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Para este problema é muito util o programa QGRAF de Paulo Nogueira,
http:/ /cfif.ist.utl.pt/“paulo/. O ficheiro de input é:

output= ’HGG.lista’ ;

style= ’Styles/sum.sty’ ;

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

out=A,A;

loops= 1;

loop_momentum= ;

options= onepi ;
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O ficheiro do Modelo Padrao na gauge de Feynman-'tHooft é:

H ——mmm e *
* Last Update: 13.05.2008 *
H ——mmm e *
* Higgs

[H,H,+]
* electron, muon, tau

[el,E1, -]

[e2,E2, -]

[e3,E3, -]

-+ (Ver programa completo em 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]
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# file generated by qgraf-3.1

+(1)*

prop (WM (1,-ki1+pl),WP(2,k1-pl))*

prop (WM (3,-k1) ,WP(4,k1))*

vrtx (WP (2,k1-p1),WM(3,-k1),H(-1,p1))*

vrtx (WP (4,k1) ,WM(1,-kl+p1),A(-2,-q1),A(-4,-q2))

+(1) %

prop (GWM(1,-k1+pl1) ,GWP(2,kl1-pl1))*

prop (GWM(3,-k1) ,GWP (4,k1))*

vrtx (GWP (2,k1-p1),GWM(3,-k1) ,H(-1,p1))*

vrtx (GWP (4,k1) ,GWM(1,-k1+pl1),A(-2,-q9q1),A(-4,-92))

-+ (Ver output completo em http://porthos.ist.utl.pt/CTQFT)

-(1)*

prop (cWM(1,k1),CWM(2,-k1))*
prop(cWM(3,k1-p1),CWM(4,-kl+pl))*
prop(cWM(5,k1-q1),CWM(6,-kl+ql))*

vrtx (CWM(2,-k1),cWM(3,k1-p1) ,H(-1,pl))*
vrtx (CWM(6,-k1+ql),cWM(1,k1),A(-2,-q1))*
vrtx (CWM(4,-k1+pl),cWM(5,k1-q1),A(-4,-92))

)

# end
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Convencoes:
a3 V§w.k)=(p—k)°

A W—%(p), WHA(k), A*(q) com momentos a entrar no vértice:
VE" (k@) = [905(p = k) + 9pu(k — Qo + Gua(q — p)sl

3 Para simplificar as expressoes omitimos os denominadores dos propagadores.

Obtemos:

Fy = (=ieQ ) (i Dy (ST mg) (= B+ mg) v = o + )3

(—ieQq)* (=i LY (S)TH(k +mg )y (o + mg)w (K o+ o+ mg)]

G1 = igmw(—ie)*(—i)*Vgsa(—k + qu, k, —ql)Vgﬁ”(—k +q +q,k—q,—q)
Giq = igmw (—ie)?(=i)*Vaas" (k, =k + q1, —q1)VE™ (k —

Gy = Goq = igmy (—ie)(—ie)(—i)*imiy g"”

q1,—k+q + ¢, —q2)
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A largura de decaimento escreve-se

onde o factor 1/2 se deve a termos duas particulas idénticas no estado final.
Devido a invaridncia de gauge todos os diagramas se podem escrever na forma

e’g 1

M; =

S o) alm) 0 a - alw) @ al) o] GX.

Obtemos ent3o

B a?g’mi; 2 12 a*Grmi; 2 v |2
b= 102473 m%, ; }Qz XZ} 128273 ; ‘Q% XZ‘

onde usamos

2
1
Z ‘61(%) () -2 —ala) e eale) al =2 (@ @)= im%[
A1,A2
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Resultados usando as férmulas explicitas do Apéndice do meu texto OneLoop.
Bibliografia Obtemos para as amplitudes

g my ik Trl(k+mp)(f =+ mp)v (k= do +ms)v,]

eiMFl = (-ieQP(~i§ )it [ @)t k2 = m2][(k— p)? — m3][(k — a)? — ]

i (O N2 (—i T d*k Tr[(F +myp)y(f+ 1 +mp)yv (F + P +my)]
MF2 ( Qf)( 2mW) ( 1 /(27T)4 [k:2—m%][(k+p)2—mff][(k—|—q1)2—m?]

