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5) e+ e- ---> neutrino anti-neutrino gamma: THE IMPORTANCE OF AN EXACT CALCULATION.
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By A. Barroso, J. Pulido, J.C. Romao.
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By L. Bento, J.C. Romao, A Barroso.
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12) FLAVOR VIOLATION IN SUPERSYMMETRIC THEORIES.
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Fig. 4. Diagrams corresponding to the e* ¢~ — Hy amplitude.
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m Gauge (non)-invariance of the 3-point functions.
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Contrary to what was stated in the literature at the time, we showed
ZHy, yH~y that the off-shell 3-point functions v*H~ and Z*H~ were not gauge
Boxes invariant.
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While the 3-point function v* H~ is finite (the divergences cancel out),
the 3-point function Z*H~ needs to be renormalized. We explicitly
showed how this leads to a finite result.

m Gauge invariance of the final result for e e™ — H~.

We explicitly showed that the gauge non-invariant part of the diagrams
with the 3-point functions cancels out with the gauge non-invariant
part of the boxes, making the final result gauge invariant.
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For this problem it is very useful the program QGRAF by Paulo Nogueira,
http://cfif.ist.utl.pt/“paulo/. The input file for ZH~ is:

output= ’ZHG.lista’ ;

style= ’Styles/sum.sty’ ;

model= ’Models/gws-tHooftFeynmanGauge’;
in= Z;

out=H,A;

loops= 1;

loop_momentum= ;

options= onepi ;
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The Standard Model file in the Feynman-'t Hooft gauge is:

Last Update:

[H,H,+]

electron,

[el,E1, -]
[e2,E2, -]
[e3,E3, -]

13.05.2008

muon, tau

-+ - (Complete code at http://porthos.ist.utl.pt/CTQFT)

Gauge Goldstone

[GWP ,WM, A]
[WP,GWM, A]
[GWP ,GWM,A]
[GWP ,WM, Z]
[WP,GWM, Z]
[GWP ,GWM, Z]

Jorge C. Romao - .
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iy ST QGRAF: Output
# file generated by qgraf-3.1.1
Foreword
+ (1) *
Summary prop (WM(1,-ki+p1),WP(2,k1-pl))* a>
ZH~y, yHAy prop (GWM(3,-k1),GWP (4,k1))* W
vrtx (WP (2,k1-pl),GWM(3,-k1),Z(-1,pl))*
® e aerems vrtx (WM(1,-k1+pl),GWP(4,k1) ,H(-2,-ql1),A(-4,-q2)) G, @
e Scribble
o Amplitudes
e The Old Way +(1)* .
e FeynCalc prop(WM(1,k1-pl1) ,WP(2,-kl+pl))x* 2
e Loop Tools prop(GWM(3,k1) ,GWP(4,-k1)) * W
® Bosons vrtx (GWP (4,-k1) ,WM(1,k1-p1),Z(-1,p1))*
e Renormalization vrtx (WP (2, -k1+p1),GWM(3,k1) ,H(-2,-q1),A(-4,-q2)) Gria O
e Gauge Non-Inv.
Bozes -+ - (Complete output at http://porthos.ist.utl.pt/CTQFT)
o(e “et— H~)
. -(1)*
Ward Indentities
prop(cWM(1,k1),CWM(2,-k1)) *
el = A prop(cWM(3,k1-p1),CWM(4,-k1+pl))* N
Bibliography prop(cWM(5,k1-q1) ,CWM(6,-ki1+ql))* b
vrtx (CWM(2,-k1),cWM(3,k1-p1),Z(-1,pl))* g
vrtx (CWM(6,-k1+ql),cWM(1l,k1) ,H(-2,-ql))* e
9
vrtx (CWM(4,-k1+pl),cWM(5,k1-q1),A(-4,-92))
# end
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m With Fermion-
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Exit

File Setting

Main
Loop
Arrow
Detail
Position
Diagram
Spline
Scale
Label
Edit

Binding Clear << »» NOTICE
ANANAN- kK e
—1
P i
y Pk |
-2
P-4 -
______ kr B
-3
| 1 1 | 1 1 1 | | | | 1 I.‘f_
) 3
<« |
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Conventions:

m To simplify we ommit the denominators of the propagators.

m V&(p,k)=(p—k)* with p incoming charged scalar, E 0o
F=9Vs (p, k)

k incoming Higgs, o Lorentz index of W¢. T
s W(p), WHB(k), A*(q) with incoming momenta: W
VEP  (p, k,q) = [gap(P — B)p + 9pu(k — Q) + Guala — p)g] v e

We get for v*H~:

Fi = (=ieQq)* (=i D)) T+ mp)y” (b= d -+ mg)(p = Fo + mg)y']
Fro = (=ieQp (=i DY) T+ mp)y (b + Ky mg) (b o+ 4 +mp)']

(_p + kapa _k)
—p+k,—k)

