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1. Standard Electroweak Model With A
Higgs Particle

*The origin of the symmetry breaking mechanism in
electroweak theory remains elusive after almost 50 years.
The standard and commonly accepted explanation is that
the symmetry SU,(2) x Uy (1) is not broken by the
interactions but is “softly”, spontaneously broken by the
asymmetry of the ground state (vacuum state).

e The standard electroweak (EW) model gains mass for the
W and Z bosons, while keeping the photon massless by
introducing a classical scalar field into the action. This scalar
degree of freedom is assumed to transform as an isospin
doublet, spontaneously breaking the SU (2) x U,(1) by a
Higgs mechanism at the purely classical tree graph level.
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e The minimal EW model with a Higgs doublet is consistent with the
experimental bounds on flavor changing neutral currents and CP

violation: Br = I'(b — sy)/I'(b — Xev)=(3.55_g 44%-53)x1073.

e The primary target of an EW global fit is the prediction of the
Higgs mass. The complete fit represents the most accurate
estimation of M, considering all available data

(arXiv:0811. OOO9[CERN]) The result is My, = 116.4_, ;7183 GeV
where the error accounts for both experlmental and theoretlcal
uncertainties. The result for the standard fit without the direct
Higgs searches is M, = 80_,5"3% GeV and the 20 and 30 intervals
are, respectively, [39, 155] GeV and [26, 209] GeV.

e We conclude from this that the minimal EW model
requires a light Higgs.



All Higgs constraints

o Gfitter group includes

o Indirect electroweak
constraints (M: Mw + Z, W
properties, left-right
asymmetry, sin® Bw)

o LEP direct Higgs searches
n. Tevatron Higgs searches
Likelihood ratio from searches

Mot including results shown
today

together
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e For a classical potential for a scalar field ¢ we can identify:
<T,,>o =V(®)=p,s - The Higgs field vacuum energy is calculated
from the classical Higgs potential:

V(9) = Vo — i + Ao (01]0) =

where v ~ 250 GeV is the EW energy scale. We have p4= A2v4- From
the minimization of the Higgs potential we obtain ¢? ., =H?%/2A and
Viin = Vo — M4 /4N = p,,. 5. Choosing V(0) = 0 we obtain

4
SSB _ H

~ =\t~ =107 GeVE pOBS 10717 GeVE | pSSB) 0 1076088
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vac U

(Vacuum energy) = (Vacuum zero-point energy)+ (The Higgs potential)
+(QCD gluon and quark condensates)



Problems with the Higgs particle in the standard model:

Vitiges = Vo — 11207 + Ao* + (¢ Yij00Rj0 + h.c.)

Vacuum energy — V,=0 then

pvacssb ~ 10% too large The flavor problem: large
vacuum energy compared to unexplained ratios of Yij Yukawa
observation coupling constants

Possible instability problems depending
on the size of MH

Scalar field quadratic divergence —
hierarchy problem
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e Discovering a satisfactory alternative has proved to be highly non-
trivial. Proposed alternatives face severe problems. New particle
contributions at less than 1 or 2 TeV level can affect precision EW
data that can generate unacceptably large effects; significant fine-
tuning may be required at least at the 1-percent level. These models
include MSSM, Little Higgs, pseudo-Goldstone bosons, higher-
dimensional models. Extensions of the standard EW model such as
technicolor, and other composite models can face unacceptably large
flavor changing contributions and CP violation.
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2. Gauge Invariant Local Massless EW Theory

e We shall use the metric convention, n,, = diag(+1,-1,-1,-1), and
set h= ¢ = 1. The theory is based on the local SU (2) x Uy(1)
invariant Lagrangian that includes leptons and quarks (with the
color degree of freedom of the strong interaction group SU_(3)) and
the boson vector fields that arise from gauging the global SU (2) X
U,(1) symmetries:

Lioca = Le+ Ly + Lg+ L;.

e [ -is the free fermion Lagrangian consisting of massless kinetic
terms for each fermion:

