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Heavy quarks

Heavy quarks & m > A
me ~ 1.3 GeV, my ~ 4.7 GeV, my ~ 173 GeV

m regulates IR divergences: gluon splittings are finite

ol

Collinear region of gluon splitting: ty ~ @Q: Hard Scale

E
m
(as log —)
Hu

At high energies 1i;; > m these logs are large = Resummation
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We use an EFT approach

We introduce a new scale
Mo ™~ TN

and we consider two scale hierarchies

Hm —F— MH
——
\4
Hm
— Y —Y _up

The cross section will be

("l) f >
(P|Opis|P) =0 = 7 or fi,, > [iu
gl for i, < i
ODIS = juijuuv |P> = proton
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EFT factorization: ,, > py (std QCD massless fact)

EFT matching at uy

- ,[1’771
Opis = . O (g, m) O (1) ——— Hi
{=g,9,q
Oé”’): collinear quark/gluon (or PDF) operators
— evolve with DGLAP anomalous dimensions
U(nl) = Z Cénl)(/ﬁ{a m) U;ﬁo(/’m:/%\) fg(/nl)(/JA>
£,L'=g,q,9 v
- MI\

1 (1) = (P1OF™ ()| P)
Evolved fixed flavor number (FFN) PDF:

fz(nl)(,u): Z U(g(g/”)(/ia/h)ﬂ‘(/m)(ﬂzx)

'=9,4,q
Heavy Flavor integrated out at py: only contributes to C’g"‘)(uH, m)
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EFT factorization: p,, < uy (resummation)

EFT matching at uu

—T— MH
Opis = Z C;(nz-‘rl)(,/m7 m) Oqgnl+1)(NH7 m)
i=9,4,4,Q,Q
Ol("“'l): collinear quark/gluon operators, including heavy quark 4 1,
— evolve with DGLAP anomalous dimensions, with ny = n;+1 "
EFT matching at p,,
n;+1 n, n,
O™ (g m) = Y~ MY (10, m) OF" (j1) Y

=g,q,9

Resummed cross section:

1 n;+1 n,
oD = O () UG G, 0, ) MU (b ) UG (1 i) 55 (1)

Evolved variable flavor number (VFN) PDF:

n;+1 ny
n;+1 § n;+1 § n
fi( o (:“7 oy 771’) = Uq(] o )(pﬁ Mm) ME;LO (:U’"H m) Uég/l) (,u/'m ) N//\) fg(/m) (:U’A)
J £,
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The matching scale u,,

C{™ (pusy m) Uyt G 1) £ (1)
C(nlJrl)(Nm m) U/<m+ )(HH /‘m)M(m (fms M) UZ[/ )( m,MA)fe(/m)(MA)

g =

To all orders in a, o is w,,, iy independent

The residual dependence at finite order is formally higher order

Example: bottom PDF /" (1. /1, m)

bottom

== = initial condition at pi, = 1
—— standard (um = m) pdf
015 mpd

x=0.005
NLO

2 5 10
u(Gev)
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bottom
02
NLO initial condition at iy = 4
- - = NNLO initial condition at i =
0.15 standard (i = m) pdf g
oy = 2 m pdf.
0.1 Hlm—"tim = m2 pait ~ R
005
0 =
-0.05
01
x=0.005
-0.15 NNLO
02

2
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The Charm quark

(4 4 3 3 3
FO st m) = U (1) M (s 1) UG (1 110) £ (1)

The charm PDF is generated perturbatively at the scale u,, ~ m, ~ 1.3 GeV
through the matching condition Mg) (ft,,, m), known to order a?(,,)

Do we trust this truncated perturbative expansion?

o if yes, then we fit g, u, d, s at 5 < ,,, and let the matching condition
generate the charm PDF

@ if no, we can fit a non-perturbative charm PDF, simply letting /i > /1.,
such that the charm PDF is always active

Ok but, do we?
as(1GeV) ~ 0.4 as(4GeV) ~ 0.2

Depends on the actual value of p,,...
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Non-perturbative Charm PDF?

(A 4 3 3 3
FO (e m) = US (1) M (1) UG (110, 12) £57 (110

charm charm
0.4 T T T T T 0.4 T T T T T
— — NLOinitial condition at ypy=p (| 1 [ NLO initial condition at pm =
standard (uy, = m) pdf — — NNLO initial condition at gy, = u
03— Hm= 2 m pdf 03 [ standard (uy = m) pdf
) ——— Hm =3 m pdf ) ——— Hm =2 m pdf
—— Hm = 3 m pdf
02 [ =~ ] 02 [
01} / 1 oaf ]
N e »
0 — = 0
,
- ’ -
01l x=0.005 ] o1l , x=0.005 ]
NLO / NNLO
/
02 L L L 02 I I I
1 5 10 1 2 5 10
H[GeV] W [Gev]

A larger p,, (2m,. or 3m,) is safer!! Perhaps no need to fit...

Do not cross the bottom threshold!
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Conclusions

Discussed in the talk:

@ We have derived using an EFT framework a generic VFNS, which reduces
to ACOT, S-ACOT and FONLL in special cases

o We suggest to use the (unphysical) scale 1, to study the perturbative
stability of the matching condition, and also as an additional source of
uncertainty

o A larger scale /1, > m is advisable (ay is smaller)
@ Perhaps there is no need to fit a non-perturbative charm

o If we want to fit, we simply let the charm quark active at each scale
(formally p,, < pst), and use always the cross section above threshold

o If we think there is an "intrinsic” charm, then we should not cross .,
(we can't fully integrate out the charm)!

Not discussed:
o Perturbative counting: heavy quark PDF ~ O(a)

@ bbH production: perturbatively stable cross section
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Computation of Wilson coefficients

The case p,, > pn

Pl A A

The case p,, < pu

/%gQ = C5THIO) (4 m) /8\
iEji = "V (g, m) ééé@%o\ + OGO (puw, m) gﬁ%
() 100 2
=1 = qu lOg W

(m+1)(0)(
Q

2
CE D g, m) = CFOO (g, m) — €57 (g, m) PP o Lo
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Perturbative counting: DIS heavy quark production

+1 n;+1 n, ny;+1 n, n,
F5 oy 1) = (UG5 111 MG o ) + U ) MG o ) [ 157 1)

m

o(1) O(as) + O(as log - ) o(1)
> (n;+1) < (ny+1) ~ |
For pu/pm Z 300 then f, ~ O(1), but for yu/p,, < 300 then O(as) !

DIS heavy quark production at LO

o= ngnr‘rl) ®l/;’(71/71) + Cénl+1) ®'/~((2:1/+l)
= [ ::(Q( —CO||] ®ﬁ§71/+1) + }; ®f((2m+l)
= O(as) o1 + 0@1)  Ow)
H1 and ZEUS preliminary
31.25 T
Everything is order as: Py
we use NLO matching and evolution s

11
4 ACOTNLO,F, O(a) & RTNLO,F, O(c)
1.05 [ FFNSNLO,F O(a) © FFNSNLO,F, O(c) 1

1

2 4 6 8 1012 14 16 18 20 22
2, /GeV’

Marco Bonvini Non-perturbative charm and VFNS



bbH and power counting

2
& = O (s m) [ U (e, 1) MO (1) U o jin) 100 ()|
%

perturbative part: «a, counting here

Hence the LO in bbH is given by

P

= < 1oy as (Is'(l's.'
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