Transverse momentum dependent gluon
density from DIS precision data

H. Jung (DESY, Uni Antwerp)
F. Hautmann (Uni Oxford)

* Why gluon TMDs?
* How can they determined ?

* CCFM gluon uPDF

* fits to inclusive DIS and uncertainties
¢ Description of hard processes at the LHC 7?
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Upsilon production

CMS Phys.Lett. B727 (2013)101, 1303.5900
g*g* s T97 g*g* — Xp — Y 4+ X Measurement of the Y(1S), Y(2S), and Y(3S)

cross sections in pp collisions at s\ =7 TeV
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* Using TMDs with off-shell ME gives rather good description, without further tuning
* NNLO CSM is not as good !
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Drell Yan production in pp

py of DY with 60 < iy < 120 GeV for DY inclusive pyof DY with 60 < mpy < 120 GeV for DY + 1 jet
g F —T T 5 ] — 1
U w0 Coe e A =
1.4 ;_ ; 1.4 E_ | l _;.
08 - 08 — =
0.6 e i o ..—: 0.6 L N R L 1—:
( }:1_ 10 10 o (Ze) 1 10 10 o (Ze)
ps @ inclusive DY @ DY + jet, ppet > 30 GeV
—"" ¢ gmall p; spectrum, ¢ peak shifted to larger p;
— peaked at ~ 5 GeV ¢ “mini-jet” resummation
e ¢ soft gluon resummation, ¢ need TMDs in truly
vy CSS perturbative region

¢ .
{=— standard TMD approach 31 by 5. Dooling, WG2, Wednesday
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How to obtainTMDs 7

¢ take derivative of integrated PDF:

Flokt) = WO 2 f TPy (22) s

¢ KMR approach:
dg(z, p?) S
faitt) = E e (- [ ] dlogkLZ/ P(»

2
L

> generated from integrated PDF, only last emission generates transverse
momentum via sudakov form factor.

¢ TMD with evolution in hard scale in CSS formalism (http://tmd.hepforge.org/)
TMD Project

Webpage maintained by: Ted Rogers, Andrea Signori

This is the development page for the TMD project. The purpose of this project is to organize a repository for
theoretical and phenomenological studies of transverse-momentum-dependent parton distribution functions

(TMD PDFs) and fragmentation functions (TMD FFs). We provde access to paramefrizations and fits of TMDs,
with and without taking into account the perturbative QCD evolution.
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How to obtain TMDs ? CCFM approach

@ Color coherence requires angular ordering instead of p, ordering ...

. Pti
> Ze 10k with j—
i i—14i—1 qi 1 — 2z i+1 Py
= recover DGLAP with g ordering L0 L
at medium and large x i 0. p,
ol

= at small X, no restriction on q
p¢; can perform a random walk

= splitting fct:

P,(z,q, ki) = [1iz—1+ (1_Z)+(%—1+Z(12_z))Ans)]

o [ [ o geta

> CataniCiataloniFioranilMlarchesini evolution forms a bridge between DGLAP and
BFKL evolution
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TMDIib and TMDplotter

@ combine and collect different o
ansaetze and approaCheS: TMDIib and TMDplotter: o

http://tmd.hepforge.org/ and lbrary and plotting tools for

Transverse Momentum Dependent parton distributions

http://tmdplotter.desy.de Version 0.1.02
F. Hautmann'#%, H. Jung"®, M. Krédmer* P. Mulders®’, T. Rogers®,
A. Signori®7
. . . . 2 Dept. of Physics and Astronomy, University of Sussex, UK
> TMDlib: a library of parametrization of T Ky o,
different TMDs and uPDFs (similar to * Univerity of Astwerp, elgiam
| H Ap d f) ;nggarhnmt of Physics and Astronomy, VU University Amsterdam, the Nether-

" Nikhef, the Netherlands
¥ C.N. Yang Institute for Theoretical Physics, Stony Brook University, USA

¢ started by F. Hautmann, H. Jung,
P. Mulders, A. Signori, T. Rogers Taneriesbsncesaiink depsmiset Gicbubion MW s o cowiel e Mg

energy physics from the theoretical and phenomenological point of view. The library of
transverse-momentum-dependent parton distribution functions (TMD PDFs) and frag-
mentation functions (TMD FFs) TMDIib is descibed together with the online plotting tool
TMDplotter.

