Cross-Strait Conference on

Particle Physics and Cosmology
May 9,2012

CONSTRAINING L.LEPTONIC
COUPILINGS OF A FAMIIN -
NONUNIVERSAL Z.)’ BOSON

Cheng-Wei Chiang (3% iE1#)
National Central University / Academia Sinica / NCTS
\ K

In collaboration with Yi-Fan Lin and Jusak Tandean
JHEP 11,083 (201 1) (arXiv: 1 108.3969 [hep-ph])




NATIONAL CENTRAL UNIVERSITY

Rvinchuan J iy TV e~ 4
. : Z g
S"Ild" uanges Sﬁ;'—/ i etal =2
R TS VRS South
: 7 Ly Korea
N -

\ r" - :
Y NN/ ) ‘ < - y
7’ yi ’e" 4,..7 3 Ao : ¢ Daequ
“,,‘a,\. Daejeon & = _gl
¢ = 2
6 P/,,”-ﬁ 7 LH 1 3 ’j-‘ \0'
C- A ! »&,&- .
thngznou v ;‘kr‘ e e Hiroshima ' ™~ A
H*“Y,\s \é;-"”\.’»{ G'l‘/aﬂgju Busan ) ‘.\ - ¢ Shizuoka
10 . BE LA} .1.\0 i P
; ; Yamaquchl '
:u{gﬂoka W }" '
. R,
) : v ¢
g';» = } Shanghai e
gNanjir ?*»“Q\l_ P o Y,
,_-4—;; 5 Kagoshima
gy 7 |
J SR -
{Hanf:zhou East -
e - *r M-\ China Sea

. “C"a”*?f' a Nar’chang
T, S S

A diderd g pSe .',\l
-1 i
F\uhcm

= ﬂ

& Hong Kong

5 Hailkou Macau
Philippine

10|
Sea

South
China Sea




NATIONAL CENTRAL UNIVERSITY

' ‘ '\"."Jr'ongshan v

A\ ™ 2= District

Rueufarg
) District

A =t T

, 4 / -_ > . 4 o0 . T ~ .“ + J A ' ¢
sllanVIn/_/‘Davuan ' ' ) NS> g / gl IT ' o . 4 -‘ R R 7 .v~

#{,)Hgg.n. Tf;ﬁ'T,.__ .

”’}* @\&L, )

Gongliao

Distnct
=3

2 S ndlan
District

:~V,_ =

S Toucheng
R

Yl]a‘n.Clty Shuangwei
T

*'\‘Té}i\nf— /7 ;‘ AL P = W
38109, t' : 53 Hsinc_;hu 2 _ x County l:ugconq
~FAE & County . =~ s HF"?T,_ .g«;l;a}

#0777 5 = AN

SR ‘, DOrgshan e u )

e o, S Wufong Ve AT
Nanjhuang N e Jan hih ‘ J
T I U§3 PN ; Surao
? ' ~ - =)
» <43 : 3 "c:

©2011 TerraMetrics p data©2011 Kingway -Termschso N




ATIONAL CENTRAL UNIVERSITY

South

China Sea i INUU s

/ ¥ Guelshan

oL -

OWNS |p

L= p i ) P AN ’ z o - RN 25 O 2 440
: 8 . . % : o : . . ‘ ~ »_ A »:' Raai: ¢ |.‘~‘ [, =3
A LT ownst 20 7 = R Y e ST : Na
ownshipt o> <3 ' | AR
. 2 - ,'."'! - 1 ' L / \ ‘ »l\ . r/ .‘ 3 ,"J": : \ _--.- " " . N ® ’ &‘ ‘

"'Ylngge . _~'”,-;.--
‘DISUICl

».

L ’ _~-_'3

- v) 4 ",—

'f. 114 JIES
et R
' » ""| )+ .

