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At muon colliders apbove ~1 - 5 [eV,
the VBF process is always dominating over anninilation,
mostly collinear emission.
_ _ This is what allows a MuC to reach
A high-energy Muon Collider exquisite precision in Higgs and EW physics.
iIs a Vector Boson Collider!




The emission of collinear radiation (photon, W, Z, etc..) off a muon
can be factorised from the hard scattering. [Guomo, Vecchi, Wulzer 1911.12366)
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This can be described in terms of
generalised Parton Distribution Functions, like for proton colliders:
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The emission of collinear radiation (photon, W, Z, etc..) off a muon
can be factorised from the hard scattering. [Cuomo, Vecchi, Wulzer 1911.12366]

pr, mwy < F

This can be described in terms of
generalised Parton Distribution Functions, like for proton colliders:
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The case of collinear photon emission from an electron gives the Equilvalent Photon Approximation
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At energies above the EW scale, similarly one can obtain the Effective Vector Approximation

for EW gauge poson PDEs Kane, Repko, Rolnik; Dawson; Chanowitz, Galllard '84,

See also Borel et al. [1202.1904], Costantini et al. [2005.10289] Ruiz et al. [2111.02442], etc. ..
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Vi
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For Q » my fW (2,Q%) ~ Q7 Py, g, () log \ This one is now implemented in

MadGraphs5_aMC@NLO
[Ruiz, Costantini, Maltoni, Mattelaer 2111.02442]



At energies above the EW scale, similarly one can obtain the Effective Vector Approximation
for EW gauge boson PDFs

Kane, Repko, Rolnik; Dawson: Chanowitz, Galllard '84,
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Is this sufficient?



At energies above the EW scale, similarly one can obtain the Effective Vector Approximation

tor EW Jauge boson PDFS Kane, Repko, Rolnik; Dawson; Chanowitz, Gaillard "84,
See also Borel et al. [1202.1904], Costantini et al. [2005.10289] Ruiz et al. [2111.02442], etc. ..
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Is this sufficient?

2 )
The expected rele;hve corrections to the LO EVA olz (Q w@ Q_? 1 forQ~15TeV
result are proportional to (Sudakov double logs) My |

For precise vector boson PDFs at the TeV scale it is important to re-sum the EW double logs.

~Furthermore, if we are also interested in the QCD (gluon and
quarks) PDFs, then resummation is required /4 - )
LR
M |

since oy IS large at small scales.
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for EW Jauge poson PLFs Kane, Repko, Rolnik; Dawson: Chanowitz, Galllard '84,
See also Borel et al. [1202.1904], Costantini et al. [2005.10289] Ruiz et al. [2111.02442], etc. ..

W/
_ . (a) 2y — @2 pf Q° + (1 — z)myy A
/A > fw; (7,Q7) = 87TPVifL () <1Og mfb + (1 — x) %V Q% + (1= x)m%‘/
Vr

. pla) N ~ X2 pf Q
-or Q > mw Ty~ (2,Q%) ~ ¢ Py, () log m?, ¥=~__ This one is now implemented in
MadGraphs5_aMC@NLO
[Ruiz, Costantini, Maltoni, Mattelaer 2111.02442]

Is this sufficient?

2 )
The expected rele;hve corrections to the LO EVA 0(2 (Q 000 Q_? 1 forQ~15TeV
result are proportional to (Sudakov double logs) My |

For precise vector boson PDFs at the TeV scale it is important to re-sum the EW double logs.

~Furthermore, if we are also interested in the QCD (gluon and
quarks) PDFs, then resummation is required /4 - >
LR

since a; IS large at small scales. K < 3

* Mass effects remain relevant up to several TeV of energy. The O > mw approx. is not sufficient for good precision.



Collinear Radiation and PDFs

Strongly ordered emission from multiple splittings can be resummed by solving the DGLAP equations
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Strongly ordered emission from multiple splittings can be resummed by solving the DGLAP equations
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Collinear Radiation and PDFs

Strongly ordered emission from multiple splittings can be resummed by solving the DGLAP equations
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They cancel the IR divergence (z—1)
of real soft emissions.