—i)*Vaas” (=0, 0 — ¢, q)Vé?““
_i)BVGﬁaV(p —q,—p, Q)Vgﬂu(pa

Qim%[/ gt”

G1 = igmw (—ie)*(
G1a = igmw (—ie)*(

Go = Gaq = igmw (—ie)(—ie)(—1i)
AB Fest — 13
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Gs = 5 Vss(p — k, —k)(=ie)muw (=)’ V& (=p.p — 4,9)

1 .
Gaa = == Visp(p — ks =k)(=ie)*muw (<)% V" (p = ¢, —p.q)

1

Gy = —gVSﬁ(_p + ¢, =k ) (—ie)*mw (—)% VG (=p+ k,p, —F)
1 : N2, TV
Guaa = 5 Vss(—p+ a, —K)(=ie)muy (=) V& (p, —p + k, —k)
o ig .9 N 27 rV u /
G5 — _5(_’56) Tn’VV(_Z)Z VS (_p — q, _p)VS (_p + q, —k )
_i_g_-2 A\ v . Iy 1.t
G5a — 9 ( 7'6) mW( 2)7’ VS( p,p Q)VS( p+Q7 k)
1 , o\ v
G = = (—ie)*muy (~1)*VE (p, —p + K)VE (p — k. — )
1 , N+ v
Goa = == (—ie)mu (~)*VE (=p + k. p)VE (p — k, —K')
2
g nm . . . v
Gir = G =~ " (i) m (i) (~i)g"
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2

1g m Y y
Gy = —— 2 (=ie)*i"V§ (p,k = p)V§(p — ¢, )
myy
. 2
g m 9. y
G8a — _E—H(_Z€)2ZSVS"L(_p -+ kvp)VS (_pvp T k)
myy
1 .9, y
Gy = == mw (—ie)*i*(~1) (p)" (b — k)"
o g : \2:3 L v
Goa = —mw(—ie)""(=1)(=p)"(—p +q)
eg, . N
G110 = G100 = G11 = G114 = —7(—’66)mw(—’&)29
Ghro = igmw (—ie?)(=i)2gas (267" — g*1g™ — g°"g™")
. 2
Giy = —2 ML 2 942 guv
2 mw
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The fermion loops can be evaluated

using standard techniques (see the Appendix of my text OneLoop)
We get for the amplitudes

d'p Te[(p+myp)y" (b —d +mp) (@ — ¥+ my)y*]

MY = (~ieQp*(~i5 L)1) [

2 my (2m)* [p? —m3(p — q)? — m3][(p — k)% — m7]
and
oz 8 s [ T m)y (o mg) (b mp)]
ML = (ieQpP(ig DR [ —2[(p+ )% — mAll(p + k)? — ml]

With the change of variable p — —p in the second integral we can reduce
both integrals to the same denominator.
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Doing the trace of the Dirac matrices we get for the sum of both diagrams

N 629 d4p NV
My = mw / (2m)* [p? = m3][(p — )2 — m3][(p — k)? — m3]

NV,LL = —4m3f [QW/(m?c + k - C]) _ kqu + (_4g,uozku + Qkaglw)pa + 4]9#]91/ o p2glﬂ/}

Using Feynman'’s trick to reduce to the same denominator and performing
the Wick rotation we finally get (many pages of work !)

v ’ 1 v v / /
My = 20 e 0 - | Q3xe (8 B
I ol I ol I ol / q2 / m%{
XF(B?BH):4J1(676H>_16J2(575H)7 5 :Wa BH:W
f f

and

[17 5131562]

/ / ! b=
T8, Br) = /0 dxl/O 42 1—3'21(1—m)+ (8 — By) 1172
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(¥ Definitions x*)

dm[mu_] :=DiracMatrix[mul

dm [5] :=DiracMatrix [5]
ds[p_J]:=DiracSlash[p]

mt [mu_,nu_J]:=MetricTensor [mu,nul
fv[p_,mu_]:=FourVector[p,mu]
epsilonfla_,b_,c_,d_Jl:=LeviCivitala,b,c,d]
id[n_]:=IdentityMatrix[n]
splp_,q_]:=ScalarProduct([p,ql
li[mu_]:=LorentzIndex [mu]
proplp_,m_]:=m + dsl[p]
PV[k_,mu_]:=PolarizationVector [k,mul

(* Diagrams Fl1 e Fla *)

numF1:=Tr [prop[p,mf] dm [nu] proplp-q,mf] proplp-k,mf] .dm[mul]
numFla:=Tr [prop[-p,mf] dm [mu] prop[-p+k,mf]
propl[-p+q,mf] dm [nul]
ampF:= mf (-1/2 ) Contract[(numFl+numFla) PV[k,mu] 1 \
FeynAmpDenominator [PropagatorDenominator [p,mf], \
PropagatorDenominator [p-q,mf] ,PropagatorDenominator [p-k,mf]]
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iy 1sT Diagrams with Fermions with FeynCalc