22 480

2Kkm




NATIONAL CENTRAL UNIVERSITY

‘,_. .f

-
-
B AL T T L
= AESVEES; s |
L ®™ RERkasssb e Dfligr Y .
e - - . - 3
LAl |

Y



NCU WELCOMES YOU!

,ﬂﬁ

4.7_,
¢

- O’IJ

w_..




Cross-Strait Conference on

Particle Physics and Cosmology
May 9,2012

CONSTRAINING L.LEPTONIC
COUPILINGS OF A FAMIIN -
NONUNIVERSAL Z.)’ BOSON

Cheng-Wei Chiang (3% iE1#)
National Central University / Academia Sinica / NCTS
\ K

In collaboration with Yi-Fan Lin and Jusak Tandean
JHEP 11,083 (201 1) (arXiv: 1 108.3969 [hep-ph])




OUTLINE

e Family-nonuniversal Z’ boson
 Leptonic interactions

e Constraints
e Flavor-conserving processes
e Flavor-changing processes

e Predictions
e SUMmMary



FAMILY-NONUNIVERSAL Z°



EXPERIMENTAL ANOMALIES

 Fermilab had reported several anomalies in recent years
 top forward-backward asymmetry

o |like-sign dimuon charge asymmetry in semileptonic b-hadron
decays

e excess production of Wjj events (CDF only)

* One solution Is a heavy neutral gauge boson, commonly
dubbed as the Z’' boson

e associated with an extra U(1) symmetry
* having family-nonuniversal couplings with quarks



TOorP FBAINSM

e LO: no asymmetry
 NLO: small positive asymmetry

Born + Box Interference
Positive Contribution to Agg

ISR/FSR Interference
Negative Contribution to Agg



TOP FBA FROM NP

 Current CDF and DO measurements using full dataset give
a deviation of ~30 from null asymmetry and ~20 from SM
NLO prediction.

 One possible explanation: t-channel process mediated by
a Z' boson with a large O(1) flavor-changing coupling
between u and t quarkS. Jung, Murayama, Pierce, Wells 2010

U t

i~y
~



FCNC Z

« Many models (GUT'’s, SUSY, etc) predict or favor the
existence of a heavy neutral vector gauge boson.

 Models with U(1)' may have flavor-changing interactions of
the Z’ with SM fermions at tree level If

 there are exotic fermions with separate U(1)’ charges

 the couplings of the Z’ with SM fermions are not family universal
(new fermions not needed)

 There have been many studies in the literature about low-
energy constraints on the Z’ boson with tree-level FCNC
Interactions with quarks.



SOME PREVIOUS STUDIES

 Inspire by B physics anomalies since early 2000’s, there
has been revived interest in using models of Z' boson with
FCNC interactions with quarks, particularly in the down

sector. Barger, CWC, Jiang, Langacker and Lee
Cheung, CWC, Deshpande and Yuan
He and Valencia
Chang, Li and Yang

* Fewer studies concentrate on the leptonic sector.

Langacker and Pluemacher
Heeck and Rodejohann

Do a comprehensive, model-independent study of leptonic
couplings.



KINETIC AND MASS TERMS

o After electroweak symmetry breaking, the most general
Kinetic Lagrangian for neutral gauge fields with both mass
and kinetic mixing
Ly =— W' Wy, — 1B* B, — :C*C,, — 56 B*C,,

- %m%v W32 + %mQB B? + %m% %
—mymgWiB, —my u WSC, +mguB”C,
P 1 ~T 1 1 ~T 2 v
= — G i Ceu HCll [ E
gv . Ozt

s o e ,me = M@ + p?

