauge bosons

Mass eigenstates Z, and 2,

~

Z, |\ [cos§ —sing Z,
Za, sin§ cosé Zd“
Mixing matrix Mass eigenvalues
. 5Z + 5tW 0
S = 1—7r2 "~ m%:m%(u(gzltg;;") ),
2 2 242
1 52+€tW 2 2 _ €y _€tW+2€Z€tW
COS§§1—§( ]_—'r2 ; mz, =mz, 1 7:2(1_,,:2) 1 — 72 )
r=m,I/m
r = mZd/mZ Z4 Z
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The covariant derivative in mass eigenstate basis

D, =0,+igT"W, +ig'YB, + ig,0,Z,, + (QCD term)

After diagonalization of kinetic terms and mass terms,

18 . .
DM — oA CW(CQK + nsgetw)(T3 — S%VQ)ZM — zensgeQZﬂ — zgdnséQdZM

g : .
(s = negety) (T = syQ)Zy, + ienceeZy, + iganc:QuZy,
14