A detailed program description is given, with emphasis on parameters the user wants
to change.

> easily callable from C++ or Fortran
TMDinit (name)

TMDpdf (x,xbar,kt,mu, uval, dval,
sea, charm, bottom, gluon);

> first release within next weeks
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TMDIib and TMDplotter

@ combine and collect different
ansaetze and approaches | R

> from http://tmd.hepforge.org/ and e e et e e i e e e
http://tmdplotter.desy.de

High Energy Physics | TMD Plotter # e

HEP Links

> TMDIlib: a library of parametrization of e BT o e ] oo

different TMDs and UPDFS ( similar to e
LHApdf) atp’= 25 | Gev®

using dPDF. give LHAPDF identifier here:

¢ started by F. Hautmann, H. Jung, o D
scste-tacer [10_]

P. Mulders, A. Signori, T. Rogers .= T T

por.
scale-factor

30 [avon -]

> platform for online plotting of TMDs i
using TMDIib

> http://tmdplotter.desy.de
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-Or precision predictions
need
orecision (small x) TMDs
with
uncertainties |



—volution equation and TI\/IDS

dq’
Az, ke, q) = x Az, ki, qo) A /dz/ d A (q P(z kt, q ) ( )
@ solve integral equation via iteration:
from q'toq. T —— from q,to g’
rAo(z,kt,q) = Az, ke, 90)A(q) D eliElie 3231 lwio branching
dg’ A(g)

$A1(33, ktaQ) — xA(xakt;QO)A(Q)+/ q; A(q,)/dZP(Z)jA(.’E/Z,k;,qO)A(q’)

@ Note: evolution equation formulated
with Sudakov form factor is

equivalent to “plus” prescription, but E
better suited for numerical solution
for treatment of kinematics L  /
z=x/xg P(z)
LN
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small x TMDs from F,(x,Q?%) — general case

do
J2d0? = /da:g [dking@-(mg,k_zL,p)}

6(zg, k1, z, 1%, Q%)

6(zg, k7,2, 17, Q%) is (off-shell, k -dependent) haro
scattering cross section

@ until now, only gluon TMDs were determined

@ valence quarks from starting distribution of HERAPDF or
CTEQG6

LUQU(.’L', ktap) — :EQUO £z kt) /dZ/ _ZQ)

X As(pa ZQ)P(Z, kt) xQ’U (;7 kt + (1 o z)Qa Q)

1 2
P(Za kt) — 553 (k?) 1—|;Zz
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Why off-shell matrix elements 7

—_~2r .
@ Behavior of ME as function of ki fg',_af_ aer o moram
161 o noemr .
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Determination of TMDs (UPDFs)

F. Hautmann and H. Jung. Transverse momentum
dependent gluon density from DIS precision data.
arXiv 1312.7875 Nuclear Physics B, 883:1, 2014.

@ Apply formalism to describe HERA F> measurements
» gtart with gluon only for small x
» CCFM with full angular ordering — no ki ordering at small x
* include valence quarks (for large x)
* starting distribution for gluon at qo :

zAo(z,k1) = Nz~ P.(1-2)°(1— Dz + EVz)exp[—ki/o?]
* gstarting distribution for valence quarks at qo:

xQ’UO(wa ktap) — -CUQU()(-’L', ktaQO)As(pa QO)

QJQ’UO(ma kta QO) — mQ’Ucoll.pdf(mv QO) eXp[_th/Oj]

with o2 = 93/2
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From HERA: small x improved gluon TMD
Fy(z,Q2) Fye(z,Q?)