11

where my;, =



KINETIC AND MASS TERMS

Ly =—3G., KG* + 3G, M&G” |
B L0 &
wneEs G = | A BESAE = B0 L ) ||
C k 0 1
mi =g iy s
Mg = | —mgmy myy —Mw |

2
g W e



CANONICAL KINETIC TERMS

e Using a non-unitary transformation and a Weinberg angle
rotation,

/ B \ / 1 0 —x/vV1-—k? \ /COSHW — sin Ow O\ / A \
= < Sl 0 sinfw  cosbw O A
/

\C/ o Vi BN 0 1/ AN

2

T m
here sinfy, = —2 . M2 = A
e i Wi Z 7 cos? O\
one puts the kinetic terms into the canonical form
e (0 0 0 \ (NS
e 2 | 7z, |+ (A 22 27 0 MZ A Z,

ey N0 A ML)\ 2 )



Z-7" MIXING

 The Z-Z’ mixing comes from the parameters

e smp — U, 12 :m%—QmumB—l—/{QmQB
= 1 — K2
. In the end. v\ltvvo SOUIrCes
A ey 0 A
Z =] 0 cos¢ —siné Hre ||
VA 0 siné cosé Vi
2A

tan(2§) =

Wi — 7,



MASS EIGENVALUES

 Mass eigenvalues for Z and Z’ bosons are

my gz = L(MZ+ M2) F 1/ (M2 — M3,)® +4A2

(mZZ,—M%) el e = W2 — g




INTERACTIONS WITH
CHARGED LEPTONS



[LEPTONIC INTERACTIONS

 In the gauge basis:

A

e gzjg Ziy, — ngjgf Zﬁ\

family-universal

gr =diag(L,, L, L) , gr=diag(R.,R,, R})

e

family-nonuniversal in general




[LEPTONIC INTERACTIONS

 In terms of mass eigenstates

n EZEJ fzfj
= — 0,7 (5L A e PR)gj Z

T (b%Ej Py + b PR)gj Z)

tree-level FCNC
possible for both
/ and /'

where 5%,% o (5%,%)* = 0;;Ce g, r T S¢ (BL,R)z'j

0 00

bL,R A2 (bL,R)* = =0, 5: 01} & (BL,R)@

By = ij g/LVL , Bp= V}]; g}{VR
diag(me,mme) — VLTMEVR




REMARKS

* Presence of nonzero off-diagonal elements of B r, due to
(1) nonuniversality of the diagonal elements of g’'L r and
(2) the charged-lepton mixing,
gives rise to flavor-changing couplings of the Z' to the
leptons at tree level.

) terms

e Z-Z’ mixing introduces not only family nonuniversality, but
also flavor violation into the tree-level interactions of the Z
boson.

(3 terms



CORRELATION

 Moreover, there Is a relation between the b couplings and
the 3 couplings

Ll _ s drL.R
5L,R — Uy

=+t g
<

1 T

SIMI BRI || Z [BRls

e Couplings of Z and Z’ to charged lepton pairs are directly
related once the mixing angle € is specified.



MIXING FROM EW DATA

e Using the electroweak data p=1.0008+0-0017 4 o097, ONE Can
fix & once the Z’ mass is known

2 2 2
e e me_ngz
D o o | m2
CWmZ YA

e Values of |[tan&| for 100 GeV = mz <2 TeV:

0.100}
0.050 |

0.001 -
5x 1074

010 015 020 030 050 070 100 150 2.00
mz: (TeV)



CONSTRAINTS FROM
FI.LAVOR-CONSERVING
PROCESSES



[LEPTONIC Z DECAYS

 The amplitude for the Z — I*I- decay Is
My _vi- =\ (BL P + BrPr)ley

 FBA at Z pole and decay rate are

2
A0 _3 4 4 g = B) —(Br)
y 2 2
(BL)" + (BR)

\/m Am?
Uy e = 1627rmZ l ‘Mz—wz {

2
My | = S[(BD)°+ (BR)| (m% —m}) + 4m




IN COMPARISON WITH DATA

+ 0.0019 ,

* PDG data:
A = 0LIEIES
Al = (P
AZP = 0.143 =

-0.015, T

-0.004 , T

Fexp

eso o

exp
Z—ptp~
exp

Z—TtT—

= &83.91 +=0.12 MeV

= 83.99 -

- 0.18 MeV

= 84.08

0.22 MeV

o After fixing gL r to their SM values, one obtains

= A — ATV =0.1475 £ 010
e -1 —8400
£ = 83.82 4 0.06 MeV

STt T~

010

0.06 MeV



RESULTS

e Constraints on chiral flavor-conserving Z’ couplings with
charged leptons for mz = 150 GeV:.
—0.071 < b5 < 0.006, —0.11 < b¥ < —0.009
RUBIEEEp ).25, — 0.15 i< h S
—0.070 < b77 < 0.083, —0.002 < by < 0.16.

