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Abstract

We have computed the full next-to-leading (NLO) QCD corrections to the differential distribm?ﬁrxssdpr dy) for pseudo-
scalar Higgs (A) production at large hadron colliders. This calculation has been carried out using the effective Lagrangian
approach which is valid as long as the mass of the pseudo-scalar Higgs/hgsand its transverse momentupy do not
exceed the top-quark maas. The shape of the distributions hardly differ from those obtained for scalar Higgs (H) production
because, apart from the overall coupling constant and mass, there are only small differences between the partonic differential
distributions for scalar and pseudo-scalar production. Therefore, there are only differences in the magnitudes of the hadronic
differential distributions which can be mainly attributed to the unknown mixing agglescribing the pseudo-scalar Higgs
coupling to the top quarks.
0 2002 Elsevier Science B.V. Open access under CC_BY license.

The scalar Higgs boson H, which is the corner stone of the standard model, is the only particle which has not
yet been observed. Its discovery or its absence will shed light on the mechanism how particles acquire mass as well
as answer questions about super-symmetric extensions of the standard model or about the compositeness of th
existing particles and the Higgs boson. Among these two alternatives super-symmetry is the most appealing one, in
particular, the minimal super-symmetric extension of the standard model. The latter version contains two complex
Higgs doublets instead of one and it is therefore called the Two-Higgs-Doublet Model (2HDM). Here the scalar
particle spectrum contains both the Higgs boson H and another neutral scalar boson h. Furthermore, it contains
two charged scalar bosons'Hind a neutral pseudo-scalar Higgs boson A. The tree-level masses are expressed in
two independent parameters, namely, the magsand the ratio of the vacuum expectation values of the two Higgs
doublets defined by tah= vy /v (See, e.g., [1]). According to the experiments at LEP their parameter ranges are
restricted so thatia < 91.9 GeV/c? and Q5 < tang < 2.4 [2] are excluded. In this Letter we study A-production
which in lowest order proceeds via gluon—gluon fusion where the gluons are coupled to the A via a heavy flavour
triangular loop. This is similar to H-production except that now the coupling constant describing the interaction

E-mail address: neerven@Ilorentz.leidenuniv.nl (W.L. van Neerven).
1 partially supported by the National Science Foundation grant PHY-0098527.

0370-2693/02 [ 2002 Elsevier Science B.V. Open access under CCRY license.
PIl: S0370-2693(02)03048-4


https://core.ac.uk/display/82690208?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://www.elsevier.com/locate/npe
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/

138 B. Field et al. / Physics Letters B 551 (2003) 137-145

of the A with the quarks depends on both the masses of the quarks and on theg ambis follows from the

2HDM where the coupling constants of the up and down quarks behavgfikem,, cotg andggown ~ mq tang,
respectively [1]. Since the effective Lagrangian approach below is only valid in the case the mass of the quark
appearing in the triangular loop satisfies the conditigrts> ma, the bottom quark is excluded. However, then we
have to require that in the 2HDM the coupling of the A to the top-quark is stronger than to the bottom-quark which
implies the condition

"Mt > tar? g. )
mp

If we choosen;, = 4.5 GeV/c? andm; = 1734 GeV/c? one obtains the inequality t@#h< 6.21. In view of the
experimental boundaries above one can conclude that the results of the calculation below can be only applied for
the regions ta < 0.5 and 24 < tang < 6.21.

In the effective Lagrangian approach scalar H-production is described by the Lagrangian density [3,4]

L =GuoMx) o), with Ox)=-— (x) G&“HV (x), 2

/w

whereas pseudo-scalar A-production is obtained from [5—7]

L8 = oA ()[GAO1(x) + Ga 02(x)],
, 1 1, <
with  O1(x) = — g uvio G (x) GL7 (x), O2(x) = —53“ ;éi (X)Yuysqi (x), (3

where " (x) and ®”(x) are the scalar and pseudo-scalar fields, respectivelypandenotes the number of
light flavours. Up to NLO the second operatop(x) contributes and in the case of massless quarks it cannot
be neglected in higher orders. The effective coupliGgs(B = H, A) are determined by the top-quark triangular
graph describing the decay procéss> g + g in the limitm; — oo

23\ 2 2
4
G2 =4¢§(%) Gﬂgpgusws(asw,) ) =l B=H,A, @)
T my mg

and the functiongg are defined by

FHo) =14+ A -1) f(1), Fa(t) = f(7)cotp,

2
1 1-J1
7) =arcsif —, fort>1, )=—= i), forr<1 5
f@ NG f(@ ( i, é_t l) )
In the largem,-limit F(t) behaves as
. 2 . 1
lim Fu(t) = —, lim Fa(t) = —cotp. (6)
T—00 37 T—00 T

Herem andm, denote the masses of the (pseudo-)scalar Higgs boson and the top quark respectively. The running
coupling constant is given hy; (12) whereu, denotes the renormalization scale akg is the Fermi constant.

