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-
ResBos programs for various applications

ResBos programs have been developed during 20 years to
predict a variety of observables using Collins-Soper-Sterman
formalism. They incorporate many effects important at the latest
precision level.

The computer codes, input files, and online plotter of
do/(dQ* dy dg>) are available at the “Qr resummation portal”,

http://hep.pa.msu.edu/resum/.

Work in progress: produce a streamlined ResBos version and
user-friendly interface for resummation at NNLO accuracy.
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N
ResBos, RhicBos, ResBos for DIS

1. Legacy+ResBos: TMD factorization for unpolarized
Drell-Yan-like processes at approx. NNLL/NNLO

B Production+leptonic decays of ~*, W, Z bosons «wadinsky, vuan, 199;

Balazs, Qiu, Yuan, 1995; Balazs, Yuan, 1997, Brock, Landry. PN., Yuan, 2002; ..., Guzzi, PN., Wang, 2013)

» ResBos-A: NNLO QCD + final-state NLO QED (cao, yuan, 2004)

[ | nggs bosons in SM and MSSM  @aiazs, Mrenna, Yuan: Baiazs, Yuan, 2000: Belyaev, PN.,
Yuan, 2006; Cao, Chen, Schmidt, Yuan, 2009; Wang et al., 2012)

[ | PhOTon pOir pI’OdUCTion (Balazs, Berger, Mrenna, Yuan, 1997, Balazs, PN., Schmidft, Yuan,

1998; Balazs, Berger, PN., Yuan, 2007-08)

2. ResBos for semi-inclusive DIS at NLL/NLO: light quarks wadoisky.
Stump, Yuan, 200n AN MASssive quorks (Nadolsky, Kidonakis, Olness, Yuan, 2002)

3. RhicBos for polarized W, Z production at NLL/NLO wadoisky, vuan, 2003
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ResBos predictions are available for...
B Tevatron and LHC

» Precision measurement of W boson mass
» Higgs boson searches

B Fixed-target Drell-Yan pair production

» measurement of universal power-suppressed resummed
contributions

B SIDIS at HERA, HERMES, COMPASS, JLab

» energy flow and particle multiplicities in the current
fragmentation region (Q > 3 GeV); heavy-flavor production

B RHIC

» measurement of polarized parton densities in single-spin W
production
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TMD factorization on the example of

AB — (Z = )X
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NNLL TMD factorization in ResBos

ResBos is an exact QCD calculation that includes dominant
NNLL/NNLO perturbative and nonperturbative contributions.

In several comparisons, it Tevatron
describes the Qr and ¢;,
data better than other e @bl<t “I - (b)1<ly<2
available codes.

g
The agreement can be ﬁovg’xfeewf%’?“ 2, = My
further improved both atf o - ; ; — ;
the Tevatron and LHC by R SCITE A
tuning QCD scales and the & L
nonperturbative function B Sors il
(Guzzi, Nadolsky, Wang, arXiv: 1309.1393) ] PDF 1 scale uncertainty

102 107 1

%
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N
NNLL TMD factorization in ResBos

ResBos is an exact QCD calculation that includes dominant
NNLL/NNLO perturbative and nonperturbative contributions.

In several comparisons, it LHC
describes the Qr and ¢;, L1sf 3 5

data better than other
available codes.
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Data (Prediction) / RESBOS

115F T T = 10"2
the Tevatron and LHC by e T ] everuunaazon
. E ! ] — RESBOS —— POWHEG+PYTHIA8
fun”'\g QCD scales and the 105 3 ---- SHERPA -'=' POWHEG+PYTHIAG
. . PR E e ALPGEN -+ POWHEG+HERWIG
nonperturbative function E i i ---mceno
. . OB m ) Y Ll we7Tev ATLAS
(Guzzi, Nadolsky, Wang, arXiv:1309.1393) osf - f C E <24 J'Ldt ot
085F L ! L Py > 20 Gev
10° 107 1ot 66 GeV < m,, <116 GeV
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QCD factorization as a function of ¢

(according to Collins, Soper, and Sterman approach)

Small-gy term
Ajep < q7 < Q2

Large-gr term Overlap term
AZQCD <L qp~Q?