e Flipping sign of € also flips the signs of bll. k numbers.

 In general:

YT T T T YT T YT T T TTTTYTTYTTTTTTY

0.10F
0.05

3
- ¢
& 0.00f

—0.05F

-0.10}

~0.10 —005 000 005 0.10
by

Figure 2. Values of b’,f' r for mz = 150GeV and mixing angle £ = 0.008 (lighter colors),
0.038 (darker colors), as described in the text, subject to constraints from A; and I'_,;+,- data.



THEeT e~ — [Tl SCATTERING

 With the Inclusion Z’-mediated process, the scattering
amplitude of ete- = [*I- (Il £ e) Is

= IVVley,e Iy (BY P, + BLPgp)ley, (BsP, + B4 Pg)e

Me"‘e_—)l_l 2 S | mZZ s
| Iy (b P + bl PRl ey, (b5 Py, + b% Pg)e
| 2
my, — S

e Assumptions:
e S not close to Z or Z’' mass.

e neglecting contributions of flavor-changing couplings through t-
channel.

e Use LEP-Il data of Vs = 136 — 207 GeV.



MORE STRINGENT BOUNDS

e Constraints on chiral flavor-conserving Z’ couplings with
charged leptons for mz = 150 GeV:
—0.071 < b$° <0.006, —0.10 < b5 < —0.009,
—0.033 < b4" <0.080, —0.029 < b <0.095
— 000 < Bt = Qe 0= B = 008

e For a wider mass range (0.5 - 2 TeV) and in units of 104
GeV-1:

ee ee
bL bR

— 51 = N —Bdl < < .1,
mZ, mZ,
b’u’u buu

— 4.3 = SR o b < 9
mZ, mZ,

B °L < O 19 = < o
TTLZ, mZ,

a reflection of [tang|oc | /mz ‘




CONSTRAINTS FROM
FLAVOR-CHANGING TREE
PROCESSES



FLAVOR-CHANGING PROCESSES

* Tree-level flavor-changing processes
SaSNE 7 D et L O T
s Ge, T 2 3e, T —~ 3
e T>Hee, T euu(single/double flavor-changing)
eT—2eel, T~ UHMe (double flavor-changing)
 Muonium-antimuonium conversion pte- = etu-
* Flavor-violating ete- = | I’

e Loop-mediated processes
*HEY, T ey, T Y
e Charged leptons' anomalous magnetic moments
e Charged leptons' electric dipole moments



FLAVOR-CHANGING Z DECAYS

e /-7’ mixing Induces tree-level flavor-changing Z decays
My =il 7P+ 5%/PR)ZI £y
Py t? [

i 2
TM >

(‘b ‘ £ ot })_QmQZ—le—le, (m2 —m2)?

I
3 3m?,

A

7l

ks 4mlml/ Re (b%,*blfg) }
 PDG upper limits:

7 = o) < L7 x 107°

B(Z = e*7rT) < 9.8 x107°

B7 = g ) < 1.9 ¢ 1070
|

« Assuming that only one of B r Is nonzero at a time, we
then obtain constraints on bl r after specifying &
associated with a given Z' mass.



