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1 Introduction

At hadron colliders, neutral Higgs bosons can be produced via gluon-gluon fusion,
gg — H. The gluons do not couple directly to the Higgs boson, since they are
massless. They do however interact with particles carrying colour charge (quarks
and gluons), of which the quarks have a non-zero mass. The Higgs boson produc-
tion via gluon fusion is therefore possible through a quark loop, with the Higgs
boson coupling to the quarks via a Yukawa-type interaction. The strength of the
Yukawa coupling is proportional to the quark mass. It turns out that the dominant
contribution to the quark loop comes from the top quark, since it is by far the most
massive quark. This is not immediately evident, because while the coupling of the
Higgs boson to a heavier particle is stronger, the probability of producing a heavier
particle in the loop is lower. All other flavours contribute little to the amplitude.
(The top quark is about 35-40 times as heavy as the next heaviest known quark,
the beauty quark.)

The goal here is to calculate and study the cross section of Higgs boson produc-
tion via gluon fusion first at leading, then at next-to-leading order.

2 The process gg — H at leading order

Before doing the next-to-leading order calculation, we calculate the cross section
of the process at leading order.
2.1 Writing the amplitude

At leading order, there are two Feynman diagrams that contribute to the process.
They are shown in Figure 1. While the diagrams are topologically distinct, they
contribute the same amount to the total amplitude by symmetry.
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Figure 1: The lowest (non-trivial) order diagrams for Higgs boson production via
gluon fusion. Their corresponding amplitudes are equal. The labels characterising
the particles in the diagram to the right are the same as to the left.

Feynman rules

External gluon:  &,(p)
External scalar: 1
Fermion loop:  —1
i(p+m)

Fermion propagator: —_—
p?—m?+ie

Quark-gluon vertex:  igy*t?

Yukawa vertex: —iA

Amplitude
We make the approximation that only the contribution due to the top quark matters.
We denote the mass of the top quark m.
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Because all the fermion lines in the diagrams form closed loops, the amplitude has
no free Dirac indices. This means that we can take the trace of the Dirac matrices,
which simplifies the expression considerably, since the trace of any odd number of
Dirac matrices vanishes. Writing the trace and reordering the commuting factors
gives
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2.2 Calculating the loop integral

Denominator of the integrand

The integrand in Equation (2) can be simplified using the method of Feynman
parameters! to combine the three factors in the denominator. Specifically, we use
the identity

1 1 2!
ABC f(; dx dy dz [xA+ yB +yC]3 G)
to write
1 1 2
= dxdydz; —,
((k +p1)?—m? +ig)(k? —=m? +ie)((k — p2)? — m? + ig) f; rayaz D3
(4)
where
D = x(k +p1)? + yk® + z(k = p2)® — (x + y + D)m® + (x + y + 2)ie )

= k% + 2k - (xpy — zp2) — m* +ie.

In simplifying the expression for D the identity x + y + z = 1 and the fact that gluons
are massless (pf = pg = 0) have been used. Since all values of the momentum k are
integrated over, we can shift it to £ = k + xp; — zp,. This completes the square in
D, which simply becomes

D =% +2xzpy-p; —m? +ie

=0+ xzm?, —m® +ig (6)

=" - A+ie,

where mpy is the mass of the Higgs boson and A = m? — xzm7, can be thought of as
an effective mass of the fermion loop, if the loop is treated like an effective fermion
propagator.

Before moving on, we can already make a simplification. Since ¢ does not
contain the Feynman parameter y, the integrand / will not depend on y either.
Therefore we can get rid of y right away by making the replacement

1 1 1-x
f dxdydzo(x +y+z—1)1(x,2) =f dxf dz 1(x,2) (7)
0 0 0

Numerator of the integrand

Having dealt with the denominator, we now turn to the numerator of the integrand
in Equation (2). We need to express it in terms of the new variable of integration, ¢.
From the fact that D only depends on the magnitude of ¢ it follows that?

f die e (8)
(2m)* D3 ’

et e ©)
(2m)t D3 2m* D3

1See for instance Peskin & Schroeder, p. 189ff.
2Peskin & Schroeder, p. 191



The second integral is divergent in four dimensions. Therefore we need to modify
it to make it well-defined. This is called regularising. We use dimensional regulari-
sation, where the integral is calculated in d energy-momentum space dimensions
(corresponding to d space-time dimensions). After the calculation, we will take
the limit d — 4 to recover our physical space-time. In d dimensions, the analog of
Equation (9) is

a'e o d't 38"0 0
(2m)d D3 ) (2m)* D3 (10)
Based on this, we see that we can bring the integral into the form
¢ ? d‘t 1
A —+B | — —= 11
f em' D° " f (@m* D’ 1

where A and B are factors that do not depend on ¢ and can therefore be taken out
of the integrals. Note that the integrands are now Dirac scalars, depending only on
¢?, while the entire Dirac structure is contained in A and B.