Ly = Z r_‘frj'r‘ = ZGL fﬁ-fiij + Z iy R,
f

W q*
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vk I | R _9 .
! r.q.b

1

Lw = _11’[1?{, Wenr Wi, =0W, —0,Wi— ﬂfﬂbcnrﬁ Wy,

e Note that there is no classical scalar field contribution in the
Lagrangian.

e The SU(2) generators satisfy

. 1
T 1" = if*"*T*,  with 1" =30

e The fermion gauge-boson interaction terms are

Ly=—gJ"Wi—g'JB,.  J% = Z g“yTq", and  JL = ~Y e,

q L ftll!'__l
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. i 1 . . . 4 . 2
Y {ql{;pton] =-1, Y {qifuark] =3 Y I:(?R:I =-2, Y {VR] =0, Y [“R] = E Y {dﬂ} = g

e L is invariant under the local gauge transformations (order g, g"):

SWE = 0,0+ gf*"0"WS, 0B, = 0,0

e L isan SU(2), x U(1), invariant Lagrangian.

e Quantization is accomplished via the path integral formalism:
(T'(O[])) [[D--L_'][D-.L'][Di-"["][DB];HHV[E.-.L'.B. W] O[o] exp (i ‘/rfﬂ‘J'le.ﬂl)
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e In the local case the invariant measure p,, is the trivial one.

e We have to gauge fix the Lagrangian:

Lar = —T{_lu,,B*' _,13 — .)—rlr_},,‘[‘[-' H _33,

i =l

e We look at diagonalizing the charged sector and mixing in
the neutral boson sector. If we write
,.j: J. p 1 . 3
V2

Y

then we get the fermion interaction terms: (W L JmwH),

V2

. I L _ =L _. L — L. L
.f#i — .ff‘; + x.fi — Zg o Tig .T:' — ZU/ € A uy,d).

gL 4L



e In the neutral sector, we can mix the fields in the usual way:

Zlu_ st {"u\-[IFﬁ - HtL'BH -El.].]d ;4:_1_ = (:H\Blu_ —I_ aq-u_l -[Ipﬁ- -‘*Iu_l = i‘:':.irl l’.r_}u:- {“:'i'_,l'_:' — COB H'LI'_:'
2 2
2 __ 4 1 2 = g
S = 5 5 allc Cop — S . 2
g°+ g 9+ g

e The neutral current fermion interaction terms now look like:

—g W2 — g/ JEB, = —(g5., % + g cu A, — (900 I — o5, TE) Z,.

e We have the unification condition: ¢ =gs, =¢'c,

Jh =T 4 Iy oo = J* — s, Jb

1711 et

(JTWTH 4 JTW ) — gs, Jih A, — Lt 2z,

q
= em -

Ly =—
I N T
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3. Gauge Invariant Regularized Massless Theory

e To regularize the fields, we write the non-local (smeared) fields as a
convolution of the local fields with a function whose Euclidean
momentum space Fourier transform is an entire function. This
function can be related to a Lorentz invariant operator distribution as

L an . ) [] 0+ 2
—1_ 1 . } / _ 1 1 . 1 — _ -
(I){J') f— ‘/‘ (‘F {f{:-r {J — “}(:‘{U) = (_T (;‘L%L' ) (._)(c: } (_‘r (E) = L — E}Lp (_ 2:1‘121: ) .

e We now write the initial Lagrangian in non-local form:

Loy = L[o)p + L[D]}.

where c[®]; indicates smearing of the interacting fields.
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e An essential feature of the regularized, non-local field theory is
the requirement that the classical tree graph theory remain local,
giving us a well defined classical limit in the gauge invariant case.
JWM, Phys. Rev. D 41, 1177 (1990); D. Evens, JWM, G. Kleppe,
and R. P. Woodard, Phys. Rev. D 43, 499 (1991); JWM, Mod. Phys.
Lett. A6, 1011 (1991); M. Clayton and JWM, Mod. Phys. Lett. A6,
2697 (1991); JWM, ArXiv 0709.4269 [hep-ph] (2007); JWM and V.
T. Toth, ArXiv 0812.1991 [hep-ph] (2008); JWM and V. T. Toth,
ArXiv 0812.1994 [hep-ph] (2008).

