Resummed Massive Spectra in Heavy Quark Decays

L. Di Giustino G. Ricciardi L.T.

Based on the work done in collaboration with:
U. Aglietti L. DiGiustino G. Ferrera A. Renzaglia G. Ricciardi

Phys.Lett. B651:275-292,2007 B653:38-52,2007 B670:367-368,2009

Third Workshop on Theory, Phenomenology and Experiments in Heavy Flavour Physics
July 5-7 2010, Capri, Italy

Tuesday, July 6, 2010



Theoretical aspects of resummation in B Capri 2008
decays and fragmentation processes

Based on the work done in collaboration with

Second Workshop on Theory, Phenomenology
and Experiments in Heavy Flavour Physics
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Resummation in b decays
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q2 m2
a(Q) = as(Q) 2Exy =my |1 — =+ 2% |.
2 my o
q = 0 2Ex = myp | 1 + m—% =~ mp O~ my (mdlatlve decay).
g ~ O(m}) . | |
’ 0 >~ my Q < my, (semileptonic decay)

The large logarithms can be factorized into a QCD form factor

which is universal: it depends only on the hadronic subprocess

the difference between radiative and semileptonic enters in the
“short distance” coefficient function
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L = log —
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o~ 2n
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The Form Factor “master formula”

1 v d&°T
T ) Dndwdit du' = Clx,w;a(wmy)] X [u;o(wmy)| + D [x,u,w;o(wmy)]
1= E—
Clw;a) = CO(w) + aCY(w) + a2C?(w) + 0(a?)
D(w; a) = DO (w) + DY (w) + 0D (w) + 0(c?)
W= 2E(ng_2) X = @(0§x§1)
mp mp

Total width
F leptonic semileptonic decays
radiative radiative decays
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The Form Factor “master formula”

1 r* d&°T
I'Jo dxdwdu’

du' = Clx,w;o(wmyp)] Zlu;o(wmp)] + D [x,u,w;o(wmny)]

C(w; ) = COw) + aCV(w) + 2C?(w) + 0(a?)
D(w; o) = DO (w) + oD (w) + a?D? (w) + O(a®)
2F 2F
w="20<w<2);x="2(0<x<1)
mp mp

Total width
F leptonic semileptonic decays
radiative radiative decays
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The Form Factor “master formula”

1 v 4&°T
I'Jo dxdwdu’
process dependent
coefficient function

du' = Clx,w;a(wmp)] X[u;a(wmp)] + D [x,u,w;o(wmp)]

C(w; ) = COw) + aCV(w) + 2C?(w) + 0(a?)
D(w; o) = DO (w) + oD (w) + a?D? (w) + O(a®)
2F 2F
w="20<w<2);x="2(0<x<1)
mp mp

Total width
F leptonic semileptonic decays
radiative radiative decays
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The Form Factor “master formula”

L dl o (o)) + D e, w:a(wm)
Clx,w;o(wmp)| X |u; o (wm X, u,w;o(wm
I dxdwdu »)] ’ ’
process dependent
coefficient function
Clw; ) = COw) + aCV(w) + a2C?(w) + 0(a®)
D(w; o) = DO (w) + aDW(w) + o> D? (w) + O(®)
W = ZE(OSW_2) X = @(nggl)
mp mp

Total width
F leptonic semileptonic decays
radiative radiative decays
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The Form Factor “master formula”

1 (v d&°T
I dxdwdu

——-———?

process dependent  universal factor
coefficient function

Clx,w;o(wmp)] X|u;0(wmp)| + D x,u,w;0(wmp)]

Clw; ) = COw) + aCV(w) + a2C?(w) + 0(a®)
D(w; o) = DO (w) + aDW(w) + o> D? (w) + O(®)
w:zmﬁ(ogw_ﬂ x:%(ogxgl)

Total width
F leptonic semileptonic decays
radiative radiative decays
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The Form Factor “master formula”