RESULTS

e For mz = 150 GeV,

4] < 0.17

7Rl <041,

by r| < 0.44
» For the higher masses (mz = 0.5 — 2 TeV) and In units of
10-3 GeV-1:

beu heT bﬁ“’
LA <4, LA < a5 LA
o o o

<38

m O(1) coupling for mz = 1 TeV. \ also equivalent to

constraint on effective
4-fermion interactions




uU— 3eand T — 3e

 PDG upper bounds: .

[2
B(p~™ — e ete )y <1.0 x 1071 1—4vv~<[3
B(r— — 6_6+6_)6Xp DT s WS 1 Z,Z" Iy

» Assume that only one of B+ r IS non-vanishing at a time.

* For mz = 150 GeV:
B < AE T < B 107

b7 <0.018 , b7 | < 0.022

e Formz = 0.5 -2 TeV, we have

bz oy
< A0 Cay .
mZ/ mZ/

<1.8x 1077 GeV!

L7 < B2 o . % < HOS D Qe t
mZ, mZ,

* T — 3l cannot provide useful constraints on |bL,rH.




® 7 llee, T e

 PDG data
B(r™ — ,u_e+6_)exp <G 1=
B(r— — e_,u+,u_)exp <O < W=
e For mz = 150 GeV:
0] < 0.019
and weak bound on |b. re7|.

e Formz = 0.5 -2 TeV, we have

L e
— <6 x 1072 GeV
mZ,
e As we will see, u = 3e, T — 3e,and T — U e e provide

most stringent restrictions on flavor-changing couplings.




B e, T T U

e PDG data
15 s 10 E

S s i @

B(r— — u+e_e_)exp
Bl =5 @)

exp

e Constraints

LA 0 i e

L 7o Y G
iy
b

‘ - L <1.0 x 1078 GeV~?
iy

are roughly 3 orders of magnitude less strict than the
corresponding constraints inferred from single flavor-
changing processes.



MUONIUM CONVERSION

* The experimental information on pte- — p-et Is available
In terms of the effective parameter G¢ defined by

Log = V8Ge iy Py ey, Py ge + hec.

and has been measured to be |G¢| < 0.0030GF, where Gr
IS the Fermi coupling constant.

o Attributing this to the Z’ implies that

o4
L _2\/\/_|GC\<44><10_4 GeV ™!

m -,

far less restrictive than previous pages.



P e 10

e Limits on cross sections o(ll’) = o(ee = lI') + o(ee — II")
were acquired by the OPAL Collaboration at LEP-II

energies, 200GeV < Vs < 209GeV: OPAL 2001
o(eM)exp < 22 fb, (€T )exp < 78 b, and o(UT exp < 64 fb

 More recent bounds on cross sections at much lower
energies, around 11 and 1GeV, were reported by the
BaBar and SND Collaborations, respectively. SEEET 2007

SND2010
* \We obtain
b < 0.76 , |b| < 0.52

67| <14, |b7| < 1.0
b RbToR| < 0.017 , |67 bR | < 0.012




CONSTRAINTS FROM
FLAVOR-CHANGING LOOP
PROCESSES



| — 'y

e | atest data from MEG Collab.:

BifiEsAeqll = 2.4°% g g
. [ : i
 Due to mass enhancement, we obtain M 1
bﬁ”’ b’Te )
| L,RQR,L| S 9 6 X 10_11 YAVA
mZ/

e The other two modes
B(t = e7).,, <3.3 x107°

exp

B(T — 1Y) exp <4.4 X 10~°

are not strong enough.



ANOMALOUS MAGNETIC MOMENT

« Anomalous magnetic moments from e and u from Z’ are

7 _ MMy Re(b57b7) 7 _ My Re (b bH")
€ 472 m2, il Al i,
e Current between data and SM: Jegerlehner and Nyffeler 2009

aS¥P — ¢°M =(—206 £+ 770) x 10~ 14

e

aS¥P — ¢®M —=(29 4+ 9) x 10719

_ p p
e \We obtain
I{ beTbTe
— 4D 1T < il R_)2 < A s A"
mQZ, GeV
Re (b4 p7H
0 < (b bR) = 50 s =7

T GeV 2
less stringent than previous processes.