B kr-dependent PDFs
P(I, E’j)

B Sudakov function
S(z, kr)

> actually, their impact

parameter (b) space
transforms

B Truncated

W Collinear PDFs perturbative expansion
fﬂr('rmu) N ok_1 q2
B hard matrix elements ok Clom IN™ (_1>
‘H of order N AZ:O mZ:O @
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-
Qr distribution for AB — VX

doapsvx d b

dQ>dydq3.

7i§T‘bWab(ba Qa TA, CUB)+Y(QTa Qa TA, :L'B)

a,b= qu.d

Wap (b, Q, 4, 75) = |[Hap|? e SCDP (24, b)Py (5, b)
S is the soft (Sudakov) function:

Q% -2
sb.Q) = [ d%[fl(as(ﬁ))ln

22 [

=2
% + Blag(@)|, bo=2e""F ~1.12
P, (x,b) are b-dependent PDF’s; if b* < Q2,

5(1(377()) = Z [Ca/c ® fc] (‘Tab7 HF = %])

C

Y is the difference of the finite-order and overlap (asymptotic)
terms
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TMD factorization vs. resummation

By fradition, ResBos is described as a @ resummation program.
But it includes full logarithmic structure according to the TMD
factorization.

At ¢r — 0, one can formally write @ozi, catani, de Fiorian, Grazzin...

do / A% s
= e X
iQ dydg | @y
1 1 B
S [ dor [ dwn fugnorsie) fognaon ) Was B Qo oxs ) ),
wp 70 0
where

Wab(ba Qa aS(NR)a MR, :U'F) = H(ﬁ) (Q’ aS(MR); Qz/ﬂ%’ Qz/'u%’ Cl ’ 02)
x exp{Gap(as(ir), C1/b,C2Q)},

and | choose i ~ ur ~ Q (the boson’s virtuality); ¢y, Cy ~ 1.
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TMD factorization vs. resummation

AW/ab(ba Qa aS(NR)a KR, :U'F) = H(ﬁ) (Q’ aS(MR); Qz/ﬂ%’ Qz/'u%’ Cl ’ 02)
X eXp{gab(as (/LR)v Cl/b7 CQQ)}

In genuine resummation (e.g., in HRes program), G, is evaluated
as an expansion in a up to order N4 and in leading
logarithms,

Norder n 2n—3
s CQb
o= (242) S iccant (92,

n=1

The CSS representation does not perform this expansion, includes
logarithmic terms to all orders in o, in the solutions for RG and
gauge invariance.
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What is in the latest ResBos?
B Resummation module for W and Z production and NNLO
contributions — slow
(Legacy — Ladinsky, Yuan, 1993, Brock, Landry, P N., Yuan, 2002)

B Monte-Carlo integration module for W and Z decay and
matching of small-¢gr and large-qr terms — fast
(ResBos — Balazs, Yuan, 1997...., Guzzi, Nadolsky, Wang, 2013)

Z boson P, after unfolding

?0,09 :— Plesbos + PHOTOS CTECS. 1 m, no small-x car
"\‘0.0G i Recbos +PHOTOS CTEQS. 1m, with small-x con|
gp.ur ;/ X Do Fun I da.
g _F
$0.06
Bl Zindi=16.8/13

D'Mji £ DO Run II Preliminary

0.03f ¥

002

0.01 :

50
Zp' [GeV]
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N
What is in the latest ResBos?

* Close approximation to the full NNLL/NNLO computation at
the lepton level

* Sufficient for describing the current Z data, will continue to
advance to include remaining small NNLO terms.

B Small Qr: Exact coefficients A®), B2); the C?) coefficient

found numerically using CANDIA (Guzzi, Cafarella, Coriano,
2006)

B Large Qr: The Y = YnroKnnro piece is computed up to
O(a?) by Arnold and Reno Nucl.Phys. B319 (1989); Arnold and

Kauffman Nucl.Phys. B349 (1991), for the dominant structure
function.