Making use of the linearity property of the trace and only keeping terms con-

taining an even number of Dirac matrices, we find
Numerator = m Tr[p, y"ky” — p,y"y"p, + py"v €k + ky"ky” 12)
— Yy, + YR = YRR py + Y YR+ mPy Ry

We insert ¥ = £ — xp, + zp, into this expression, simplify it using the identity
py* = 2p* — yHp, and discard terms proportional to an odd power of £, which

vanish by virtue of Equation (9). We can also discard terms proportional to p’ pl.ﬁ

(with i = 1, 2). The reason is the following. Since the matrix element is a Dirac
scalar, all Dirac indices will be contracted. For terms of the form just mentioned,
there are only two ways in which this can be done. They will either be proportional
to pl.z, which is zero because the gluons are massless, or to p; - £(p;), which is again
zero due to the fact that the external gluons can only have polarizations transverse
to their momentum. All in all, we find

Numerator — m Tr[zply”pzyv - p Yy P, = ap Y'Y p,
+ (L —xp,+z2p )Y = xp, +2p)y” + xp Y p,
(= xpy+2p )Yy (= xpy +2py) + XV p Y,
LY = xpy )y (L - xp+ zpy) + iy Y
= m Te[Clp (YT Y* YV + Y VY Y+ VYY) (13)

— PraP2.p{— Y V" YPY = xyPyyyP
+ 2V Y YPY Py Y Ry P
R 0 a0 B A o G A G L e GO U B
+ (1= 2= )Yy yP )+ miyiy|.

Now we can calculate the traces the usual way, leading to the numerator

am (45“{”' — 29" + (4xz — Dpypy. +(1/2 - xz)my " + mZg“") ) (14)
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The entire amplitude then becomes

1 1-x dae 12 4-d
iM = —8mAig? Vt“tbfdf d ‘”f
i mAg &1 &2, . ), e (2m)d (€2 —A+ig)3 d

d*¢ )
(2m)* (L% - A +ig)3
(

— ((4xz — Dpyph + (1/2 — x2)m3 " — ng‘”)
15)

where &; = £(p;). The values of the integrals can be found in tables. The second
integral is
d*t 1 —i
— = ; (16)
2m)* (2 - A+ig)d  32m2A
which is finite. The first integral might lead to terms diverging in the limit d — 4.
It gives

m)t (2—AP®  (4m)dz2 I(3)

We expand the gamma function and the factor containing A™! near d = 4, using
the definition € = 4 — d:

alt i dT2-9 (1\7
(5 @)

Me/2) = - -y +0G), (18)

where y =~ 0.58 is the Euler-Mascheroni constant, and

() = 2+ (2 on(2)e 0= 5ot a9
A) T\a) T\a) °e\a B & '
Using this, we find
die ¢ 4-d_ i d
@m)? (2=A® d  (4m)i*4

2
(— - 7) (1-¢elogA) 2 +0(¢)
¢ (20)
i
+0
= 2z O
which has the finite value i/327% as € — 0. In the end, there were no divergences
arising in the loop calculation. We simplify the term that we are left with.

oey | (452 Ve (pe-en) + (/2= x2mi - m?) o1&

+i
3272 3272 (m2 - xzmi,)
(4xz = D(pr-e2)(pz-e) + ((1/2 ~ 2x0)m}y ) &1 e
=i
3272 (m2 - xzmlzq) (21)
1—-4xz
e g)| ——
32712 ( —(p1-&2)(p2- 1)) preg—_y
I T (&1 82 1—4xz
= E & 5
— ( oy = (pr- o) (o 81) ) —— e



where 7 = 4m®/m?,. With the momentum integral carried out, the amplitude
becomes

—iTAg%% (g, 1 I=x 1 _4xz
M= s ( 12 zmlzq - (P1'82)(P2'81))f dxf dz . (22)
0 0

4n’m? T —4xz
The integration over the Feynman parameter z can be carried out by parts,

DR log |7 — 4xz||'™* 1=
f dz ik [(4xz - I)M] - f log |t — 4x7|
0 0

T —4x7 4x 0

T-1 [ 4x(1 — x)
log |1l - ———
4x T

]+x—l.

In the integration the fact that 7 is positive and greater than 4xz (because m > mg
and x,z < 1) has been used, so absolute values do not need to be taken explicitly.

