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Theoretical setup

For Higgs production in VBF, we need the DIS structure fumsi for scattering 6 a Z-boson
(neutral current) as well asffoa W*-boson (charged current), i.el.:iV with i =1,2,3 andV €
{Z,W=*}. To NLO, this has been documented well in Ref. [1] (see aleadkiew Ref. [2]). Below,
we present formulae for the relevant structure functiorsetmond order in QCD. For both, neutral-
and charged-current structure functions we employ the P@rwentions [3].

Beyond NLO, there are three issues to address here.

¢ We need to implement the correct dependence of the PDFs diatoe quantum numbers.
e We need to separate the flavor non-singlet, pure-singlegarmah contributions, see Fig. 1.

e We need to implement the correct scale dependence kegping ..
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Figure 1:Sample diagrams for the non-singlet, pure-singlet andrgaamtribution to vector-bosoW(*, Z)
production. The dashed line indicates the final state cut.
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Figure 2:Sample diagram for the a new contribution beyond NNLO toaebbson YW*,Z) production in
the quark sector (non-singlet and singlet). The dasheddufieates the final state cut.



Neutral-current Z-exchange

We expand the DIS neutral current structure functionifeuchangd?f withk=1,2,3 as follows:
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ng ng
x Y (F+ad) {(qj(y)+q,(y)) .ns(z)+Z(qk(y)+ak(y))ci,ps(z)+g(y)ci,g(z)},
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wherei = 1,2 and the pre-factors ag(x) = 1/2, ax(X) = x.

Here, the (anti)-quark and gluon distributions are dengted; andg and taken at the factor-
ization scalg:,. The singlet distributions and the (non-singlet) valence distributiqfy are given
by

& = (a+a), ©

> (a-a). @
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The non-singlet part oFf (k= 1,2) evolves like a flavor asymmetry of the typg,. The most
general definition of these asymmetries reads, see e.g. [4],

Onsij = (Qii@)—(%‘iai)- (5)
We can use these relation to define
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q;si = (qi + CI) —0Os = Z q;sij (6)
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With these relations, we arrive at the following alternatexpressions deiZ,
1 1
FE Q) = a0 f dz f dys(x—y2) ®)
nf
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wherei = 1,2 andCjq = CI ns T Cips, alsogs and anI of Egs. (3) and (6). Note, thadj s+ 0
starting at two-loop order. Likewise
1 nf
FEIx Q@) = f dz f dys(x—y2) Z 28 {Ongi (1) Cans@ + W) Chnc@) . (9)
0

where g}, and O,si Of Eqs. (4) and (7) have been used. Thefficient function is defined as

C‘3’ ns = Canst Cg e Note, thatC‘g’ ns = C3ns UP to two-loop order, i. eC3 ns # 0 starting only at

three-loop order. Thus, for all practical purposes, thenforf F% as given in Eq. (9) dtices.

Coupling constants

The coupling constants are given by

(1 2 sirt 6 ) u-type quarks
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V+a2 = , (10)
(3-3sirfay)” d-type quarks

and, likewise,
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- 2sirfgy u-type quarks
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Cosfhicient functions

The codficient functionsC; parameterize the hard partonic scattering process. Thegmdkeonly
on scaling variable, and dimensionless ratios qf, u; and the renormalization scale. Their

complete scale dependence, i.e. the logarithmic toweRs=? /,uf andM = QZ/,uf (keeping
ur # i) is easily derived by renormalization group methods. Theypleative expansion df; in
the strong couplings up to two loops reads in the non-singlet sector,

Cins = 2120+ as{ci(,l ) +Lw F’é%)} (12)
(2).+ L.+ . (1,500 5 (0) )
+a {C. ne TL (P + ¢ (Pag —Bo ))+ L ( G —,30))
] ).
Cé,ng(x) = 6(1- X)+as{ (1) +Lwm p(o)} 13

+a{c) + Lu (P2~ +c(1)(P(O)—ﬁo))+L2( PP~ o))
+LrBock) + LaLm AP .
and in the singlet sectdr

Cq® = 61— x)+as{ D4 Ly P(O)} (14)

1 All coefficient functions can be taken e.g. from Ref. [5, 6]. Note, hawethat both the pure-singlet and the
gluon codficient functions need to be divided by a factgr(due to the conventions of Ref. [5] witle?) = 1/n; 3; el2
in the case of photon exchange).
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+a8{c -+ Lu(PE3 + P - o) + <P + L (5P - o) + 5PRPER)

+LrBocts + LrLu Py .

