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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!

A new U(1) gauge symmetry
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Dark photon model

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

Pt aee o el
L==1BuwB" + 5 —BuZi" - 1 ZuwZj

cy = cos Oy,
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Dark photon model

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

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

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

B g

cy = cos 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

Mass eigenstates: y, Z, and{Z | ey sica;

47 gauge boson

L~ —esJt Z Z, couples JZ
. em </dp (”"% < 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
Higgs sector: ®, : (1,2’5,()) D, : (1,2,5,1> R (1,1,0,1>

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

_ and the doublet VEV (v,)
Mass matrix of neutral gauge bosons
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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
Higgs sector: ®, : (1,2’5,()) D, : (1,2,5,1> R (1,1,0,1>

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

_ and the doublet VEV (v,)
Mass matrix of neutral gauge bosons

New source of mixing!
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Mass mixing , _ 284V
=

independent of € g2, V2
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Nature of gauge symmetry breaking is quite different
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Higgs sector: ®, : (1,2’5,()) D, : (1,2,?1> R (1,1,0,1>

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

_ and the doublet VEV (v,)
Mass matrix of neutral gauge bosons

New source of mixing!
A 2
Mass mixing , _ 284V

independent of € - g2, V2

9 Z les to J*
R e
m2 < m2 Dark Z boson
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Dark Z model

Lg~ — (6{:‘ng | sz 82J§C) de,

Z ; predicts various distinctive phenomena

e Parity violation @ low energies 12032947 1507.00352 2309.04060

e Rare meson decays 1203.2947 2210.15662 1402.3620

e Higgs exotic decays 1304.4935

e Collider signals 1401.2164 2205.10304 2209.03240
In this talk,

The W boson mass anomaly
in the dark Z boson
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W boson mass (my,) anomaly

PDG (2022)

W boson mass measurements il e
pp(pp) e W 40 f]/, 1 +€_ L +W_ DELPHI _ 80.336+ 0.067
L3 o 80.270+ 0.055
Before Apr 2022 OPAL N 80.415+ 0.052
W. ” ’ LEP2 —%—  80.376£0.033
orld—ave. __ - Sl il
mW o 80377(12) CDF -...- 80.389+ 0.019
ma/M N 80356(06) PDG (2022) DO + 80.383 + 0.023
GOOd a r'eemen'l' Tevatron -l- 80.387%(2._01/6
g = +80370i0019
CDF, Science (2022) :

LHCb —=— 80.354 + 0.032
LHC - 80.366% O._01 7
.. -_ ________________________ e
CDF 2022 & 80.4335+ 0.0094
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W boson mass (my,) anomaly

PDG (2022)

W boson mass measurements s =
PR f]/, ) e et DELPHI = 80.336+ 0.067
pp(pp) g L L3 = 80.270+ 0.055
Before Apr 2022 OPAL | 80.415+ 0.052
W. > ’ LEP2 —%— 8037610033
orld—ave. _ . L Bhisd
My s 80377(12) CDF o 80.389+ 0.019
man e 80.356(06) PDG (2022) DO + 80.383+ 0.023
GOOd Ggr'eemen'l' Tevatron -l- 80.3872i;d(2;2122
The CDF-Il result cor Science (2022) ATLAS -- 80.370+ 0.019
CDF—II ‘ ; LHCb + 80.354 + 0.032
My, — 804335(94) LHC - 80.366:+ 0.017
7 d ati | WorldAvg ... """""""""""" 80.377+0.012
New phyiSCS? B RV AT IR CDF 2022 = 80.4335+ 0.0094
I I I | I I | | I I
80.2 80.4 80.6
Need to enhance my,
my [GeV]
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my, anomaly and new physics

New physics effect: S, T, U parameters peskin. Takeuchi. PRL (1990)

asS al al
Ami, = my, — (my")* = %C%/( Sl +E>

CDF—- II)2

—> 095 14T+ 1.1U ~ 0.25

AmW (my;
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my, anomaly and new physics

New physics effect: S, T, U parameters peskin. Takeuchi. PRL (1990)

Am%, = m‘%,— (m My2 — chW(

AmW (my;

CDF- H)Z Sk (ma/M)2 -

— —0.935 + 14T+ 1.1U = 0.25
EW global fit (w/ the CDF-ll result) Lu et al, 2204.03796

S=006(10) T=0.11(12) U =0.14(09)

The dark photon model CANNOT explain the anomaly

under this constraint. Cheng et al, 2204.10156 Thomas, Wang, 2205.01911
Asagqi et al, 2204.05283
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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%
Lonuge = 5% (1+ A1)Z24Z, %(1 AN A +©
mzz a5 92212 / ( 4C%V ) Other terms are

the same in the SM

(2023.11.15) KIAS workshop @ Jeju



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

|

Lonuge = 575 (1 + A)Z4Z, = 55— (14 A) i 2, — ebadfpy Zu+(-)
SO IRE O, 2 Other terms are
mz = g-v°/(dew) the same in the SM