The last thing that remains to be done is the integration over the Feynman
parameter x. The integral has three terms, of which two are very easy and one very
difficult to integrate. The easy terms give fol dx(x — 1) = —1. The difficult integral
can be solved using dilogarithms. The result can also be found in the literature. It is

-1 ('d 4x(1 - -1 1
T f ax log [1 _ X x)] S arcsin® \/j, (23)
4 0o X T 2 T

which holds for 7 > 1 (as is the case here).

2.3 Result for the amplitude

Colour factors

The amplitude is proportional to ¢, where a and b are indices of the adjoint
representation (describing gluons) of the SU(3) colour symmetry group. Explicitly
writing the indices of the fundamental representation (describing quarks), this
factor is tfjtﬁ?l. due to conservation of colour charge. Repeated indices are summed
over. This corresponds to taking the trace of the matrices ¢ in the fundamental
representation space,

Oa
1" = Tr [1] = C(N)6ap = Tb (24)

The values of the coupling constants
The Yukawa coupling constant is 4 = —im/v, where v ~ 246 GeV is the vacuum
expectation value of the Higgs field. The strong coupling constant is a; = g?/4x.

Putting everything together
The final result for the amplitude is

iM = a’séah (31 *€2

5 mz - (p1 -,92)(p2.31)) T (1 + (1 — 7) arcsin® \/1/_7') . (25)
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2.4 Unpolarised cross section

We wish to calculate the absolute value squared of the amplitude, averaging over
the different possible spin polarisation and colour states of the incoming gluons.
The sum over physical spin polarisation states of a gluon is

kun, + nuk, ' kuk, ,
n-k (n-k)?

D eu)E; k) = —guy + (26)

physical polarisations

where n is a four-vector that is linearly independent of the gluon’s momentum k
but otherwise arbitrary. We take n to be equal to p; for the gluon with momentum
P2 and vice versa. This is a smart choice, as it will lead to cancellation and vanishing
of terms earlier on in the calculation. The spin polarisation sums in our case are

2 2 *
m m
H u % & H P o T
E [ 5 E1,u€, _pl,v52p2,§51)( 5 €1,p€5 — P1,0€y P2,7€;

4
m
HZ * Z H =P 2 & x V 50
S et S e Y et 3 e
4 ue1,p 292 H ¢ 1°1,p 292 (27)
& w1 y %0
+ P1yvDP2eP1oP2r Z €1€1 E7E,
4
"h
2

(A remark: this result is the same as we would have obtained if the term proportional
to (p1-&2)(p2 - €1) had not been present in the amplitude, Equation (25). Their
corresponding terms in the polarisation sum vanish separately. Apparently, when
averaging over all possible polarisations, the average projections of polarisations are
zero on average.) After evaluating the polarisation sums, we divide the amplitude-
squared by the square of the number of possible gluon polarisations, 2 to obtain
the averaging factor, m7, /8.

Averaging over the possible colour states in the amplitude-squared gives a

factor of
OabOap 8 1

= = —. 28
22 x 82 4x64 32 (28)
Thus we obtain the unpolarised, colour-averaged amplitude-squared
aym? 2
M2 = |—£17 (1 + (1 — 1) arcsin® 1/‘[') (29)
32wy

Kinematics of the decay: phase space integral

In order to arrive at the cross section o(gg — H) based on the amplitude, the
kinematics of the decay need to be considered, summing all allowed kinematical
configurations of the final state. This corresponds to calculating the phase space
integral in

1 d3
olgg > H) == f (zﬂngH(Zﬂ)“é“ (g — p1 — p2) IM2, (30)



where g and Ey are the momentum and energy of the Higgs boson, and ¥ = 2s is
a flux factor. Since the unpolarised amplitude squared is independent of external
momenta, the phase space integration simply gives a numerical factor,

d3
f (zﬂ)fZEH(Zﬂ)‘l& (g —p1—p2) =216(s — mlzq), (31)

where the Mandelstam variable s = (p; + p2)? = 2p; - ps = mz appears.
The cross section is therefore

o(gg —» H) = mizé(s — mi,)l/\/ll2

agmz 2 (32)
= 32‘;7“[}{25@ - mlzq) [T (1 + (1 — 1) arcsin® \/l/_T)]

This is only valid for 7 > 1. Show the result in the other possible case.

What happens if the fermion is considered very heavy?

We study the amplitude in the limit where the mass of the fermion is considered to
be much larger than the mass of the Higgs boson. This corresponds to the limit
T — oo. For large 7, the inverse sine can be expanded to

1 1 1
arcsinl/\Vt= —+ ———+0 (33)
R N i
Inserting this into the expression for the amplitude gives
1 1 1 2
Iimﬂzlimr1+(1—T)(—+—)]+O(—)=—. (34)
T—00 T—00 T 37 T 3

This means that the cross section for the considered process does not vanish even
as the mass of the fermion in the intermediate state is considered to be infinite!