Collinear Radiation and PDFs

Strongly ordered emission from multiple splittings can be resummed by solving the DGLAP equations

2
QZd 5\, ') PBwaQQ)‘I‘ZaABC / _PBA Z)fA( QQ)

dQ?
/ \

B Virtual corrections Real emission

r

They cancel the IR divergence (z—1)
of real soft emissions.

Unlike for protons, since the muon is elementary this can be done from first principles.

The boundary condition is setby  fu(x, my) = o(1-x) + O(a),  fizu(x, m,) =0 + O(a)

NLO corrections in Frixione [1909.03880]
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DGLAP equations below EW scale

Below the EW scale only QED + QCD interactions are relevant.

B QCD is introduced at the rho meson scale (we vary it for uncertainty),
—D + QCD and we add the threshold for the b quark.

SIS d’ S, G, O Drees, Godbole [hep-ph/9403229], Schuler and Sjostrand [hep-ph/9503384,9601282)
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QED + QCD

vV, d,€e 4, T, U d s, C D

mp B

QED + QCD

Vv, 0,€e U, T, U d, s C
Qocp = my
QED
v, e U, T, U d, s C

My

The band width represents
uncertainty due to choice of Qaco

£i(x,Q)

DGLAP equations below EW scale

Below the EW scale only QED + QCD interactions are relevant.

QCD is introduced at the rho meson scale (we vary it for uncertainty),
and we add the threshold for the b quark.

Drees, Godbole [hep-ph/9403229], Schuler and Sjostrand [hep-ph/9503384,9601282]

PDFs of a muon at the EW scale:
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6QQCD [fé(xaQ)]

Uncertainty due to choice of Qacp

Changing the scale in the interval Qocp = [0.5 - 1] GeV

Relative variation in the PDFEs, evaluated at the mw scale.
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—or leptons and the photon, relative variations are smaller than 10-5,



Above the EW scale

All SM interactions and fields must be considered and

several new effects must be taken into account;

® PDFs become polarised, since EVW interactions are chiral.  saver webber (180808831

P, Ciafaloni, Comelli [hep-ph/0007096, hep-ph/0001142, hep-

[ _ | | i oh/050504 7], Bauer, Webber [1703.08562, 1808.08831],
At high energies EW Sudakov double logarithms are generated. e e R

2103.09844], F. Garosi, D.M., S. Trifinopoulos [2303.16964]

® Neutral bosons interfere with each other: Z/y and h/Z; PDFs mix. P Cifaoni, Comeli [nep-ph/0007096, hep-ph/0505047
Chen, Han, Tweedie [1611.00788]

® [Vlass effects of partons with EVW masses (W, Z, h, t) become relevant
and remain so even at multi-1eV scale.

® \\V symmetry Is broken. Another set of splitting functions, proportional to v2 instead of pr2, arise:
ultra-collinear splitting functions.  Cren, Han, Tweedie [1611.00788]



Implementation

VWe work in the mass eigenstate basis,
same numerical method used below the EVV scale.

After identitying PDEs which are identical because of flavour symmetry, we remain with 42 independent PDFs:

N
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Gauge Bosons | v+ Z+ Zv+ n

Starting from Qgw = mw , heavy states are added at the corresponding mass threshold.
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Polarisation

Since EW interactions are chiral,
PDFs become polarised. o vweooer 180808837

—.g. in case of W-PDF, coupled to ui,
the PDF for RH W's goes to zero for x— 1 faster than LH VW's,
since Pr+fi(z) = (1-2)/z while Pys(z) = 1/z.

Splitting functions depend on

the helicity of the states, e.g.

Py, (2) = Pv_gr(2) =

10



POIarisati on Splitting functions depend on

: : : : the helicity of the states, e.g. :
Since EW interactions are chiral, / Y I

Z
PDFs become polarised. ©caer vienber 180808851 Profi(2) = Pv_pn(z) =
Py_g (2) = Py, jp(2

L
4

—.g. in case of W-PDF, coupled to ur,
the PDF tor RH VW's goes to zero for x— 1 faster than LH VWW's,
since Pr+fi(z) = (1-2)/z while Pyrs(z) = 1/z.