L dT o o + D| o
Clx,w;o(wmp)| X |u; o (wm X, u,w;o(wm
I dxdwdu 2 »)] 2
process dependent  universal factor
coefficient function
Clw; ) = COw) + aCV(w) + a2C?(w) + 0(a®)
D(w; o) = DO (w) + aDW(w) + o> D? (w) + O(®)
W = Zﬂ(ogw_z) X = %(0§x§ 1)
mp mp

Total width
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The Form Factor “master formula”

L dT o ;O + D| o
Clx,w;o(wmp)| X |u; o (wmy,)] X, u, w; (wny,))
I dxdwdu
% F f Temalnder
function
process dependent  universal factor
coefficient function
Clw; ) = COw) + aCV(w) + a2C?(w) + 0(a®)
D(w; o) = DO (w) + aDW(w) + o> D? (w) + O(®)
W = 2E(ng_% X = %(ngg 1)
mp mp

Total width
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Resummed Mass Distributions

jet initiated by massive partons

For massless partons dE d6?
amplitudes contain terms proportional to: Us E 02
With the inclusion of a (final) massive parton 402

soft quanta are radiated 06562 - o

Isotropically in its rest frame:

>
]
[\

s mass parameter

Q3
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Let us compare massless and massive cases
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2
Jet of mass my

In(Q*m?) = In(Q7) 8y (Q%; m?)

my = (1-2)Q°
m << Q
N I r(iN=1) B mz(l—z)ﬁ N 2y 2y 2
w(Q%m?) = exp [t — /mzwz e AL ()] = Blo(r(1-2)] 4+ Da(m’(1-97)
Q2
r(N-1) mass effects are “visible” forlarge N > 2 > 1

In(Q?) = exp /Olele_—Zl{ /Q o dKk 4 (o (k1)] + Bo(Q*(1—2))] }

Q(-zp K

Ala) = iAnoc”; B(a) = iBnoc”; D(a) = iDnoc”. /
n=1 n=1 n=1

my > m high jet mass - m neglected

my —m << m low jet mass
and log r appear
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1dl' 5() + 1drW
I'dy d I' dy

(1) D B
1dI‘ /dw/ dt[Ala Dla 1a'r+£ [5(y—wt)—5(y)],

w t2 t
. Cr ,
A1=Q, D, = — = Bl=—§C—f.
T T 4 7
a — a(k?),
e ! yoy 1dI'W
T.:/O dy (1 —1y) Ty k2 = (1—-r)’miw’t ~ EJY9* ford < 1.

(1) 1 1 A D D
L “ / dy [(1—y)V ' - / dw / dt [a(ki)w—;—i—a(ki)—l—i—a(ki) L2 4
0 r

w t2
+ a(k)=2 | 6(y — wi).
1 dr' log(y + 1) 1 1 fixed order result
F dy - — —Ala y + 2Dla§ + (Bl —_— Dl)ay+r AII Greub

11
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Resummation to All Orders

r 1 d o m ymln[l y/r de
—FI‘\N ~ exp/ ?y (1—y)¥ ' —1] {/ b kzlAl a (ki) + 0y —r)Bra (myy) +
0

+ Dia(mpy?) + 0(r —y)Dra (miy?/r) }
Ara — A(a), By a — B(a), Dya — D(a),

FTN - eXP/OICi,_y[(l—y)N“l — 1] {/m:zy d:?iA[ (k2)] + B |a(myy)] + D [a(myy?)]

+ O(r —v) [— / : dkk;'zLA la (k?)] — B [a (mjy)] + D [a (miy®/r)] ] }

miy?/r

N(mZm?) = e B Y dk_zLA 2
b3 - XPp [a (k.l.)] +

miy?/r k2

- Bfa )] + Dla (/)] |

12

Tuesday, July 6, 2010



a specific process
B — XC + [ + vV

2 2

2
ag logh X, c logl X
mi —m? mé
cC

2 /002
r > m:/m; = 0.1.

o mh = m?
= -m
m? .
p E Q2 —Cm2’ Q E EXC + IpX(‘| b
C

13

Ue = pc/Ec

Tuesday, July 6, 2010



1. very slow charm quark: u. 2 0 or, equivalently, p > 1.
on(p; @) - 1 for p — +oo0,

2. non-relativistic charm quark. U

o) = oo So - [ i) 0] (22

Y
[ S( 2y2>
p

3. fast charm quark: u. <1 or p <K 1l.

