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Quark-loop amplitudes for W*H* associated hadroproduction
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In this addendum to our paper, Phys. Rev58 015009(1999, we list analytic results for the helicity
amplitudes of the partonic subprocess— W H* induced by virtual quarks.

PACS numbd(s): 12.60.Fr, 12.60.Jv, 13.85t

In a recent papdrl], we studied the hadroproduction of a sVN
charged Higgs boson in association withAdboson at the Mfaxb(): o L1+ Nakp)2(8) —(Na+Ap)II(s)], (D)
CERN Large Hadron CollidetLHC) in the context of the w
two-Higgs-doublet model of type Il, which serves as the
Higgs sector for the minimal supersymmetric extension ofwhereX, andIl are the vector and axial-vector form factors
the standard modéEM). This reaction dominantly proceeds given in Eq.(6) of Ref. [1]. In this case, th&V boson can
via the partonic subprocessbb—W~ H™ at the tree level only be longitudinally polarized because it couples to two
(see Fig. 1 in Ref[1]) andgg—W~H*, which is mediated Higgs bosons, so thatt fakbszo for \y==*1. As for the
by triangle- and box-type diagrams involving virtual top and quark box contributions, all 12 helicity amplitudad,, ,
bottom quarks(see Fig. 2 in Ref[1]). In Ref.[1], we pre- i ite Because of Bosand weak-isospin symmetry,
sented analytic expressions for the cross sectionbbf they are related by
—W*H* and the transition-matrix element ofyg
—W=*H™ arising from the quark triangles. However, we re-
frained from listing our formulas for the quark box contribu- M o(t,U,mg,m¢ ,tanB) =My, o(u,t,m;,m?,tang),
tions because we found that they were somewhat lengthy. In
the meantime, a signal-versus-background analysis of

W=H* associated production at the LHC was carried out by Mixbxw(t,u,mﬁ ,m? tang)

Moretti and Odagiri2], who generated the signal cross sec- . y

tion by using the formulas published in Rét], thus omit- == My, (U LM, mE tang),

ting the quark box contributions. This motivated us to further

compactify our expressions for the latter by introducing he- (2

licity amplitudes. The purpose of this Brief Report is to pro-
vide these results, which may be useful for other authors as
well.

Calling the four-momenta of the two gluons and the
bosonp,, py, andpy, respectively, we define the partonic
Mandelstam variables as=(p,+pp)2, t=(pa—pw)?, and
u=(pp—pw)?. Furthermore, we introduce the following
shorthand notationw=mg,, h=m3, d=t—u, t;=t—w,
t,=t—h, u;=u—w, u,=u—h, N=tu—wh, A\=s2+w? — a0 2 2
+h?—2(sw+wh+hs), andg=m?—mZ. We label the he- MEgngmny (LM M, COLS).
licity states of the two gluons and th& boson in the par-
tonic center-of-mass frame by\,=—1/21/2, N,  Keeping\y=*1 generic, we thus only need to specify four
=—1/2,1/2, and\y,= —1,0,1. For reference, we first list the expressions. These read
helicity amplitudes for the quark triangle contributions,

M3 n,,- They may be extracted from E¢F) of Ref. [1]

and read INotice that the interchange ¢fandu also affects the represen-
tation of theW-boson polarization four-vector through its depen-
dence on the angle between the three-momenta of giuemd the
*Permanent address: Il. Institutrfiheoretische Physik, Univer- W boson. This explains the minus sign in the second line of Bg.
sita Hamburg, Luruper Chaussee 149, 22761 Hamburg, Germanywhich is not expected from pure Bose symmetry.

MG\ olt,u,mg,m? tang)

= - ME, 5 o(t,u,m,mg cotp),

My (10 ME, M tang)
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MY o= \/_[(mbtanﬂ+ mZcotB)FY , + m2cot BGY |, +(t—u)],
MwS
O 1 2 2 0 2 0 2 2
_o= ———=[(mgtanB+m;cotB)F _+m;cotBG; _ —(t—u,my—m; tanB«—cotB)],
mWN\/X
(€)
2 | m2tanB+mZcotg [ F! Gt
M= Ve s | AR | Fmiootg| == e (o),
1 |mitang+mZcotB | Fi _ Gt
0 _ b t + 2 2 2
M+—%w_\/23_N N Ny +AwF%_ | +micotB \/_ — +\G5
+(tu,mi—m? tanB—cotB A w— —Aw) |,
whereF', . andG', . , withi=0,1,2, are complex functions &fu, mZ, andm?. The normalization of\1’ oAy and My, Aohw
is such that the differential cross sectiongg— W H™ is given by
2 2.2
o (1) GEmy,
e W H") = S MA +MD 2. 4
dt (99— ) —256(477)332 )\a‘gmw| NaApAw xaxbxw| (4)