2 F ] ] o
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2 3 ks ep e’ X 1 3 ep - ¢’ charm
© :2_ @'=65GeV 1 Q'=12 GeV? i @=18GeV ] ° 07 0':25GeV 1 0212 GeV? i 0'=32 GeV*
=t 3 ] 0.6f 3 ¥
1.2} 1 f‘\ \ : 05
1 3 3 ] ‘
o "\\ P i
0.6 —F2Facfit T 1 03F —rairaet ¥
0.4? F2 fit _;:'_ €— ] 0.2 F —F2¢ fit 1
0.2} T T ] 0.1 hi-u_‘ T
0 -5I e I“I-{i‘ Y 2‘ mm:-il Y .”““I-S. e 2I ”I”“‘-SI ----"-'4- -------"3l -"----'2- 1 0 -5 : I:I I -5I s -------'3- ara— SI P a—— :II HumL e
10° 10° 10° 10 10 10*  10°  10° 10° 10° 107 10° 10 10° 10* 10° 10% 10° 10* 10° 10 10° 10* 10° 10% 10’
X X X
I-O: T 1 gu.o
© 1.6f ) 2 T + 7 o} 0.7F 1 Ea
14f G20 3 G'=27 GeV* i TG“” ; ' Q’=60 GeV’ 0'=120 GeV? 0'=650 GeV’
': 1 ] 0.6F T T
1.2} 1 % :
f 1\\ h\ {®
08} + ] 0.4 3 E ]
0.6 ¥ : 0.3 E3 1 ]
0.4f T 3 0.2F + 1 \ 1
0.2} ¥ : 01 ¥ i :
10° 10* 10° 10° 10° 10t 10 10 107 10t 100 0% 10 10° 10* 10° 107 10° 10* 10° 102 10° 10* 10° 10° 10
X X X
@ fit performed with herafitter package (full treatment of corr. and uncotr.
uncertianties)
F. Hautmann and H. Jung. Transverse momentum
- FQC(w,QQ) . Q2 Z 25 GeV dependent gluon density from DIS precision data.

arXiv 1312.7875 Nuclear Physics B, 883:1, 2014.

@ Fy(x,Q?): x<0.005, Q2>5 GeV
@ very good x2/ndf obtained ( ~ 1)
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TMD - integrated

F. Hautmann and H. Jung. Transverse momentum
dependent gluon density from DIS precision data.
arXiv 1312.7875 Nuclear Physics B, 883:1, 2014.

p? = 25 GeV? p? = 25 GeV?
S 10°¢ o f
x — g:zg: JH-2013-set1 2 0.9 — up-val: JH-2013-sett
> T gluon: CTEQES ~ 0.8 lzﬁ;::.';ﬂi?i%m.seu
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CCFM gluon is different from standard collinear gluon, since no sea quarks are
directly included in fit (treated only via g — qq )

@ valence quarks in CCFM are similar to CTEQ), but evolution is different due to
different as
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CCFM gluon from F» and F» & Fye fit

R p?=25 GeV* @ Fit function:
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uncertainties of CCFM gluon

102
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uncertainties of CCFM gluon

al10%e
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CCFM evolution code

¢ CCFMuPDF: CCFM evolution code (based on SMALLX code by G. Marchesini & B. Webber)

¢ fast Monte Carlo forward evolution including full treatment of kinematics in
each splitting

¢ choices for:
¢ kinematic constraints

¢ gplitting functions
¢ scales
¢ k¢ dependent starting distribution
¢ applicable for gluon and valence quark evolution
¢ sea quark evolution coming soon
¢ already used in herafitter package
¢ public release May 2014
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TMDs and the general pp case
N

@ pasic elements are:
a Matrix Elements:

= on shell/off shell E
s PDFs

= unintegrated PDFs
8 Parton Shower

= angular ordering (CCFM)

@ Proton remnant and hadronization
handled by standard hadronization
program, e.g. PYTHIA

A A\

dx,1 dx V
opp—q7+ X) = / 7 gQ/det1d2kt25-(§aktaq_)

X:UglA(:Cgla ktla Q)QQQA(CBQQa kt?a Cj)
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TMDs and pp: factorization issues

______________ Lﬁ JLI EE @ L, of initial partons a priori not
—O— — O restricted, extends to large k;

\/ @ with k; of initial partons,

- L wijwf E»Emo— identification of hard scattering no
longer trivial for light partons

. in_u_aj j g: i
[ _3_34_ S - o S

1 =

_O_ IR RSN

@ double counting issues
(factorization) within and crossed
process chains: gg— gg partially
iIncluded in gg— qq
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Factorization issues for TMDs in pp

@ High energy factorization proven for @ TMD factorization proven for
¢ DIS at small x ¢ (semi)-inclusive DIS
¢ heavy quark production in pp ¢ Boson production in pp

¢ Boson (Z,W,H) production in pp

@ Factorization breaking in
¢ back-to-back di-hadron (di-jet) production in pp
¢ how large ?
¢ problems also in non back-to-back region ?

