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Resummation methods

IN heavy flavor production

Pavel Nadolsky
P N., N. Kidonakis, F. I. Olness, C.-P Yuan, Phys Rev, D67, 074015 (2003)
S. Berge, P N., F I. Olness, C.-P Yuan, in preparation

[0 Systematic calculation of differential distributions in reactions with
heavy quarks H (H=c, b, or t) in perturbative QCD in the presence
of 3 distinct momentum scales (Q, M, and g7)

[0 Relies on usage of a massive variable flavor number (VEN) factor-
ization scheme
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Heavy-flavor contributions to W & Z boson production
at hadron colliders

Q2 — q2
Example: ¢ +s — W+ 4+ X W
(Q) AfH) QT)

[0 Relevant momentum scales [0 Relevant kinematic region
¢ heavy quark mass Mg

¢ Virtuality @ of the W bo-
son

Nocp < Mj < Q7
0 < q%

¢ transverse momentum g

- 0 >
of of the W boson including g7 ~ M
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Measurement of W-boson mass My, at the Tevatron
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My is derived from lepton distributfions
do/dM% and do /dpk., sensitive to g of W
boson at gy — 0
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The measurement of My, relies on predicting do/dqr af g — 0 with
high precision!
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Heavy flavor contributions in vector boson production

Tevatron Run-2 (left); LHC (right)
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Charm contributions in W production are sizable (~ 8% and 26%) and
much larger than in Z production
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It is well known how to calculate do /dqgp at g — 0 for massless quarks
(resummation for In?(g%./Q?))

Massless approximation ignores terms ~ M 2 /g%, which may be impor-
tant at small ¢

1 1 1

2 > —
qT‘l‘MH qT 1_|_M
qT

2

Estimate of mass effects would require simulfaneous calculation of the
sums

8

3 kZInp(QQ/MH) and Z Zlnp(qT/Q)

k=1 k'=1 p/



Pavel Nadolsky, LoopFest lll, April 2, 2004

QCD factorization at small g7 and Q2 > {mz2}
(Collins, Soper, Sterman, 1985)

Finite-order (FO) factorization Small-gy factorization
Nocp < g7 ~ @ Noop < 47 < Q7

y—t
(Lt

N ——

Solution for all g7
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Factorization at g < Q

Redlized in the space of the impact parameter b (conjugate to g7)

doAp_y x d?b

2 2 ™~ 2

a b_g7

e_ZQT'bWab(I% Q, LA, 'CCB)

In the perturbative region (b2 < 1/AZ - p):

Wab(ba Qa LA, wB) ~ Z U4 G_S(b’Q)fa(an b)fb(xB7 b)a
J
where
Pa(w,b) = [ d"2kipe Py (2, kp)
and

fCL(xab) = Z [Caz' & fz] (:'CA7MF7b)
1=g,u,d...

S(b,Q) and C,;(x 4, npb) are calculable in PQCD
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Failure of the massless approximation at b > 1/ Mg

To calculate the Fourier integral, P, (z, b) must be defined in the whole
range 0 < b < oo

Pa(x,b) at O(as) in the massless and massive VFN schemes

Charm quark PDF: Effect of the charm quark mass 20 Bottom quark PDF: Effect of the bottom quark mass
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Failure of the massless approximation at b > 1 /Mg (confinued)

Bottom quark PDF: Effect of the bottom quark mass

7
17_52 _ Massive ] HE =~ 1/b
15 -——— Massless 7
e x=001 | Massless Pq(x,b)
% 10 [0 underestimates  the
< 5 mass-dependent
5 result at b < 1/My
25 P >~<<-------——____. O isil-defined at
o 02 04 o6 o8 1 bz 1/Mpy

Massive Pq(x,b)
O reduces to the massless result at b2 < 1/M2 (u% > M7)
0 vanishes af b2 > 1 /M7 (decoupling)
0 is automatically continuous at the switching point (up = M)
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g7 resummation for DIS heavy
flavor production

ep — e(QX
Relevant momentum scales:

1GeV2 <« M%< Q2 ¢

(P N., Kidonakis, Olness, Yuan, Phys. Rev. D67, 074015 (2003))
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Heavy flavor production in semi-inclusive deep inelastic scattering
(SIDIS)

e+p—oe+c+ X

e+p—oe+b+ X . .
Q2:—C]2
g
P (M, ar)
0 < q% X

Semi-inclusive DIS in v*p c.m. frame

/\/\-—>
g 1S A rescaled fransverse > ;/Lﬂ C

S
momentum, related to the pr\ O~ ar/Q

polar angle in the Breit T
frame

= 7
Target fragmentation Current fragmentation

< e
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Factorization
for
kpr-integrated PDF’s fq(x, Q%)
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Are heavy quarks active partons?