e We first note that we must alter the quantized form of the
theory by generalizing the path integral (including gauge fixing
ghost fields):

cij::T:i‘f{/_)[fIi']}::ir x [ [D[r_'}] [lmeas [r_';t. ‘I?'] O [(I‘-'] exp( 9 [f.!'] + 157 [‘I’]}

WIT] = n[Z|T]) = n([|0]ptmeas|@. P exp(i [ daf{ Lp|d] + L|P] + TD}))

e We note that in momentum space, the smeared fields are
related one-to-one to the local fields:

2 1 2
‘ o s pe—m ,
O(p) =G(pT)o(p) = exp ( e ) o(p),
i 11'



« The nonlocal regularization can produce gauge invariant,
Poincar\’e invariant, unitary and finite loop graphs to all orders of
perturbation theory for QED (D. Evens, JWM, G. Kleppe, R. P.
Woodard, Phys. Rev. D 43, 499 (1991)). The EW theory can
satisfy BRST gauge invariance, Poincar\’e invariance and unitarity
and produce finite loop diagrams for the massless SU(2) X U(1),
although a direct proof of gauge invariance and BRST invariance
for the quantum measure is achieved to order g2 (For Yang-
Mills see: G. Kleppe and R. P. Woodard, Nucl. Phys. B388, 81
(1992)).

- If O, represents a gauge transformation by € (we are only worried
about the invariance of the functional measure here), then

i

f{D[r)]}ﬁfo[m] {"j{]}[\ffi}j — ()

If the gauge transformation corresponds to an actual gauge
symmetry:

S 3e(u[o] exp(i(S + Se)) = 0



4. Breaking The Symmetry With A Path Integral
Measure

e We break SU, (2) x U,(1) down to U_,(1) not at the classical
level as is done in the standard model, which generates
boson masses at tree level, but in the quantum regime, so that all
the effects show up at loop order (which is where the non-locality
shows up as well, as both are quantum effects) (JWM, Mod. Phys.
Lett. A6, 1011 (1991).) This means leaving the action gauge
invariant and modifying the measure, which alters the
quantization of the theory, in order to produce the desired results.
For 0. which represents a gauge transformation by € and a
measure H[Q]:

[ D[o]0c (][] exp(iS)) = [ d*xeF[o|pu]o] exp(iS)
where F[p] is a functional of the fields [¢], we have a Ward-
Takahasni identity for the broken symmetry SU(2) x U(1).

e The quantum symmetry breaking measure in our path integral
generates three new degrees of freedom as Nambu-Goldstone
modes that give the W#* and Z° bosons longitudinal modes, which
makes them massive while retaining a massless photon.
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e Since we want to mix the W, and B to get a massive Z and a
photon, we need to work with the measure in a sector which is
common to all gauge bosons. This implies working with the fermion
contributions and leaving the bosonic and ghost contributions

invariant.

e The self-energy contribution coming from

(O

is given by
diee’ A2,
-71L L1 ' 3 7
_'r']_[f = — |'§-_'l'":|2 [ff+'-ghmlrr:-2 — Lh‘i’ﬂi‘!g,-l + ,‘f—ﬂirmlrnz]-
diee’ A2,
T ! ' 7 g
_Hj = — 1 [ff+'-ghmlrr:-2 _L??PHHQ +2Rr41rn2] +.U—ﬂirrn1:-ug]~