1
Cipdd) = aZ{cZ+ Lu(PR+cUPQ) + L 5PRPRAL, (15)
Cig(x) = as{ci(’lg)+LM Pg%)} (16)

1 1
vaZ{cd + L(PY + P + (PR - o) + Ly (PP PR PR - 50)

+Lrbocy + Ll oPY .

wherei = 1,2 andas = as(y,)/(4r). We abbreviatdy = In(Q?/u#) andLg = In(u?/u?) and all

products are understood as Mellin convolutions. MoreowerhavePglcg = Pﬁls)* + PE}S) andci(zq) =

@+ 4 @
1,ns 1,ps’
Our expansion parameter is alwags= as/(4r) and the conventions for the running coupling

are
d as  das
ding2 4r ~ ding?
whereg, denote the usual four-dimensional expansionfiicients of the beta function in QCD,
i.e. starting with

= —Bodl-prac-pras—..., (17)

11 2
Bo= ECA_ L_’:nf . (18)

In QCD, the color cofficients areCa = 3 andCg = 4/3. The splitting function§’i('j) can be taken
e.g. from Ref. [4,7]. At leading order they read

Oy — 4

PO = Cp(m—2—2X+35(1—X)), (19)

PO = 2ns(1-2x+2x3), (20)
4

PR = Ce(S-4+2x), 21

gq(X) F X +2X (21)

Oy — 4 4 a2y e )_3 _

PO = CA(l_X+X 8+4x—4x? + (LX) - Snr 6(L-X), 22)

Please also note the explicit factor oh¢2 in Eqg. (20) which is due to the definition cﬁf%) in
Eq. (20) (and, likewise foPglg)) in Ref. [7]. This factor originates from summation over@llarks
and anti-quarks’

Charged-current W*-exchange

For the charged current structure func:tiolﬁlﬁ’i with W*-exchange with = 1,2,3 we have at
leading order in QCD in terms of the parton densities

FYV' (%) = 2x(U+d+ S+C+ b), (23)

2In analogy to the pure-singlet and the gluonfieént functions (see footnote 1) also the splitting furmiﬁgg
andP{ in Egs. (14)—(16) need to be divided by a faater
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FYV (¥ = 2x(u+d_+ S+cC+ E) (24)
Fg’w(x) = 2(—U+d+ S—C+ b), (25)
FY (x) = 2(u—d_—§+c—g). (26)

With these expressions, we can construct to leading or@esttiucture functions for the sum and
differencesW* + W~. The latter have well defined transformation propertiesauritle standard
OPE of DIS.

FVWix) = 2x[(u+®+(d+d_)+(5+§)+(C+5)+(b+6)] 27)
= 2XGs,

|:¥V+—W_(x) = 2x[—(u—l])+(d—d_)+(8—5)—(C—E)+(b_6)] (28)
= _2X6Cp,

FY W (0 = 2|w-0)+d-d)+(s-F+(c-0+(b-D) (29)
= Zqu’

FIV-W (g = 2[_(u+ﬁ)+(d+d_)+(s+§)—(C+E)+(b+5)] (30)
= -26q,

where the asymmetr§g, s parametrizes the iso-triplet component of the proton,u.e.d and so

on. It arises from Eq. (5) as
S = DL DL i (31)
ieu-typejed—-type

In order to identify definite flavor representations for tHe@A2 and the respective déieient
functions we expand the DIS charged current structure fonstfor W+* iW‘-exchangé:‘k’WiW_
with k = 1,2,3 as follows:

I:i\/V+ +W~ (X, QZ)

101 ny
2809 [ oz [ dystx-yao > (v +2) [os0) Cual@) + 60 Cugl@) 2)
0 0 =1

FV' W' (x,Q?)