@ Test first application of CCFM TMD-gluon to W+jet production in pp
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Application to W + jet production at LHC

Inclusive Jet Multiplicity First Jet p |
'E' E L l l I :o: £ = T | L) | I LI L LI I I | I | I LI | | I - |
= - —e— ATLAS data 1 3 1 —e— ATLAS data 1
2 - === JH 2013 set2 1 2 " E == JH 2013 set2 3
2_‘ 103 P’ > 30 Gev 3 = E P’ > 30 Gev g
Al ] - :E 1 e —
_:3-__ 107 + ~ -3 E ) E
N + : 107 L K 3
10! = - f = f
= ? - i 4 ]
N | | | | e | | :1*:‘
E | I [ [ [ E 1.6 E t | f T 11 [ =t L | t— | — ;
§ 1.5 E_ —: . :: E E
o = 3 ~ 1 2 { }
2 o5 3 % 0.8 E_/_' { l_‘—é
= - 0.6 =
- (I‘ ‘Il 12 .L _:_ 0.4 = l 1 1 I 111 I /-l 111 I L l 1 l__‘:
‘ 50 100 150 200 250 300
Nt p. [GeV]
C @ use CCFM gluon
convoluted with off-shell ME
e @ uncertainty from pdf (including scale variation) on 1st jet is

W/Z
small - ME !

@ agrees reasonably well with W+jet measurement
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Application to W + jet production at LHC

First Jet p Second Jet p | Third Jet p
%‘ ET [ T T T T T T T T T T T ] T T [ T T %’ 10 g T | T | LI I T LI I | | LI | | LI ::':: '%' [ T T T T | T T | T T | T | T T ] T T 1
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_O_ @ off-shell ME + CCFM k: - - shower can predict multi-jet
. production

>V ¢ p; Spectra reasonable

jet 1

¢ multi jets come from CCFM k; - - shower

jet 3 ¢ uncertainty from pdf (including scale variation)
increases with jet multiplicity !

_O ¢ dominant is scale variation

"“3.""\
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Application to W + jet production at LHC

Third Jet p, Cam%bell, Ellis, Nason, Zanderighi, arXiv 1305.5447
; - I | [ I 1 | 1 ] I 1 ] 1 1 :. 10 r I ’ I y ‘ '
(; 3 — —e— ATLAS data 2 > M
:?:-::_ s = JH 2013 set2 1 = F“h“m . WJJ-MiNLO £
e =L Sisney 2 — ATLAS -«
P - 13 -~ POWHEG
— Bl g0t L , - & ANNANN
' f L4 *
jet2 . %.. 1072 L ANARARNNY
E"rrr'r jet3 10 < | T \b\ Njet 2 4
b rrerr E 3 - [SSSSIIIINY
: W E ——— _ SR p. > 20 GeV
{) : s oF - g 1.5 ——
= 08 = é g ‘I N
::.: 1 | ! | 1 I 1 [ 1 I 1 1 1 I 1 1 IB % 05

J J i & AAANN J | |
20 40 60 80 100 N [(;c\;im ’ 0 20 40 60 80 100 120 140
pr [GeV]

@ off-shell ME + CCFM k: - - shower for 3rd jet (similar to NLO W+2jet) !
¢ 3rd jet comes from CCFM k; - - shower

¢ uncertainty from pdf (including scale variation) is larger — jets from shower at
different scales !!!
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W + n-jets: k: shower vrs NLO

Azimuthal Distance of Leading Jets

Z’ [ I 1 I | 1 [ | 1 I 1 ] | = |
| 2 F 1
= 140 ™~ —e— ATLASdata F
LA A AL g 120 - ";{912‘"3 stz =
~ - P > 30GeV .
\AAARS © 100 | | -
\_ w 80 | _:
jetl 60 - 1 —
- 1 ]
— & —
Jet2 40— T -
20 - H—_h N " e #:F,i :_:
Tl FeEE T T d
O :
1‘4 :_ LI [ T LI l LI L LI T I LI I T _-E
§ 12 -
a . E |—|_,_,_|_| =|
U Z T D