(47)2



where we define

% E_}g_ :2.
Ii My / dT':xl - T] [C:{p (_T 1? - fi‘ﬂ]_rr?,z) =+ exp (_T . _‘gb - fmgnu)] 3
0 Sw S
R i
Pri'?,ﬂﬂg = - g dTT[ - T,:' El T + fri-?,img + E 2 + fmgrnl 3
\2 Az 1
S Jo W W
: [ P P
ernmg = dT':l _T:I fri-urani T ? +fi-n1rr?,2 + fm:;rrnEi ? +fmzrn1 3
A A
0 L SW W

i _
myma [ 2 p P

jllvfrn,irng = Tf dT E ( 1}':; +frnli'ﬂz) +E1 (: 1'&‘ ‘l—frngml)] 3
AW 0 L W W

-\.-'. i
my T m3

= L4 7
frru g Lfl 1—7 ;'1%1.-

o If we insert this into the quadratic terms and invert, we get
the corrected propagators (in a general gauge):

nhr — ptp” £ptp”
q g o n ;;:uE
DM = 4 " ——]TT 4—}} ——ﬁIIL
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e When the longitudinal piece I1, is nonzero in the unitary gauge
(where only the physical particle spectrum remains),

we have no unphysical poles in the longitudinal sector. In this way,
we can assure ourselves that we are not introducing

spurious degrees of freedom into the theory.

e In the diagonalized W+ sector, we get

ig” 1“ :
EHHif ~l’T:I'2 Z':ﬁmlrng_ myma )

sgr 1
_EHH :l:f 4732 Z':-hmlrng - TG + QRnlrng]-

e We can now postulate a measure for the fermionic contribution to
the W boson self-energies that is not gauge invariant. This
introduces three Nambu-Goldstone degrees of freedom into the W
sector and the W bosons acquire a longitudinal part and a
corresponding mass. To see this, note that

ig*Afy ‘ _
= Z':Iimlrng - rrtlmg,:' ?(: 0.

2
..l”]'j p2=0

= —-iHE;,..i f

— tH{i + f

p2=0 p2=0
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e In the B sector we have

11 i 2 jirf]r ;

—illh, = — =/ 16(Q — T°)* (Komm — Lim) + 32Q(Q — T%)M,y,,0].

il 2 (4m)2 n_.:[ Q—=T) ) +32Q(Q — T%) M),

T, — Lig” Ajy [16(Q — T*)*(K Linm + 2Pm) + 32Q(Q — T%) M)
—1 Bf — _2 ['-]:ﬂ':'z o . AL mm L LT nee!

e We write the measure contribution as

i }2;'12 - 1 . \ 0 PR
Tﬁ/B ?_;_LT:E”F“/ Z [(E _ SI:Q - Tg,:ll) I:"ﬁ‘ M Lrnrn ]-{JQI: Q TJ Imrn
/ n

Then we have
1ig" A%,

sl - - o \
_E'HBf - 9 |:—1’T:I” - [I& LT ern,:':
1ig"A? \ 9.
Bl _ W E e _ oy 2
_E'H_Bf - 2 —1”]':|” [':-hmm - mm :' + 32(@ T ] prn,rn]-
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e The B - W5 mixing sector originally looks like

digq' A3 x
_'iH%-I,-"SBf = _% Z TE':Q - TE :":I"- Mmoo me ,:' + Qﬂfmm] 1
41 Fi"ig
—'ng;.-'BBJ: = —% [TE': Q - TE :":B- e T ern + Qprr?,rn] + Qﬁfrmn]-

ul

e Thus, to make the mass contributions look identical, we find for
the measure

. g
wip _ 199 Ay
TI:W [4:‘1’]2 H;HJ Z [(_

B

- ':lTE{Q - TE::') I:I{rnrn - Lrnrn ::' - 4@*11-'?1”1 .

b | =

e Then we have

lujt} A?
_EHH 3Bf — -;, |:-l “ Z':Iimm_ mm )

, J.H}i} AZ o :
—'E-HE;:'SBJ' = 2 (47 H Z -hrmn_ ra-:-,rn,:'_GTB[Q_TJ]F'HMH]-
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e Only the diagonal Z - Z piece has a longitudinal part

1i VA3 - .
_EH%f = _3 I:g L g :I w Z':-h e rmn :I tht = r"tul"I:.Ff - "-;tuBI:.: %Lllf.]. *’:]-I:.: = (-'tuBln: —+ Sap I‘IF?

e For the Z - Z part we get

e l[gr +g'= ]1%1
B B Sy

<Y [(Kumm = Linm) + P (265, +5,32(Q = T%)? = 165, T°(Q — T7))).