)
PfLVJr (z) = Pva_ (Z) = z°
pfr,V (z) — PfRV| (z)

Vectors polarisation: V. / V. Fermions polarisation: Y./ pr
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EW Sudakov double logs from ISR

The Bloch-Nordsieck theorem is violated for non-abelian gauge theories
— |R divergencies are not cancelled In inclusive processes, since the initial state is EVW non-singlet
— \We are often interested in exclusive processes, since we measure the SU((2) charge (W vs Z, tvs b, etc...)

The EW Sudakov double logs arises as a non-cancellation of the IR soft divergences (z — 1)
between real emission and virtual corrections.,
P, Ciafaloni, Comelli [hep-ph/9809321], Fadin et al. [nhep-ph/9910338], M. Ciafaloni, P. Ciafaloni, Comelli [hep-ph/0001142, hep-ph/0103315]

see also Denner, Pozzorini [hep-ph/0010201], Pozzorini [hep-ph/020107 7], Manohar [1409.1918 |, Pagani, Zaro [2110.03714], ...
Manohar, Waalewijn [1802.08687], Chen, Glioti, Rattazzi, Ricci, Wulzer [2202.10509]
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between real emission and virtual corrections.,
P, Ciafaloni, Comelli [hep-ph/9809321], Fadin et al. [nhep-ph/9910338], M. Ciafaloni, P. Ciafaloni, Comelli [hep-ph/0001142, hep-ph/0103315]

see also Denner, Pozzorini [hep-ph/0010201], Pozzorini [hep-ph/020107 7], Manohar [1409.1918 |, Pagani, Zaro [2110.03714], ...
Manohar, Waalewijn [1802.08687], Chen, Glioti, Rattazzi, Ricci, Wulzer [2202.10509]

Here | am interested in resumming the EW double logs
T related to the initial-state radiation.
g M, At the leading-log level we can neglect soft radiation

Sﬂ,\/\/\ﬁ,} T Manohar, Waalewijn [1802.08687]

11802.08687]
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Here | am interested in resumming the EW double logs
related to the initial-state radiation.

W”_A L M At the leading-log level we can neglect soft radiation
— %j’\/\/\/\; — Manohar, Waalewijn [1802.08687]
[1802.0868/] / INn case of collinear W emission they can be implemented (and resummed)

Bauer, Ferland, Webber [1703.08562]

at the Leading Log level by putting an explicit IR cutoff Zyue = | - QEW/ O
M. Ciafaloni, P. Ciafaloni, Comelli [hep-ph/0111109]
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fi(x,Q)

PDFs of a muon
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At high scales and well above threshold (small x)
a muon has large EW boson PDFs,
but also gluons and quarks.
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PDFs of a muon
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Longitudinal gauge bosons PDFs are dominated by
ultra-collinear contributions from the muon
(@and muon neutrino, for the W+), which do not scale.

At high scales and well above threshold (small x)
a muon has large EW boson PDFs,
but also gluons and quarks.

The Higgs instead has no coupling to massless
fermions, so its PDF has no large u.c. contributions.
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" MuC 3 TeV luminosities i MuC 10 TeV luminosities
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Some comments:

- large puu and urv, lumi at small V§: possible sizeable impact on VBF studies from anninilation channel”

- Ihe very large yy lumi could dominate over Z contributions.
- gluon and quark luminosities are very small: small impact from QCD-induced backgrounds.
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large uu and v, lumi at small V§ possible sizeable impact on VBF studies from anninilation channel”
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large uu and v, lumi at small V§ possible sizeable impact on VBF studies from anninilation channel”
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large uu and v, lumi at small V§ possible sizeable impact on VBF studies from anninilation channel”
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large uu and v, lumi at small V§ possible sizeable impact on VBF studies from anninilation channel”