The coefficient function€g originate from the corrections to the top-quark triangular graph provided one takes
the limit m; — oco. We have presented the couplings in Eq. (4) for generat:, on the Born level only in order

to keep some part of the top-quark mass dependence. This is an approximation because the gluons which couple
to the (pseudo-)scalar Higgs boson via the top-quark loop in the partonic subprocesses are very often virtual. The
virtual-gluon momentum dependence is neither describekhlyy) nor byCg. For on-mass-shell gluons the latter
quantity has been computed in the largelimit up to ordere; in [3,5,6] and up to ordeazs2 in [4,7]. For our NLO
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calculations we only need these coefficient functions corrected up to@r@ed they read

2 (©
(as(y,r) ) :1+as 4;Mr)(ll)+’ (7)

(as W), ) 1 (®)

wherea(s) is presented in a five-flavour number scheme. Notice that Eq. (8) holds in all orders because of the

Adler-Bardeen theorem [8]. The effective Lagrangian approach has been successfully applied to compute the total
cross section of scalar Higgs production in hadron—hadron collisions in NLO [3] and NNLO [9-13]. In the case of
pseudo-scalar Higgs production this cross section was computed in NLO in [5,6] and in NNLO in [14,15].
In this Letter we study the semi-inclusive reaction with one pseudo-scalar Higgs boson A in the final state which
is given by
H1(p1) + Ha2(p2) = A(=ps) +' X', 9)
where H and K denote the incoming hadrons akdepresents an inclusive hadronic final state. Further we define
the following kinematical invariants
=(p1+p2%  T=(1+ps)? U= (p2+ps)? (10)
The latter two invariants can be expressed in terms of the transverse momentmd rapidityy variables as

T =m?— S/ p2 +m2coshy + v/S/ p2 + m? sinhy,
U =m?—+/S,/p2+m2coshy — S,/ p2 +m2sinhy, (11)

wherem is the mass of the pseudo-scalar Higgs boson. The hadronic cross section is given by

d20'H1H2 d)C]_ dx2 d2
2 H 2 X
S dT dU (S’T’U’m Z / / 1(1M)f;, (xz,u) Jrdu (S[um /,L)
a.b= =49, gxlmln X2,min
' —U —x1(T — m?) —m?
with = - ’ 12
X1,min S+T— 2 X2 min ST U 2 ( )

wheres, r andu are the partonic analogues 8f 7 and U in Eq. (10) wherep; and p2> now represent the
incoming parton momenta. Furth¢f" denotes the parton density corresponding to hadroard . stands for

the factorization scale which for convenience is set equal to the renormalizatioruscafgpearing in Eq. (4).

The NLO corrections to the partonic cross sectiSn/(dt du) in the case of H-production based on the effective
Lagrangianin Eq. (2) are presented in [16] and [17]. Here we will give the corresponding results for the A described
by the Lagrangian in Eq. (3). The calculation proceeds in the same way as presented in [17]n¥dasesional
regularization in order to compute the loop and phase space integrals which contain ultraviolet, infrared and
collinear singularities. However, there is one extra complication in the pseudo-scalar case. This concerns the Levi-
Civita tensor in Eq. (3) which is essentially a four dimensional object. Here we follow the same prescription as in
Eq. (4) in [15] where the product of two Levi-Civita tensors is contracteddimensions if one sums over dummy
Lorentz indices. The LO subprocesses contributing to the partonic cross section are given by

g+g—>g+A, qg+q— g+A, q(q)+g—q(q@) +A. (13)

The matrix elements squared do not differ from those derived for the scalar H providet see [5,6], which
implies that the LO double differential partonic cross sections are the same for both bosons except for an overall
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constant given byg(t) in Eg. (5). In NLO one has to compute the one-loop virtual corrections to the processes in
Eq. (13) above and to add the contributions from the following two-to-three-body reactions

g+g—>g+g+A, g§+8—>qi+qit+A, (14)
g+q—>g+g+A, g1t+q@—>q1+q+A, q1#q2,

g+q—>qi+q+A, qi#q, 4+q—>q+q+A, (15)
Gt+q2—>q+q+A, q1#q2 g+q9—>q+q+A, (16)
q9(q@)+8—q@) +g+A. (17)

