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Why new gauge bosons?

« The SM the pillar of particle physics: is based on local
gauge invariance under SU(3)- x SU(2),, X U(1),

* however, its only an effective theory!
* many open questions  demand physics beyond the SM

e |tis natural to ask:
Are these all of the fundamental interactions of nature?
What are the limits on more? (LEP, Tevatron, future colliders)

 Many interesting theoretical models with extra gauge bosons.
— GUTs with “large” gauge groups (S0(10), E, ...)
— Extra dimensions with bulk gauge fields have massive copies of gZ
— Theories like Topcolor use them to drive EWSB.

— The little Higgs theories use massive vector particles to cancel
guadratic divergences in the Higgs mass induced by W and Z.

— New SUSY theories use them to survive the LEP Il bound on m,..



Theoretical Framework

 New gauge boson Z': characterized by its mass and couplings

==) | agrangian constrained by gauge and lorentz invariance
 We extend the SM: SU(3). x SU(2),, x U(1)y x U(1),.

neutral gauge bosons:W;”, BY', B and gauge couplingsg, g, , 9,
» Scalar sector responsable for EWSB includes:

=) 1 or 2 Higgs-doublet(s) + a new scalar F

H,, H, tanb = Vv, /v, f =v, and neutral under SM
with z,, z, , z, chargesunder U(1),

After diagonalizing the mass matrix 3 physical states: a photon,aZand a Z’

M7 =(g°/4cos; )" (vi, +V§ )[1+0(e)] with €  mixing angle
between the SM Z

M2 =(93/4) (@,Vh, + 20, Vi, +Z v))[L+O(e)] and B:



e*e" Limits: Z-Z' Mixing

e Precision measurements of Z physics

— SM predictions in agreement at roughly few per mil level.
— A Z" which mixed with Z would distort these predictions

SM Higgs VEV
X XX X ==

o " T

2
gz COSQW ‘ZHl N ZH2 tan b‘

== ence, it requires: e» 5o 2
g Ms/M:2-1 1+tan” b

— A Z' accesible at the Tevatron needs 9z » 0(1) andM,. »0.2- -0.7TeV
hence LEP bounds imply: €» z, cot“b+z, <<1

There must be a fine-tuning
or else ==s 7 <<1 and 1z, <<1 or tanb>>1



Z’ boson couplings to Fermions
L ® Z: g, Z;n ]ngf f =6l Uz, dg, 0
f ( 3generations) 15 z's
To obtain masses and mixing angles:

e Z restricted from Yukawa interactions:
Quarks: generation independent U(1), charges and

z,=2,=2, (z4=0) or z =z and z,- z, =7,

Charged Leptons : can be gen. dependent 4 =4, OF 4 - Z, =2,
Neutrinos : depend a lot on assuming right-h. neutrinos , gen. Yukawas
from higher dimensional operators in powers of 7/M extra scalars.

heavy?
« SU(Q2)y invariance: z, =z, and z, =z,
e FCNC: avoided assuming family univ. in the quark sector. None in

. the charged lepton sector.
Assuming that Z' decays mainly into SM particles: Z' properties determined by

MZ" GZ" (Z|j,zej1zq1zu1zd), gZ



Anomaly cancellations

* Additional restrictions on U(1)z charges from gauge anomaly cancel.
[SU(3)0]2 U(l)z® A332 :3(qu T Zd) [SU(Z)W]2 U(l)z® AZZZ :9Zq * _ Z'j

. 3 =1
[U(l)y_2 U, ® Ay, =2z,-167,- 42, +2 (le - Zzej)

=1

. - 3
U@, U@y ® A, = 6(z - 227 +72;)- 2 (zﬁ - 22:,-) Finding solutions
j=1 for these Egs.is

. - 3 n
_U(1)Z_3® A, :9(223_ zﬁ zj)+ (22|3j - ZSJ) Z;ji non-triviall

j:]_ i=1

3 n
GCl + gauge inv.  Asce =N2Z,- 7,- Z4) + (22|j - Ze,.)' Z,
Possible solutions: = =
e Egs. + mass gen. via Yukawas U(1)g., (gen indep. g+ or just Q)
« New Fermions + gen. indep. charges with Yukawa mass terms U(l)B_XL
* Gen. indep. charge assignment but no restriction from Yukawa mass terms
U@y 0w certain values of x yield B-L, U(L), of SO(10),...
e Both restrictions: yukawa mass terms + new fermions SM charged

. U(1) U(2), of Eg UQ)es V(). U(),, V(). (x =1,-12,-3)

d- xu

(x=0)



Specific “Model-lines”: fermion gauge charges

B-xL | g+xu |10+x5| d-xu

q.=(u.d)|+1/3| +1/3 | +1/3 | O
Ug +1/3 | +X/3 -1/3 | -X/3
dr +1/3 | (2-x)/3 | -x/3 | +1/3

l=(e,,n) | -X -1 +x/3 | (x-1)/3
er -X | -(2+x)/3| -1/3 | +x/3

Subiject to theoretical motivations, we find a set of 4 “model lines”.
Each has a free parameter, X, specifying all of the couplings of the Z'.
 The E; Z’s are certain values of x for certain model lines.

 All model lines except U(l)q+xu demand new fermions



/'’ searches at LEP Il

« Searching for new physics in €'¢ ® ff

— At W/s<<M ., the Z’ effects look 7’
like four fermion interactions: =

— These depend quite sensitively on

the chiral structure of the Z’ couplings to e, and also to other fermions.

