Transverse momentum dependent gluon
density from DIS precision data

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

* Why gluon TMDs?
* How can gluon TMDs be determined ?

* CCFM gluon uPDF

* fits to inclusive DIS and uncertainties
¢ Description of hard processes at the LHC ?
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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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How to obtain TMDs ? CCFM approach

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

. Pti
> e 10 with —
i i—19i—1 i 1 — 2, i+1 P
= recover DGLAP with g ordering L € A&
at medium and large x i 0. p,.
J

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

= splitting fct:

P,(z,q, k) = Liz—1+ (1_Z)+G—1+z(12_z))Ans)]

/ dz /dq Ok — q)O(q — 2'py)

> CataniCiafaloniFioraniMarchesini evolution forms a bridge between DGLAP and
BFKL evolution
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-Or precision predictions
need
orecision (small x) TMDs
with
uncertainties |



—volution equation and TMDs

_ dg’ As(q) 5 nE L
xA(xakUQ)_mA(maktaQO)AS(Q)+/dzf q; ' AS(QI)P(Z’kt’q);A (;aQ)

@ solve integral equation via iteration:

fromq'to q _ ‘ Branching at ,I fromqg,to q’
rAo(x, ke,q) = zA(z, ki, qo0)A(g) Ui s eliedln 2231 lwio branching
dq' A(q)

rAi(x, ke, q) = zA(z, kt,QO)A(Q)+/ /dzﬁ(z)z,ﬁl(a:/z,k;,qo)A(q’)

q Aq)

@ Note: evolution equation formulated
with Sudakov form factor is

equivalent to “plus” prescription, but E
better suited for numerical solution
for treatment of kinematics Xt E Y
z=x%xxg P(z)
Xg g
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small x TMDs from F,(x,Q%) — general case

do
J2d0? = /d,xg[dking@-(mg,ki,p)]

Xé\-(wga kﬁ_a X, N?a QZ)

o (zg, ki, L, M?c, QQ) is (off-shell, k; -dependent) hard
scattering cross section

@ until now, only gluon TMDs were determined

@ valence quarks from starting distribution of HERAPDF or
CTEQG6

mQ’U(:Ca ktap) — xQ’UO x, kta /dz/ _ZQ)

X As(pa ZQ)P(Za kt) mQ'U (;a kt + (1 T Z)Qa Q)

1 2
P(zakt) — @3 (k?) 1—|;Zz
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Why off-shell matrix elements 7
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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 k; 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 + Ez)exp|—ki/o?]
* gstarting distribution for valence quarks at qo:
xQ’UO('CUa ktap) — CUQ'UO(xa ktaQO)As(pa QO)

CUQ’U()(:E; kta QO) $choll.pdf(m? QO) exp[_k?/oj]
with o2 = 98/2
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From HERA: small x improved gluon TMD
Fy(z,Q2) Fye(z,Q?)
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@ fit performed with herafitter package (full treatment of corr. and uncorr.
uncertianties)
F.H dH.Jung. Ti
- F 20($,Q2): Q2 Z 25 Ge\/ depgxctjrgr?tnglfgn dens?tr;gfror;agfg‘?)rfeecirgig??igg.n

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

@ Fh(x,Q?): £<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

1. Jung, F. Hautmann, Transverse momentum dependent gluon density, TMD workshop, Antwerp, 23 Junel 2014



CCFM gluon from F» and F» & Fae fit

p?=25 GeV?
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@ Fit function:
Ao(x) = Nga:_Bg(l — )%
X (1 —Dgyx
+E4\x + Fyz?)
¢ only 3 params used in fit: no
significant change for more params
@ 2-loop as

@ gluon splitting function with non-
singular terms

@ fits:
¢ setl: Fr: Q2>5GeV, £<0.005
¢ set2: Fh& F¥9: Q2> 2.5 GeV

@ new fit gives x2/ndf ~ 1.2

* & details are different from previous

uPDF set Ao
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uncertainties of CCFM gluon
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small k¢, small p2

@ experimental uncertainties
result in 10-20 % for gluon
uncertainty at medium and
large x

@ small uncertainties at small x

@ NEW: factorization and
renormalisation scale
uncertainties

¢ fit with shifted scales

¢ large at large x, since no
constrain from data:
£<0.005, Q2 > 5 GeV?

> dominant uncertainties

1. Jung, F. Hautmann, Transverse momentum dependent gluon density, TMD workshop, Antwerp, 23 Junel 2014

12



uncertainties of CCFM gluon
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TMDs and the general pp case

@ pasic elements are:
8 Matrix Elements:
=> on shell/off shell
s PDFs
= unintegrated PDFs
# Parton Shower

= angular ordering (CCFM)

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

s
-

U

dr, dx " _
o(pp = qq+X) = / 91 92/d2kt1d2kt20(37ktaQ)

XmglA(mgla ktl ’ Q)wQQA(w927 tha Q)

A\ A\
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Application to W + jet production at LHC

Hadroproduction of electroweak gauge boson plus jets
and TMD parton density functions
Njet (Inclusive) S. Dooling, F. Hautmann,H. Jung arXiv:1406.2994
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@ use CCFM gluon convoluted with off-shell ME

Rl @ uncertainty from pdf on 1st jet is small - ME !
W/Z

¢ uncertainty In multijets becomes sizeble
l @ agrees reasonably well with W+jet measurement
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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
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Backup Slides
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TMD and small x factorization

M. Diehl

. . INT workshop Seattle 2014
Small-x factorization "Parton 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
uwpPDF 2
| o Q,
@ No change in kinematics of hard A(xk,q) | }
scattering, since k; of initial state \ !
partons treated by uPDF X3 ki3 | %3
|
|
@ |n all branchings kinematics are '
constraint by uPDF . %>
I
@ using the same frame for uPDF Xp Kep |
evolution and parton shower, no free : q,
or additional parameters are left for | -
shower X 1 :K¢1 |
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Charged particle spectra as fct of p*; In DIS
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H1 Coll. EPJC 73 (2013) 2406

@ 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*;
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Kinematic effects in PDF determination

Determination of parton density functions using Monte Carlo event generator Federicon
Samson-Himmelstierna /afs/desy.de/group/h1/psfiles/theses/h1th-516.pdf

> 2_ 2 S ) 2_ 2
@ perform fits to F, using a Monte §"{ Feneey §as e
. i 1.4\ — FITPYTHIA no ps * | — FIT PYTHIA no ps
Carlo event generator which N\ FIT PYTHIA int it T\ FIT PYTHIA int i
includes parton showers and e 2\ R
intrinsic kt ast — FITPYTHIA Hps 2r — FITPYTHIA ifps
@ the resulting PDFs agree with % i
standard LO ones ifnoPSand '} i
intrinsic k; is applied. 1 . |
. . . 4 -4 -35 -3 -25 -2 -5 - 4.&(‘?
@ the final PDFs are different
pbecause of kinematic effects g7 pa
. 2 2 9 2 2
coming from transverse % o o =tomneey g0 @ = Toon0Gev
momenta of PS and intrinsic &; e IR
6\ « FIT PYTHIA ips sk :"-.,‘ ~ FITPYTHIA Ips
ar - FITPYTHIA fps o "*.,._ - FITPYTHIA fps
i — FITPYTHIA ifps \ — FITPYTHIA ifps
I
ok
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Transverse momentum effects in pp
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