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ABSTRACT: We compute the leading-order evolution of parton distribution functions for
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1 Introduction

Experiments at the Large Hadron Collider are now probing the structure of matter at
scales comparable with, and even beyond, the characteristic scale of electroweak symmetry
breaking. So far, no evidence has been found for a breakdown of the Standard Model (SM)
in particle collisions. Indeed, there is a logical possibility that the SM remains a good
description of hard scattering processes up to scales far beyond those of any conceivable
particle colliders. It is therefore of interest to examine the features predicted by the SM
for collider events well above the electroweak scale. For this purpose, Monte Carlo event



generators including all the SM interactions on an equal footing are necessary. Such gener-
ators would be useful for investigating the limits of LHC searches, the potential of possible
future colliders and cosmic processes at ultrahigh energies.

To construct a general-purpose SM event generator,! the three phases of a hard colli-
sion, namely initial-state parton showering, parton-parton collision and final-state shower-
ing, need to be simulated including all SM particles and interactions. For the initial-state
showering, parton distribution functions (PDFs) for all the SM fermions and bosons need
to be computed and tabulated beforehand, so that showering can be generated backwards
from the hard process, guided by the scale dependence of the PDFs [2, 3].

Recently, a final-state parton shower including emissions from all interactions in the
Standard Model was developed [4], which illustrated the importance of electroweak split-
tings at high energies. For initial-state radiation the generalization of the DGLAP [5-7]
evolution equations using all the Standard Model interactions has been worked out in [§],
but so far no numerical implementation of these results has been published.

As already mentioned, understanding the DGLAP evolution of PDF's using all interac-
tions of the SM is a required first step in developing a complete initial state parton shower.
Moreover, it already allows us to study many new qualitative features of very high-energy
processes, such as lepton-initiated processes in hadron collisions and the polarization in-
duced by electroweak PDF evolution.

The inclusion of QED corrections into parton distributions is a well established pro-
cedure [9-16]. However, above the electroweak scale around 100 GeV, the contributions of
other electroweak bosons become non-negligible and new effects appear [8, 17-30]. PDF's
of leptons, vector and scalar bosons are generated dynamically, and left- and right-handed
fermions evolve differently. There are also comparable effects in the third generation of
quarks due to their Yukawa interactions. Some effects of the SU(2) interaction are double-
logarithmically enhanced, due to the non-singlet nature of the incoming states.

The PDF evolution equations for the full Standard Model have been presented in
ref. [8]. In the present paper we recast those equations in a form suitable for event gener-
ation and solve them numerically for a given set of input distributions at the electroweak
scale. The resulting PDF set extends through the region of interest for future colliders and
well beyond, so that we can study the onset of the regime where all the SM interactions
start to become comparable.

Our solutions to the SM evolution equations are obtained in the approximation of
exact SU(3)xSU(2)xU(1) symmetry. That is, we neglect fermion and Higgs masses and
the Higgs vacuum expectation value, the effects of these being power-suppressed at high
scales. We impose an infra-red cutoff my on interactions that involve the emission of
an electroweak vector boson, V = W' for SU(2) or B for U(1). Leading-order evolution
kernels and one-loop running couplings are used. All the electroweak PDFs are generated
dynamically from the QCD plus photon PDFs, starting from a matching scale gy ~ my .
In practice we take g9 = my = 100GeV. In section 4 we show some effects of varying
these parameters, to provide an indication of uncertainties due to subleading logarithms
and power-suppressed terms.

IFor a review of existing generators, see ref. [1].



For the evolution of the photon, we decompose its PDF into W3, B and mixed B/W?
components at the input scale, evolve these components, and reconstruct the photon PDF
from them at higher scales using the running SU(2) and U(1) couplings. For the top quark,
we set the PDF to zero below the top mass scale and then use the leading-order massless
evolution kernels, as for other fermions. This treatment of the transition region around
the electroweak scale is clearly over-simplified but it should give a reliable indication of the
magnitude of electroweak effects at higher energies.

The accuracy of our resulting PDF's is leading logarithmic, with subleading logarithmic
effects included where possible, but not in a complete way. Contributions to the evolution
from the U(1), SU(3) and Yukawa interactions are therefore correct at the single logarithmic
level. However, as mentioned above, the SU(2) interactions give rise to double logarithmic
effects in the PDF evolution, such that single logarithmic effects in SU(2) non-singlet
quantities are not fully under control.

The organization of the paper is as follows. In section 2 we define the relevant parton
distribution functions for unpolarized proton beams and the general form of their evolution
equations, paying particular attention to the conservation of momentum in the presence
of the cutoff my for vector boson emission. After specifying all the necessary splitting
functions and running couplings, we write the explicit evolution equations associated with
the five interactions: SU(3), U(1), SU(2), Yukawa and mixed U(1)xSU(2), for all the
SM partons in a flavor basis. As usual for DGLAP evolution, we do not include 4 point
interactions which are suppressed at high energies.

For a numerical implementation, as described in section 3, the flavor basis is not con-
venient, as too many coupled equations are involved. Instead we use the basis of conserved
quantum numbers introduced in ref. [8]. As shown there, the double-logarithmic evolution
of SU(2) non-singlet PDF's can then be factored out, which stabilizes and accelerates the
solution of the equations. In this way we are able to evolve all the SM PDFs to arbitrarily
high scales with satisfactory speed and precision. In practice we evolve up to 10% GeV,
where the approach to asymptotic behavior is well established.

In section 4, we present a selection of results that illustrate the extent to which elec-
troweak effects change the behavior of the various PDFs. In particular, we show changes
in the PDFs of strongly interacting particles relative to pure QCD evolution, and show
the size of the PDFs for electroweak gauge bosons relative to the gluon PDF. Finally, we
present results of the associated changes in parton-parton luminosities at a 100 TeV pp
collider and show the sensitivity of our results to changes of the input values of my and qq.
Our conclusions are presented in section 5.

2 The evolution of parton distributions in the full Standard Model

2.1 Definition of the parton distribution functions

The standard definition of an x-weighted parton distribution is given by the matrix element
of a bi-local operator, separated along the lightcone. For fermions, one finds the standard
definition, but without spin averaging as we are separating the fermions into left- and



right-handed. Thus, each fermion has only one possible spin determined by its helicity and
the sign of its momentum

filw,p) = /;li e 2y (p| 0 (y) 1 (—y)[p) | (2.1)
filaa) = [52 e BmPIp] 0 ) 50 (-y)lp) (22)

where p is the renormalization scale. Since we have separate left- and right-handed PDF's,
for each generation there are a total of 8 quark PDFs and 6 lepton PDF's to consider, giving
a total of 42 fermion PDFs.

Parton distributions functions of the vector bosons are given by

fo(op) = —— / W mizamvy g v (o VI () Vi (—3)|p) (2.3)

n-p ) 2w

spin avg. '

Since SU(3) is unbroken, we consider a single PDF to describe the gluon field. For the
SU(2) ® U(1) symmetry, on the other hand, one needs to take the symmetry breaking into
account. For the W+ and W~ boson we simply include separate PDFs for each of the two
gauge bosons. For the B and W3, however, one needs to be more careful to take the mixed
contributions of these two bosons into account. Such contributions arise from the fact that
the left-handed fermions and Higgs carry both isospin and hypercharge. This implies that
besides B and W3 PDFs one needs to include a mixed PDF, which is given by?

few(z) = i /dy e 2P pli,, (p| BM(y)WQ”(—y)|p> +h.ec.. (2.4)

n-p ) 2w

spin avg.