Relative contributions from different quarks

The functional form of the cross section is shown in Figure 2 as a function of the
mass of the fermion in the loop. The plot shows well that it is sufficient to take into
account only the contribution from the top quark. Assuming mpeautry = 4.5 GeV,
myop = 175 GeV, and my = 125 GeV, the contribution of the top quark is about 150
times larger than that of the beauty quark. Note that this is not equal to the squared
ratio of the quarks’ masses (as is claimed in the note by Bentvelsen, Laenen, and
Motylinski), which would give a factor that is an order of magnitude larger than
the actual factor,

mtzop

2
mbeauty

Another important thing we see from the plot is that the approximation 7 — oo is
adequate, even though the actual top quark mass is not even twice the mass of the
Higgs boson. Still, plugging the experimental values into the definition of t yields

4 x175°
Co1252
which is about an order of magnitude larger than unity.

= 1000
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Figure 2: The leading order cross section of gg — H via a fermion loop, as a function
of the fermion mass. The two dashed vertical lines indicate the mass of the beauty
and top quark, assuming the masses my, = 4.5, m; = 175, and myy = 125, all in GeV.
It can be seen that the contribution of the top quark is far larger than that of the
beauty quark, by a factor of ~150.

3 Formulating an effective field theory

In the limit where m_— oo, we can write an effective field theory in which the

diagrams, 23**@ """ XD """ “are collapsed into a single point-like effective vertex

@ . The Feynman rule of this vertex is found by taking the amplitude in Equation
(25) and stripping the external gluons off it:

. m%—l v MoV
Effective ggH vertex:  asAdap Tg” - piPs|> (35)

where A is a constant. Note that the momenta p; and p; are both incoming.
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Figure 3: The “triangle” and “swordfish” diagrams: virtual corrections to the leading-
order Higgs boson production via gluon fusion.

4 Going to next-to-leading order

Additional Feynman rules needed in the NLO calculation
id"

5 . :.Cab
p?+ie

Gluon propagator:

Three gluon vertex: g fabe [8ap(P1 — P2)y + 8py(P2 = P3a + 8ya(p3 — P1)g|

Four gluon vertex:  ig® [f abe Jede(8ay8ps — as8py)
+ facefdbe(ga6gﬂy - ga/ﬂgyﬁ)
+ fadefbce(gaﬁgyé - ga/ygﬂd)]

Effective ggH vertex:  see Equation (35)

The quantity d*” in the gluon propagator depends on the choice of gauge. We will
choose a physical gauge, in order to have no Faddeev-Popov ghosts appear in the
Feynman diagrams to preserve unitarity. In the physical gauge,

v v 4
w  PEn” +nfp p'p

d" = —g + (n% + £p? : (36)
The momenta in the three gluon vertex are all outgoing.
Amplitude
d*k idPr id°” id"
 Miriangle = a@sA : : :
iMiiangle = @ (2m)* k2 +ie (k — py)? +ie (k + p1)? +ie
2
X {THgyd + (k + p1)y(k = p2)s
(37)

X gfmab [g,u,B(pl - k)a + ga/,B(Zk +p1)u + ga,u(_k - zpl)ﬁ]
X gfnba [gpv(_k - pZ)cr + gvo-(zp2 - k)p + ga'p(Zk - pZ)V]
X & (p1)En(p2)
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4.1 Simplifying the numerator

We pick out the part of the numerator that has a non-trivial Lorentz structure,

2
m
Nisiangle = dPPd®7 d*7 THgyzS + (k + p1)y(k = pa)s

X [gyﬁ(pl — K)o + 8ap(2k + p1)y + au(—k — 2191);;] (38)
X [gpv(_k - pZ)O' + gva(zpz - k)p + gO’p(Zk - pZ)V]
X 8%(1?1)8;(172)

and simplify it using the algebraic manipulation program FORM,

m
H
Nhriangle = T{k,u [81 "E€2 (Pf - Pél) D1 '828/11 — D2 '818/21]

+ kﬂkvaélsg(éld -6)

2k?
- —kukeyE)

"H (39)
+ k?2e, - &5

2k*
+ —281 ~E2

WLH

5
+4p1Eg P2 E1 — 5m12q81 -82}.

— I’m not convinced this is correct!

4.2 Veltman-Passarino reduction of the tensor integrals

The numerator contains terms proportional to k, and k,k,, where the Lorentz
indices are contracted with some external four-vector in the problem, i.e. an external

gluon momentum or polarisation vector. To calculate the integrals, we use Veltman-
Passarino reduction.

4.3 Colour structure of the triangle diagram

fmabfnba = _fmabfnab = —=C(G)oap (40)
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