ELECTRIC DIPOLE MOMENT

 Electric dipole moments from e and J from Z’ are

eT L, TE U1 T
iz _ €, 1M Tm (657 b7F) z _ €pMr Im (b7 07"
§ 812 m?, T i i

 SM predictions are orders of magnitude smaller than
current data
GBI G105 “eemt N d

exp —

e These constraints translate to
I beTbTe
m (b5 bF) <3.6 x 10712 GeV 2

o = TRt
exp

iy
T 1T [
|Im(bL2 o) <Al x 10 Ge\/;\
m 'z,

possibly strong constraint,
but relative phase uncertain




PREDICTIONS BASED ON
ABOVE CONSTRAINTS



OBSERVABLES TO TEST

* In the following, we take the upper limits of our strongest
constraints to make predictions for observables.

* \We only list those that can be quickly tested by upcoming
experiments.



SUMMARY OF STRONGEST LIMITS

i b0

 Define L b1 &
L5

mZ/

e For mz = 150 GeV and in units of GeV-1;

ERE A = b0 < 0.4 x 1071, —6.6x 100" < b= <= =068 Silimd
PP Slte < b =54 107% ., —2.0x 105 < b =GP Sl
YNGR R0 =07 < 1.6 <1071, 0<bT <56 x 10n

J < Bl b = BB x0T,

G 2 107 Wl < Bl

B = 12x107¢,




SUMMARY OF STRONGEST LIMITS

e For mz = 0.5 - 2 TeV and In units of GeV-1;

SRSl D 107, — 5.4 X105 = b =
SEE e 34 <10, —43x 10t < b NS
AR 07— 20 <10, 1.9x10-° < b ~ 5O Sl

i = AT b | < 1.8x1077,
D S 100 b5 | S 6.9x107°,
ngR < 6x107°,

e Constraints on flavor-conserving couplings have come
from Z-pole and LEP-II data.

e Constraints on flavor-changing couplings have come from
u—3e, T 3e,and T — [ e e data.



PREDICTIONS FOR Z DECAYS

* Flavor-conserving ones.:
—9 3 —2
FZ/—>€+€_ §7 >< ].O mZ/ GGV ’

r <4 x 107" m?, GeV~?,
B <010 Y Lenan
leading to a few GeV if mz = 1 TeV.

* Flavor-changing ones:
FZ/_>€;|;M:|: §4 X ].0_15 mSZ/ Gev—2 ,

. 6% 107 my GeV

L7 S4%x107° m3, GeV *

leading to a very stringent constraint for the first mode, a
few tenth GeV for last two if mz = 1 TeV.

Z' =t



PREDICTIONS FOR Z DECAYS

e For mz = 150 GeV:
B 7 = e ) =aks e ="
B(Z — e“17) <6.8 x 1077
G Tl R e

* The latter two predictions are, respectively, only less than
25 times away from the existing PDG limits

B(Z = €™ pT)oyp <1.7 % 107°
B(Z — €77y, <9.8 x107°
7 = wv <1.2x107°

exp



[LOOP PROCESSES

e Radiative lepton flavor-changing decays
Bl =23 % 107 ° . Bz — ) =210 Sl

not far from the current upper limits

BG83 3o 10r° . BT BY) exp < 4.4 X 10~°

exp

* The other processes do not receive much enhancement
from the Z’ boson.



SUMMARY

* We have analyzed family-nonuniversal couplings of
charged leptons to a Z’ boson with general kinetic and
mass mixing with the Z boson.

 Employing current experimental data and taking a model-
Independent approach, we have performed a
comprehensive study of constraints on both flavor-
conserving and flavor-violating leptonic Z’ couplings.

e Using the upper limits of the most constrained couplings,
we have estimated the maximum rates of a number of
flavor-conserving and flavor-violating decays to be tested

IN upcoming experiments.
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