From these PDF's one can then construct the PDF for the photon, the transversely-polarized
79 and their mixed state as a transformation of the PDF for the B, the W3 and their mixed
state. Using A = cyy B + syyW3 and Z° = —sy B + ey W3 one finds

Iy &y sty cwsw IB
fz | = sty &y —ewsw Tws | (2.5)
vz —2ewsw 2cw Sw c%,[, — s%,[, fBw

and thus
/B &y sty —cwsw Iy
fus | = s¥, i W SW fz |- (2.6)
fBw 2ewsw —2ewsw Chy — Sy fyz

For the electroweak input at scale u=go we have f,(z,qo)#0 and fz(x,q0)= fyz(x,q0) =0,
so the input conditions at that scale are

fB=cvfy, fwm=swty, faw=2cwswfy. (2.7)

?Note that our definition of the mixed PDF fBw is the sum of BW3 and Ws3B contributions, and
similarly for the mixed PDF f, .



where sy and ¢y depend on the value of ¢ of the PDF's

_ . al(Q)
= swl@) =\ L) + 0a(@)
Cw = Cw(q) = OCQ((]) (28)

a1(q) + aa(q)

Thus, when relating the PDF's at the input scale p = g in eq. (2.7), one chooses sy =
sw(qo) and ey = ew(qo). After evolving these three unbroken PDFs to a higher scale
g, the physical photon and Z° PDFs are reconstructed using the corresponding running
values of ¢y (q) and sy (q).

Finally, one needs to include PDF's for the scalar bosons. One writes

fule) = [ e 2m0 (p| a)a(—y)p). (29)

and PDFs for each of the 4 Higgs fields H°, H, H* and H~ are included. The relationship
to the 4 Higgs fields in the unbroken basis to the physical Higgs and the longitudinal gauge
bosons is as follows: the H* PDFs correspond to those of the longitudinally polarized W*.
In the notation of ref. [8], the neutral Higgs fields are

_(h—iZL) _ _(h+iZL)
Ho_ix/i , HO_i\/§ , (2.10)

where h and Zj represent the Higgs and the longitudinal Z° fields, respectively. The
corresponding PDF's are

fro :%[cherL + 1 (frzy, — fz,0)] 5 (2.11)
fan = 3 U+ Fz0 = Unze = Szan)] (212

and one can also define the mixed PDF's

Faoo = 3 U= F2, =i Uz, + Tz (213)
Jaopo = % (n—fz, +i(fuzy + fz.0)] - (2.14)

Both of these mixed PDF carry non-zero hypercharge, such that they are not produced by
the DGLAP evolution in the unbroken gauge theory as considered in this paper.? Thus,
one immediately finds

fo—fz, = frhzy + f2,0 =0, (2.15)

and

fu=Tn = g+ faw). fum = —frn= oo~ fw). (216)

3They are only produced through insertions of the Higgs vacuum.



In summary, there are a total of 52 parton distribution functions that need to be
considered. Apart from the QCD quark and gluon distributions, the charged leptons, and
the neutral electroweak boson PDFs (2.7), all the other SM PDFs are set to zero at scale
qo and evolve according to the generalized DGLAP equations presented below.

For the input used here, and because fermion masses and Yukawa couplings are ne-
glected except for the top quark, several fermion PDF's are identical. The lepton PDFs
are independent of generation. Also the right-handed fermion and antifermion PFDs are
identical, apart from the top quark, unless they are different at the matching scale gqq.
This is the case only for the up and down quarks. The right-handed top and anti-top are
slightly different, since they interact through the Yukawa coupling with H™ H ™, respec-
tively. Thus the number of distinct right-handed quark PDF's is reduced from 12 to 9, the
left-handed leptons from 12 to 4, and the right-handed leptons from 6 to 1, making a total
of 36 non-identical PDFs.

2.2 General evolution equations
We consider the z-weighted PDF's of parton species i at momentum fraction z and scale ¢,

fi(x,q). In general they satisfy evolution equations of the following forms:

2k (q)

i fle.) = 5 M P )+ Y Cor [ @z PR/
I J *

_Z{ f,xq} . (2.17)

1

Here, the sum over I goes over the different interactions in the Standard Model and the
notation [¢ 0/0qfi(x,q)]; implies that we only keep the terms proportional to the coupling
oy when taking the derivative.* For the rest of the section, we will show the evolution of
each fi(z,q). We choose I = 1,2,3 for the pure U(1), SU(2) and SU(3) gauge interactions,
I =Y for Yukawa interactions, and I = M for the mixed interaction proportional to

an(q) = Vai(q) aa(q) - (2.18)

The first contribution, proportional to PZ denotes the virtual contribution to the PDF
evolution (the disappearance of a flavor z), while the second contribution is the real con-
tribution (the appearance of flavor i due to the splitting of a flavor j). The maximum
value of z in the integration of the real contribution depends on the type of splitting and
interaction, and we choose

13,1
max

, (2.19)

1—"Y for] =1,2, andi,j ¢ Vori,j €V
k@={] 7 ¢

1 otherwise

that is, we apply an infrared cutoff my, of the order of the electroweak scale, when a B or W
boson is emitted. This regulates the divergence of the splitting function for those emissions

“Note that [...]; is only introduced for notational convenience and should not be interpreted as setting
all other couplings to zero. In particular, the PDFs appearing on the right-hand side of eq. (2.17) still
depend on the value of all coupling constants.



{T,CP} | fields
{07+} QnquR)ngXERanquLangX€L797W7BaH

{0,—} 2ng X qr,ng X br,ng X qr, ,ng X £y, , H
{1,+} ng X qr, ,ng x {1, , BW, H

{1,-} ng X qr,,ng x r, , W, H

{2,+} w

Table 1. The 52 PDFs required for the SM evolution can written in a basis with definite conserved
quantum numbers. (5n,+4) PDFs contribute to the {0, +} state, (5ngy+1) to the {0, —}, (2n,+2)
to each to the {1,+} and {1, —} and 1 to the {2, +}, where ny, = 3 stands for number of generations.

as z — 1. Such a cutoff is mandatory for I = 2 because there are PDF contributions that
are SU(2) non-singlets. The evolution equations for SU(3) are regular in the absence of a
cutoff, as hadron PDFs are color singlets. Similarly for U(1), the unpolarized PDF's have
zero hypercharge,” but we include the same cutoff for I = 1, since the B and W3 are mixed
in the physical Z and -y states.

Note that the precise choice of the cutoff is somewhat arbitrary, and as already men-
tioned, we choose my = 100 GeV in this paper. Changing this value changes our results
by subleading logarithmic effect, at the same level as other effects not included. However,
given that the SU(2) evolution is double logarithmic, this implies that the ambiguity is
single logarithmic for the SU(2) coupling. By matching our results to fixed order, one
would account for these term at first order in ay. This is beyond the scope of this paper.