Usando a mudanca de varidvel &k — —k no segundo integral podemos reduzir os
dois integrais ao mesmo denominador.
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0 Ding mw J (2m)* k2 = m3][(k — p)? — m3][(k — q1)® — m3]
A Largura com
Fermides
e FeynCalc Nul/ - —477?30 [gul/ (mi —dq1- Q2) + d1vq92p + (_4g,uCMQ1V + 2Q1Oég,ul/)ka + 4kﬂk’/ o k2gl“/}
Bosoes
Testes Usando agora as Eqs (A.61-A.63) com
Resultados rT = —q1, o = —(q1 — Qq2, P =1 —|_ IoaT9
Bibliografia

€

C = x312 + 515 + 2212271 - T2 +mfc — 7 —xors = m?+2x2(—1+$1 +x2)q1 - g2

Obtemos

Mp = % 1617r? [61(6]1) ce2(q2)(q1 - @2) — (e1(q1) - q2)(e2(q2) - 1) | QF X F

1 1=z, 42 + A(zy — Do + 1
XF = —4m?/ d$1/ d.fUQ m2 I 22:13 (_(1 :_ ) 2 .
0 0 7 2 T1+ T2)q1 g2
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Sumério 3 Notar que a divergéncia potencial dos termos em k*kY e k? em N cancelou.
Os Vertices Isto porque nao pode haver contratermo para este processo pois nao existe
Os Diagramas s o s .
vértice ao nivel do Lagrangiano.
A Largura
Fermices 3 Mesmo com uso das expressoes explicitas este cdlculo estd longe de ser facil.
® FeynCale 3 A amplitude X pode ser expressa em termos de funcoes elementares com o
Bosdes
resultado
Testes
Resultados XF o _27- [1 + (1 B T)f(T)]
Bibliografia com
2
—1
sin 1/7 } se 17>1
f(r) = [1 W) =
— 1 In(ny/n-) —in]™, se 7 <1
© 2
dm
Nte=1xv1l—-—7, 7= —2f
My

7 No seguimento veremos como utilizar FeynCalc para obter o mesmo resultado
e também para calcular os outros diagramas.
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(* Definitions x*)
dm[mu_J]:=DiracMatrix [mu]

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

mt [mu_,nu_]:=MetricTensor [mu,nu]
fv[lp_,mu_]:=FourVector [p,mul
epsilonfa_,b_,c_,d_]:=LeviCivitala,b,c,d]
id[n_J]:=IdentityMatrix[n]
splp_,q_]l:=ScalarProduct [p,q]
li[mu_]:=LorentzIndex [mul
proplp_,m_J]:=m + dsl[p]
PV[p_,mu_]:=PolarizationVector[p,mul]

(* Diagrams F1 e Fla x)
NF1:=Tr [proplk,mf].proplk-ql-92,mf].dm[nu].proplk-ql,mf].dm[mu]l]

NFla:=Tr [prop[-k,mf].dm[mul].propl-k+ql,mf].dm[nu].propl-k+ql+q2,mf]]

ampF :=Contract [(NF1+NF1la) PV[ql,mul] PV[q2,nul] ] \
FeynAmpDenominator[PropagatorDenominator [k, mf], \
PropagatorDenominator [k-ql1-q92,mf],PropagatorDenominator[k-ql,mf]]

Jorge C. Romao
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kinl={splql,q2]->mH"~2/2}

resF:= (-I/Pi~2) Onelooplk,ampF] /.
ansF=PaVeReduce [resF]

onshell

aux =(Pair[Momentum[ql], I11]1%*
Pair [Momentum[qg2],

Pair [Momentum[ql],

Momentum [Polarization[q2,
Momentum [Polarization[ql, I]]] -
Momentum [q2]]*Pair [Momentum[Polarization[ql,

I1]1,

Momentum [Polarization[q2, I]]1]1)
ansl=-Coefficient [ansF,aux] mf (-1/2 ) /. kinl
cO0 = Coefficient[ansl1,CO[0, O, mH 2, mf~2, mf~2, mf~2],0]
cl = Coefficient[ansl1,CO0[0, O, mH"2, mf~2, mf~2, mf~2],1]
cO = cO0 /. mH->Sqrt[4 mf~"2/taul
cl = c1 /. mH->Sqrt[4 mf~2/taul
XF= Simplify[cO + c1 CO[O, O, mH"2, mf~"2, mf~2, mf~2]]
Result:

2 2 2 2 2
XF= -2 tau - 4 mf (tau - 1) CO[0O, O, mH , mf , mf , mf ]
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T = 4m§/m%{ — Qm?/ql - ¢2, obtemos

1 1—!13‘1
—4m?c/ dx1/ dxo
1— ZBl

= —47'/ d:m/

1— 1 1
= —A4r dx dry 1+ (1 —17
/0 1/0 2 [ ( >T—|—4£U2(—1—|—$1 +372)

43 + 4(xy — 1)xg + 1
m7 + 2x2(—1+ 21 + 22)q1 - g2

—1+z1+22) +1
7'—|—4£U2( 1+ 1 + 22)

x =

4332

1 1—=x
! 1
= —27'+4T—1T/ dac/ dx
( ) ! 2 T+ dao(—1+ z1 + x2)
— —27'—4(7'—1)me0(00 mH,m?c,m?c,mf) X(Q)

pois

C’O(O,O,m%{,m%,m?,m?) =

1 1 1
—/ d$1/ d.CUQ 5
ms + 2xa(—1+ x1 + T2)q1 - ¢

1— xl 1
b [
7‘—|—4£U2( 1+ 21+ x2)
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Os diagramas com bosdes de gauge W= s3o mais facilmente calculados na
chamada gauge de Feynman-"tHooft, porque os numeradores dos propagadores dos
W+ sé tém o termo —g"” tal como o fotdo em QED. O preco a pagar é um
elevado nimero de diagramas. Para fazer este problema, vamos a partir daqui usar
sé o FeynCalc. Resulta que os diagramas Gg + Gg, + G13 sao proporcionais a
massa do bosao de Higgs e portanto tém que ser invariantes de gauge por si.
Usando o cddigo (ver em http://porthos.ist.utl.pt/CTQFT)

(*Definitions *)
VScalar[p_,k_,m_]:=fv[p-k,m]

(*x Diagrams G8 e G8a *)
numG8:= (1/2 mH"2) VScalar[k,-k+ql,mu] VScalar[k-ql,-k+ql+q2,nul
numG8a:=(1/2 mH~2) VScalar[-k+ql,k,mu] VScalar[-k+ql+q2,k-ql,nu]

ampG8 :=Contract [(numG8+numG8a) PV[ql,mu] PV[g2,nul] ] \
FeynAmpDenominator[PropagatorDenominator [k, mW], \

PropagatorDenominator [k-ql1-q2,mW] ,PropagatorDenominator[k-ql,mW]]

resG8:= (-I/Pi~2) OnelLooplk,ampG8] /. onshell

Jorge C. Romao
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(x Diagrams G13 x*)

numG13:= - mH"2 mt[mu,nul

ampG1l3:=Contract [numG13 PV[ql,mu] PV[g2,nul ] \
FeynAmpDenominator[PropagatorDenominator [k, mW], \
PropagatorDenominator [k+ql+q2,mW]]

resG13:= (-I/Pi~2) OnelLooplk,ampG13] /. onshell
(*x Diagrams G8+G8a+G13 *)

ansG8=PaVeReduce [resG8]

ansG13=PaVeReduce[resG13]

ansG8G13 = -Coefficient[ansG8+ansG13,aux]
TestG8G13:= Simplify[ansG8+ansG13 - (-aux) ansG8G13]
XG8G13:= ansG8G13 /. kin

obtemos o resultado

2 2 2 2 2
XG8G13= 2 + 4 mW CO[0O, O, mH , mW , mW , mW ]

Jorge C. Romao
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(¥ Diagram G1l+Gla *)

numG1l:= (mW~2) WMWPA[-k+ql,k,-ql,b,a,mul \
WMWPA[-k+ql1+g92,k-ql1,-92,a,b,nul

numGla:= (mW~2) WMWPA[k,-k+ql,-ql,a,b,mu] \
WMWPA [k-ql,-k+ql+q2,-92,b,a,nul

ampGl :=Contract [(numGl+numGla) PV[ql,mul] PV[g2,nul] ] \
FeynAmpDenominator [PropagatorDenominator [k, mW], \
PropagatorDenominator [k-ql,mW],PropagatorDenominator[k-q1-q2,mW]]

resGl:= (-I/Pi~2) OnelLooplk,ampGl] /. onshell
ansGl=PaVeReduce [resG1]