1 1 Ny
1
2a(X) | dz | dys(x—y2) = ) (Vi+aF)(-00nsy)) Cine(@. (33)
Of Of oy 2 () (o)
1

Zfdz

FY W(xQ) = 2

Nt

AY5(X-Y2) = 3" 24605) D (34)
i=1

F}SNJr +W~™ (X, QZ)

dz

OSH OSH

AYo(x-y2 - Y 2 (-0649) Coe. (35)
i=1

o%o
=

Here we have used the relations &gr gy, andsgys of Egs. (3) and (4) and (31).
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Taking the sum and the féierence, we obtain for the structure functidﬁ&’i with k=1,2
which describe individualv*-exchange,

1 1
FY (@) = a0 [ dz [ ayore-ya) (36)
L o 2
X JZ; (V2 +85) {60s(y) Cine(@) + As(¥) Cig(@) + 9) Cig(2)}
1 ny
FY (x Q) = f cz [ aystx-y2) o sz. (5R) C D + ) Cl@) . (37)
0

where in this cas€j q = CinstCips. The respective results chrW are obtained from Egs. (36),
(37) with the simple replacememns — =50

Please recall, that the functio@, andC; q start to difer only at two-loop order; up to NLO
there is no dierence (cf. the simple replacement rules in Ref. [1]). Rexdab, thatC¥ _= Cans
up to two-loop order.

This implies, that the iso-triplet component of the protay enters in a non-trivial way for
the first time at NNLO. It numerical impact is expected to babtihough.

3,ns

Coupling constants
The coupling constants are given by
1
Vi=a=—. (38)
| V2

Note that in this case

1 (V12+aj2):n—1f;2viai:1. (39)

Cosefficient functions

The dependence on the factorization and the renormalizatales ot:I ns CiLg and C+ can be

obtained from Egs.(12)-(16) performig the substitutiofi§” « c'2, ngr)‘; o cPr andPE,ls)+
Pl

3In this case the pure-singlet and the gluonfiiont functions of Ref. [5] needot to be divided by a facton;
and alsmot the splitting function?&%) and P%).



Electromagnetic y-exchange

This interaction gives contributions to tIffT?V structure function foi = 1,2 only, because the-
exchange is not a CP-violating interaction.

Just as a reminder we recall that the structure fundﬁgnat leading order takes the following
form

Fl00 = xiqz(qi +6), (40)
i=1

wherens is the number of active flavors and the electromagnetic @saages = 2/3 for au-type
quark andg = —1/3 for ad-type quark.
At higher orders we have the following structure, e.g. I¥<§r see e.g. Ref. [5],

XF) = C®0hs+(€9)(Coq®0s+Cag®0). (41)

where® denotes the Mellin convolution and

) = n—le;qz (42)

Finally according to the notation in Ref. [5],
Ci,q = Cins+Cips. (43)

Recall that for an even number pof, we have(e?) = 5/18. According to Egs. (40), (41) we
can easily check that the quark combinatiggis

de = AA|{ Y, @+a)- Y, @+d), (44)

i=u-type i=d-type

whereA(e?) = 1/2(e - €5) = 1/6. Note thaty)s evolves like afs quark combination, see also [8].
RecallF} = 0.

Up to two-loop order we can recover the cases for neutral-cdrattged current interactions
discussed above with the following set of substitutions @ &1). E.g. forF% we have, cf.

Eq. (8),
& — (- 4 sirk(6w))”
X 1F5=x"F} , (45)
& — (% -2 sirP(ow))’

and the PDFs remain unchanged.
Likewise, e.g. folFy’ we have, cf. Eq. (36)

() -1
xFY = x-ng{ B , (46)
Ohs = 60hs = [(U—U) - (d—d)] +[(c—C)—(s— )] +...

where substitution of the nonsinglet PDF accounts for tiop@r quark-flavor dependence.
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