[T

i‘;li

e The pure photon sector gives

].3':(} +'g :'Jli 2-5;2
(-—lﬂ—] w'

%Y Prm(2432(Q — T°)? + 167%(Q — T%))
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e We observe that N7, (0)= 0, guaranteeing a massless photon.

e Finally we obtain for the mixing sector:

Li(g® +¢" ]*iu( 2 2
(_1_,]_:“_’ wr

2
Z (205, — 3250 (Q — T%)? — 16T%(Q — T7)(s2, — c2)].

11T
—ill =~

e We make the identification

?'fz.%; = ]'[:*r;.

e This allows us to calculate the masses of the W* and Z° bosons
or, conversely, use their experimentally known masses
to calculate A,

1/14/2010
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5. Calculation Of The p Parameter And A,

e When we consider the scattering of longitudinally polarized vector
bosons, the vector boson propagator reads

_?'_”,u,:.;

.;DHI-’ (_{;}2) = s
— 07 (p?)

This differs from the vector boson propagator of the standard model
in that the squared mass m>2, of the vector boson is replaced by

the self-energy term 7. For an on-shell vector boson, demanding
agreement with the standard model requires that the following
consistency equation be satisfied:

?H%r::II?(Hl%),

_ li(g*+ gP)A
2 (4739

X Z -ﬁ mm — ~mm + Pn r?,':-'{ + “ '32':Q TB::'E - ]-ﬁ“"fufdf.,-Tg'::Q - TB::' :']
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e It contains terms that include the electroweak coupling constant,
the Weinberg angle, fermion masses, and the A, parameter. As all
these except A, are known from experiment, the equation

my = ]'[Zflj'.rnzi

the right-hand side of which contains A, can be used to determine
A Using

g = 0.649, sin?f, = 02312, my = 171.2 GeV, mz = 91.1876 + 0.0021

e Knowing A, allows us to solve the consistency equation for the W-
boson mass. Treating m,, as unknown, we solve using

—'E-Hu.rif = — E Lingmg — ??'!1 o -+ Qpri-nmg ).

my = 80.05 GeV.,
12/15/2009 }



e This result, which does not incorporate radiative corrections Ap,
is actually slightly closer to the experimental value m,, =

80.398 £ 0.025 GeV than the comparable tree-level standard
model prediction m,, = 79.95 GeV, obtained using p = 1 where

2
miy

2

]I',] - —-}
my cos= f,,

We get from our model

p =~ 1.0023.

which agrees well with estimates from the experimental ratio
of neutral to charged currents.

e It is anticipated that our result for m,, (correct to 0.5%) will
reach the correct value when radiative corrections Ap(RC) are
included, for our regularization scheme will introduce some
suppression of higher-order corrections at the energy scale of
m,y-



For the boson masses, we have (PDG, Phys. Lett. B667, 1 (2008)):

my, = 80.398 +/- 0.023,
m, = 91.1876 +/- 0.0021.

For sw2=sin? theta ,, we have the following values:
sw2 = 0.23120 +/- 0.00015 (MS-bar scheme),

0.2397 +/- 0.0013 (Mgller scattering),

SW2
sw2 = 0.2231 (on shell).

For the last of these values, there are no error bars. The
corresponding values of p are

p(MS )= 1.0111 +/- 0.0008 (13.5 o from 1.0),
p(Mgller) = 1.0224 +/- 0.0024 (9.4 ¢ from 1.0),

p(onshell) = 1.0006 +/- 0.0006 (0. 9 o from 1.0).
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6. Fermion Masses

e We will generate fermion masses from the finite one-loop
fermion self-energy graph:

—-;J::\’S—ﬂ—

e This method of deriving fermion masses is more economical in
assumptions, as we obtain the masses from our original massless
electroweak Lagrangian by calculating fermion self-energy graphs
(JWM, ArXiv 0709.4269 [hep-ph] (2007); JWM and V. T. Toth,
ArXiv 0812.1991 [hep-ph] (2008).)

e A fermion particle obeys the equation:

p—moy +X(p) =0, p—my=0.