-+ - (Ver programa completo em http://porthos.ist.utl.pt/CTQFT)

(¥ Diagrams G12 and G12a *)
numG12:= (-mW~2) mtl[a,b] (2 mtl[a,b] mt[mu,nul- \
mt [a,mu] mt[b,nul] -mt[a,nu] mt[b,mul])

ampGl2:=Contract [numG12 PV[ql,mu] PV[g2,nul ] \
FeynAmpDenominator [PropagatorDenominator [k, mW], \
PropagatorDenominator [k+ql+q2,mW]]

resG12:= (-I/Pi~2) OnelLooplk,ampG12] /. onshell
ansGl2=PaVeReduce [resG12]
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W LISBOA | O Resultado Final para a Amplitude
Sumadrio ObtemOS
Os Vértices
Os Diagramas In[3]:= XF
A Largura 5 5 5 5 5
Fermides Out [3]= -2 tauF - 4 mf (-1 + tauF) CO[0, O, mH , mf , mf , mf ]
Bosdes
In[4]:= XG
e Grafico
Testes 2 2 2 2 2
Out[4]= 2 + 3 tauW + 6 mW (-2 + tauW) CO[0, O, mH , mW , mW , mW ]
Resultados
Bibliografia
com
4 )
4m2 4m2
_ f L%
Tf=_"2, 7 2
myg myg
\. J
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Num problema tdo complexo como este devemos fazer varios testes para ter a
certeza que o resultado estd certo. Nestes testes FeynCalc é um auxiliar precioso.
O primeiro teste é verificar que as divergéncias cancelam. De facto a maior parte
dos diagramas é divergente mas o resultado final ndo pode ser pois nao ha
contratermo H~~ no Lagrangiano. Para isso notemos que o resultado de cada
diagrama se pode escrever em termos das funcoes By e (Cy. Destas sé a funcao By
é divergente com

DlV(BQ) — A€

(* Test that the divergences cancell out *)

div={BO[ml1_,m2_,m3_]->Div}

ans=ansGl+ansG2+ansG3+ansG4+ansG5+ansG6+ansG7+ansG9+ansG10+ansG11 \

+ansG12 +ansG8G13 /. kin

TestDivDiag=Function[exp,test=exp /. kin; test=\

Simplify[Coefficient [test /.div,Div]]; test=Coefficient[test,aux2];\
Coefficient [test ,mW,2]]

TestDiv:= Simplify[Coefficient[ans /.div ,Div]]

com o resultado

TestDiv= O

Jorge C. Romao
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W TLFSCEIA\IOIgO Tabela das Divergéncias
Sumadrio : : .
Os Vértices Diagrama Divergéncia:
O Dlsparmss Coeficiente de
A Largura miy A e1(q1) - €2(ga)
Fermides F1+F1a 0
Bosdes G1+Gla 9
Testes G24+-G2a 0
G3+G3a —3/4
e G4+G4a —3/4
Resultados G5+Gba 1/2
Bl G6+Gba 1/2
G7+GT7a 0
G9+G9a —1/2
G10+G10a —1
G1l1+4Gl1la —1
G12 6
G8+G8a+G13 0
Soma 0
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A amplitude para o processo pode ser escrita na forma
M = My, ¢*(q1)€”(g2)
A invariancia de gauge requer que
QiLM,uJV — ng,ul/ =0

ou seja
M"Y = (g"" a1 g2 — ¢/ q5) M
Portanto se o resultado do FeynCalc se escrever

M* = g"qy - ¢2C1 + q7 5 Co

devemos ter

Ci1+Cy=0

Nota: N3o podem aparecer termos proporcionais a ¢f ou g5 pois €1(q1) - q1 =

€2(q2) -2 =0
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(x Test Gauge Invariance *)

c2 =
cl

Simplify[Coefficient [ansG,
Simplify[Coefficient [ansG,

aux2]/splql,q2] /.
aux1]];

kin];