 Comparing LEP limits in their contact interactions formalism with
operators of the same structure in the Z’ theory:

2
M;-' S3 gz

|72 Lef ——= M2 |dg,” (afewTev)

ZeA ZfB

e LEP-Il has searched for evidence of contact interactions in almost all
conceivable channels.

 Bounds vary from channel to channel, complicating the analysis.



For example: U(l)B_XLhas vector-like interactions with quarks and leptons

strongest bound :€'€ ® 11" L], 2 21.7TeV M, 3|xg,” 6TeV
In general, the best bound is x dependent: scan all channels for fixed x and
choose the best:

|

20 e Lower bounds on M../g,
i [ LEP Bounds " E from LEP Il searches
16 - _ E for LL, RR, LR, RL contact int.
g Ul b (VV for U(1),.,)
§ P : 2 for our model lines as
10 a “‘\:::'...}J(l)d_xu - a function of x.
= s N\ .
o ; l
+ FU(); -
2 | U(1)105 . for most points there Is no
) ORI 3“;\4{ Lod - dedicated analyses from LEP!

X

U (1)/7 U ( 1) | 4



/'’ Searches at the Tevatron

Hadron colliders look for Z's most effectively in the decay into
charged leptons (e*, nt, t).

Unlike LEP, hadron colliders are sensitive to Z’'s which do not couple
to e*: unexplored territory!

The signal appears as a resonance above the (smooth) lepton pair
backgrounds. Interference effects are tiny.



 Run I and existing Run Il analyses have presented limits on s x BR.
Specific E; models are usually overlaid to illustrate the results.

— This is good because s x BR is fairly model-independent:
=—=p [esults can in principle be applied to other theories with Z’s.

— However, it Is inconvenient since computing a hadronic cross section
IS not a completely trivial task : one has to know about QCD, PDFs, ...

=—p- are important, but have nothing to do with specific Z's properties.

« Alternate approach: factor out the universal QCD dep., and
bound only the Z' quantities themselves.

In the narrow width approx.: - all QCD dep. + Z'couplingsto quarks

s(pp® ZX ® |+|'x):ﬁwz.(s,M§.) Br(z® 1"

o for any neutral gauge boson with generation indep couplings to quarks

WZ.(S, I\/Ii.): ofs sz + zf) W, (s, I\/Ij)+(z§ + zg) W, (s, Mi)]

| T

Model independent, contain PDF’'s and depend on Z' mass only



We define coefficients which contain all the dependence on Z’ couplings to

guarks and leptons:

Cug = g§(z§ + zjd) Br(Z'® I*I')

this parametrization allows direct extraction of bounds on ¢, 4 plane from
experimental limits on s~ Br =(p/48s) (c,w, +c,w,)
« Allows easy comparison of exp. bounds with predictions from Z’ models
* Provides common ground between theory and experiment
(no need to compute hadroproduction cross section)

B-xL

_

CDF 95% C.L. exclusion limits on

s(Ep® ZX® 1"1"X) for
different Z’ mass values in the
c,-C4 plane

10+x5 | models are constrained
to the region C. £ 2C,
No constraints for| d- xu | models.




Comments on higher order corrections

 Robustness of our parametrization

At LOand NLOInQCD is
works perfectly well

At NNLO : dep. on combination
_ 22 4 72 f
of couplings beyond \%q ™ 4u.a/,
but still parametrization in terms of
C.q IS an excellent approximation.

Dominant NLO EW corrections are model-independent
(and probably important at the few % level).



e K- Factors

Ko = WO Ao

Ratio of the h.o. results over LO one

Strong variation with the invariant mass of the lepton pair Q



Angular distribution of the final lepton pair

* Is highly model dependent and can be a tool to discriminate
between models in case of discovery.

Foward-backward Asymmetry
at LO with M. =700 GeV
for B-L and g,=0.1
d-xu for d-u and g,=0.5

Comparison with SM prediction
and CDF data

Ag shift with respect to SM one in these models has opposite sign:
it may be possible to distinguish between them with enough statistics in the high

mass region



Prospects for Z' Searches at the Tevatron

« CDF and DO will explore new regions
in masses and couplings of Z' models,
with chance for discovery!

* In case of no signal excess observed
set bounds on M, and g,
or equiv. on ¢, and c, param. space

CDF Run 1l
Datal

CDF Run 1l
Datal

Projections
scaled by L

AKrtical marks show current LEP bounds
on Z’ mass from contact interactions.
sizable unexplored regions that the
Tevatron can probe!!



Tevatron projected excluded regions in c -c4 plane

N

10+ X5 the dots labeled a,b,c
correspond to B-L for
— — g,= 0.1, 0.2, 05.

« Z' properties are primarily described by M 7'y CZ and Z’-fermion couplings
* The exclusion curves above place a bound on a single combination of these param.

In any specific model defined by certain fermion charges
=mmmp COMpute ¢, and ¢, and derive the limit on the
gauge coupling g, as a function of M.,



Qutlook

Neutral massive gauge bosons, Z's, naturally appear in many models of
new physics

e+e- colliders have placed strong constraints on Z-Z' mixing

==p E\V/SB Higgs must be neutral under the new symmetry

or some fine-tuning required

We derive model-lines that generalize previous E; models

We propose a new strategy to bound quantities which involve the Z’
properties, independent of QCD guantities

This facilitates enormously the comparison between data and any given
model!!

= \We present for the first time the LEP bounds on the general
class of Z’ models

Our results provide a unique common ground for experimenters
and model builders, useful both for the Tevatron and the LHC.