While the flavor basis chosen above is the most intuitive basis, the fact that all 52
PDF's are coupled to one another makes it quite difficult to solve the evolution equations.
To decouple some of the equations, it helps to change the basis such that the ingredients
have quantum numbers that are conserved in the Standard Model. Choosing the total
isospin T and CP as the quantum numbers, the PDFs for each set of quantum numbers
required are shown in table 1.

Note that in general there can be additional mixed PDF's, which however are zero in
our initial conditions and which are not generated in the evolution. In particular, there
can be states mixing left-and right-handed fermions, but they are not present in the initial
condition when only considering unpolarized beams because those states are not Lorentz
scalar. Thus, we can drop these states from our evolution.

The sum of momenta of all non-mixed PDF's in the particle basis is conserved, since it
is the momentum of the proton. Momentum conservation applies independently for each

interaction since physics would still be coherent if we removed one interaction from the
Standard Model.

> /dx{ flxq)} =0for] =1,2,3,Y, M. (2.20)
I

1#BW

® Although there can be contributions with non-zero hypercharge for transversely polarized beams [8].



This is equivalent to the sum over all T = 0, CP = + PDFSs in the isospin and CP basis
because only these states contribute to a sum over the PDFs in the particle basis. For the
other values of T and CP, the PDFs correspond to differences of PDF's in the particle basis.
For example an isospin 1 PDF is added in PDF of an up-type fermion, but subtracted in
the down-type PDF, thus it has no effect on the sum.

Combining egs. (2.17) and (2.20) gives

ik (q)
0= /dl'fz-'E q +ZCUI/ d.’E/ quP )f](m/ZaQ)

;éBW

Zde() z
= /d.ﬁfgw q +ZCZ]I/ ' Pz][( )Ad$fJ(x/z’q)

z;éBVV
ZmaIX(Q) n
- Z +ZCWI/ zdz Fij(2){fi(9)) , (2.21)
1#BW

where we have defined the momentum averaged PDF

1
(fila)) = /0 dx fi(z,q). (2.22)

Solving the equation for each of the (f;(q)), since all the input particle PDFs can be set
independently, we get

Pi‘,/I(Q) = ch“/o e de Pfil(z) fori # BW. (2.23)

Thus, momentum conservation determines the factor PZVI for all non-mixed fields in the
particle basis.

Note that the result from momentum conservation agrees up to power corrections with
the more traditional definition of the virtual corrections as loop insertions on the fields of
the PDF, which we denote by ]52‘/1 Summing over possible loops, one has

- 25 () -
Py (@) = =Cprix /0 dz Ps% 1(2)

VvV, I
- CVV7',I Zmax (Q)
Py (q) = - S : /0 dz Pffy (2 Z CJ%,I/ dz Pfi, 1(2)

Jjefh

- Zmax (Q)
PI‘J/Z-,I(‘]) = —CHH,Z'J/O dz PHH] ZCJHZJ/ dz PfHI (2.24)
Jjef

where > jefn 1S asum over all fermions and Higgs bosons which are not antiparticles, and

Crrit =Y _Cppi (2.25)
j



and similarly for Cyv,;r and Cyp 1. To see that egs. (2.23) and (2.24) agree with each
other, we will work it out explicitly for the virtual contribution to a fermion. One uses for
the fermions that P§f [(2) = Pﬁc /(1 =2)and Cys 1 = Cyy to obtain the correct relation:

Zmax 1
PYy(q) = ~Crp [ [ Rz g+ [za Pﬁmz)]

Zmax 1
=—Cypr1 [/0 zdzPﬁcJ(z) + /0(1 —2) dzPﬁcJ(z)]
=Pl +..., (2.26)

where ... denotes power corrections in 1 — zpac. The argument is exactly the same for
PEJ(q), while for P“//’I(q) one simply uses that P‘}}V,I(z) and Pjﬁv’[(z), and P,fvvl(z) and
P]ﬁHJ(z), are symmetric in z <» 1—z to write [2dz = [dz/2. In our implementation of the
evolution equations, we use eq. (2.23), to ensure exact momentum conservation without
explicit power corrections.

Since the mixed PDF fpy is a pure T = 1 state, it does not contribute to the
momentum sum. This implies that one cannot derive its associated virtual contribution
from momentum conservation. However, using the traditional definition in terms of loops,
one sees that in this case the U(1) and SU(2) virtual corrections each apply to only one of
the two fields involved, and therefore

. 1 - 1
1% 1% 1% %
PBW,l(Q) = §PB,1(Q) ) PBVV,Q(Q) = §PW,2(Q) ) (2-27)
while the virtual contribution is zero for the other interactions.
One can simplify the general evolution equations in eq. (2.17) by defining a full Sudakov

factor
e dq ar(q pv
—ew |2 | PY)] (2.28)
as well as a partial Sudakov factor for each interaction
1dq ar(q
A 1(q) = exp [/ 7‘{ 1(q )Pi‘,/l(q/>] : (2.29)
@0 ¢ 7
where qq is an arbitrary cutoff, which for convenience we set equal to my . This allows us
to write 9 fi(z.q) )
i\T,q q R
A CijiPiir® f, 2.30
L ey R S LY (2:0)
where again the notation [...]; implies that only terms from the interaction I are kept.
This gives
Ai(q) a5~ { = Air(q) a5~
@ 9q | Ai(q) Z @ 9 Ai1(q) |,
o
—Z I ZCZ]I I®f]7 (231)
where

2sie(a)
Pir®J E/ dz P} (2) fi(x/2,q) - (2.32)



2.3 Splitting functions

The splitting functions depend only on the type of particles, which for the Standard Model

are the spin 1/2 fermions, denoted by f, spin 1 gauge bosons, denoted by V', as well as

spin 0 Higgs bosons, denoted by H.

Denoting the three gauge interactions of the Standard Model collectively by I = G,

the splitting functions involving gauge bosons are given by

1+ 22
Pf =
11.¢(2) 1_ 25"

Pl g(2) = Prra(l—2),

Plalz) =3 [+ (-2,

z +1—z
1—=2 z

2z
R
PHH,G(Z) = -2’

P\}/?H,G(Z) = PI]}H,G(l —z),
Plya(z) =2(1-2).

Plya(z) =2 +2(1 - 2)

(2.33)
(2.34)

(2.35)

(2.36)

The factor of 1/2 in Pyy has to be included since we are considering fermions with definite

chirality. For the Yukawa interaction (Y'), one obtains

1—2
PfFSP,Y(Z) - 9
PHfY(Z) = Pﬁ”,Y(l —z),
1
P]ﬁH,Y(Z) 9

2.4 Running couplings
The one-loop running of the gauge couplings ay (I = 1,2,3) is given by

2 2
= s B
ar(g2)  ou(qr) 7

where, for n, generations and ny Higgs doublets,

3 1 20 1 41
= —— = — Ny — —N = —-——
1 3/)1 9 qg 6 H 6 )
2 22 4 1 19
B2 3 ( pv2) 3 T3 T g = 5
4
63:11—p3:11—§ng:7.