After renormalization of the strong coupling constantand mass factorization which are carried out in kh®-

scheme we obtain the NLO corrected coefficient functions according to the procedure in [17]. The coefficient
functions are as long as in the case of H-production so that they cannot be explicitly presented. However, the
differences between the results for the H and the A are so small that we can show them below. If we put for
simplicity Gy = Ga = G andmy = ma = m the differences between the soft-plus-virtual differential cross
sections are given by

d2 :;—\)/gA 2d2 gS;_—\ng s 22 as (1?2 N oIy D 2 18
_ t _ ’
dtdu - dtdu =7 +itu—m9 ( A ) (N2—1)2[| g8—>gB ] (18)
2 2_S+V
d qq%gA d %43 gH
dtdu dtdu
2
as (1) 1 1 Y2
:n(S(s+t+u—m2)G2<S4—n) W[ZC |M;q)ﬁg +(CF_CA)|MB(;q)~>g ], (19)
2 _S+V 2_S+V
d q8—qA d g—)qH

dt du —s° dt du

20\ 2
_ 2\ ~2 as(ue) 1 (1) 2
=né8(s+t+u—m)G ( ym ) N(N2—1)[ CA| gﬁqB’ +(CF—CA)|MquﬁqB ] (20)

The colour factors of the groupU(N) are given byC4, = N andCr = (N? — 1)/(2N) and the Born matrix
elements squared belonging to the processes in Eq. (13) are equal to

MY g =NV - H— [s + 1+ ut + mB], (21)
1

M7 5l*=CaCr ;[f2+u2]» 22)
1

Miigal’ = Cacr i[5 = 7] )

The differences above can be wholly attributed to the virtual corrections and not to the soft gluon contributions
which are the same for both H- and A-production. These virtual corrections also entail some extra terms denoted

by

2
@ 22y 2\ 2
|MB,,, 8 =3V —1)E[stu+m (st + su+tu)], (24)
1
(MBY o?=CaCr(~1 —uw). (25)
IMBY | o|?=CaCr(s+1). (26)

q8—qB
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Denoting the two-to-three-body reactions by

a(py) + b(p2) = c(—p3) +d(—pa) + A(—p5), sa=(p3+ pa)?, (27)

then the differences between the partonic cross sections due to the subprocesses in Egs. (14)—(17) are equal to

2 _HARD 2 _HARD
d gg%ggA d Ogg—ggH
dtdu dtdu
23\ 2 2 2
— 17
2@V N [ e 17] @8)
4 N2-1 (54 —1t)(s4—u) 3
2 _HARD 2_HARD
d Ogg—qqA szd Ogg—qqH
dtdu dtdu
(WD) _nr [ |2 Leplom ot (29)
=7 — - - ,
4 NZ_1| “|3 F (54 —1)(s4 — 1)
2 _HARD 2_HARD
d %4q—gsA Szd %44 ggH
dtdu dtdu
2 CaCr T (2 Ceplom e mts (30)
- 4 N2 413 F (S4 —1)(s4 — 1) ’
2_HARD 2 _HARD
52 d %0132~ 9132~ Zd %9132~ q132H — 2 as (14%) 2CaCr —2In tu —m?sq _1 (31)
dt du dtdu 4 N2 (54 —1)(s4 —u) ’
2_HARD 2 _HARD
2 4% g _ 2404315 .M 2 as (14%) 2(”f —DCACF[_2
52 52 =G , (32)
dtdu dtdu 47 N2 3
2_HARD 2 _HARD
d %4q—qqA szd %4q—qqH
dtdu dtdu
a2 (BN CE o [y tu—mPsa 5 _ $54(s —mH? + 5 — 21u)
N 47 N2 (sa—t)(sa—u) 3 8(s4 — 1)%(54 — u)?
(s —m?)2+ si —2tu (s —m?2+ s4 — 2tu + Bss4 n tu —m2sq 9i| (33)
A(sq— 1) (54 — u) 4ss4 (s4 —1)(s4 — u) '
2 _HARD 2 _HARD 2
2 247435 qra0n szd quqz—wwzH 1G2 a5 (412 \“CaCr —2In tu —m?sq _1 (34)
dtdu dtdu 4 N2 (sa —1)(sa —u) ’
d2 HARD d2 HARD
99—>q9A 99—>qqH
dtdu dtdu
2\\ 2 2
_ 2B Cr oS
4r N2 (s4a—1)(s4 —u)
2.2 2
§°+ s §84 _§ N tu —mesy 7 (35)
U(sa—t)(sa —u) tu—m2s4 2 (sa—1)(sa—u)
d2 HARD d2 HARD
%gg—>qgA _ 42 %gg—qgH
dtdu dtdu

afes(u?) 23[ { tu — m?s4 } { tu — m?sy _}”
_nG< 4r )N 2In (s4 —1)(s4 —u) —l+cr ln(S4—t)(S4—u) 2|l (36)
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Fig. 1. The ratioR in Eq. (37) plotted as a function gf for +/S = 14 TeV andu? = p2 +m3 with my = ma = 120 GeV/c?; R-© (m; = 00)
(dotted line),RLC (m, = 1734) (solid line), RNLC (m; = c0), (dot-dashed lineRN-C (m; = 1734) (dashed line).