B Complete scale dependence at NNLL/NNLO; reduced
scale uncertainty compared to NLL/NLO
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What is in the latest ResBos?

Electroweak contributions at all Q1

B W, Z width in effective Born
approximation

B full v* — 7 interference

B ResBos-A: + final-state QED
radiation in W and Z production
(Cao, Yuan)

pF (Gev)

» both W term (2004) and Y term
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What is in the latest ResBos?
Nonperturbative model at b > 1 GeV '

H revised "b.” approximation + a power-suppressed term o b2
(Coliins, Soper, Sterman, 1985, Konychev, P N., 2005)

B replaces BLNY model @rock Landry, en., vuany Used in Tevatron Run-2
My, measurements

700

" W-terms vs. data
600 P i CDFZRun1(x089) =
A5 DO Z Run 1 .
500 / ; N Qiu-Zhang, g=0 (x 1)
B can approximate a 3 L BLY
variety of g /‘T ™
; & 300 b/ Mk
nonperturbative models € /* 1
(BLNY, Qiu, Zhang; Kulesza, Sterman, 3 500 /5 m%\’\%
Vogelsang:...) NS

Pavel Nadolsky (SMU) INT workshop “3D structure of the nucleon 2014-02-25 10



N
What is in the latest ResBos?

Gaussian Fyp (b, Q) = b?[0.20 + 0.191n(Q/3.2) — 0.026 In(100x 47 5)]

H linear In Q) dependence, in
quantitative agreement
with SIDIS ¢ fit and infrared 12

* E288

renormalon esfimates doran 1
0.8
B small /s dependence o
<3
B no tangible flavor 04 a,=0.19 Gev?

dependence 02

bmax = 1.5 GeV!

0
B supports dominance of soft R
contributions in Fyp (b, Q)

B applies at = > 1072
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my dedpendence in bb — Z°

(Nadolsky, Kidonakis, Olness, Yuan, 2002; Berge, Nadolsky, Olness, 2005)
The convolutions

- Zx @s=utery  [Ciyy @ fol(x,bup) With ¢, b quarks
ol J—— are evaluated with my # 0in
i the S-ACOT scheme
ol bb - 2’ The Sudakov exponential is kept
0 massless
>
§ 20 __"b-dependent PDF"
Qo I m
} Tq#}(-‘f,b)
ks L
8 20l
light quark
ol f — Massive (SACOT) .
) 2 Massless ("ZM-VFN") 1
0 foms gy

— b
o, [GeV] 1M, 1GeV!
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my dedpendence in bb — Z°

(Nadolsky, Kidonakis, Olness, Yuan, 2002; Berge, Nadolsky, Olness, 2005)

. B The shape of "massless”
oo Z X (IS=14Tev)

B BARE do /dQr varies considerably
50 - CTEQSHQL depending on the assumed
I ) continuation to b > 1/my,
r bb — Z°
T ® With full m, dependence,
3 I do /dQr is well-defined; low
s 30r- i
5 sensitivity to
%t I nonperturbative scattering
 20r contributions
Ty __ Memive(SACOT) B 5 MeV effects on My, at the
I Massless ("ZM-VFN") ] LHC

T P IR B
0 5 10 15 20 25 30
g; [GeV]
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N
mg suppresses contributions from 1/6 < my

f o myg # 0 :
) mg =0:
¢ qu(.l‘)K() (me)
() In < mqb )
: —Iya .
I 2e~7E (modified
2 Bessel function)
1
b, Gev-? "b-dependent PDF"
0.6 0.7 @q;}:f\;b}
1 1/m -In’ (bmy/k)
2 light quark
2 2 heavy
For mg, > IAQCD, the resummed . ok
cross section can be calculated without the .
nonperturbative input from b ~ Agep! 1M, 1 GeV-’
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What is in the latest ResBos?