We now express the form factoFs, . andG', . in terms of the standard scalar two-, three-, and four-point functions:

B = [ _
i (?—m3+ie)[(q+py)?—mi+ie]
Co(p3.(p2—p1)?,p3,mG, M7, m3) = dez 12 , C L (5
(2—mi+ie)[(q+py)2—mi+iel[(q+py)?—mi+ie]

Do(pZ,(p2—P1)% (P3—P2)2.P3.P3.(P3— P1)% Mg, mf, m5, m3)

dPq 1
_f?<q2—m%+ie>[<q+pl>2—m§+ie][<q+p2>2—m§+ie][<q+p3>2—m§+ie]’

whereD is the space-time dimensionality. TBg function is ultravioletUV) divergent in the physical limib—4, while the

Cy and Dy, functions are UV finite in this limit. We evaluate tig,, C,, andD, functions numerically Wlth the aid of the

program packagé-F [3]. To S|mpI|fy the notation, we introduce the abbrewatldﬁsk(c) Co(a,b,c, mI ,m mﬁ) and
DikrYe.f)=Do(a,b,c,d,ef,m?,m*,mZ,mf). We find

F2 . =—2s(t+ Uy [MECRRy(S) —MICRAS) 1+ f1(t,u,)[tChn(t) + t Cifp(1)]
+ 10U, ) [t2CHH(0) + t,CHYN 1= F1(t,u,q)[N+s(mp+m?) IDEZE(t,u)
—2smi[ 2wty + f1(t,u,q) DR s, t) + 2s [ 2wu, — f4(t,u,q) DIV s, 1),
G, = —28%(t+U)CRi(s) — tof 1 (— tp, Uz [ CHY(H) + Cii(1)]
—t1f1(—tp,Up, N)[CEA(1) + CHA(1) ]+ [2sAmZ+ (N+5G) f1(—t,,Up,h) IDRS(t,u)
+2sAmZD W90 s,t) + 2s[ 2swh—smf(t+u) + mZf 1 (—t,,Up,h) DI s 1),
FO_=2s{2WN+ (t+u)[N—f,(0t,\)]+qfa(t,u,2\)+209%(t;+uy) }C22 (s)
—2t,[wh(t;+u;)+qfi(2u,2h t)]Cbn( )+ 2t,[w(hd—2tt,—2N)
—qf1(2u,2h,1)]Ch (1) — 2t [w(hd— 2uty) +qf,(2t,2h,t) ]C(1)
+2t,[w(hd— 2tt,) —qfy(2t,2h,t)JCIO (1) — 2{\ (ud—2wWt,) — (t;+uy)[N(t+u)
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+q(d?+2N) J}Chih(s) —[ud— 2N —q(ty+uy) IIN(mp+m?) + se?]Dp%°(t,u)
—{2N[wN—mZf5(t,u,2w)]— Nq[ud+2u?+2ma(t;+u;)]— g2 duy(t,+uy)
—tof5(t,u,W)]—s(ty+uy) }DIMO(t,u) — 2{stw(hd— 2tt,) —2Nm2f,(0t,\)
—q[sN(t+u)—stfy(t,0,20) + 2Nm(t;+u;)]—SPfo(t,00) —sq(t;+uy) DY s, 1)
+2(ty+up){stwh+ 2uNnmf+q[st(t+2u) — N(s— 2m?) ]+ s?(2t + u) + s} DI s, ),

GY_=2s[(t+u)(d?>+2N)—2\q]CR0 () + 2[t2(t+u) —wh(3t—u) J{t[ ChA(t) + Choy(D)]
+t1[Cbtt tbb(t)]} 2)\(d2+2N)Cbtb )_)\[N(mb+mt)+sq2]DE?t\go (t,u)
+[2N(2wN—Amj) —Aa(N+sq) ID(t,u) — 2 ,(m3,m?) DpiE(s,t)

—2f,(mZ,m3) Dy, 1),

F1 . =252d[miChpu(s) —mZC(s) ] — fs(w,mp . m)[t,Cha(t) +t,Ciri(1)]
+ f5(w,mZ M) [t,Clo(1) +t;CHR(t) ]+ [N+ s(mp -+ m?) T s(w, mp , m?) DpOrC(t,u)

+ 25 fo(mg ,m7) Db (s,t) — 2 fe(mf,mg) DIY(s 1),

F2 =~ (N=so)[t,Cha(t) —t,CHR(1) ]+ (N+sa)[t,Cligy(t) —t; Ci(1)]
+{N[N+2s(m2+m?)]+s?g?}Dpo%(t,u),
(6)
Gl = —sd(to+ Up) Cii(s) + tof 5(t,u,h)[CHR(H) + Ciign(t) ] = taf(u,t, ) [CH(H) + CHR(1)]
+(N+s0)fa(u,t,h)DRAO(t,u) +s(t,+ Up)[2N+d(t+q) DIV s, 1),