N
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large uu and v, lumi at small V§ possible sizeable impact on VBF studies from anninilation channel”

N

- MuC 3 TeV luminosities
10 -

YY

1000 2000

V5 [GeV]

The effect of realistic rapidity cuts on the final state should
be considered, the g channel is clearly unbalanced in rapidity
(PDF larger at x~1 and x«1): very forward final state.

o = Yii ]d§/so £i(8) 6(8)

(Costantini et al. 2G05.10289);
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EVALo: fé;éj; (z,Q%) = o

We can expect large deviations from EVA, since o 5 (Q o% =
Mg

f
PV:I: JL

(z) (bg

LePDF vs. EVA
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LePDF vs. EVA
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2 \2
VWe can expect large deviations from EVA, since o 5 (roo %? ~1 forO~1.5TeV.
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] fact that in EVA the muon Is taken unpolarised
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Z z 1 2
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Instead, the muon gains a O(1) polarisation,
so the Z/y PDF is much larger.

fix,Q)

<> VWe can also see a sizeable deviation
(N this log-log plot) for the Wt and Zt PDF.
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LePDF vs. EVA
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The deviation becomes larger at small x and at large scales
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VA by computing iteratively the W-+ PDF at O(a?). *
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* for simplicity, in the NLO
part we take the Q » mwy
and x < T limit

in the LO EVA expression.

we find a much improved agreement with the LePDF resummation.
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LePDF VS. EVA WW Luminosity
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1.x 107 y | .
S'XIO_S_EevTF \ - for WiWr: EVAL0 is accurate to ~15%
e L.O il
. O>my i .
1.x 1073 S W 05 N - for WLWL: EVAL0 Is accurate to ~5%
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12 - - ] 12 ; |
10 _ 10 reproduce well the complete result, with
I - | -
= (0.8¢ = 0.8 -
2 o6  EVAZS™ 306 Evagn O(1) differences up to large scales
Z 04 e E 8‘2‘ - , (particularly for transverse modes).
= 02 T g 02 e
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() 2y — @2 pf QR+ (1 —z)mjy, Q
EVA f (37 Q7) = () | log —
VALo S e ey s e ey s v

() N Q2 of Q" Implemented in MadGraph5_aMC@NLO
mV—0 T — P ) log —— P PNo_
EVALo f ( Q7) & ST VifL( ) log Ruiz, Costantini, Maltoni, Mattelaer [2111.02442]
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Conclusions

We derived resummed SM PDFs for lepton colliders at the leading-log level: LePDF.

The results are made public iIn a LHAPDF6-type format: extended to include helicity dependence.

https://qithub.com/DavidMarzocca/l ePDFE
Some work IS required to allow an interface with MadGraphbd, anybody interested”?

The large muon PDF at small x (an O(a?) effect) could be relevant for all VBF studies.
VWe show that the implementation of EVA with the Q>»>m\WW approximation is not sufficient, even at eV scales.

VWhen mass terms are included, EVA @ LO deviates by:
- up to O(30-40%) for ZT and Wt at small x and large Q (few 1eV)
- ~102 for the Z/y PDF

At the level of WrWr luminosities the deviation is ~15% for MuC10.

This should be much improved by using EVA @ NLO (ongoing work).

We hope this tool can allow more comprehensive studies of physics potential at Muon Colliders!

Thank you!
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DGLAP equations below the

Evolution below the EW scale

-\ scale:

=— = [(Pf+Prsa) @ fi+ Prv @ fy]

dfi oy (t)
dt ~ 2r
df g :av'(t)
dt 27
a3 (¢)
2T
df g _ay(?)
dt 27
ag(?)
27
dfy _oy(t) | .,
dt 27 Pyl
dfq a3 (t)
dt 2T

t = log (uQ/mi)

Cr (P}

Pirg) ® fon

Qi [(P]ﬁ + Pff,G) ® fqu + NPy @ fw]
TFPfV ®fg] ’