TestGI:= Simplify[cl+c2]

com o output

In[1]: TestGI

Out [1]= O

O coeficiente Cy = X é

In[2]:= c2

2 2 2 2 2 2 2 2 2
2 (mH + 6 mW - 6 mW (mH - 2 mW ) CO[0,0,mH ,mW ,mW

para os diagramas do W.
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Sumério A Barroso, Pulido, Romao, Nucl. Phys B267 (1986), 509
Os Vértices
Os Diagramas XF o —4 [J1(074/7-f) — 4J2(0’4/Tf)]
A Largura
Fermides XG — 4 [4J1 (07 4/TW) _ (6 + 4/TW>J2 (07 4/7_W)]
Bosbes A  Gunion, Haber, Kane, Dawson, Higgs Hunter’s Guide
Testes
® Divergéncias
olnvarigéncia XF — _27_f [1 + (1 T Tf)f(Tf)]
Resultados XG = 2 + 3TVV + 37—W(2 _ TW)f(TW)
Bibliografia com 2
£(r) [Sin_l(\/l/T) : se T>1
T) =
— % [In(n4/n-) — in]”, se T<1
4m? Am?
ner=1x+vV1-—-m, szm—2f, W = m2W
H H
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(* Comparison with NPB267 (1986)509 x)

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

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

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

(* Comparison with Higgs Hunter’s Guide *)

subftaulm_]:= {ftaulm] -> -2 m~2 CO[0, 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] /. subftaul[mW]]

TestXFHHG:=Simplify [XF-XFHHG]
TestXGHHG:=Simplify [XG-XGHHG]
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O resultado final é portanto

com

2 3
r= CO S g2

1284273
- N\
XF = —2’7'f — 4777%(—1 + Tf)Co(O, 07 m%—[amiam%7m%)
Xa =2+ 31w + 6mw (=2 + 7w )Co(0, 0, m%,, m%,, m2,, m3,)
\ J
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As expressoOes para as varias larguras sao:

Sumadrio —
Os Vértices 0 H — ff
Os Diagramas
— GF mHm2
A Largura f 3 2 2
T(H - N.g B= \/ 1—4
Fermides [ ( — ff) 47T\/§ 5 5 mf/mH ]
Bosdes
L A H—->WW* (mW <mpyg < Qmw)
Resultados ( \
e Largura
3G2, mi r
e Grafico Final F(H - WW*) — F ngmH F’(a«;7 5)’ T = mW’ 5 — _W
Bibliografia 167 mmpg mmpg
1+2? N T
y* — 4z 2 2 2 4
F(x,0) = d — 12 8 12
L &0 /23: Y= )% 1 a2 (v "y + 82" + 1227) )

A H—>Z/Z7 (mZ < Mmg <2mz)

G2 mymy
6473

4 1 r
——Osin2 HW—i—@Sin‘LHW F(z',6"), =12 §=—Z
3 9 mpy mpy

[F(H—> Z7*)=
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A H — vy
Gr m?jq a 5
I'(H — = i X
A H— Zy
Gp m% o m2Z ’ 2
I'(H — Zv) = 1-—) [Yr+Y
Q9%
Y = Nc I 9 Y —
E ; fsinQW cOs 0, F “ tan Oy
com
4 2, 2 )
8msm
rmy
Irp (m3 — m%)? [Bo(miy, m§, m§) — Bo(mz, mj,m})]
47’)’&%1 2 2 2 2 2
C m2. — m2 =24 (_4mf +my —mz) Co(mi, 0, my, my, my, my
H Z
L Y,
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€
-
1
Iy =— (i) [m% (1 — tan® Oy ) — 2miy, (=5 + tan® 6w )] m3 AB
H Z
1
- [m% (1 — tan® Ow) — 2miy, (=5 + tan® Oy
H Z

+2m3y, ((=5 + tan® Ow ) (m3; — 2M3,) — 2m%(—3 + tan” Oy)) Co]

\-

ABy = Bo(m%ﬁmI2/V7m%/V)_BO(m2Zam%/Vam%V)a : : ; )

2 2
CO = Co(mz, O,mH,mw,mw,mW

A H — gg

@G rmi;
6473/2

I'(H — gg) = °

2.

i=u,d,s,c,t,b
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