(* Simplifications *)
Foreword onshell={spl[k,k]->0, splq,ql->q2}
Summary kin={spl[k,ql->92-mH"~2/2}
ZH~y, yHy resF:= (-I/Pi~2) OnelLoopl[p,ampF] /. onshell
.QGRA_F ansF=PaVeReduce[resF]
e The Diagrams
e Scribble
o Amplitudes aux =(Pair[LorentzIndex[nu], Momentum[Polarizationl[k, I]]]=*
e The Old Way Pair [Momentum[k], Momentum[q]] -
Pair[LorentzIndex[nu], Momentum[k]]*
e Loop Tools Pair [Momentum[q], Momentum[Polarizationl[k, I]]])
e Bosons
® Renormalization XF=Coefficient[ansF, aux]
e Gauge Non-Inv.
Boxes RQSUlt: aux — 61/ k‘ g — k‘y gq- €

o(e “et— H~)

2 2 2 2 2 2

Ward Indentiti
ard Indentities XF = (4 nf (2 92 BO[mH ,mf ,mf ] - 2 g2 BO[q2,mf ,mf ]

H — ~v

Bibliography 2 2 2 2 2 2 2
- (mH - 92) (-2 + (-4 mf + mH - g2) CO[0, 92,mH ,mf ,mf ,mf ])))

2 2
/ (mH - q2)
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Diagrams with Fermions: Numerics with LoopTools
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stmp=0penWrite["XF.f" ,FormatType -> FortranForm] Mathematica
Write[stmp,"XF=",XF]
Close[stmp]

program ghgtest Fortran

**x* Initialize LoopTools
#include "looptools.h"
call ffini
1bd2=1.d0
call setlambda(lbd2)

-+ - (Complete code at http://porthos.ist.utl.pt/CTQFT)

xf=(4*xmf2*x(2%q2*B0 (mH2 ,mf2 ,mf2)
& (mH2 - q2)*(-2 + (-4*mf2 + mH2 - q2)*
& C0(0,q92,mH2 ,mf2 ,mf2,mf2))))/(mH2 - Qq2)**2
xfpaper=4*x(J1(betap,betapH)-4d0*xJ2(betap,betapH))

- 2xq2*B0(q2,mf2 ,mf2) -

Result for my = m,, ¢* = (100 Gev)?

mH XF XF Paper

50.00 (-3.39604E-03, 1.45127E-03) (-3.39604E-03,
100.00 (-2.37761E-03, 9.07261E-04) (-2.37761E-03,
150.00 (-1.80151E-03, 6.45544E-04) (-1.80151E-03,

1.45127E-03)
9.07261E-04)
6.45544E-04)

Jorge C. Romao
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Diagrams Gg + G, + G13 are proportional do m?; and gauge invariant per

S€.

(x Diagrams G8 e G8a *)
numG8GHG:= (1/2 mH"2) VScalar[p,k-p,mul] VScalar[p-q,-p,nul
numG8aGHG:=(1/2 mH"2) VScalar[-p+k,p,mu] VScalar[-p,p-q,nul

ampG8GHG:=Contract [(numG8GHG+numG8aGHG) PV[k,mul] 1 \
FeynAmpDenominator [PropagatorDenominator [p,mW], \
PropagatorDenominator [p-k,mW] ,PropagatorDenominator [p-q,mW]]
resG8GHG:= (-I/Pi~2) OnelLoopl[p,ampG8GHG] /. onshell
(x Diagrams G13 x)

numG13GHG:= - mH"2 mt [mu,nu]

ampG13GHG:=Contract [numG13GHG PV[k,mu] 1 \
FeynAmpDenominator [PropagatorDenominator [p,mW], \
PropagatorDenominator [p-q+k,mW]]

resG13GHG: =

(-I/Pi~2) OnelLoopl[p,ampG13GHG] /. onshell

(Complete code at http://porthos.ist.utl.pt/CTQFT)
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Diagrams with Gauge Bosons: G + Gg, + G135 - -
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(x Diagrams G8+G8a+G13 x*)

ansG8GHG=PaVeReduce[resG8GHG]
ansG13GHG=PaVeReduce[resG13GHG]

ansG8G13GHG=Simplify[ansG8GHG+ansG13GHG \
/. q2-> mH"2 + 2 ScalarProduct[q,k]]
auxG8G13GHG = Coefficient[ansG8G13GHG, aux]