At scale Mz = 91.2 GeV we take

1
il =023, a=agsin®ly = —

—0.118
a1 + o 1287 ° ’

sin? Oy =

~10 -

(2.40)
(2.41)

(2.42)

(2.43)

(2.44)
(2.45)

(2.46)

(2.47)



which gives
a1(Mz) =0.0101 ag(Mz) =0.0340 a3(Mz) =0.118. (2.48)

We set all Yukawa couplings to zero, except for the top Yukawa coupling ay = y? /4.
Its running receives significant Yukawa and QCD contributions:

80[}/ ay
—_ = — 2.4
q 34 o (Byay — Bsaz) , (2.49)

where By = 9/2 and g = 8. The solution is

r 9 B ) 3 1 a3(q1)}7
OCY((D) B as(Qz) Oé3(q1) aY(Ql):| [a3(q2) ) (2.50)
where
s 8
7_53 33 —dn, T’ (2.51)
By 2t 9
6_Bsf63_8ng—18_2‘ (2.52)

We take my(m;) = 163 GeV, which implies oy (my) = 0.0349, and as(m;) = 0.109.

2.5 I = 3: SU(3) interactions

We start by considering the well known case of SU(3) interactions. The relevant degrees
of freedom are the gluon, as well as left and right-handed quarks. The coupling constants
are (with Cp =4/3, Ca =3, Tpr = 1/2)

qu,3 = ng,3 =Cp, ng,S =Tg, ng,3 =Ca. (2-53)

This gives for the evolution of a quark or gluon®

0 f a3

[Aq,ii 994 A:J e [CoPfq® fu+ TrPfq ® fo | (2.54)
0 f a3

[Ag,g qan;] o CaPfya® fo+ Zf: CrPla® fql - (2.55)

The Sudakov factor can be obtained from eq. (2.23) using the coupling constants in
eq. (2.53). This gives

1
PYy(q) = —Cr /0 2dz [PF o(2) + PR o(2)] | (2.56)
1
PgY'3(q) - _ /0 zdz [Ca P‘?V’G(z) +8ny Tr Pﬁw(z)] , (2.57)

where we have used in the last line that there are 8 chiral quarks plus antiquarks per
generation.

SFrom now on we omit the arguments of functions for brevity.

- 11 -



Since the gluon is massless, the upper limit in all the z integrations is equal to 1 [see
eq. (2.19)]. This implies that the convolutions Pﬁc’G ® fq and P‘}/?VG ® fq in eqgs. (2.54)
and (2.55) are both divergent. However, at the same time the virtual splitting functions that
enter the Sudakov factors A, 3(q) and Ay 3(q) defined in eq. (2.29) are also divergent, such
that the divergences cancel in the evolution of the actual PDFs. Using +-distributions, as
explained in section 3, one obtains evolution equations that are free of any divergences, and
which can be implemented numerically. Alternatively, for parton shower implementation,
one can impose a cutoff of the form eq. (2.19) with my replaced by a small parameter
mg > AQCD-

2.6 I =1: U(1) interactions

For U(1) the relevant degrees of freedom are left- and right-handed fermions (denoted by
the subscript f), as well as the U(1) gauge boson B. The couplings involving fermions and
gauge bosons are

Cipa=Cpra=Yf, Cip1=N;Y7, Cpp1=0 (2.58)

where the hypercharges of the different fermions are given by

1 2 1 1
Yy == Yiup, = 3 Yo, = —3 Yo, = —2 Ye,=-1, (2.59)
and the color factor Ny is equal to 3 for quarks and 1 for leptons. The couplings involving
the Higgs bosons are

1
Chhi = CBp1 = Chp1 = 1 (2.60)

where h here stands for any of the four Higgs boson PDFs.
Plugging this into the general evolution equation gives

0 f a1 (9 R R

[Af,l Y99, Apil, = ?Yz‘ [Pfic® fr+ NePiyg @ f], (2.61)
9 fB _m 2 HR 1 R

Aqu = — ZYfPVf,G®ff+7ZPVH,G®fh y (262)
dqAp1], 7 4 -
0 fh a1 1

[Aquan 1:?Z[PHHG®fh+PHVG®fB] . (2.63)

The virtual splitting functions, required for the Sudakov factor are given by

1-v 1
Pﬁ (q) = —Yf / ! zdszfG(z)+/0 zdzPézf,G(z) , (2.64)
1
PBl ( > zdz PJﬁV’G(z) _/0 zdz PII}VG(Z), (2.65)
1
PH1( ) = 4[/0 ZdZPHHG( )Jr/OZdZP\I/%H,G(Z) ) (2.66)
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where we have used in the second line that for each generation there are 4 left-handed quarks
(one needs to count particles and antiparticles separately), 2 right-handed up-type quarks,
2 right-handed down-type quarks, 4 left-handed leptons and 2 right-handed electrons, and
that there are a total of 4 Higgs bosons.

2.7 I = 2: SU(2) interactions

The SU(2) interactions are more complicated, since the emission of W* bosons changes the
flavor of the emitting particle. This, combined with the SU(2) breaking in the input hadron
PDFs, leads to double-logarithmic scale dependence in the DGLAP evolution, rather than
only single-logarithmic dependence as in the evolution based on U(1) and SU(3).

The relevant coupling constants are (where uy, and dy denote any up- and down-type
left-handed fermion)

Curdr2 = Capup2 = Cwiy,2=Cw-q,2= %, (2.67)
Curur,2 = Cwiup2 = Capay 2 = Cwidy 2 = i, (2.68)
Cupw+2=Caw-2= Nf% , (2.69)

Cusws2 = Ca o = Nf% , (2.70)

Cwiw+o = Cwxw,o = Cyyweo =1, (2.71)

where as before the color factor Ny = 3 for quarks, 1 for leptons. The couplings of the W3
state to the Higgs are given by

1
Chn2 = Cwino = Chws 2 = 1 (2.72)

where again h stands for any of the 4 Higgs bosons, while those of the charged W states
are given by
Ch+pop = Cpog+2 = Chiw+2 = Cw+p+ 2
1
= CHOW*,Z = CW*H0,2 == 5 . (273)

The couplings for the charge-conjugate states are the same.
This gives for the evolution of the fermions

a fuL _ (&%)} R de fuL

+ NiPrve ® [f‘;” + fif] } (2.74)
0 fa @ [ R Jup | fa
Aj gq2dd | _ 2] p Ju | Jdo
[ fL,QC]anfLQL . { (IXeRs [ 5 + 1 }
+ N¢Pryc ® [fv;/— + f‘f] } : (2.75)
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For the W+ and W3 bosons we have

0 o 1
Awo q4- Jws | _ 02 P‘}/%V,G @ [fw+ + fws] + 5 ‘]/DLH,G ® [fu+ + fao)
Bq Amg 2 ™

2
1
+Z§PVf,G® |:f’LLL+de+fVL+f£L:|}7 (276)
gen
J fw. az | r 1R
[AW,Q qanW;L = 7T{PVV,G @ [fw+ + fw-]+ ZPVH,G ® zh:fh
1
+4ZP§f,G®ffL}v (2.77)
fr

where the sum in the last line is over all left-handed fermions and anti-fermions. The
equation for the W~ can be obtained from that of the W™ by charge conjugation.
Finally, for the Higgs bosons we have

0 fu+ _ 92 ) R @ Ju+
[AH,QQ&]AHQL {PHH,G@’[ 5 + 4

T
+ Puye ® [fg” + fi""’} } , (2.78)
9 fro ) R fu+ | fuo
Apsqg2- _®lp Juo
|: H72q8qAH72:|2 ™ HH,G & 2 + 4
fW— st
+ Prv,g ® -+t : (2.79)
The virtual splitting functions are
v 3 l_mTV R 1 R
Pio(q) = - /0 zdz Pfp (2) —|—/0 zdz Pypa(2) | (2.80)
v = R ' R ' R
Py o(q) = —2/0 zdz Pyyg(2) — ng(Ne + 1)/0 zdz va,G(Z) - /0 zdz Phy g(2),
(2.81)
v 3| [ R ! R
Ppo(q) = 1/, zdz Py g(z) + ; zdz Py a(2)| (2.82)

from which the Sudakov factor can be constructed using eq. (2.29).