Fixed Flavor Number (FFN) scheme Massless Variable Flavor Number

My # 0 for all Q%> M?%

3-flavor O(c.2) el

o2 In2( )

F(x,Q)

NLO

QZ

massive quark

PDF forp(@,Q2) =0

scheme
My =0 for all Q%> M3%

4-flavor O () NLO

Fr(x.Q)

QZ

/
\

P\

In"(Q?/Mf)

fc/p(xaQQ)N Z ag’vnm

m!
m,n=1
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Massive variable flavor number schemes

A1 4 flavor

(Collins, 1998; Aivasis et al.; Chuvakin et
al.; Thorne, Roberts; Kniehl et al.; Buza et

Fo(x,Q)

al., Cacciarietal.; ...)

3 flavor

1d M N
FQC(%Q?MH):‘TOZ/C f c<—a(:§ i QH)fa(§7 )‘|‘O< qujD>

iMoo C exists; no terms O(Mpy/Q) in the remainder

Aivasis, Collins, + >_R — J_-

Olness, Tung X
(ACOT, 1994) Q;? S0 gny I0(@/M2)

m,n=1 QgUnm m!
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Simplified ACOT scheme
(Collins, 1998, Kramer, Olness, Soper, 2000)

N

<
N
N

[0 Set My = 0 in coefficient functions for incoming heavy quarks
0 Not an approximation (exact factorization scheme)

[ Significantly simplifies calculations

[0 Quark-initiated process from the massless calculation

O Close to the conventional ACOT scheme numerically
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Resummation for heavy flavors: our procedure

1. Start from the resummed form factor for mg, #= 0, any b (CSS, 1985)

W (b,Q,,2) = Zef PH); (2,6,{mq}) P54 (2,b,{mg})
CQQQ d,LL QQ
X exp{— /C;/b? 2 In ( ) A(mg) + B(mq)] }

,u
2. Calculate W for My # 0 from its definition using the simplified ACOT
scheme

3. Mz > /\QCD: perturbative QCD is applicable

?;714(%,1), {mQ}) 1/b2NM2 — ;/ j/CL Za:UJFba bMH)fa/A(é-?lUJMF



Pavel Nadolsky, LoopFest lll, April 2, 2004

Simplified ACOT factorization scheme

) X

A\
Set My = 0 in hard subgraphs with incoming heavy quarks
Only graphs with explicit flavor creatfion retain My # 0

M is dropped in the Sudakov factor S(b, Q) and functions Cm(ac bug),
Cout(z b ) with incoming heavy quarks




Sudakov Resummation of Soft Gluon Radiation

singular distributions

> —_— e—S are smeared to physical
}%}ﬁm — distributions
q

Soa(b1Q! MH):f dléz{A(O(s’ MH)'”(%)_F B(as’ |\/IH)}_l_SNonPert
H H

ResUlt | In Simplified-ACOT scheme,  ~\@«My) = Al0,0)
we obtain: B(a M) = B(a,0)

>

oo R ]




FO

5% sy o
m,n=1 = svYnm

1 o) n
2 D 1 O X

(o2 = RES +
X 32 W IN™(g2/ Q)

In"™(Q?/M?)
m!