Here, my is the bare fermion mass, m, is the observed fermion
mass and >(p) is the finite proper self-energy part. We have

myg —mog = X(p. g, g, Af)|p—m,=o0.

where /A denotes the energy scales for lepton and quark masses.

e A solution can be found by successive approximations starting
from the bare mass m,, but we can also find a solution for m#0
when my = 0 for a broken symmetry vacuum state.

e The one-loop correction to the self-energy of a fermion with
mass m¢in the regularized theory for a massive vector field is
obtained from > (p).



e We now identify the fermion mass as m; =>(0):

H:’f _"'”%’ 2”,:?. -”,%_, v Hi'.‘;f_, — 'Ha".‘} -”,n%_,
m g = 12 exp e my | Eq 7wz ) T Az drexp | T A2 5} T__-’lz.
f f Fy f f

e In addition to admitting a trivial solution at m; = O, this equation
also has non-trivial solutions that can be computed numerically. We
work with a single massless vector boson.

e A solution is obtained when

2 I m 1 dr?
N . f AR e S
= g ( A2 ) | AT\ ( 9/

e Using the electroweak coupling constant g ~0.649, we obtain for
leptons Aj =43 % 10%m;.

e For quarks, we use the strong coupling constant g, ~ 1.5, and
also introduce a color factor 3. Thereafter, we obtain

:’Lf ~~ B-Ermf.



e For a top quark mass m, = 171.2 GeV, the corresponding energy
scale is about A, ~ 6 TeV.

e In these calculations, A; plays a role that is similar to that of the
diagonalized fermion mass matrix in the standard model. The number of
undetermined parameters, therefore, is the same as in the standard
model: for each fermion a corresponding /\; determines its mass.

e In the standard EW Higgs model the masses of matter particles
are obtained from a classical Yukawa interaction g, pyy with a
free coupling constant parameter for each quark and lepton. The
classical Yukawa Lagrangian cannot determine the fermion mass
spectrum of the standard model.
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« In addition to fermion self-energy graphs, another case must be
considered. Emission or absorption of a charged vector boson W* can be
flavor violating, through the off-diagonal components of the CKM matrix.

* In the standard model, such flavor violating terms are not considered
significant, due to the smallness of the corresponding CKM matrix
elements. However, in our regularized theory, additional factors ff’ enter
into the picture in @ manner similar to the self-energy calculation we just
described. These may include terms that correspond to the off-diagonal
elements of the neutrino mass matrix, offering a natural explanation for
neutrino oscillations without having to introduce new interactions.



/7. Schwinger-Dyson Equations And Fermion Masses

e To solve the fermion mass problem, we must consider the integral
equation obtained from the Schwinger-Dyson equation (J. S.
Schwinger, Proc. Nat. Acad. Sc. 37, 452 (1951); F. J. Dyson, Phys.
Rev. 75, 1736 (1949); A. Raya, ArXiv: 0902.1791 [hep-ph])).

1 0)-1, « . ko, | |
=5TF1(PJ = *5}?”) 1(};‘) — 'H!Q/ (QT]4ﬁi-" Sr(E)Y (k. p) D, (k — p)

where g2 is the coupling, D, represents the complete vector particle
propagator and v the full fermion-vector particle vertex.

e We can derive the Euclidean mass gap equation

| _a A3 ;ﬂ[(ﬁ.f. _-"‘1f)
I 72 ) (k= p)2 k2 4 M2(k. Ay)

T ;;Qafil?r

12/15/2009 39



8. The Running Of Coupling Constants And Unitarity

e The Higgs field resolves the issue of unitarity, by precisely canceling
out badly behaved terms in the tree-level amplitude of processes
involving longitudinally polarized vector bosons, for instance W* W- —
W+ W- or eter —» W+t W- . The challenge to any theory that aims to
compete with the SM without introducing a Higgs particle is to generate
the correct fermion and boson masses on the one hand, and ensure
unitary behavior for these types of scattering processes on the other
(JWM and V. T. Toth, ArXiv 0812.1994 [hep-ph]).