=L QE[(PY + PryG) ® foip + NePrv @ fo]

[CF (P}) + Pff-.G) & fqd,b + TI"PfV & fg] y

> QiPys® (fr + ff)
! _

= Ca (P;-i—va) ®fg+CFPVf®Z(fq+ff7)

q

ftuw = fo = fr = fo = fp = fr
foo = fu=fa=fo=fs
fqd:fd: i=Js=1Ts,
fTo=1%

Thanks to flavour symmetry

and C and P invariance of
QED+QCD we can identify:

IR poles in z=1 are regulated using the +-distribution
o) fe) - FQ) v dz
el o e O

Numerical procedure:

- Discretize the equations ina grid in “x’
- Perform the integrals with the rectangles method
- Solve numerically the coupled set of differential equations

using the Runge-Kutta algorithm
(we implemented both in c++ and Mathematica, for cross-check).

- Momentum conservation Is imposed at each step.
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Photon - Z mixing

Photon and Z bosons can interfere

/ In the collinear limit this can be described by a
mixed Z/y PDF.
t Similarty for Z and H

. Ciafaloni, Comelli [hep-ph/000/096, hep-ph/050504 7]
Chen, Han, Tweedie [1611.00/88]

Ne splitting function must be generalised to a splitting matrix.
Ne rate 1Is computed by tracing against the matrix of
the hard scattering process

2

fix,Q)

¥,2

¥z X Up to O(kr2/E2, m2/E2)

o L /
J A-DBC A 0.0%1‘ ‘ ‘ ‘ I R I \ | \ A \
C i 001 0.005 0.010 0.050 0.100

0500 1
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Photon - Z mixing

2
jod
dPasBiC
Matrix splitting function: r dkzl
L G ARy 1y,
[he propagators are diagonal in the mass basis: Dy = é
2
Dy, = ,
hh qQ . m% y
- B / cos? By
One can go from the mass to the gauge basis _ sin? 0
via a Weinberg angle rotation, e.g.: B \ 20080y Sin e

Photon and Z bosons can interfere.

The interference term is described by a
mixed Z/y PDF.
Similarly for Z. and

P, Ciafaloni, Comelli [hep-ph/000 7096, hep-ph/050504 7]
Chen, Han, Tweedie [1611.00/88]

1 1

M (9p11t) ¥ D M (QPllt)
k:z
1672
Dzz = —, D,z =Dz, =0
22 q% — ‘m,% ’ vz 2
Dryz, = —— Dhz, =Dz,p =0
Z121 72 — mQZ Wz, = PzZrh =
sin? By — CO8 By sin Gy \ / v
cos” by cos Oy sin By, Z

—2cos By sin Oy, cos? Oy — sin” By, / \Z ¥
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N case of

(and resu

EW Sudakov double logs from ISR

collinear W emission they can be |

Mmplemented

mmed) at he Double Log level ec

explicit IR cutoff Zmax = 1 - Qew/ QO

OfABC

This modifies also the virtual corrections as:

The non-cancellation of the znax dependence between emission and

@ [ g g (5.0)

dations by putting an
(Qew = mw)

aapc(Q) dz

— P a(2) fa (; Qz)

virtual corrections generates the double logs.

This happens if — PS,, US4 o

1
1 —2

M. Ciafaloni, P. Ciafaloni, Comelli [hep-ph/0111109]
Bauer, Ferland, \Webber [1703.08562]

see Manohar, Waalewin

11802.08687] for a different approach

27 . 2z
ABC(Q)
a max
@ >y 4B [T g P (o
27 0
B,C
and A # B otherwise we set Zmaex=1 and use the +-distribution.