New physics effect in 4 fermion processes

(2023.11.15) KIAS workshop @ Jeju



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%

Lonnge = 3M5(1 + A1) ZZ, — %(1 AN A g +©
T Y 9 Other terms are
mz = g-v*/(4ew) the same in the SM

~_  Coupling
~ deviation
Ay, As

(2023.11.15) KIAS workshop @ Jeju



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%

Lonnge = 3M5(1 + A1) ZZ, — %(1 AN A g +©
T Y 9 Other terms are
mz = g-v*/(4ew) the same in the SM

pe Includlng oS

new particles
o, Coupling
' « deviation
iy Ay, Az

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

The effect of the deviations can be described by S, 7', and U parameters
Holdom, PLB (1991)

4 E7 t Ely €7+ Ely
asS = — dsycw e SwCwW T e r = my Im,

S "SI Oi>. G- = OSSO
€z t Ely, (2 — r?)e, + rety, w . Wos W, 14
al’= — s o EW global fit
S=0.06(100 T=0.11(12)
) E7 + Ely
aU = 4SWCW< e ) U= 0.14(09)

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

The effect of the deviations can be described by S, 7, and U parameters
Holdom. PLB (1991)

A E7 + ety £z + ety
asS = — 4sycy e SwCwW T e r = my Im,

Sy = S1n OBy, ¢y = cos 6
€z T Ely (2 — e, + rlety W . W> =W 14
QL= < ) oo EW global fit
S=0.06(100 T=0.11(12)
» o [ Ez T Ely
al = 4chw< T > U = 0.14(09)

Lu et al, 2204.03796

Deviation in m,

Nl )
AmW— m,
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Heavy dark Z bosons and W boson mass anomaly

The effect of the deviations can be described by S, 7, and U parameters
Holdom. PLB (1991)

4 E7 + Ely E7 T Ely
asS = — 4sycy e SwCw T — £ r=my Im,

= sin 6Oy, = cos @
€7 + ety (2 — rz)sz + rzetW e : W Cw W
sl s e EW global fit
S = 0.06(10) T=0.11(12)
h o E7 + Ely
aU = 4SWCW< e ) U= 0.14(09)

Lu et al, 2204.03796

Deviation in m,

ER ARG Favored by the CDF-IT result
my >0 Am? ~12.5GeV?
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S. T, U parameters in the dark photon limit

In the dark photon (DP) limit (¢, = 0), Dark photon limit (¢2=0)

2
& [
aSDP = 4S%V(C%V - r2) 2: Normalized by a~'e?(1 — r?)~2

1 — 72 5
=

7 S 10 Sop
1 = r2 8 O.
e |

2 5 | Top
Unp = 452, [ — E |
a DP e A o :
b 1 S I’2 - [
-2

Uilils = : 0.01 0.050.10 050 1 9 10
| Sppls [ Tpp| > | Upp|, r=mgz,/mz

and SDP — (4/C%V)TDP fo 3.0TDP
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S. T, U parameters in the dark photon limit

In the dark photon (DP) limit (¢, = 0), Dark photon limit (£2=0)

2
& I
ASpp = 45‘%‘,(6‘%, =) 2: Normalized by a~!e?(1 — r?)~2
1 — 72 =l
=
o) c 1 Spp
alss =it r 2 ; | \\
1 = r2 8 O.
2 5
Upp = 453, [ — s
a DP e A o :
b 1 S I’2 < [
-2|
When r > 1, 001 005010 050 1 5 10
| Sppls [ Tpp| > | Upp|, r=mgz,/mz

and SDP — (4/C%V)TDP == 3.0TDP
CDF-Il result (Am‘%, ~ 12.5GeV?) requires

* Spp =~ — 0.54

Am‘%v ~ — Spp X (35GeV?) S = 0.06(10) | out of 20 region
( ~ 6.00)
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S. T, U parameters in the pure dark Z limit

In the pure dark Z (DZ) limit (¢ = 0), Pure dark Z limit (£=0)
2 [ ' B B ' B B ' r—
€7 2- - -1.2 9N
aAS~r = — 452 6‘2 ~ Normalized by a™"&,(1 — r?)
e 4 W(l—r2> =
e
I5 2 =
al, = (r* =2 2 5 /
pz = ( )<1—r2> G o
2 N | o0z /
E7 [ ]|
Gl e e Sl
el W<1—”2> = J
| DZ
G -2
= — U, foralle,and r e e
e 24 < 0.01 0.050.10 0.50 1 5 10
When r > 1, ITDZ| > |SDZ| — |UDZ| F=mzd/mz
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S. T, U parameters in the pure dark Z limit

In the pure dark Z (DZ) limit (¢ = 0), Pure dark Z limit (£=0)
2 [ ' L B , —r—r—r ’ —
€z 2 : 15 2\—2
I i —452 6‘2 - Normalized by a™"&,(1 — )
o 2 W(l—r2> =1 |
e
- 2 < _
aly, = (r* =2 < m /
pz = ( )<1—r2> G o
) Nl op2 /
E7 TEU ]|
aUy, = 4s2,c2, | —2— £ 1|
el W<1—”2> = J
. DZ
G -2
= — U, foralle,and r i (i
24 2 < 0.01 0.050.10 0.50 1 5 10
Whenr > 1, |Tp, | > |Spy| = | Upy | r=mz,/mz