~

1 , Q*y 2
on(0,Q%) = CXP/O i [(1 ) 1]{ A [as(k?)] dkiz + D[as (Q*y?)] + Blas(Q%y)] }:

Y Q2 y?
y—>u=§§;§§2%; Q — Ex + px ~ 2Ex,
an(p, Q°) =~ on(0, Q%) dn(p, Q%) for p <1,
sx(p @) = o [ a4V 1{ - [ AL ()] - Bla ()] +
0 Y o2 K
14 + D [a (szyz)] }
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“jet function” J(y; Q?)

probability that a massless parton produced in a hard process at the scale Q

fragments into an hadronic jet of mass Mx

myx = yQ°

I(y; Q%) = 6(y) — Asa (1"5?/

y K 1

)+ t Bia G) + 0 (a2)

Tn(@?) = /0 dy (1— )V J(y; Q).

N—1_1

In(Q?) = exp /01 dy (1_y)y

\

(

\

J

2

2
de]CL
2y2 kJ_

Ao (k)] + Bla(Q%)]

\

/
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generalized jet function J(y; Q*, m?)

m2 _m2 Y
y = Q);—m?' R(y; @Q*,m?) E/O J(y'; Q*,m?)dy'.

1. high jet mass: y > r
! 1
R(y) =1 — / J(y; Q°,m*)dy’ =1 — §A1alog2y + Byalogy
Yy

2. lowjet mass: y < r

A
Rly) =1— A;alogy logr + 7105 log”r 4+ Dialogy + (B1—D1)alogr
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T— E— _ mix—m® _m? ., m
y:Q2—m2’ T:@=Q2—m2<<1.
T —
o(l—y)Ni—1f (9 dk?
In(Q%) = exp / dy( v) { / —5 Alas (k)] + Blas (Q)] }
0 Y Qy? M

m2y? k_2L

(@) = exp [y Lm0 = {—/ " AL A las(82)] - Blas(m?y)] +D[as(m2y2)]}-

Alag) = ZAn Qg ; B(ag) = ZBn Qg ; D(ag) = ZDn Qg ,
n=1 n=1 n=1

A,B are related to small angle processes; the first three coefficients are known; giving a
NNLLa

D is related to soft emission at large angles w.r. t. the quark; a process-dependent
quantity; much less accurately known

|7
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r < 1 mass logarithms become large = > resummation to all orders

In(Q% m?) = Jn(Q?) dn(Q% m?),

T L Al ] Bl )] 4

Yy \ m?y
ﬁ + D [a (m¥y?)] |-

/

r (N-1) - mass effects “visible” only for large N

1
ox(@m?) = exp | dy
0

D(a) D corresponds to soft radiation not
1 collinearly enhanced characteristic of the
massive parton

lim Jy(Q?%;m?) = Jn(Q?) infrared safe

r—0
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Let us consider the academic
“Frozen Coupling Case”
to define the method to avoid the
Landau poles
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The method
according to:

=

P
e P— e T—

T
S —
— .

NUCLEAR
PHYSICS B

Nuclear Physics B 478 (1996) 273-310

The resummation of soft gluons in hadronic
collisions

Stefano Catani®!, Michelangelo L. Mangano 2, Paolo Nason

Luca Trentadue ¢!