EW Sudakov double logs from ISR

For lllustration, let us consider the pL and vy, DGLAP equations
and only interactions with transverse W+

d 1 Zma,x(Q) 1 .
fur, o _/0 dzPY(2) (;fw (;Q2) - zpr(:c,Qz)) + IR-finite terms

dlog Q2 27 2

Yo, _ 2l
dlogQ? 2712

zma,x(Q) 1
/0 dszVf(z) (;fm (g,Qz) — ny’,,(:E,Qz)) + IR-finite terms

-

ad ¥
\\\/*' / m P
"

-
i\f\ vfmw
V,

s

We are interested in the IR divergent terms, take 7 — 1 for all regular terms inside the integrand:

f g a2 / Fmex() 2 Q2 Q°
~ ——A oA ——1] A Ce
dlog Q* 4m 1) 0 dzl — 2 im0 Qw Fral@)
dfu“ a9 Zmax (Q) 9 | o9 Q2
dlogQ2 ~ EA]BIQ(IE)/(; le_Z e ™ Elog %WA]BLZ(IE)'*' ]

Afr, () = fu, () — fo, ()

Upon integration in log O? one gets the double log: it is negative for p. and positive for v,
tends 1o restore SU(2). Invariance at high scales and vanishes when the two become equal.

t is not present for Z and y interactions with fermions, since in the RHS the same fermion PDF enters.
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Mass effects

1) Kinematical effects of emitted real radiation

The particle C is emitted on-shell: its energy is bounded to be Ec = (z-x) E > m¢c = » > 1+ %

In the limit where collinear factorisation is valid, £ > pr, m, we can neglect this effect.

2) Propagator effects

The mass modifies the propagator of the off-shell parton which then enters the hard scattering:

~D 2 2 2 2 2 2 m? P2
pTEZ(mB—q):pT+sz+ZmB—z2mA+O( T)

E?2’ E?

This can be implemented by a rescaling of the massless splitting functions:

P5.(2) —  PS,(z,p%) = (%) PS4(2)  Cren, Han, Tweedie [1611.00788

Pr

26



Mass effects

2) Propagator effects B

2\ 2
=~ P
P§A(z,p%) = (ﬁg—T) P§,(2)

T
~9 —f 2 2 2 2 — 2 ~ 2 m? szr
pr = zZ(mp — py) = p1 + z2zmg + Zmp — zZ2m%y + O 2
100: ’ ' LI L BB ' ' T T T T T "E 10 LI I B B B ¢ T T T T T T 11111_
A Q=3TeV 5 Q=3TeV -
- With masses
10} - === pR=pr
§ ' 1}
6‘: 6“’ 0.50» -
£ 1 ) _
= S _
0.10% a g
0.10¢ 0.05 :
OO]_ . A - b L L L1 \'\‘ l AN ‘l' : L I L 001 P e -~ ; : Ly Y . Ll a4 s
0.001 0.0050.010 0.0500.100 0.500 1 0.001 0.0050.010 0.0500.100 0.500 1
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Ultracollinear splittings ) °

B
N the unbroken phase, splitting matrix elements are proportional to pr?
2
M(A— B+C)?2 = SwaABC%PgA(z)
Ultra-collinear splitting function Chen, Han, Tweedie [1611.00788)
2

Upon EWSB, further splittings proportional to v? are generated. M ‘2 v pue. ()
They generalise the EWA splitting f— Wi 1" A=B+Cl =~ >4 BAC

pu.c 9 5 _ 52 1 coupling of massless termions to W\,
For example: Pyls oo, (2) = (y7,22 — yp, 2 —|927) 2z, With no chirality fip

L JL
(via coupling to remainder gauge field Wn in GEG)

The missing pr? factor removes the log enhancement at high scales,
making the u.c. terms approach a constant value.

The DGLAP equations are generalised as:

de(CE,Q2) :