where the meaning of the superscript HARD is explained in [17]. From these expressions we infer that the partonic
cross sections (coefficient functions) for H and A are equal in LO and almost equal in NLO. This means that apart
from the overall normalization due to the constéiy there will not be any difference in the shapes of the double
differential cross sections. We show this in Fig. 1 where we plot the ratio

R= @, (37)

doy

for dog = dog/dpr and proton—proton collisions at the LHC WithS = 14 TeV. For these and the next plots we
have adopted the parton density set MRST98 (LO, lo0O5a.dat) [18] for the LO calculations'é\}bﬁ’n: 1305 MeV
as input for the leading log running coupling constant. For the NLO cross sections we have chosen the set MTST99
(NLO, cor01.dat) [19] withAY-C = 220 MeV as input for the next-to-leading log running coupling constant.
Furthermore, the factorization/renormalization scale is chosen fe?e u2 = p2 + M3. For the masses of the
Higgs bosons we taken = ma = 120 GeV/c? and the top quark mass is set equakio= 1734 GeV/c?. Further,
we have put tag = 1. In the case of an infinite top quark mass (here we chegse 1734 x 10° GeV/c?), we
getR'C = 9/4 irrespective of the values ofy andma. This follows from Eq. (6) and the fact that the LO partonic
cross sections are the same for H-production and A-production. A finiges given above introduces a small effect
and one get®-C = 2.31 which amounts to a shift upwards ab8 (see Fig. 1). In NLO the partonic cross sections
differ a little bit andC,ﬁ =[1+ 22%/(471)]6& (see Egs. (7) and (8)). Therefore, we expect a deviation from the
RC result whenm;, is taken infinite in both the LO and NLO reactions. However, it turns out that both differences
compensate each other. The NLO corrected partonic cross section for A is larger than the one for H and one obtains
an upward shiftA RNLO = 0.26. The shift due to the coefficient function in Eq. (7) is negative and amounts to
ARNLO = _0.24. Hence the actual value beconi®¥-C = 2.27 (see Fig. 1) which is very close fNC = 9/4.
If m; is finite one gets again an upward shift 006.like in LO andRN'C = 2.33 (see Fig. 1). One can make
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Fig. 2. The transverse momentum distributiéma /dpr with 112 = p2 +m%, ma = 919 GeV/c?, tanf = 0.5; /S = 14 TeV (solid line),
/S =2 TeV (dashed line).
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(dashed line). '
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similar plots for the rapidity distributions which yield the same ratios as shown in Fig. 1 fopthelistributions.

The most important feature is that the ratios are independemt @ndy showing the shape independence of the
distributions on the parity of the Higgs boson (scalar versus pseudo-scalar). This behaviour was discovered for both
the (pseudo-)scalary distributions and for the opening angle distribution between the (pseudo-)scalar bosons and
the highestpr-jet in the reactiorp + p — (H or A) + jet+ jet+’ X’ in [20]. From Fig. 1 and the observations

made above it is clear that the ratios between the NLO and LO corrected cross sections (K-factors) are the same
for H-production and A-production. This also holds for the variation of the NLO cross sections with respect to
the mass factorization/renormalization scales. They are given for H-production in [16,17] and we do not have to
show them again for A-production. In Fig. 2 we present phedistributions in NLO for A-production in proton—
antiproton collisions at/S = 2 TeV (Fermilab Tevatron, Run Il) and in proton—proton collisions/at= 14 TeV

(LHC). Further we have chosema = 919 GeV/c? and targ = 0.5. The parton density set and the factorization
scale are given above. From Fig. 2 we infer that phedistributions decrease rather slowly gg increases and

that the differential cross section for the Tevatron is two orders of magnitude smaller than the one predicted for
the LHC. The latter observation also holds for the corresponding rapidity distributions shown in Fig. 3. They are
obtained by integrating®oa /(dpr dy) over the ranger.min < pr < 8 pr.min With p7.min = 30 GeV/c. The

cross section fopr > 8 pr.min is negligible. Notice that the range of the rapidity for A-production at the Tevatron

is rather small. Finally, we want to comment on the relative importance of the partonic subprocesses contributing
to the hadronic differential cross section in Eq. (12). For the LR & 14 TeV) thegg-channel dominates

and thegg-subprocess contributes about one third of the cross section. This is because at these high energies the
x-values of the gluon densﬂfp(x) is so small that it becomes much larger than the quark densities. At lower
energies like/S =2 TeV (Tevatron) thec-values are larger so that the valence quark densities also play a role.
This explains why the contribution of thg-subprocess is of the same magnitude as the one froggtithannel

for A-production at the Tevatron.
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