An important aspect of the SU(2) evolution equations is that, contrary to the other
gauge groups, the dependence on the ratio my /g does not cancel between the real and
virtual splitting functions. As an example, consider the evolution equation for an up-type
fermion, given on the first line of eq. (2.74), with the virtual contribution given by the first
line of eq. (2.80). The sum of the contributions of real and virtual splitting functions is
given by

1—mv

1

B A PR 2 fa@/2) + fun(@/2) =B L @]+, (283)

™ Jo
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where . .. represents less singular terms. Thus, the SU(2) breaking in the proton, which ren-
ders fu(2) # fa(z), gives rise to a logarithmic dependence on my /¢, which leads to a double-
logarithmic dependence upon integration over ¢q. As we will see later, the effect of this de-
pendence is to double-logarithmically suppress the SU(2) breaking effects at high energies.

2.8 I =Y: Yukawa interactions

The interaction of Higgs particles with fermions is described by the Yukawa interactions.
In this work we only keep the top Yukawa coupling, setting all others to zero. This gives
the following couplings

Ciptny = Crotpy =Crtipy = Cippy = Croy y = Cr-pyy = 1, (2.84)
where q% denotes either the left-handed top or bottom quark. We furthermore need
CtRHO,Y = CtRH+,Y = CtLHO,Y - CbLH_,Y == NC . (285)

This gives contributions to the top quark PDF's, as well as the left-handed bottom PDF:

0 ] Q
Ay d— Jr = 2 PR L ® fip + NoPry ® fio ¢ (2.86)
L 8q Aq%7y v T s
Ay qu fin | _ v Py ®[fi, + fol + NePray © [fgo + fu+lp, (2.87)
R aq AtR,Y_ v T If, L L ,
By das = —Pfry ® fig + NoPruy @ fg- ¢ - (2.88)
L aq Aq%7y y ™
It also contributes to the evolution of the Higgs bosons:
0 fu+ Qy LR
A — =—P 7 2.89
[ H’anqAH,Y}y - Hiy @ [ftR+be:| ) (2.89)
Ay g 28| =Pl [+ fy] (290)
BY 9q Apoy |y x  HEY tr e ’

The Sudakov factors can be obtained using eq. (2.29) with
1% 1 \%4 ! R ! R
P y(Q) = QPtR,Y(Q) = —/0 zdz Pff,Y(Z) _/0 zdz PHf,Y<Z)7 (2.91)

1
P[‘{/y(q) = —2NC/0 zdz PFH,Y(Z)- (2.92)

2.9 I = M: mixed B — W3 interactions

Finally, we need to consider the evolution involving the mixed BW boson PDF. The non-
vanishing couplings are

Y,
CBqu,M = _CBWfd,M = 2%7 (293)
Y,
Cr.pwar = ~Crmwar = Ny, (2.94)
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where f, and f; represent the up- and down-type left-handed fermions and anti-fermions
of all generations. Since Yf = —Y; and Tj 7= Ty, the couplings for fermions and anti-
fermions are identical. The factor of 2 in the first line comes from our definition of fpw as
the sum of BW and W B contributions. The diagonal coefficients C', ¢, v and Cy, ¢, v are
zero because there is no vector boson with both U(1) and SU(2) interactions. For the same
reason, there are no Sudakov factors associated with the mixed interaction. The couplings
involving the Higgs bosons are

1
Cewu+m = —Cawrom = 3 (2.95)

1
Cu+pwm = —Cropw,m = 1 (2.96)

where, as for the fermions, the same relations hold for the charge-conjugate states.
Plugging these into the general evolution equation gives
— = ——=N/P 2.97
[qaqffu_M — 5 NiPve ® fw, (2.97)
— =————N¢P 2.98
[qaqffd_M — 5 Ny e @ [Bw (2.98)
8 ] (63.Y3
{qaquW = ZYfP\}/%f,G®ffu _ZYfP‘]/%f,G(@ffd

M fu fa

1 1
+§ZP\]/%H,G®fhu_§ZP\I/%H,G®fhd ; (2.99)

hu hq

— =—-P 2.100
[qaqfhu]M — Hv.a @ fBw, ( )
— =——-P . 2.101
I:qaqfhd:|M ! Hv,c ® fBw ( )

As already discussed, the mixed gauge field PDF fpy has Sudakov factors associated with
the U(1) and SU(2) interactions, given by eq. (2.29). Since there is no corresponding real
emission term in the evolution equation for fpywy, it evolves double-logarithmically and is
suppressed at high scales relative to the unmixed PDFs.

3 Implementation details

Our treatment assumes that the SM PDFs at very high energies can be obtained by
smoothly matching the broken and unbroken symmetry regimes at a matching scale ¢y ~
my, which in practice we take to be 100 GeV. Our input PDFs at 100 GeV are obtained as
follows. We take the CT14qed PDF set [15] at 10 GeV and replace the photon PDF by that
of the LUXqed set [16]. We do not use the CT14qged photon because the LUXqed photon,
while being consistent with CT14qed, has much smaller uncertanties and a smoother x
dependence. The LUXqed PDF set combines the PDF4ALHC15 nnlo_100 parton set [31]
with a determination of the photon PDF from structure function and elastic form factor
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fits in electron-proton scattering. However, we do not use the LUXqed partons, because
being NNLO they are not positive-definite, which we require for our LO treatment and is
satisfied by CT14qed.

We evolve this hybrid CT14-LUX PDF set from 10 to 100 GeV using leading-order
QCD plus QED evolution, which incidentally generates the charged leptons. The resulting
parton, photon and lepton PDFs form our input to the unbroken SM evolution upwards
from 100 GeV. The input left- and right-handed fermion PDFs are identical. The input
W3, B and mixed B/W?3 PDFs are determined by the photon (and the absence of the Z9)
at the matching scale according to eq. (2.7). The remaining vector boson, neutrino and
Higgs PDF's are all generated dynamically starting from zero at the matching scale.

The equations given in sections 2.5 to 2.9 completely define the evolution of all parton
distribution functions in the unbroken symmetry regime. However, as already explained,
one can rewrite the equations slightly to make them more amenable to a numerical imple-
mentation. First, switching to a basis of states with well-defined isospin decouples the set
of 52 equations to some degree. In this new basis another transformation eliminates the
double logarithmic sensitivity to the ratio my /q. Second, by combining the virtual and
real splitting functions into +-distributions, one can reduce numerical sensitivity to the
cutoff of the z integrations. We will now discuss these simplifications in turn.