v XABC 7O U rrC
Q° 5 :PBfB(%QQ)‘FE: Py ® faA 5 QE:UBA®JCA
d() e 27T 167<() e




Effective W approximation

Kane, Repko, Rolnik; Dawson; Chanowitz, Galllard '84,

Solving the DGLAP equations iteratively at LO we recover the EWA:
W1 APy W » 2 p2 1+ (1 —2x)?
LO 2 2 Y= Word 2 2 9 Py + ( z)
4 = [ dp?= Vet = [ d .. ‘ =
f‘/VT (:L') ﬂ' ) /«,nﬁ pT2 dp% (mapT) ‘/mﬁ pT 3271'2 (p,%_‘ _|_ (1 L .’B)’n?fé[,r)z T
2 2 s 2 2
~ log —— —log(l —z) — 1 —W
2m% @ ( % g, 181 ) ) o ( u
w 1 dPy—w w g° m2; (1 —x)?
L0 ) = [ by TR wrh) = [ drh
L 0 2 dpy 0 1672 (p7 + (1 — x)miy,) X
2 2 2 2
g 1—x L g 11—z my .
— — o—%) . .
67 7 Rt(-oymd " 16w a ( 2 Ultra-collinear term,

vanishes forv = 0O
See also Borel et al. [1202.1904], Costantini et al. [2005.10289] Ruiz et al. [2111.02442], etc...

They receive a substantial contribution from scales u < mw,
particularly the longitudinal polarization.

o recover this, at the EVW matching scale we use the
EVWA as boundary condition for the EVW gauge bosons:

2 — ¢rLO 2
fW[::,ZL’: (iE, /J'EW) — fWE,inL,:: (.’E, »u’EW)

15 x=03 -
& : mmyw Integrand |
> :
8 %
— 1.0- .
i L
o% ROy
_ S
Q. 05" :
\DX
A % ) |
= |
OO . x m
0 100 200 300 400
pr [GeV]
0015 x=0.3 S 1
5 0010 1
S
S >
S~
0.005 - 1
0.000"

100 200 300 400

p [GeV]

500 600
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dashed: massless

10 —

Effective W approximation

Looking at the effect of the mass In the propagator.

0015/ x=03 -

i (x, @)

0.000!

In case of W, the effect is purely an EWSB one, so we can take the

INntegrand =03
mmw
W
0 100 200 300 400
pr [GeV]

0.010}

0.005|

0 100 200

300 400

p [GeV]

massless limit only at the end of the computation.

In case of WT | do the integral with massless propagator from mw up to .

For the Wt a correct treatment of the mass is important
also at very high scales.
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. .
2 120 )
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large uu and v, lumi at small V§: possible sizeable impact on VBF studies from anninilation channel”
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Top quark PDF

For hard scattering energies E >» my;, terms with log £/m; due to collinear emission of top quarks can arise.

These can be resummed by including the top quark PDF within the DGLAP evolution, in a 6FS.
Barnett, Haber, Soper '88: Olness, Tung ‘88

L ' | Dawson, Ismaill, Low [1405.6211]
VWhether or not this is useful depends on the process under consideration. . Saure, Westhoft [1411.2588]

N the 6FS we keep finite top quark mass cffects,
ike we do for other heavy SM states.

fi(x,Q)
o
W
S

0.100
0.05

)

001 L LN ! ! ! . 0N L X ! N
0.001 0.005 0.010 0.050 0.100 0.500 1

VWe provide two version of the codes: 5FS and 6FS.
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LePDF: Numerical Implementation

We solve the DGLAP numerically in x space. Due to the sharp benhaviour of the muon PDE near x=1, the
typical interpolation technigues used for PDFs of proton do not work.

We discretise x interval [xmin=10-6,1] in Ny small intervals, denserforx=1: x4 = 10

—or the splitting functions divergent in z — 1 we us the “+” distribution
AC) bofR) - Q) v odz b f(x) - Q)
/x dz(l—z)+ /x dz T, f(l)/0 1—2_/:; dz 1, .f(l)log(l—g:)

The differential evolution is done in ¢ = log Q2/my2 with 4th order Runge-Kutta.

L) - where L(t) is fixed imposing momentum conservation:
At x=1 we fix  fin, (t) = Seng ¢ M Nf Np—1
T ?;1 rw I € .
=1 a=1

The uncertainties due to x and ¢ discretisation are estimated to be of ~1% and ~0.1%, respectively, for Nx=1000.
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Leptoquarks: S3

s-channel LQ:

quarks inside the PDF of muon
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