XG8G13GHG:= Simplify[auxG8G13GHG /. ScalarProductl[q,k]->(gq2-mH"2) /2]

we get the result

2 2 2 2 2 2
XG8G13GHG= -(2 mH (q2 BO[mH , mW , mW ] - g2 BO[q2, mW , mW ] +
2 2 2 2 2 2
(mH - qg2) (1 + 2 mW CO[0, 92, mH , mW , mW , mW ])))\
2 2
/ (mH - q2)
(Comparison with Eq.(2.8) at http://porthos.ist.utl.pt/CTQFT)
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(x Diagram G1+Gla *)

numG1l:= (mW~2) WMWPA[-k+ql,k,-ql,b,a,mu] \
WMWPA[-k+ql1+q2,k-q1,-92,a,b,nu]

numGla:= (mW~2) WMWPA[k,-k+ql,-ql,a,b,mu] \
WMWPA [k-ql1,-k+ql+q92,-92,b,a,nu]

ampGl:=Contract [(numGl+numGla) PV[ql,mu] PV[q2,nu] 1 \
FeynAmpDenominator [PropagatorDenominator [k, mW], \
PropagatorDenominator [k-ql,mW] ,PropagatorDenominator [k-ql1-q2,mW]]

resGl:= (-I/Pi~2) Onelooplk,ampG1l] /.
ansGl=PaVeReduce[resG1l]

onshell

.- - (Complet program at http://porthos.ist.utl.pt/CTQFT)

(* Diagrams G12 and Gl12a x*)
numG12:= (-mW~2) mt[a,b] (2 mt[a,b] mt[mu,nul- \
mt [a,mu] mt[b,nu] -mt[a,nu] mt[b,mul])

ampGl2:=Contract [numG12 PV[ql,mu] PV[q2,nu] 1 \
FeynAmpDenominator [PropagatorDenominator [k, mW], \
PropagatorDenominator [k+ql+q2,mW]]

resG12:= (-I/Pi~2) OnelLooplk,ampG12] /.
ansGl12=PaVeReducel[resG12]

onshell
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Renormalization: Finiteness of Result for v*H~
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There is no counterterm for v* H~, so the result has to be finite. Most of
the diagrams are divergent and FeynCalc is great in helping us checking
the result. Only By is divergent with

2
— — v+ Indn
€

Div(By) = A =

(* Test that the divergences in GHG cancel out x*)
div={BO[m1_,m2_,m3_]->Div}

ansGGHG=ansG1GHG+ansG2GHG+ansG3GHG+ansG4GHG+ansG5GHG+ansG6GHG+\
ansG7GHG+ansG9GHG+ansG10GHG+ansG11GHG+ansG12GHG+ansG8G13GHG
ansGkinGHG=

ansGGHG /. kin

TestDivGHG:= Simplify[Coefficient[ansGkinGHG /.div ,Div]]

TestDivDiagGHG=Function[exp,test=exp /. kin; \
test=Simplify[Coefficient[test /.div
test=Coefficient[test,auxb mW~2]];

,Div]];\

with the result:

TestDivGHG= O
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Table of Divergencies: Coefficient of —imj, A g"”

Foreword

Summary

ZH~, yHy

e QGRAF

e The Diagrams
e Scribble

o Amplitudes

e The Old Way
e FeynCalc

e Loop Tools
e Bosons

® Renormalization

e Gauge Non-Inv.

Boxes

a(e_e+—> H~)

Ward Indentities

H — ~v

Bibliography

Jorge C. Romao

Diagram ~*H~ Z*H~
F14-Fla 0 0
Gl+Gla 36 36
G2+G2a 0 0
G3+G3a -3 —3
G4+G4a -3 3 tan? Oy
G5-+Gba 2 1 — tan? Oy
G6+Gba 2 —2tan? Oy
G7+G7a 0 0
G9+G9a —2 —2
G10+-G10a —4 4 tan? Oy
G11+Glla —4 Atan? Oy
G12 —24 —24
G8+G8a+G13 0 0
Counter Term 0| —8(1 + tan? y)

Sum

0

2
w  egicosby o 5 9 2 \ -
TZ o 167-‘-2mW mW(l —|_ tan 9W)2BO(O, mW7 mW) counter tZrm
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iy IST Final Result for v*H~ and Z*H~

Foreword The final result for the 3-point functions can be written as
2
Summary 147 . €g [ A~y VL Ay v W Ay v ,u]
I T pry€u(F) Gy c5 ' g+ 'K g +c5 7 q"q"| eu(k)
o QGRAF 5
e The Diagrams
o Scribble Tobeeu(k) = 2= bw 57 g 4+ AR K g + d§Z q" "] e (k)
o Amplitudes 167T mywy
e The Old Way
o FeynCalc Using FeynCalc we get
e Loop Tools
e Bosons auxb=PolarizationVector [k,nu]
® Renormalization aux2=FourVector[k,nu] Pair[Momentum[q], Momentum[Polarization[k,I]]]

aux3=FourVector[q,nu] Pair[Momentum[q], Momentum[Polarizationl[k,I]]]

Boxes

(et Hn) c5GHG = Simplify[Coefficient[ansGHG, aux5] ];
Ward Indentities | | 437HG = Simplify[Coefficient[ansZHG, aux3] 1;
H — ~v

Bibliography with the following type of result:

In[5]:= c3GHG
2 2 2 2
Out [6]= 3 mW CO[0, 92, g2 - 2 k.q, mW , mW , mW ]
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Final Result for v*H~ and Z*H~ - --

Foreword

Summary

ZH~, yHy
e QGRAF

e The Diagrams
e Scribble

o Amplitudes

e The Old Way
e FeynCalc

e Loop Tools
e Bosons

® Renormalization
e Gauge Non-Inv.