PDF reweighting and ROOT ntuple output

If the central PDF cross section ¢y and PDF uncertainty As? are
estimated by generating N Monte-Carlo integrator events for
each error PDF ) (z, 1) (i = 0,2N), their MC estimates are

_ C

opg ~ 0p + T/Q Ond
N

dN

~3 2
Ac? ~ Ao” + Wl/z

B alarge factor of N ~ 22 in the MC error for Ac? due to
randomness of event generation for each PDF!

B need N? more MC events to evaluate o2
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What is in the latest ResBos?
PDF reweighting and ROOT ntuple output

B PDF reweighting generates the same sequence of events to
compute each of 2N cross sections

> Ao? ~ Ac?+ON )

B In multi-loop calculations, PDF reweighting saves CPU fime
drastically by reducmg slow computations of hard-scattering

/1 These are the C funttmns attesslble from Fnrtran

pp - (Z° . e €)X, VS=1.96 TeVv

E o(Eigenset 1)
extern "¢ { mfor 900,000 ResBos events

//Tnitialization of the ROOT file

void initrootnt (const char *title, mnst‘ char *access, int ltitle, int laccess);
void reinitrootnt (const char *access, int laccess);

void addntbranch_(float *element, const char *chtag, int ltag);

void fillntbranch_(const char *chtag, int ltag);

int getnumbranches ();

void rootntoutp ();

void printnt_();

void teststr_(const char *str, int lstr);

[ — Reweighted
097 & ... Not reweighted

M/extern "¢ 0.95_:
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QCD scale dependence and matching
The full small-b form factor in ResBos is

Wrrt = 3" Hay(Q.2,CQ)

Jj=u,d,s...
Cc2Q? di2 C20?
X exp [—/ 7—%“40@01) In ( i ) +B(1 C1, Cz)
Cz/bQ 12 ,u
C, C- C; C
X Z [Cia @ fayn] <X1 Cl ;) Z (Cib ® fo/ns] <X2, Cl, ;’).
a=g,q,q b=g,9,q9

1. The scales ', = bz and Cy = 1/Q provide lower and upper
integration limits; ur = C5/b is the factorization scale in
collinear PDFs.

2. x1,2 are longitudinal variables that improve matching at
Qr ~ Q. They reduce to z » at ¢7./Q? and suppress W — ASY
af q% ~ Q2.
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Separating dependence on QCD scales and
nonperturbative () smearing

Dependence on the nonperturbative factor

1.15 > -
areir GV ek dot-deaned Electrons Iyz<t | | |-
The nonpert. function Fyp 110} { ‘ :
found from the experiment 2 105 CH | l ;
depends on the assumed QCD £ et { Y F
B i - N
scales. g .. i ] ] \ ,
. . 0.90b—u = o
Variations in Fp affect only the 0.01 ;{-{;ﬁdians] !
region Q% < Q? T —
115 bz%éézny:m‘:":d:gh‘a , dElectrons lyzl<l
Variations of QCD scales affect 2110} L :
. © 1.05F.._ _ 3
a wide range of Qr £ T E— ey ﬁﬁ}’ﬂii)fi’L—?”g ffﬁ/l;
g 1 Tty owerepi Tt = A 7
This difference is used to o l l l
separate Fyp dependence P A
from scale dependence - cuz ' o (Radians,

Data from DO Run-2, 1010.0262(hep-ex)
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Matching of W and Y terms

Away from the Qr < Q region, there is an additional uncertainty
associated with matching of the W and Y tferms.

Dependence on matching corrections

115 ke red dottec
et back sold
110 ke2 green dashed

Electrons [yz|<1

|

Data/Theoryeq

4,'[Radians]

Pavel Nadolsky (SMU)

0.01 0.1 1
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In ResBos, the matching
uncertainty is evaluated
explicitly by choosing different
scaling variables, e.g.,

Q +y q%
= — 14+ = ).
X1,2 \/56 + 02
N——
1,2

16



Matching of W and Y terms

In other calculations, this systematic uncertainty is hidden, a
fixed matching prescription is used.