- Calculate in
Calculate according .
to its definition for perturbative QCD
My #0 at order o%

Q2> M3

Q> ~ M7
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- SUBTRACTION

\

[ Calculate as an ]

expansion of RES
up to order a¥%

-~ —
= mm
-~

\/ cancel each other J

o contains all terms o« (Mg /Q)™ af @ ~

logs ot Q2 > M?Z

My and correctly sums large
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O(ag) resummed cross section
Simplified ACOT scheme was used

. Mg # 0 only in the gluon-initiated channels

Only C;%”(ac, b, M, up) retains mass

g
[0 derived from the kp-dependent PDF as de- 1
scribed by Collins & Soper, 1981 Pa\\————( ¥ Pa
) S Y
n o7 Ay~ AT _inpty +ifri k
9;7,4(377 kT; M, C) = (yzﬂ)yQTe_ZmP y~+ikryr —> p
_ + |
< (I 0,y, i w0l Pa pa

inthegauge n- A=0,72<0;¢=(p-n)/|n|? —
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M # 0 suppresses confributions from 1/b < My

f(b) | Mg #= 0
P,g(z)Ko (Myb)

(modified

Bessel function)

. U My “In ( bMy/b)

Bottom quark PDF: Effect of the bottom quark mass

Massive

[ -———— Massless
-2L

For M7 > Ng ¢ p. the resummed
Cross section can be calculated without the non-
perfurbative inpuf from b ~ Agep!
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Heavy flavor production at ep collider HERA

ZEUS 1996-97
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30 — 70% of published cross
section for charm produc-

fion is reconstructed by ex-
© ween trapolation using a theo-
retical model (currently 3-
flavor number factorization
scheme)

da/dlogex (nb
o
I

do/dW (nb/GeV)

da/dlog,Q* (nb)

0.02 @

Interesting
region
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do/dn (nb)

da/dx(D") (nb)
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o

10
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1

Resummed cross section can be used for consistent extrapolation of
differential distribufions in the whole range My < Q < oo
=Monte-Carlo infegratfor in the S-ACOT scheme
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Distributions of bottom quarks in the v*p c.m. frame
Threshold region Q = 5 GeV

do pb

dxdQ? dds ~ GeV? x = 0.05, Q =5 GeV
2

1

0.5
QQ ~ M2
b
0.2
Op ~ qr/Q o1l -
"’.' N\ . SUB
005 " ‘\ ‘\‘
i N
\
- O,
0 20 40 60 80 100

OTOT = ORES + OFO — OSUB =~ OO

/Sep = 300 GeV; M, = 4.5 GeV; CTEQS5HQ PDFs; Peterson FF's; SNP(b,Q) = 0;
bmaz = 1.123 GeV ™!
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Distributions of botfom quarks in the v*p ¢.m. frame

Q = 50 GeV
do pb
dxdQ* dég ~ GeV? x = 0.05, Q =50 GeV
0.1,
0.05 |

2 2 0.02 }
Q2 > M;

0.01}

0.005 }

0 5 10 15 20

O — O O‘TOT(SO”d) ~ JREs(dOT-dQShed)
O > 0: oroT(80lid) = opp(dashed)

Enhancement of 25% in F3(z, Q%) as compared o FFN
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Back to W boson production...
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Massive vs. massless results for do(pp — W1 X) /dqr

pp - WX (Vs =1960 GeV)

pp - W'X (Vs =1960 GeV)
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Strong effect of M. on the charm | pbut effect is small as compared
conftribution at ¢ < 15 GeV... to other channels
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Effect on electron pp

pp - W' X - €'v_X (Vs=1960 GeV)
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Effect of M. = O is larger in W boson production at the LHC
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Summary

0 New procedure (CSS+ACQOT) for resummation in heavy flavor pro-
duction

¢ CSS resummation for three momentum scales (g1, Q, M)

¢ Resummation that does not use the dimensional regularization
for collinear singularities

¢ Correct behavior af the threshold

¢ Very soft physics suppressed by M7 > /\22C I
nonperturbative Sudakov confributions can be dropped

0 AtQ? > MIQ{, event rate enhancement as compared 1o the fixed-
flavor number factorization scheme

¢ Larger reconstructed cm’b(a:, Q?) at HERA

[ Effects of M. #= 0 on the measurement of My in the Tevatron Run-
2 are not substantial
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Future applications
0 O(«?) flavor creation contribution to the resummed piece

O Higgs boson production in 2 Higgs-doublet model
b+ b— Higgs+ X, b+ b — b+ Higgs + X

0 Single-top production at the Tevatron, e.g. ub — dt