Boxes

o(e “et— H~)

Ward Indentities

H — ~v

Bibliography

Jorge C. Romao

Now these results can be written as

2
v € g [157 UM LV A~y ( v 2 Vﬂ)}
Ty = Tty 14 (1097 —F) + T 0 —dg
Vi €g COSHW/[dAZ I VR R JAZ v 1 dAZ(:Q 2) Vu}
* : - _ —m
Z°HY = TomZmm (k- qg ¢") +d37q"q" —dg” (g 7)9
with
A A A A
==, A=k q— ¢PcsT

d1ZHG = -d2ZHG
d4auxZHG = Simplify[ d1ZHG splk,q]
d4ZHG= Coefficient[d4auxZHG,q2]

-d5ZHG /. kin ]

Testd4:= Simplify[d4auxZHG - d4ZHG*(q2 -mW~2 (1+tw2))]
In[6]:= Testd4
Out [6]= O
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Results for the Boxes

Foreword

Summary

ZH~, yHy
[Boxes |

e Example

e Final Results

e Gauge Inv.

o(e et— H~)

Ward Indentities

H — ~v

Bibliography

The calculation procedes as usual with FeynCalc. The important point is
that now the result will contain a spinor line. In fact there are six
independent Standard Matrix Elements, M E[1],..., M E[6] defined by

ME)|
ME]
ME)|
ME)|
ME)|
ME)|

O O e W N

These can be

= O(py)nwPrulp-) €' (k)
= U(p+)nPru(p-) € (k)
= O(p+)nwPru(p-) K p— - (k)
= V(p+)nwPru(p-) k" p— - €(k)
= V(ps)nwPru(p-) k” py - e(k)
= V(p+)vwPrulp-) k" ps - (k)

extracted with the FeynCalc code

var =
(Head [#]

Set @@ {var,

Select [Variables[ansBox], \

StandardMatrixElement) &]

{ME[1] ,ME[2] ,ME[3] ,ME[4] ,ME[5] ,ME[6]}}

Jorge C. Romao
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An Example: Result for the Box of Diagram 7

Foreword

Summary

ZH~, yH~

Boxes

e Final Results

e Gauge Inv.

o(e et— H~)

Ward Indentities

H — ~v

Bibliography

Jorge C. Romao

numB7:= Spinor [pp,O0] dm[a] dm [7] prop[p-pp,0l] dm[a]
dm [7] prop [pm-k,O0] dm [mu] Spinor [pm,0]
ampB7:= Contract[ (1/2) numB7 PV[k,mu] 1 \

FeynAmpDenominator [PropagatorDenominator [p,mW], \
PropagatorDenominator [p+k-pp-pm,mW], \
PropagatorDenominator [p-pp,mel, \
PropagatorDenominator [pm-k,0]]

resB7:= (-I/Pi~2) OnelLoopl[p,ampB7] /. onshell
ansB7=PaVeReduce[resB7]
2 2
BO[-2 k.pm, me , mW ] ME[2]

ansB7 = - - - - - - - - - - - ——-"-"-"-"—"————————- -

2 (k.pp - pm.pp)

2 2
BO[-2 k.pm - 2 k.pp + 2 pm.pp, mW , mW ] ME[2]

2 (k.pp - pm.pp)
2 2

- mW ) CO[O,
2 2 2
mW , me , mW ] ME[2]) / (2 (k.pp - pm.pp))

((me -2 k.pm, -2 k.pm - 2 k.pp + 2 pm.pp,
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Final Results for the Boxes: Gauge (Non)-Invariance

Foreword

Summary

ZH~, yHy

Boxes

e Example

e Final Results

e Gauge Inv.

o(e et— H~)

Ward Indentities

H — ~v

Bibliography

Jorge C. Romao

The final results can be written in the following form:

Gg mw _ ” ”
Thoew = —1g2 0P+)wPru(p-) (k- pyg™ — K'pl) BV
+ (k- p_g' — k'p") IV + (CEW — Wy k- IV, k) g'ﬂ
3
n L €g-mzy — v v my4
Tooxz = Tom2 cosd Oy P+ WlaLPr + arPr)u(p-) (k-pyg™ — kPlL) &

+ (k- p_g" — kp") % + (% — % -k — E%py k) g

The Z box has to be gauge invariant by itself, because it depends on m.