* INFN, Sezione di Firenze and Univ. di Firenze, Florence, Italy
b CERN, TH Division, Geneva, Switzerland
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strac

We compute the effects of soft-gluon resummation for the production of high mass systems in
hadronic collisions. We caréfuily anaiyse the growrh of the perurbative expansion coeificients of
the resuinination formula. yve Proposc aii w\plcamuu COnSisicnt with thc Knowi }eadmg and next-
to-leading resummation results, in which the coefficients grow much less than factorially. We apply
our formula to Drell-Yan pair production, heavy flavour production, and the production of high
invariant mass jet pairs in hadronic collisions. We find that, with our formula, resummation effects
become important only fairly close to the threshold region. In the case of heavy flavour production
we find that resummation effects are small in the experimental configuratinne of nractical interest
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o(1,Q%) = /01 dz dz dzy F(2,) F(22)6 (2212 — 7)A(Z, Q%)

1 C+ioo .
Drell-Yan o(r)= o= [ FRAxTVdN,

271 JC—ioco

on(Q%) = FR(Q°) An(Q?).

mAN@) = - [ da” [z /(“ VA g ))+B(as((1—$)Q2))]

1-2)2Q? @?

+ O(as(as lnN)k) : (2.4)
with )
Alas) = A(l) (%) A® B(as) = s g

where (Cy = 3, C’F=4/3, Tr =1/2 in QCD)

1 3
AV =, A® = 5CFK, BW — —§Cp ,
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InAN(Q?) =In N gi(bpasn N) + ga(boaxs In N) + O(ak In* ' N)

AQ)
=+ (1—2X0)In(1 —2)) —2(1 — X)In(1 - N)]
B\ = + fz—i; 2In(1— ) — In(1 — 2X)|
_ i_;: In(1 — \) + 2’1(:0” In(1— ) —In(1—2))| (2.11)
+ A;?fl lln(l —9))—2In(1—\) + %1112(1 —9)) — In2(1 — A)} |

Ayx =exp(alog’N), a = Crag/T

where only the double logarithmic term has been kept in Ay
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C+iocc
Alz) = 2i7rz'/c—z'oo exp(alog® N) 27V dN

- dcziv (9(1 —n—z) exp[a log (1— a:)]) X (14 NLL terms)

neglecting NLL terms, we obtain the followmg expression for the cross section

o(r) = /0 dz dz, dzy F(21) F(22)8(2 1 22 — 7) A(z)

= /1 dz explalog®(1 — x)]iﬁ (I> (3.9)
T dz- \z/’
smooth function of x as £ — 1, the nature of the divergence is given by the following
integral
/1 exp[alog®(1 — z)] dz = i @ log** z dz = i @ (2k)! (2k)!/k! =~ 4F k!
0 i k! Jo i K

in eq. (3.10]) is irrelevant for this conclusion. It is known that factorially growing
terms in the perturbative expansion are associated to power-like ambiguities in the
resummed expression. In order to resum the asymptotic expansion, we should in fact
truncate the series when the next term is of the same size as the current one, i.e.
when 4ak = 1. The error on the resummed expression is then of the order of the left

over term

6 = (4a)* k! = (4a)* kFe " =e7ia . (3.11)
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smooth function of x as £ — 1, the nature of the divergence is given by the following

integral
1 o0 k 1 o0 k(2!
/ explalog®(1 —z)] dz =) % / log*zdz =Y 2 (k,' ) : (3.10)
0 i k! Jo — !

when 4ak = 1. The error on the resummed expression is then of the order of the left
over term

= (40)" k! =~ (4a)* ke * = 1a. (3.11)

Instead of truncatmg the perturbatlve expansmn we may achleve the same goal

by putting a cut-off in the integral. In fact, consider the cut-off integral

- dz log**
0

lo l—l:z:
! - = / I g g2 et (3.15)
— 0

of the expansion. In order to have, as before, a truncation at k£ = 1/(4a), we need to
set the cut-off at log1/(1 — z¢) = 2k = 1/(2a), corresponding to

_1
l—zp=¢€ 2.