For instance, matching in the resummation calculation by Bozzi
et al. mep-phyosososs) IS OaAsed on replacement

L =log (CQQb> — L' =log <02Qb —i—l) .

2¢—VE 2e—VE

It provides one possible way to match the W + Y and FO
contributions
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TMD factorization for semi-inclusive DIS

(ResBos for DIS)

P Nadolsky, D. Stump, C.-P Yuan, hep-ph/9906280; hep-ph/0012261; hep-ph/0012262
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Eleciron-lon Collider Workshop, BNL March 1, 2002

Semi-inclusive DIS in 4*p c.m. frame

. — Incoming
C> ~ - g:\g . _’9 particles
B bl ==

— Outgoing
; particles
O0<xr<1
0<z<1
—ulf ( J
No QCD radiation W% . i
(1—1)? (1 -}l

QCD radiation A~ %}:‘g gﬂ 70




Electron-lon Collider Workshop, BNL, March 1, 2002

Soft and collinear radiation in SIDIS

CSS refactorization formalism can be applied to resum large
logarithmic terms in the hadronic energy flow (R. Meng, F. Clnhess,

D. Soper, 1996) and particle cross sections (P. N., D. Stump, C.-
P. Yuan, 1899-2000)

= i
& i CTEDAM gr = We lem
& x = 00048 T :
“12'0::— Q=57 Gev
o where
E
s % 2 (1 )
= PR SPFli-=1
£
@15 |-
resummed 3
. W g
01 lim =—1|4# — A
60T~ 2 ( TmT )
.G.UE
Z. is a rescaled transverse
Pl T energy flow in the +fp com.

e GEV
=2 frame

_J




ES Elech

lli€ )Ill
Comparison of b-space form-factors in Drell-Yan process and
SIDIS energy flow

dirisey ¥uan |0

Naddsky-Sumg-Yuan 2000 {SIDIS)

a 0z 0.4 0E 08 1 12 14 18 18 2
b, 1/GaV

x > 1072 Fyp is SIDIS is similar to Fyp in DY
process at comparable ©




i

S

€

gr dependence of Ex flow at small

Data from H1 Collaboration Resummed :-flow: CTEQEM1
VO v P Rl

1 N PDFs,

g a v nr‘l-'_l (1 ..)3
3R e P | — S,il\:'” = $%{0.013 -

£ - " - o

3

§

§

?

s ol G

Possible interpretation:

rapid increase of “intrinsic’” Ay

8x107% < {a} <7 %1073 when = decreases (first BFKL
signs?77)
No mechanism for such
increase in the @(a.) part of
the CSS formula

z < 1072 Strong z dependence in Fyp of
SIDIS, corresponding to broader do/dgr

13.1 < {7y < 702 GeV?,




Electron-lon Collider Workshop, BNL, March 1, 2002

(q%) vs. z and z in charged particle production

Q* = 28-38 Gev’

2
B 104 .z =0.075
s | 2005 4 4y |
A , oz =025 t
v ¢z =0185
=027
oz @ +
10 F | z =0,385 =015 4 4ty
1 i z =058
z =03}
z =0.775 ++|‘ d
2 =05 .H * t
z =07
1k i
: z;us, DESY ,95-221 E§55 data
= 31— 38 GeV?
5 L L
1073 1072 107"

£

Similar increase of {q?.} as x — 0 as in the E4 flow data

_

[} = =

S



-
Z production at the Tevatron and LHC: strong
small-z broadening is disfavored

No rapidity dependence b @<t ! “ - b)1<ly<2
is observed in A SYP— I h_ﬁi;.” |
FNP(b,Q,ZL’l,Q?Q) af % .émi H! {
Q~ My Sogbit,, =204 F O, = 2712