GIBoxZ:=Simplify[cl1lZ - c¢3Z splk,pm] - c5Z splk,pp] /. me->0]
GIBoxW:=Simplify[c2W - c4W splk,pm] - c6W splk,pp] /. me->0]
GIBoxZ=0
2 2 2
3 CO[0, 2 pm.pp, -2 (k.pm + k.pp - pm.pp),nW ,mW ,mW ]
GIBoxW= --------"-"-"-"-"-"-"-"-"-"-"-"-"-"-"---—~—— - ——— - ——————
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The Gauge Non Invariant part of the 3-point Functions

Foreword

Summary

ZH~, yHy

Boxes

e Example
e Final Results

o(e et— H~)

Ward Indentities

H — ~v

Bibliography

Jorge C. Romao

Now the gauge non invariant part of the diagrams with the 3-point
functions is

T = w0 [P v~ 00) — oy +0)
+Pr(—c5" (gv — g4) — A5 (gv — g4))| u(p-)
= 16;§;W@(p+)%PLU(p—) 2¢57 g2
where we have used ¢57 = —dZ
In[14]:= c3GHG+d4ZHG /. kin
Out [14]1= O

Therefore the final check of gauge invariance of e~ e™ — H~ is

GNIBoxW:=Simplify[c2W - c4W splk,pm] - c6W splk,ppl]
kinxs={splpm,ppl->s/2,splk,ppl->(s-2 kpm-mH2)/2,splk,pm]->kpm,q2->s}

TestGI:= Simplify[Simplify[GNIBoxW*mW + Simplify[c3GHG (-1/2/mW)\
/. kin] /. kinxs] /. {mH"2->mH2 ,me->01}]
TestGI=0
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IST Cross Section
After all these checks we can write for the cross section
Foreword 5
2
Summary do I s— ULy Tu,
= Fe
ZH~, vyH~ d cos 6 64rms 28 Z Z At
spins | ¢
Boxes .
with
e Traces eg3
o Output T = TR U(pe)vw (a;. Pr, + a;rPr) u(p—)
e Fortran 67T mW
e Final Plot 1986 5 y n y y _
e Final Plot 2008 [(k py gF =KD G+ (k-p- ¢"F — K'pY) G }
Ward Indentities and
H — v~y . ¥ _
Diagram a;l, iR G, G,
Bibliography
cr cr
A, sin? Oy sin? Oy m%/? m%v?
a2 a2
A e 1 g¢ e e m2 1 m2 1
< Jv T IA v —9A Ws—m2Z+imZFZ Ws—mQZ—I—imZI’Z
Boxy 1 0 i e
Boxz | (g% +9%2)% | (9§ —94)° mycs mycs
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IST Using FeynCalc to do Traces

AL[mu_, rho_] := Sum[alli] ((splk, ppl] mt[mu, rho] - fv[k, rhol \
Foreword fvlpp, mul) Gp[il] + (splk, pm] mt[mu,rho] - fv[k,rhol fvlipm, mul) \
Summary Gm[il), {i, 1, 4}]
ZH~, yH~
Boxes
o(e"et— H~) ARc[mu_, rho_] := Suml[ar[i] ((splk, ppl mt[mu, rhol] - fv[k, rho] \
fvlpp, mul) Gpcl[i] + (splk, pm] mt[mu,rho] - fvl[k,rho] fv[pm, mul) \
D QL Gmc[i]), {i, 1, 4}]
e Fortran

e Final Plot 1986

_ res:=Contract[ Tr[ds[pp] . dm[rho] . (AL[mu,rho] dm[7] + AR[mu,rho]\
e Final Plot 2008

dm[6]) . ds[pm] . dm[a]l] . (ALc[nu,al] dm[7] + ARc[nu,al] dm[6])]
Ward Indentities (- mt[mu , nul)]

H — ~vy

Bibliography

simp2={Gp[i_]->ReGp[i] + I ImGp[il],Gpcl[i_J->ReGp[i] - I ImGpl[il, \
Gm[i_]->ReGm[i] + I ImGm[i],Gmc[i_]->ReGm[i] - I ImGmI[il}

res= res /. onshell;

res= res /. kinxs

res= Simplify[res /. simp]

res= Simplify[res/mW2"3 /. simp2]
res= Simplify[res /. simp3]
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Output to Fortran

Foreword

Summary

ZH~, yH~

Boxes

o(e et — H~)
e Traces
e Fortran
e Final Plot 1986
e Final Plot 2008

Ward Indentities

H — ~vy

Bibliography

(*x Separate the contributions from various Diagrams *)

TG=Simplify[res /.
TZ=Simplify[res /. {al[1]1->0,al1[3]1->0,al[4]->0,ar[4]->0}]
TGTZ=Simplify[res -TG -TZ /. {al[3]->0,al[4]->0,ar[4]->01}]
BW=Simplify[res /.
BZ=Simplify[res /. {al[1]->0,al[2]->0,ar[2]->0,al[3]->01}]
BWBZ=Simplify[res - BW -BZ /.
TGZBWZ=Simplify[res— TG-TZ-TGTZ-BW-BZ-BWBZ]
TestSeparation:=Simplify[res-TG-TZ-TGTZ-BW-BZ-BWBZ-TGZBWZ]

stmp=0penWrite["functions.f",FormatType -> FortranForm]
Write[stmp,"TG=",TG]