G2, =—sdC(s)+tu [ CRS(t) + ChO(1) ]+ (St N)CEO(t) — t11,Cl0 (1) + to(N+ Q) Dpaw(t,u)
+s[2N+d(t+q)]Ds,1),

F1_=—4sdNBy(s,m3,md)—2s{sd(t?+u?)—N[4su+d(w—h)+\]
—2sqd(t+u)—2N]+2sd?}C. () + 2t,[ 2sN(t+u) + f-(m2,m?)]CR%(t)
— 2t,f,(m? ,m2)ChS (1) — 2t4[ 2t,N(t; + up) + fo(mZ ,m?) ]ClO(t) + 2t fg(m2,m2) Clo( 1)
—2sA\[N—d(t+u—2q)]Ch¥(s) + f5(h,mZ ,m2) [ N(mZ+ m?) + s? 1D (t,u)
—{N7[f5(t,u,w)+2m?(3s+w—h)]—Ng[sA — N(t;+u;) —sd(t; +2m?) ]+ 2sNf(25+ u,)
+s2dg®}DIAO(t,u) — 2s(t— q){N f5(u,t,h) — d[ st(t— 2m?) — 2t t,m2+ P ]} Dpid%(s, t)
+2s{stdN— (ud+\)(st?+ 2Nm?) — q[ sd(t(t+2u) — N) + 2st\ + 2dNnf]
—sP[d(2t+u)+A\]—sdf}DMs 1),

F2 _=—4sNBy(s,m3,md) —2s[s(t2+ u?)+ N(t,— uy) + 4NmZ—2sq(t+u) + 2s]C0 (s)
—2t,[usN—fo(ty,m3,m?)JCEX(1) — 2t[usN+ fo( — to,mZ,m3) 1CH(1)
+2t,fo(to, M2 ,m2)Cha(t) — 2t,fo( —t,,mZ ,m2)Clio (1) + 25[ d?(t+u) + N(t+ 3u)
—2q(d?+2N)]Chih(s) — qIN?+ 2sN(mj + m?) + 221D (t,u)
—[usN?+Ng(tu + uty+ u?+4snf) — 2sNef+s2g3 D I0(t,u)

—2f10(t,, Mg, mP)DRIR(s,t) + 2f 1o(s,m? , m2) DI, 1),
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G1_=—2f3(u,t,h){25CRK(s) + [ Ch(t) + (D) T}
+ 2, f5(t,u,h)[ CRR(t) + CRy() ] = [dN(t; +uy) + SN g]D i, u)
+2s(t—0q)f3(u,t,h)DIW0(s,t) — 2s(t+q) f4(t,u,h) DIV s 1),
G% = 2t,{25Cpy(S) + U PO (1) + Ciy(D ]+t [ CHR(E) + Ciy(1) ]}
+f5(w,m2,mA)DIO(t,u) — 2sty(t— q) DS, t) — 25 Uy(t+ @) D% s, 1),
where we have used the auxiliary functions
fi(t,u,q)=—w(t—u)+q(ty+uy),
fo(t,u,N)=A—(3t+u)(t;+uy),
fa(t,u,h)=2N—(t—u)(u—h),
f4(m§,mt2)=—st[N(H—u)—t)\]—s(mg—mtz)[N(t+u)—2t)\]
+A[2Nm2+s(m2—m?)?],
f5(w,m§,m§)=N(t+u—2w)—sd(m§—mf),

7
fs(mz,mZ)=—smE[2N+d(t+mi—m?)], )

fo(m2,m?)=sd(t>+N)— (m2—m?)[ 2std+ N(3s+w—h)],
fg(ma,m?)=2N2—d(st?—t,N) + (mZ—m?)[d(2st+N)— 2t,N],
fo(ty,mz,m?)=st?—t,N—(mi—m?)(2st+N),
fio(ty,m2,m?) = —s(t+m—m?)[st(t+2m3—2m?) + N(t,+4m3) +s?].

Here it is understood that all variables appearing on the right-hand sides are to be taken as independdreh&ugd, be
treated as independentpiy, w, andh. Notice that the UV divergences Bf _ andF2 _ cancel in the expression fdr/lE,AW

in Eq. (3). Finally, we remark that we recover the SM result flar(gg— ZH)/dt due to one quark flavd#] from Eq. (4) by
substitutingmy,=m;, m,=m,, and tan3=1 and adjusting the strengths of the axial-vector and Yukawa couplings. In
particular, the contribution proportional to the weak vector coupling then vanishes as required by charge-conjugation invari-
ance. This serves as a useful check for our analytical and numerical analyses.
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