CDF-Il result (Am‘%, ~ 12.5GeV?) requires

¢ Tn, ~ 0.18

~ U.00
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W boson mass anomaly & EW global fit

0.5 T

mz, = 200 GeV
T )
0.0 0.2 0.4 0.6 0.8 1.0
£

Colored regions = 20 regions
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W boson mass anomaly & EW global fit

(e, =10)

I Dark photon limit

Logqoléz
Logqol€z]

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 Asagietal. 2204.05283

(e, =10)

I Dark photon limit

Logqoléz
Logqol€z]

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 Asagietal. 2204.05283

(e, =0)

I Dark photon limit

Logqglezl

Dark photon limit

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

with [e | = O(0.1) and small &
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W boson mass anomaly & EW global fit

Log,ql€7]

3
100 500 1000
mz, (GeV)
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W boson mass anomaly & EW global fit

Minimum m,

d
my =~ 130 GeV
(le,| = 0.03)

3
100 500 1000
mz, (GeV)
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W boson mass anomaly & EW global fit

O
T
— Large E,
S /for heavier Z;
L g
-2 ‘Perturbation
e i lis not good |
my =~ 130 GeV iy S
(l¢,| =~ 0.03)
-3
100

500 1000
mz, (GeV)
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W boson mass anomaly & EW global fit

O
T
— Large E,
S /for heavier Z;
Lo e
-2 ‘Perturbation |
e i lis not good |
my =~ 130 GeV iy S
(l¢,| =~ 0.03)
-3
100

500 1000
mz, (GeV)

Heavy Z, (mZd = 0(100)GeV) and relatively large | e,|( 2 0.03)
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Constraint from direct searches

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

Dilepton resonant search @ LHC ATLAS. 1903.06248

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

= ATLAS -

x 10k (s =13TeV, 139 fb"!

. E . X S I E

© m hY % i

1 i "o} ‘ '--;II;I:I:_;:‘:?___: —E

; A' ‘ ;

107E AA E

- ~~ — .

n \l —=4 -\ =\

10—2 — Observed limit at I'/m = 10% =

= e Expected limit at I'/m = 10% -

E ==—=TI/m=3% ==TI/m=0% — Z'g), Mmodel :
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, - £/ ]

o %
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
— - — - -
.. mzd=300GeV
_ mz,=500GeV
_3 L 0: - ey
-3 -2 ~1 0 -3 -2 -1 0
Logyplel Logglél

Colored regions: CDF-Il result & EW global fit within 2o
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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-ll result of my, and the result of EW global fit.

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

Considering dark decay channels, this constraint is relaxed.

%Z/mjéf ém'%/
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Mass eigenstate of neutral gauge bosons

1

8 A A A A
v N

1 A A
Lkin — __BMVBMV'I'

4 2 cos Ow

Digonalize the kinetic term

Bu B 1 —¢/ey B“
de, N 0 \/1—82/0%4/ Zdu

Mass matrix for 5, and Z,

R Zy
Loinass = m%VW,;"W H o+ §(Z“,Zg)M‘2/ (Z ) :
dp
Z,= —sinOyB, + cos o,W3, tanfy = g'/g
ﬁbzz —’ﬁzzzn(EZ + ety

(2023.11.15) KIAS workshop @ Jeju



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,[/m
r = mZd/mZ Z4 Z
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The covariant derivative 1in mass eigenstate basis

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

After diagonalization of kinetic terms and mass terms,

18 . .
D= CW(% + rjséetw)(T3 — s‘%,Q)Zﬂ — lensgeQZﬂ — lgd}’]SdeZﬂ

g : !
T==(5 = ncéetW)(T3 - S‘%/Q)Zd’u + lenceely, + 18,mC:Q42,,

%
. g . , : €7 + €ty
o . 3 (T _SWQ)ZM_lngd< 1_,,-2 )Z’u
11




The relation SDZ e BN UDZ

i
ALgange = 5y 01 242, — - ch Aodl 2 A e 2

myzy = 927}2/(40%/)
In the pure dark Z limit (¢ = 0),
A; = —nesiné =0 n=1h/1-¢c,

a¥ = Syiea s “Aspcales — 8N, = Bices A,

all = = Bice loaA £ o A == Bitec A,

- S=-U
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Svz, 17, Up, parameters in the decoupling limit

In the decoupling limit of Z; (r — ©0),
the generated dimension-six operator is only

09 = 0!0,, OFf=aiD'D,— (D'Dy)'D,

This induces the deviation of @(mz %)
Al = 8%7' 2, Az — O, A3 = O

* S = 8stoa s — dsoiles ~ 58 =0
S is not generated by the d = 6 oeprator.

- @® _ 1 m
Spz and Upy is generated by 0 ) = 50 2w,
d = 8 operator e 5 00y i)
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