Write[stmp,"TZ=",TZ]

Write[stmp,"TGTZ=",TGTZ]

Write[stmp,"BW=",BW]

Write[stmp,"BZ=",BZ]

Write[stmp,"BWBZ=",BWBZ]

Write[stmp,"TGZBWZ=",TGZBWZ]

Close[stmp]

{al[2]->0,ar[2]->0,al[3]->0,a1[4]->0,ar[4]->0}]

{al[1]->0,al[2]->0,ar[2]->0,al[4]->0,ar [4]->01}]

{al[1]1->0,al[2]->0,ar [2]->01}]

Complete code at http://porthos.ist.utl.pt/CTQFT

TestSeparation=0

Jorge C. Romao
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Fortran Code

Foreword

Summary

ZH~, yH~

Boxes

o(e et — H~)
e Traces
e Output
e Final Plot 1986
e Final Plot 2008

Ward Indentities

H — ~vy

Bibliography

R e it e e ittt *
* This program calculates e"- e+ -> Higgs gamma. The notation *
* and other explanations can be found at the page: *
* *
* http://porthos.ist.utl.pt/CTQFT *
* (See also Nuclear Physics B267 (1986)509) *
* *
* Needs: LoopTools, CUBA integration package, gauss.f for *
* gaussian integration. *
* *
* Author: Jorge Crispim Romao *
* email: jorge.romao@ist.utl.pt *
R e e et *

program eEHG

implicit none
**x* Initialize LoopTools
#include "looptools.h"

MSquared=TG+TZ+TGTZ+BW+BZ+BWBZ+TGZBWZ
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Final Plot for the 1986 data
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my = 92.9 GeV, my = 80.4 GeV, m; = 40 GeV,sin? Oy = 0.21

]

My=40Gev M=60 Gev V5 (GeV]
10 — 4

40 80 80 100 2 140

Fig. 8. Totale™e™ - Hy cross section,

AB Fest — 36



Final Plot for 2008 data

Foreword
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Boxes
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Bibliography
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my = 91.187 GeV, my = 80.4 GeV, m; = 172 GeV, sin? Oy = 0.2319

My=60 GeV —
Mpra0SeV L T T T T T T T
50 100 150 200 250 300 350 400 450 500
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Ward ldentities for v*H~ (and Z*H~) NPB272(1986)693

Foreword

Summary

ZH~, yHy

Boxes

a(e_e+—> H~)
Ward Indentities

H — ~vy

Bibliography

Jorge C. Romao

The Ward identities are:

k IO = —q°Tg — i G~ PP ()T, + F, T + FPTg

and in lowest order
k IV = —¢°Tg — ¢°TK

with
€p
ey
‘TGE ..ff.‘@ —
\
4'5.“. L 4 SRR <
€a € o ot R 4 < J.r’f.:
H’H"-\J 'y,

H

Fig. 1. One-loop contributions to T; (cf. eqg. (11)).
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IST Ward ldentities - - -
F d - AL a
orewor 20 * .

'TP — é. 0'.‘ :.’ .A..
Summary A = X%, Py - Px, P
ZH~, vyHy \

\ \

Boxes ' \ \

H M H \
a(e_e+—> H~) v \
Ward Indentities
H — ~vy “a

= JRRRTITRY Bop
Bibliography A'. |
- * g b\""'»bj_ i
|
T TH
:A
; ix, —==ix
+ p P"HJ\: + { ol
L vl
€ e - — —
Fig. 2. One-loop contributions to 7, (cf. egs. (11) and (14)). xg = ¢ and x; = — g cos Oy,.
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IST Ward ldentities - - -

Doing the one-loop diagrams we get the final result

Foreword 5
ZH~, yHy 16m2myy

Boxes

which is precisely what we got in the first paper.
a(e_e+—>H'y)

Ward Indentities Final Comments. I

H — ~vvy ]
m /¥ H~ proceeds in the same way.

Bibliography

m [hese one-loop diagrams can most easily be done with FeynCalc
m In the non-linear gauge of Fujikawa
k I8 =

as Bergstrom and Hulth showed. However, this does not mean that
the same is true in the Feynman-'t Hooft gauge as they claimed.

m Anyway, away from /s = myz the boxes are important and should be
evaluated.
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The Decay Width for H — ~v

Foreword

Summary

ZH~, yH~

Boxes

0(6_6+—> H~)

Ward Indentities

EEETIES

e Amplitude

e Literature

e Total Width
e BR's

e Final Graph

Bibliography

The decay width is

where the factor 1/2 is due to the presence of two identical particles in the
final state. Due to gauge invariance all the diagrams should be written in
the form

g 1

2

M; = 5 [61(Q1) -€2(q2) q1- @2 —€e1(q1) - @2 €1(q2) - C]1] Qi X

mw 167
We get therefore

2 3
a?g? mH 2y a“*Grmiyy 9
X
~ 102473m Z‘Q T 128y/2n8 Z‘Q
where
° 2 1 4
> |ala) -eale) a-e —aln) a2 ale) o) =2(q-q) = my