3.1 Switching to a basis of conserved quantum numbers

As we already explained in section 2.2, the set of 52 evolution equations can be decoupled
to some degree by switching to a basis of well-defined isospin T and CP. Writing a fermion
PDF with T and CP as fiTCP , we write the left-handed fermions as

=g Guet fa 4 0o+ fa) o S = e =~ fay + ) . (3)

fOL_:%(fuL—i_de_fJL_fﬁL) ) fl[,_:i(fuL_de_'_fd_L_fuL) ’ (32)

where uy, and dy, refer to left-handed up- and down-type fermions. Right-handed fermions
are given by

fia = % (frn + I5a) - 1= % (fra = I7) - (3.3)
The SU(3) and U(1) boson PDFs have T =0, CP = +
ngr:fg? 1(5);+:fBa (3'4)
while the SU(2) boson PDFs can have T = 0, 1,2 with respectively CP = +, —, +
8 = 5 Uwe + fw-+ Fww)s fiy = 3 Gwe = fie), (35
%jzé(fw++fwf — 2 fwo). (3.6)

The mixed BW boson state is a combination of 0~ and 1~ and therefore its PDF has
T=1, CP=+
foww = few. (3.7)
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For the Higgs boson, one writes similarly to the fermions

%+—Z(fH++fHO+fH0+fH ), f]lf_:i(fHﬂL_fHO_fHO—'_fH*)v (38)
IO{_:}(fH++fHO fgo—fo), f}lf_:i(fHJr_fHO‘i‘fHO—fH*)‘ (3'9)

In terms of these states the longitudinal vector boson and Higgs PDFs are then, using
eq. (2.16),

fwr = fu + i+ fo + (3.10)
Fue = 19+ 15 = 1 = 1l (.11)
fz, =t =fy = fi (3.12)

3.2 Cancellation of double-logarithmic dependence in evolution equations

In the {T, CP} basis the singular contributions to the evolution equations (those that are
proportional to the splitting functions P}?G(z), P{}V’G(z) and PII}HG(Z), which diverge in
the limit z — 1) are diagonal,

A”qafTCP = DTCPPRI@)fTCP . (3.13)
8q Az] " ’

such that the PDF multiplying the dlvergent splitting function is the same as that appearing
on the left-hand side. Here, as in fiT CP the label i now refers to a parton species f,V, H
rather than a particular parton. Recalling that the Sudakov factor takes the form

Air(q) = exp [/q dd al(q/)P "1(q )}

¢ m
dq Zmax(q) R
= exp — / zdz Pr(z)+ ..., (3.14)
w ¢ ’
where ... represents less divergent terms, and
Ci,f = ZCMJ forl € T, (3.15)
kei
where k and [ are particular partons, we have
qﬁ iTCP _ [DTCPPR fTCP+PV TCP] o
0q 7
DECP
= [DTCP Pl @ fFF + (1— 701 )PXI TP (3.16)
T i,
where
Pl
Pz—zi_,l®f25 ul®fl C fz (317)
il

)

i1, 1

Zmax(q)
- / Az [PE(2)0(= > 2)f(2)2.0) — 2PE () flara)] + ...
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The +-prescription defined by eq. (3.17) regulates the divergence in the integrand as z — 1
and therefore if we define the modifying factor

D;TCP 74 / a /
FYP(q) = exp [(1 - ’I> / de’ ar(g )Pi,VI(Q')
q

. /
C’L,I 0 q ™

= [Aq () T (3.18)
then the evolution equation (3.13) becomes

F;[}CP g fZTZP
2, TCP
9q Fi 7

o
— ?ID;FICPPZ.;I ® fFP + ..., (3.19)

with no logarithmic dependence on my /q on the right-hand side.
For all interactions except SU(2), one can show that D;-I:ICP = C} 1, so that the modi-
fying factor (3.18) is unity.” For SU(2) we have explicitly:®

3
Cf,g =Chya = 1 Cya =2, (3.20)
while
3 1
0+ 0+ 1+ 1+
Df72:DH72:Z’ Df72:DH72:_Z7 (321)
0+ _ - _ 24
DY, =2, DiL=1, D¥,=-1, (3.22)
so that
0+ _ 0+ _ 1= _ A4/3
Fra =Fuy =1, Fyjma = Af/mz2: (3.23)
FOt =1, Flo=Al2  F2b =AY2 (3.24)
ve = 4 fve T By V2 = P2 :
For the mixed PDF fpy we have D}_;{/m = 0 and therefore
Fllva = Apwa = AY; = (3.25)

The equations finally used to evolve the PDFs in the conserved-quantum-number basis
are given in appendix A.

4 Results

We begin by showing how the PDFs of strongly interacting particles are changed by in-
cluding the evolution of the full Standard Model. Figure 1 shows results on the evolution
of left- and right-handed quark PDFs, shown solid and dashed respectively, normalized
to their values assuming pure QCD evolution. In each plot we show the results at three
different scales, namely ¢ = 10*GeV, ¢ = 10°GeV and ¢ = 103 GeV. The values of 10°
and 108 GeV are of course far away from energy scales one can reach at any collider in the
near or distant future. However, showing the results at such unattainable values helps to
illustrate their approach to asymptotic behavior.

"For the U(1) interaction one has DEICP = C;,1 = 0, and we choose to set the modifying factor to 1 in
this case.

8Here we have used the numerical values for the Casimir operator eigenvalues for the corresponding
SU(2) representations, CISJU(Z) = 3/4, C’iU(Q) =2
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Figure 1. Quark and gluon PDFs in the full unbroken SM, divided by their values assuming pure
QCD evolution only. Left- and right-handed quark chiralities are solid and dashed, respectively. The
thin gray lines show where the scales on the x- and/or y-axes switch between linear and logarithmic.

All the light quarks (and antiquarks, not shown) evolve to lower values compared to
pure QCD at small z, due to an overall loss of energy to the electroweak gauge bosons

through the additional splittings ¢ — ¢W and ¢ — ¢B. At higher x values, the up and
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down quarks (top row) exhibit different behaviors, with the left-handed up PDF evolving
more rapidly to lower values compared to pure QCD, while the down quark eventually
evolves to higher values. This is because the left-handed up and down distributions evolve
towards each other, their difference being double-logarithmically suppressed at high scales.
The right-handed quark PDFs have no double-logarithmic component and evolve to slightly
lower values than pure QCD, due to energy loss through the additional splitting g — qrB.

The asymmetry between left-handed charm and strange quarks also evolves double-
logarithmically towards zero, primarily through a more rapid decrease of the strange PDF.
At high x the behavior is more complicated because the input CT14qged charm PDF is
larger than the strange above x ~ 0.7. The right-handed quarks behave qualitatively the
same as those of the first generation.

The left-handed top and bottom quarks also must evolve towards equal values, which
in this case means that the top has higher values than in pure QCD, while the bottom
evolution looks similar to strange, relative to pure QCD. The right-handed b-quark behaves
qualitatively like the right-handed quarks of the first and second generation, while the right-
handed top quark, being generated purely dynamically, behaves differently at large x. Since
the right-handed top has vanishing initial condition, the splitting tp — trB, which would
decrease the PDF, is sub-dominant compared to the process B — trtr. This means that
at large x the right-handed top PDF is increased, rather than decreased.

The effect on the gluon PDF is shown in last row of figure 1. While the effects are
quite small up to ¢ ~ 10* GeV, at larger scales the back-reaction from the changing quark
PDFs is affecting the gluon PDF at an appreciable level.