e Given the way IT appears in the vector boson propagator, it is
reasonable to make the identification:

s o . 0.
Iy (g7) = miy (4°). Iz :(q%) = mz(q°).
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e When we rewrite the theory's Lagrangian in terms of
massive vector bosons, the Lagrangian picks up a finite mass
contribution from the total sum of polarization graphs:

11.2 IFE s fa Ry I 2
— gs g [(W L)+ .kI’[.” 2]
+-v[g? (W) — 294 WIBF 4 g 2B?]
3 / , ; .

1 e I(}'Q _I,:}y" I.I_-"Zl,'r.
+<0* (W, B,) ( ol o B

e v is the electroweak symmetry breaking scale (which, in the SM,
is the vacuum expectation value of the Higgs scalar).

| =

"(Hg + g 2]1-‘;2. m gy = 0.

o

L

e Consistency requires the running of the constants g and g’.
Starting with the W mass, we obtain

9 _ Ly 4 (4°) 2 _ ALy, (m7)
g?(m3y) Ha_.-f(mz ) g*(m%)

~ (245 GeV)?.
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Using the Z mass we obtain

() +g?(¢®) _ Tg(d%)
g2 {-,rn-gz} + g2 (-}.‘r;_%) Hgf (_m_-i?) ;

which establishes the running of g’(g2).

e These relationships also allow us to calculate the running of the
Weinberg angle 6,, which is defined through the ratio of the
coupling constants g and g’ as

V.f .(.;2 4 QIE
g '

costl, =

(g8 + g) A%
(47)2

< MK i (0%) — L ()]
¢':

T |
HE;’W‘E} =5

+ Pm,n(gg][i cos? @, +32sin? 4, (Q — T°)?
— 16sin? B, cos® 6, T4HQ — T 1.
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H%;'f (qzj = (-lﬂ';lz
* Z(P"rr?a1??iz (qzj - LT?H?HQ (q}!) + QP”H"'”E {qzjj
gL

- 2 : : g
Pxﬂnmg(q J = f dT(l - TJ exp _T.,.LT - fmlmg

I::l 4 I‘i".-

>

4
+ exp (—T 12 - fT??.g??!l) ] :
Ay
2

2 q 3 - QQ
Pﬂumg(q } = T i3 L dTT(l - T;] [El (Tﬁ + f‘r'r'e.ﬂ".'!g)

Ajy
qﬂ‘
+ El (T—z + f‘r'r'.!.zﬂ!l) ] )
Ajy

2 3 7
Lmimz(q ) = ] dT(l - TJ [fﬂ!lTH,EEl (T ','12 + fnnmg)
|::| 4 I‘i".-

2

q
+ f'i‘?!gT??,1E1 (T 12 + fﬁlz‘i‘?!l) ] 1
LW

2 2

f mi N T m3
mqma . a2 A2 -
4'1 W ]. — T J,’.‘n.'{_,i__-'
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« The mass and width of the Z boson, m,and I, and its
couplings to fermions, for example the p parameter and the
effective electroweak mixing angle for leptons,

are precisely measured (http://www.cern.ch/LEPEWWG):

mnz

[y

Pe

sin? 6Pt

91.1875 £ 0.0021 GeV
2.4952 £ 0.0023 GeV
1.0050 £ 0.0010
0.23153 £ 0.00016 .

« Higgless model calculation: p = 1.0023 + Ap(RC)
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e The scattering of two longitudinally polarized W vector bosons can take
place through one of the following processes:

W W W= W 1$1j Wt
A.". _I.I"IIZ 0

~ 170 »

H i ” :;B< ."r'-ijz[?ﬁ.rw?hp = NuXThvp = TNup T )

W + W + W B W H; ;._

vt s
¢ In the high energy limit, the SM with a Higgs yields the matrix element

iMsm(WS W — W/W) =

W- W
ig? cos?h 43 B ?’I!-‘EH Lol
T |4cosf2 (1 —cos)  2mi o I '
Wt W

e In the Higgless model we get

iMu =iM; +iM; +iMy (38)
_ig? FCUH(Q +1)(4miy — 3115 f cos® 6,,)

s+0(1)].