= o8| =
6 F o 3
. = 1 | l | 1 | | 1 11 1 | 1 1 | 1 | I 1 I_F

0 0.5 1 1.5 2 2.5 3

A(First Jet, Second Jet
@ off-shell ME + CCFM k; - shower for x-section and shape for A ¢ between first 2
jets agrees with measurements within uncertainties:
® gensitive probe of shower:
¢ decorrelation region well reproduced !
¢ uncertainty from pdf in back-to-back region non-negligible — shower !
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Conclusion

¢ TMD — uPDFs are important

¢ effects form transverse momentum in small x processes (Y production etc)
but also in higher x processes (W+2jets, etc)

* precision determination of CCFM TMD-gluon from inclusive DIS HERA data
* now with model- and experimental uncertainties

* CCFM TMD gives a consistent recipe for initial state parton shower
* no kinematic corrections are needed

* CCFM TMD together with off-shell ME give good description of Boson + multi-
jetsinpp !
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Backup Slides
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TMD and small x factorization

M. Diehl
INT workshop Seattle 2014

Small-x factorization  "paron distributions: concepts..

separate dynamics according to

expand in

small-x formalism(s):

® evolution equations in log(1/x) ~ rapidity

% BFKL, CCFM
® gluon saturation — nonlinear evolution: BK, JIMWLK
® primary quantities are not parton distributions, but

% impact factors, BFKL kernel, dipole scattering amplitude
and generalizations (formulated in terms of Wilson lines)

M. Diehl Parton distributions 26
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http://www.int.washington.edu/talks/WorkShops/int_14_55W/People/Diehl_M/Diehl.pdf

Initial state parton showers using uPDFs

@ Backward evolution from hard __—
scattering towards proton
uPDF 2 Q
@ No change in kinematics of hard A(x,k,q) | } ¢
scattering, since k; of initial state \ !
partons treated by uPDF X3 k3 | 93
|
@ |n all branchings kinematics are :
constraint by uPDF | Y% >
|
@ using the same frame for uPDF X5 Kep |
evolution and parton shower, no free : q,
or additional parameters are left for | 1
shower X 1 5K¢1 |
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Charged particle spectra as fct of p*; In DIS
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@ particle spectra as fct of p*;
give constraints on
hardness of partons in
parton shower

collinear shower models
(RAPGAP) generate too soft
spectra compared to
measurement

small x improved (CCFM)
shower (CASCADE) and
CDM (DJANGOH) generate
harder spectrum — closer
to measurement at large p*;

..., WG1, DIS, Warsaw, 29 April 2014 30



Kinematic effects in PDF determination

Determination of parton density functions using Monte Carlo event generator Federicon

Samson-Himmelstjerna /afs/desy.de/group/h1/psfiles/theses/h1th-516.pdf

S

£

Q?=10 GeV? Q? = 100 GeV?

@ perform fits to F, using a Monte
Carlo event generator which

= FIT PYTHIA no ps
FIT PYTHIA int kt

—— FIT PYTHIA no ps
FIT PYTHIA int kt

1.4 .

1.2f )

includes parton showers and o i
iﬂtriﬂSiC kt 0.8 ~— FITPYTHIA ifps 2r — FITPYTHIA ifps
@ the resulting PDFs agree with “I
standard LO ones ifno PSand ™ |
intrinsic k; is applied. | | | _ . , .
. . . 4 35 A 25 -2 <15 - -nlsog(x? 4 35 -3 25 -2 -5 -1 -o'l?'.ng {!)u
@ the final PDFs are different
pbecause of kinematic effects <7 5
. 2 2 9 2 2
coming from transverse % o =000 Ger g .0 & om0t
momenta of PS and intrinsic k; |’ T AN I
=\ FIT PYTHIA Ips sk 1"._ ...... FIT PYTHIA ips
s\ ~~ FIT PYTHIA fps st FIT PYTHIA fps
— FITPYTHIA ifps — FITPYTHIA ifps
3+
a--4
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Transverse momentum effects in pp
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