It is interesting to study how rapidly electroweak symmetry is restored. To illustrate
this, we show the asymmetry

AdL fup = fay (4.1)

B [ up + f dy, ’
compared to the result if only QCD evolution were turned on. This asymmetry ratio is
shown in figure 2 for the three generation of quarks as a function of ¢, for various values
of z. For all generations the asymmetry decreases as g gets larger, driving the PDFs of
the different isospin states towards each other. The onset of the deviation from pure QCD
is in the range 1-10 TeV. The ratio between the full asymmetry and the result using only
QCD evolution is given by

At (2, q) ~ [Aga(q)] " Afjep(x.0) (4.2)
where Ayo(q) is the fermion Sudakov factor, as given in eq. (3.18), independent of the
generation.

Next, we study the size of the PDF's of particles not charged under the strong interac-
tion. Since these PDFs are only generated by emissions due to the U(1), SU(2) or Yukawa
interactions, they are vanishing at all scales if one is including only SU(3) evolution. The
only exception is the photon, which has a non-vanishing initial condition at ¢ = 100 GeV.
Figure 3 shows results on the electroweak boson PDFs normalized to the gluon PDF, both
evolved using the full Standard Model. One can see that the electroweak gauge boson
PDF's become a significant fraction of the gluon PDF, especially at large values of x. The
photon PDF is the largest mainly because it has a non-zero input. The PDF for the W
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Figure 2. Asymmetry between up-isospin and down-isospin left-handed quark PDF's, defined in
eq. (4.1), in the full unbroken SM, compared to the result when only QCD evolution is included.

boson is initially larger than the W~ boson PDF at large x because the W™ is mainly
generated through emissions from the up-quark, whose PDF is larger than the down-quark
which mainly generates the W~. Since the difference between W+ and W~ has isospin 1,
the W evolves more slowly and the W~ more rapidly, so that they approach each other
at high ¢q. At low x they are more similar as are the up-quark and down-quark PDFs. The
Z9 PDF is similar to the W7 but it is smaller at low 2 and larger at large . The mixed
~vZ PDF is small and positive at small x and negative at large x. There is no constraint
to be positive definite for a mixed PDF as it is the product of two amplitudes rather than
the square modulus of one. Its absolute value becomes very large at large x and gq.

We also show the PDFs for the longitudinally polarized gauge bosons, the Higgs boson,
the mixed PDF between the Higgs and the Z; and the leptons. The Z; PDF is the same
as the Higgs in our approximation, see eq. (2.16), so we do not make a separate plot for
it. The boson PDFs are shown in figure 4, and the leptons in figure 5, both normalized to
the gluon. Both are expected to be much smaller than the transverse vector boson PDF's,
because they are generated via a second order effect of emission from the vector bosons
and via Yukawa emission from the top and bottom quarks, which are much smaller than
the up and down quarks. The mixed PDF is even smaller because it is generated by the
asymmetry between transverse W and W~ PDFs and the top and anti-top PDFs. The
WZF and W, PDFs are very similar, for the same reason.

As a final result, we study several parton luminosities, choosing a future 100 TeV pp
collider as a reference. While the energy scales that can be reached at such a collider
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Figure 3. Electroweak bosons PDF normalized by the gluon PDF. The thin gray lines show where
the scales on the x- and/or y-axes switch between linear and logarithmic.

are not quite large enough to get O(1) effects, the effects of the full Standard Model
evolution are still numerically relevant. In figure 6 we show the ¢z gy luminosities for the
six different quark flavors, normalized to their values if only QCD evolution is taken into
account. One can see that all except the ¢ luminosity are reduced appreciably from their
values if only QCD evolution were taken into account. This will affect searches for Z’-like
particles at a future 100 TeV collider. The dd luminosity is decreasing more slowly as the
double-logarithmic evolution drives it larger than QCD at high z (see figure 1).

We also show selected luminosities of vector bosons combined with quarks, normalized
to the average of the uti and dd luminosities. One can see that luminosities involving one
transverse vector boson become of comparable magnitude to the ¢¢ luminosities. Lumi-
nosities involving the longitudinal gauge and Higgs bosons are much smaller.

Finally, to illustrate the uncertainties associated with subleading terms, we show in
tables 2 and 3 the dependence of some integrated PDFs (momentum fractions) on the in-
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Figure 4. Longitudinal gauge and Higgs bosons PDFs normalized by the gluon PDF. The 7,
PDF is the same as the h PDF. The hZ; PDF is purely imaginary and we show the result divided
by ¢. The thin gray line shows where the scales on the x- and/or y-axes switch between linear and
logarithmic.
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Figure 5. First generation lepton PDF's normalized by the gluon PDF. Since we treat leptons as
massless, and all leptons have the same initial condition, the results for the other 2 generations are
identical. The thin gray line shows where the scales on the x- and/or y-axes switch between linear
and logarithmic.

frared cutoff my and matching scale gg. We see that there are variations in the electroweak
PDFs of the order of £10% at 10 TeV and 5% at 100 TeV for the ranges of parameters in-
dicated. The relative variations in the light quark PDF's are smaller as they are dominated
by QCD evolution. There are of course in addition the usual uncertainties associated with
the input PDF's and higher-order QCD corrections.
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my/GeV | qo/GeV | up, tr, W; W, e Ve h
100 100 8.51 | 0.43 | 0.46 | 0.33 | 0.0019 | 0.0012 | 0.0026
50 100 8.42 | 0.43 | 0.46 | 0.34 | 0.0019 | 0.0012 | 0.0027
50 200 8.48 | 0.44 | 0.39 | 0.29 | 0.0017 | 0.0009 | 0.0025
100 200 856 | 0.43 | 0.39 | 0.29 | 0.0017 | 0.0009 | 0.0024
200 200 8.64 | 0.42 | 0.39 | 0.28 | 0.0017 | 0.0009 | 0.0024

Table 2. Momentum fractions (%) carried by various parton species at scale ¢ = 10 TeV.

my/GeV | qo/GeV | up, tr, Wif Wy e; Ve h
100 100 7.53 | 0.56 | 0.64 | 0.50 | 0.0031 | 0.0025 | 0.0061
50 100 7.43 | 0.61 | 0.63 | 0.51 | 0.0031 | 0.0026 | 0.0062
50 200 7.48 | 0.61 | 0.58 | 0.47 | 0.0028 | 0.0021 | 0.0059
100 200 7.58 1 0.60 | 0.58 | 0.46 | 0.0028 | 0.0021 | 0.0055
200 200 7.68 | 0.59 | 0.58 | 0.45 | 0.0028 | 0.0020 | 0.0054

Table 3. Momentum fractions (%) carried by various parton species at scale ¢ = 100 TeV.

— 95—




5 Conclusions

The energy regime around and beyond the electroweak scale is currently being explored by
the LHC experiments, and so far they have found no firm evidence for physics beyond the
Standard Model. In the present paper, we have examined the consequences of assuming
that the parton distributions of the proton continue to be described by the Standard Model
up to very high energies, in the approximation that its symmetries are unbroken above the
electroweak scale.