S-m.%;,- “ J]

e In the case of the Higgless FEW theory, no additive cancellation takes place.
However, the running of the electroweak coupling constant is such that at
high s, g(s)s ~ const., which is sufficient to ensure that unitarity is not
violated.
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The running of the W mass (red dotted line) and Z
mass (dashed green line) as functions of momentum. Both
axes are measured in units of GeV.
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The running of the electroweak coupling constant g
as a function of momentum, measured in GeV.
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| 200 400 600 800 1,000 1,200 1,400 1,600 1,800 2,000
The tree-level scattering amplitude of longitudinal

W#* bosons at a scattering angle 6 = n/2. The SM (blue
dotted line) predicts an asymptotically constant amplitude

at high energy. Without the Higgs particle (red dashed line)
the amplitude is divergent. In the FEW theory (black solid
line) this divergent amplitude is suppressed by the running of
the electroweak coupling constant.



e The production of W+W- pairs from electron-positron collisions can
take place via one of the following
processes:

e -”-P_ e -”-'_

et W et W

e In the high-energy limit, we get in the Higgless model:

2

(Mo +M,) = —ig? [ Vot c)(lﬂ -

e In the SM with a Higgs:

e~ W

. . 9 Mg — P -

iMpg =ig [2”% Vs + ULU} }H < '
et W+
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M 1
0.107
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The scattering amplitude, at a scattering angle of

6 = /2, of electrons and positrons annihilating into longi-
tudinally polarized W#* bosons as a function of the center-
of-mass energy Vs, measured in GeV. The SM result (blue
dotted line) is indistinguishable from the SM result that was
calculated without the Higgs particle (red dashed line), as due
to the smallness of me, the divergent term that is proportional
to meV’s does not begin to dominate until much higher en-
ergies. Our Higgless theory (black line) predicts a significant
suppression of the amplitude even at moderate energies.
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The running of the Weinberg angle as a function of
momentum in the Higgless model, measured in GeV.
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9. Conclusions

e An electroweak model without a Higgs particle that breaks SU,(2)
X Uy (1) — U(1)em has been developed, based on a finite quantum
field theory. We begin with a massless and gauge invariant theory
that is UV complete, Poincaré invariant and unitary to all orders of
perturbation theory. A fundamental energy scale A, enters into the
calculations of the finite Feynman loop diagrams. A path integral is
formulated that generates all the Feynman diagrams in the theory.
The self-energy boson loop graphs with internal fermions comprised
of the observed 12 quarks and leptons

have an associated quantum measure in the path integral that is
broken to generate 3 Nambu-Goldstone modes that give the W* and
the Z% bosons masses, while retaining a zero mass photon.

e There is no classical Higgs scalar field particle and no new

particles are included in the particle spectrum. All particle masses
are generated by QFT self-energy diagrams.
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e The WW, - W W, and ete-— W+*_ W-_amplitudes do not violate
unitarity at the tree graph level due to the running with energy of
the electroweak coupling constants g, g’ and e.
This is essential for the physical consistency of the model as is the
case in the standard Higgs electroweak model.

e A self-consistent calculation of the energy scale yields A, = 542
GeV and a prediction of the W mass from the W-boson self-energy
diagrams in the symmetry broken phase gives m,, = 80.05 GeV,
which is accurate to 0.5%. Radiative corrections Ap(RC) remain to
be calculated.

e The EW cosmological constant problem is solved without fine-tuning.
e The Higgs mass hierarchy problem is solved without fine-tuning.
e The origin of mass in the universe is due to self-consistent

solutions of QFT self-energies — not to a classical scalar Higgs field
and Yukawa interactions.

END
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