A1,A2
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Final Result for the Amplitude

Foreword

Summary
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Boxes
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Ward Indentities
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e Amplitude

e Literature

e Total Width
e BR's

e Final Graph

Bibliography

Using FeynCalc we get

In[3]:= XF

2
Out [3]= -2 tauF - 4 nf (-1 + tauF) CO[O,

In[4]:= XG

2

Out [4]= 2 + 3 tauW + 6 mW (-2 + tauW) CO[O,

with

2
_ 4my

Ty = W =
f m%[’

Jorge C. Romao

2
_ Amyy

2

, mf ]
2 2
mW , mW ]
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Tests: Comparison with the Literature
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m Barroso, Pulido, Romao, Nucl.

m Gunion, Haber, Kane, Dawson, Higgs Hunter’s Guide

Xp
Xa

—  —4[J1(0,4/17) — 4J2(0,4/7¢)]

= 4[4J1(0,4/mw) — (6 + 4/7)J2(0,4/77)]

= =275 |1+ (1 —7f) f(7y)]

= 243w + 3w (2 —mw)f(Tw)

[Sin_l(\/l/iT)}2, se T72>1

flr) = 2
—1 (s /n-) —in]®, se 7<1
4m? 4m?
ne=1£vV1-r, sz—gf, W= ——"
My My

Phys B267 (1986), 509
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Tests: Comparison with the Literature - - -

Foreword

We can use FeynCalc to check the results with the code:

Summary

ZH~, yH~

Boxes

o(e et — H~)

Ward Indentities

H — ~vy

e Amplitude

@ Literature |
e Total Width

e BR's
e Final Graph

Bibliography

(* Comparison with NPB267 (1986)509 *)

subJ[m_] := {J1 -> -m“2 CO[0O, O, mH"2, m~2, m~2, m~
J2 -> tau/4 (-1/2 - m~2 CO[0, O, mH"2, m~2, m~2,

XFBPR=Simplify[-4 ( J1 -4 J2) /. subJ[mf]]
XGBPR= Simplify[ 4 (4 J1 -( 6 + 4/tau) J2 ) /. sub

TestXFBPR:=Simplify [XF-XFBPR]
TestXGBPR:=Simplify [XG-XGBPR]

2],
m~2])}

J[mW]]

(* Comparison with Higgs Hunter’s Guide x*)

subftau[m_J]:= {ftaulm] -> -2 m~2 CO[0O, O, mH"2, m~2

, m~2, m~2] /tau}

XFHHG=Simplify[-2 tau (1 + (1-tau) ftaulmf]) /. subftaulmf]]

XGHHG= Simplify[ 2 + 3 tau + 3 tau (2-tau) ftaul[mW]
/. subftau[mW]]

TestXFHHG:=Simplify [XF-XFHHG]
TestXGHHG:=Simplify [XG-XGHHG]

Jorge C. Romao
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IST Final result for H — v

Foreword The final result is

Summary

ZH~, yH~

2 3
Boxes . 84 GFmH 2 ‘
o(e ety H~) I'= 1281/273 Z |Q'L Ai

Ward Indentities

H — ~vy W|th
e Amplitude

2

7

e Literature

B 9 2 2 2 2
e BR’s XF——27']'3—4mf(—].+Tf)CO(0707mH7mf7mf7mf)

e Final Graph

Bibliography

XG' =2+ 3TVV + 6mW(_2 + TW)OO(Oa 07 m%]a m%/Va m%/Va m%/[/)
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IST Branching Ratios

We have for the various partial widths:

Foreword

Summary - H N f?

ZH~y, yHy 5

_ Grmgm

Boxes f 3 2 2
I'H — = N. B, =4/1—4m4/m

(e et— H~) ( ff) 47T\/§ 6 6 \/ f/ H

Ward Indentities

T s H—>WW* (mwy <mpg <2my)

e Amplitude

e Literature
o Total Width 3G2 md mpy myw 'y
EIVWIH oy ) §= I

T — T(H — WW*) = z=-2
° iaI Graph ( ) 167T3 i i

Bibliography

14x 2 _ fp2
. Y L 2 2 2 4
F(a:,5)—/2x dy 1=y + 2202 <y 122%y + 8x —1—12:1:)

m H—> /77 (mz<mH<2mz)

[(H— ZZ%)=

G2 40 160 T
FAkILALLL: (7——sin O + —— sin’ QW) (@, 8), =2 =2
6473 3 9 my mg
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Branching Ratios - - -
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) “ 2 2 “ 2 2 2 2 2 “
ABO = BO(mH,mw, mw)—BO(mz,mw, mw), CO = Co(mz, O, miyr, mw,mw,mw)
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2 3
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