We have implemented numerically the full set of generalized DGLAP evolution equa-
tions for all the parton species and interactions of the unbroken SM in leading order. The
input PDFs of 5 quark flavors, the gluon, photon and charged leptons at a starting scale
go = 100 GeV for the full SM evolution are obtained from parton and photon PDFs at
10GeV by QCD plus QED evolution. The input left- and right-handed fermion PDFs
are thus identical at scale gy but they evolve differently above that scale. The top quark
PDFs (not present in the input) start to evolve from the top mass scale. The input photon
is resolved into its U(1), SU(2) and mixed components, which are evolved independently
from scale gy and reassembled into the photon and transversely polarized Z° at higher
scales. The charged and longitudinal vector boson, Higgs and neutrino PDFs are gener-
ated dynamically starting from zero at scale gg. This simplified treatment misses some
symmetry-breaking effects around the electroweak scale, but these are power-suppressed
at higher scales and our results should provide a guide to the ways in which the PDFs
deviate from pure QCD evolution.

Amongst the most interesting features of the SM is the distinction between left- and
right-handed fermions. The evolution of the right-handed PDF's deviates little from pure
QCD, owing to the weakness of the U(1) interaction. The left-handed PDFs generally
deviate from pure QCD at the 5-10% level by 10 TeV.

Another important SM characteristic is the restoration of isospin symmetry at high
scales. This is manifest in the decreasing asymmetry between the up- and down-type quark
PDFs, which sets in at 1-10TeV, the up-type being pulled down in the first generation
and conversely in the third. The suppression of the asymmetry is a double-logarithmic
effect that can be treated in fixed order at present energies but is resummed to all orders
in the evolution.

The electroweak bosons are generated quite copiously, the W in particular at high
x due to splitting u — dW™*. The photon and Z° PDFs also grow rapidly, eventually
exceeding the gluon at high x. The PDFs of the longitudinal vector bosons, the Higgs
boson and the leptons are generally much smaller as they arise from second-order splittings.

Finally, we have used the generated PDF's to present some parton-parton luminosities
at a 100 TeV pp collider. These results are just an illustration of the size of the effects that
can be expected at such a future collider, and a more detailed phenomenological analysis
will be presented in a forthcoming publication.

In conclusion, we find a rich structure in the proton when probed beyond the elec-
troweak scale. The associated PDFs are interesting and useful in their own right. They
also represent a key component of event generators that aim to embody the full Standard
Model in initial-state parton showering, a topic we plan to explore further.
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A Equations used in the forward evolution

A.1 SU(3) interaction
e T=0and CP = +:

9 o
[qaqf3+] = ?3 [CFP;LG ® T+ TPl g ® fg] , (A.1)
o =%[C Pl ® fy+ CrPf ®f0+} (A.2)
q@q 9 5 T Alvva g Fivya >, .
Here
=4 for+23 for (A.3)
qL dRr

where the sums run over all left-handed quark doublets and all right-handed quarks.
The factors of 4 and 2 are due to the different normalizations in egs. (3.1) and (3.3).

e All other states:

0 a3
|:q8qfq:|3 = ?CFP;?ﬁG ® fq . (A4)
A.2 U(1) interaction
e T=0and CP = +:
9 o+ ] a1 0 R
8 | a1 0
[qaqu_ 1 = [Pf‘B/,lfB + P\}/%f,G ® f%;f + P‘]/DLH,G ® fﬁﬂ ; (A.6)
0 | o 1 0 R
[qaq EI+_ , =1 [P;I_H,G ® g+ Piyve ® fB} : (A7)
where
o+ _ 2 0+ 2 0+
fZBf _4ZYfofL +2ZYfRffR : (A-8)
fr Ir
e T=1and CP = +:
8 a1 1
{qaq éJvrvL = 7513}9/,1 By (A.9)
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o All other states:

A.3 SU(2) interaction

e T=0and CP = +:

e T=0and CP = —:

e T=1and CP = +:

e T=1and CP = —:

17
A4/3 o Iy,

1,24 dq A4/3

1/2 0 fW
V2 anl/Q

4/3 0 fH
H29 8QA4/3

0 1 as 3
QC(TJCOL+ =2
L 09 12 w4
_ a
97 f =
_8q 12
Q or| _ 23
_q(‘?qH_2_7r4

T r 4

(65} +
*Yf Py ® [,
Ozll
PEHG ® fH -

[PffG®f +NfPFV,G®f8ﬂ 5

— | 2P
- vve ®f

+ZPVfG®ff + Py o iy

fr

[P;HG®fH +PHVG®fW] :

A3, 0 f

A1/2 9 fBW

724 dq A4/3

43 0 fH
1,24 3qA4/3

v,24 dq A1/2

+
- 4PffG

+
PVVG®

a2

™

0423
— e ®f

0123
4PHHG®f

_ 1 _
®f1L +2prfv,e®fvlv]

+ZPVf®ff + Py ® fi
fL

1
|:_4PEH7g®f + = PHVG®fw]-

~ 98 —

Y

(A.10)

(A.11)

(A.12)

(A.13)

(A.14)

(A.15)

(A.16)

(A.17)

(A.18)

(A.19)

(A.20)

(A.21)

(A.22)



e T=2and CP = +:

2+
32 0 Jw @2 ot 2+
V.2 ang‘,//; T 4% w

2

A.4 Yukawa interaction

e T=0and CP = +:

[0 Lo4] Qy | bV 0+ R 0+ o+
_q%fQ% 1y - I Pqiyqui + Pry @ fr, + NePruy ® fg
[0 4] _av pV 0+ | pR 0+ o NP 0+
q%ftR Y_72 trY Jtn T ff,Y®fqri + NcPray ® fg
r a 0+- ay \Va 0+ R 0+
og7u |, = [P Ta Py @05, 4]

where
0+ _ 0+ , O+

® TZOandCP:_;
_ gfo—_ _ O[l PV fO— +PR ®f0_ _N.P ®f0_
_qaq ¢ 1y N ™ q?ﬂY q% g tr cl'fH)Y H
f g oy ) ) )
95 vl = —2 [Pt‘g,yf& + Py ® fﬁ}; + NoPruy @ f% ]
L ly
9 0—- ay 1% 0— R 0—
i ], = | P o s8]

where
0— _ p0— _ 40—
f Hf_ftR fqi'

e T=1and CP = +:
2f1+ _ al PV f1+ _ N.P ® f1+
q@q at v | Y d el JHY H
8 1+ ay VvV 1 R 1
e -2 |p + P +
{qaq L o [P T~ s @ 0y
e T=1and CP=—:
8 1— ay 74 1— 1—
ngftL = — | Poxty, + NPy ® fy
Y

0 - ay | v pl1— R 1—
{qaqu ]Y_7T|:PH7YfH +PHf,Y®fq%
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(A.23)

(A.24)
(A.25)

(A.26)

(A.27)

(A.28)
(A.29)

(A.30)

(A.31)

(A.32)

(A.33)

(A.34)

(A.35)



A.5 Mixed interaction

e T=1and CP = +:

|:qaqff Im B T 2 fPfV’G ® fBW ’ (A.36)
0 | ang
[qaq Bw| = 4 VP g e ST 2Pl @ fi | (A.37)
- M fr
0 p1v] aml g 1
[qaq i T alive ® Jaws (A.38)

Equation (A.37) differs slightly from ref. [8] where, taking into account the definition there

of fps = fBw/2, an 8 would appear in place of 4 in the first term on the right-hand side.
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