(3.16)
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In order to include also the subleading single-log terms we consider the full
resummation formula

1 C+ioo
i /C_. exp(log N g, (asbglog N)) N dN

d
_%(

0(1 —n —z exp|l g1(asbol)]) < (1 4+ NLL terms)

Using commonly available algebraic programs, it is easy to expand eq. (3.

large orders, and then study numerically the factorial growth. Expanding up to ag
we have found the behaviour k!C{“k) (boars)®, where Clx) 1s a slowly increasing function
of k. If, for large k, Cx) approaches a limiting value C, this corresponds to a power
ambiguity of (A/Q)%¢. For gluon fusion in the MS scheme we get Cla2) = 10.48,
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The Minimal Prescription Formula

o0

C'+1i0c0
Ay =Y ci(log N)as : Fe(Q*) ci(logN) 7~ dN *
k=0 — C—ico
1 Cwmp+ioco 1
res(T) = — F2(QOH)ANQ)) T NdAN., 2<Cyp < Np =
Ores(T) O /C'Mp—z'oo v(Q7)An(Q7) T ; MP L = €exp sy’

The expansion * converges asymptotically to the MP formula.
 The coefficients of the expansion * do not grow factorially.
e [f we truncate the expansion * at the order at which its terms are at a

minimum, the difference between the truncated expansion and the full MP formula is

suppressed by a factor Fr(IEe

e A
where H 1s a slowly varying positive function.

This suppression factor is stronger than any power suppression.

The resummation of logarithmic effects at threshold does not teach us
anything about the structure of power corrections.

Resummation formulae should not, therefore, include any power
correction.
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In our Case
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Fy (Q%m?) =Ly di(p) + Y a"dnsa(p) = Lrdi(p) + da(p) + ads(p) + -+

n=0

U —wgal ek e md L. — O CNE T ) los (M)
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where o ()\; :“_2> Al Tl lab = oo (T — Sl —= 20l

Q? 260 A
- As A
g2 ()\; 'u—2) —I—— log(1 — 2X) — 2log(1 — N\)] + 22 log(1 —2X) —log(1 — M)+
@ 235 Bo
B 2
~ 15 log”(1 —2)) — 2log”(1 — A) + 2log(1 — 2)\) — 4log(1 — )| +
0
L e i T R G I
og(l — ool — 0 < —2lo = o
250 s o 250 - : ng
.,LL2 __Ag A s A _A1<2 4\ o A _Alﬁg 2 e 2 % :
gi”@’@)‘ 262 [1—2)\ 1—>\] > [1—2>\ 1—>\]+ 453 [1—2)\ e sl ey
AsBy |log (1 —2X) 2log(1l—A) 3\ 3\ A2 1log2(1—2)\)_10g2(1—)\)+10g(1—2A
+253 T RS Y, et R R T ST = 200
DlBl 10g(1—2)\) 2\ Blﬁl log(l—)\) A D2 A
232 [ 1T +1—2>\]+ bz [ Ty +1—)\]+_601—2>\_
Bs A\ Aivz 4\ A A1817E 10g(1—2)\)_log(1—)\)Jr A g ]+
e e T ST R P ST T A B2 o =0 1—2)\ R
AQ’YE 1 1 Dl’yEZ)\ Bl’YE)\ Al 2)\2 )\2 ]1 2,u__
FEE o DT . R e e yert G R BN et
AQ A A ,u2 Al’)’E 2 A ,u2 D1 A 1 ,u_2_
I T L e ST e s
Bl A ,u2 Alﬁl )\lOg (]. aad 2)\) )\lOg (1 s )\) A A
P logQ2 ST 3 [ S O B +1_2>\+ —ﬁ%—210g(1—2)\)—10g(1—)\)]10g
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Functions d; (p) represent mass effects, can be
obtained from the standard ones (; ()\) of the massless

case by means of the replacements:
2

L4
Q2

U. Aglietti G. Ricciardi G. Ferrera, Phys. Rev. D 74 (2006) 034004

Ala) - — A(a); B(a) - — B(a); D(a) —» D(a); log

2
> log'u—Q; A — p.
m

The general inverse Mellin transform is defined as:

C'+100
MU WNyel = f@) = g [ dNe N @)

B2, A

C represents the integration path in the complex N-plane

The inverse Mellin transform of the product is:

Tuesday, July 6, 2010



In the frozen coupling limit 8; — 0

Aq
L =R
< IR e Dk AWE) \ and similarly for the
R
Doigi Da Do d; (p)

A= sl v« L = dop
p = Boa(u*) Ly, and L, = (N —1/r) log (N r)

A 2
logJN(QQ,mQ):Tﬁlo log N - logr | r:%
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scales and kinematics

Landau pole

massless behavior massive behavior

! i !
0 | -r I

threshold region

2 2
ms — m
hdeiy y:Q)Q(—m2

x likewise the Bjorken variable represents the inelasticity of the final state
2F, Q*

r=——=1— i ,
i Y 20 - p

S e
r=1—e2sPo
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T 1 C'+100
NI§$) bt 2_m/ AN I_N JN(QQ) '5N(Q2§m2)

C—100

IN(Q%*m®) = In(Q7) - dn(Q%m")

in our massive case the Minimal Prescription Formula
consists in taking the contour as in the massless case

v(2) = —/ 4R JN(Q2§m2)
I 271

C —100

Sk .
In(Q?%;m?) = e?Po B ik
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Finally 20

dx

d
——0
dx

- 9ri

C +100
dF(ZC) 1 / e AN .I‘_N ealogN-logr

Crrp—100

[l o)t o8 ™E i (1+ NLL terms)
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Some Results in frozen coupling
( no regularization )
in order to estimate the mass effects
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e —— e e ——— e . e~
RS ~— e eaaruame  E——— R —— - — v-\"

g —
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500

400
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o
]
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CONCLUSIONS AND AWISHFUL OUTLOOK

The regularization of a generalized resummed approach to mass corrections in
HQ decays in the threshold region up to NNLLa terms

In the frozen coupling constant case the massive Minimal Prescription Formula
regularization, for the leading terms, shows a milder divergent behaviour

( shadow of the singularity in the massless case ) with respect to the massless
one.

In the running coupling case we expect that, by including the subleading terms, a
finite order truncated expansion can be obtained

We expect that resummed formulae will not be plagued by renormalon power
corrections in perturbative treatment of HQ decays

The MP formula for the massive case is potentially extensible to any other
massive perturbative evaluation
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For the second time, this meeting is jointly organized and attended by the
Italian and French B Physics communities and for the first time it will be
held in France. As in previous years, specific topics will be discussed. The
main theme will be the way between present, past experimental results to
LHC. Physics with dileptons final states as well as charm measurements
will be the subject of theory and experimental talks during the first day.
Experimental and theory talks on charm and b cross sections will take place
during the second day. Present measurements, expectations from current
facilities and prospects from future experiments will be presented and
discussed in a round table on the second day.
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spare transparencies
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Theoretical aspects of resummation in B
decays and fragmentation processes

Based on the work done in collaboration with
U.Aglietti L. Di Giustino G.Ferrera A.Renzaglia G. Ricciardi

Phys.Lett. B651:275-292,2007 B653:38-52 2007
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Second Workshop on Theory, Phenomenology | DATA

and Experiments in Heavy Flavour Physics
Anacapri June 18 2008
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Interpolation Formula

Resummation is valid for any ratio of . ; reduces to the massless formula for m->0
mp
Coherence effects are included i.e. no-radiation for no-recoil of the “light” quark u_c=0
( most of the phase space of the b->c transitions is for a “not too fast” charm)

Derivation comes from the universal properties of the QCD radiation
Resummed formula can be combined with a first order differential distribution

A more precise determination of m_c
b->c is dominated by few hadronic states ( unlike the charmless channels )
Insights on the parton-hadron duality and hadron dynamics at the scale of few GeV

Improved inclusive extraction of the CKM IV_cbl and a better subtraction of backgrounds
to b->u transitions due to larger windows of data analysis (see D

Tuesday, July 6, 2010