S , ‘ ‘ ‘ ‘
Compatibility with low z oL © yl>2 L D@73t

= + ppdata
SIDIS data? E 1 . o Eedgta

B — Resbos

Cancellation of large = B Sors il
Ond SmO” T dependence 0.8F PDFDscaIeuncevtamt¥

107 10t 1 107 101 1

in ]:Np? (PF] (PF]
New studies of x dependence of Fyp(b, Q,z, z) in SIDIS will be
very interesting
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SM Higgs and ~~ production in ResBos

Balazs, Yuan, hep-ph/0001103; Cao, Chen, Schmidt, Yuan, arXiv:0909.2305;
Balazs, Berger, Mrenna, Yuan, hep-ph/9712471; Balazs, Nadolsky, Schmidt, Yuan, hep-ph/9905551; Nadolsky, Schmidft,

hep-ph/0211398; Balazs, Berger, Nadolsky, Yuan, hep-ph/0603037. hep-ph/0702003; arXiv:0704.0001
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NNLL/NLO distributions for Higgs — ~~ signal and

bGCkgrOU nd (ResBos, normohzeg Mg =130GeV, 128 < Q < 132 GeV)

Qr and
Yy = Yy in the
lab frame

Decay angles
0., v inthe
~v rest frame

no singularities,
in contrast to
the fixed-order
rate

0.035

0.03

0.025

0.02

0.015

Aol 46 (11GeV)

o.01

0.005

doldcos(8)lo

— VY, VS= 14 Tev

— Signal

— Background |

70

20 30 40 50 60 70
Q. (GeV)

pp — yyX, VS= 14 TeVv

— signal E
— Background
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-0.8

06-04-02 0 _02 04 06 08
cos(e")

o dolday

doldg /o (Urad)

0.4fF

0.35F

02F

oa1f

— signal
— Background

-2 B <] I B
Yhara = Yeott
PP — YYX, VS= 14 Tev

o1l — signal
— Background
0.05F
O 0.5 1 2[.5 25
@ (rad)
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R
Spin-flip collinear term in the ¢g,¢g2 — V37495
amplitude
(PRD 76, 013008 (2007); see also Bern, Dixon, Schmidt, hep-ph/0206194)

B includes a novel 1/¢2 term proportional to interference
between 2 — 2 matrix elements with opposite spins of
gluon T and a universal spin-flip splitting function P;/g(x)

H is also present in the Catani-Seymour dipole formalism

B arises because of incomplete factorization of helicity
dependence in TMD distributions of linearly polarized gluons

B affects dependence on the azimuthal (¢.) and polar (,)
angles of photons in the Collins-Soper v+ rest frame

B The full formalism for resummation of the spin-flip termis
developed by Catani & Grazzini, arXiv:1011.3918

B Resummation of the spin-flip tferm is now implemented in
ResBos (Zhao Li, C.-R Yuan)
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Spin-flip collinear term in the g,9: — 37495

amplitude
(PRD 76, 013008 (2007); see also Bern, Dixon, Schmidt, hep-ph/0206194)

m{Pq/q(fl)Lg(e*) + P;/g(fl) L;(G*) COS 299*

(1)
IMs(1,2,3,4,5)]2 21 %9

P, ,4L4 is the usual collinear term, with

T 1—x
) Pg/g = 2OA |:(1 _x)+ + - +I(1 —Jj) +60(5(1—$),

L0y = Y [IMaOdeds )

A1,A2,A3, g =%1

Pg/ /gL; cos 2¢, is the interference (spin-flip) term, with

Pl (x) =2Ca(1 —2)/x

L (0x)cos2¢, = > Mi(A1, A2, Az, A ) Ma(=A1, Az, Az, As)

A1,A2,A3, g =%£1
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e
Conclusions

B ResBos for Drell-Yan-like processes continues to develop to
include various effects relevant in precision tests of TMD
factorization

B ResBos for SIDIS at NLO needs an upgrade to be confronted
with the low-@Q SIDIS data

» Measurements of hadronic energy flow, parficle multiplicities
in unpolarized SIDIS at different x, g = pr/z. ne.m. Qre very
instructive tests of TMD factorization

B See talks by Marco Guzzi and Ted Rogers about the latest
applications based on ResBos programs
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