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® From Inclusive to exclusive distributions
® Parton Branching method for TMDs

® Parton Shower and TMDs
@ NLO parton shower
* Matching with hard process calculations at LO and NLO
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Inclusive cross section and inclusive PDFs

Abramowicz, H. et al Eur. Phys. J., C75(12), 580
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Inclusive cross section and inclusive TMDs

Scimemi, |. and Viadimirov, A. (2018).
Eur. Phys. J., C78(2), 89

® |nclusive DY cross section ® |[nclusive TMD
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From inclusive to exclusive parton densities

® Standard parton density evolution is inclusive:
* f(x,u?) gives probability (at LO) to find parton at z and p?2
® nothing is said about history of evolution
@ nothing Is said about parton emissions at pr and y
? |s enough for inclusive calculations

@ But our physics picture and intuition is not inclusive: ;/
@ parton evolution proceeds via real parton emissions
® Formulate exclusive evolution equation for '“’
parton densities = Parton Branching Method ey
:

[1] F. Hautmann, H. Jung, A. Lelek, V. Radescu, and R. Zlebcik. Phys. Lett., B772:446, 2017.

[2] F. Hautmann, H. Jung, A. Lelek, V. Radescu, and R. Zlebcik. JHEP, 01:070, 2018.

[3] A. Bermudez Martinez, P. Connor, F. Hautmann, H. Jung, A. Lelek, V. Radescu, and R. Zlebcik. arXiv 1804.11152
see also eg Jadach, S., Placzek, W., Skrzypek, M., and Stoklosa, P. (2010). Comput. Phys. Commun., 181(2010), 393
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DGLAP evolution — exclusive description

. . _ 0 dz o x
differential form: MQWJC(%IB) _ / P.(2)f (;’Mz)

z 2T

o ag dp'?
As(p?) = exp / dz/ (R)(z))
( ILZ 27T MI2

* differential form using f/As with

» 0 f(z,p?) /dz as P (2) f(-r’MQ)

Mo AL (12) 2 or AL(u?) ? \Z
* Integral form
d 3 2 /
f(z,1?) = f(z, Mo - fj PR f(Z,1?)

NO — branchmg probability from p2¢ to u?
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DGLAP evolution:

Parton

Branching method

f(fl?'aMQ) = f(z, /Ufo

A+ [

* solve integral equation via iteration:

folz,p?) = f(x, ug)A(p?)

filz, p?) = f(sw%)A(uQ)Jr/
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Validation of PB method at NLLO

Bermudez, A et al,1804.11152
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* Comparison of exclusive solution at NLO with inclusive calculation at NLO
= Very good agreement with NLO - QCDnum
@ No dependence on zyy if zyr is large enough (details in talk A. Lelek)
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Why does this work at NLO ?

@ assential for evolution is Sudakov:

v dﬂ’Q
Aol i) =exp (=3 [

b

® Sudakov describes probability

2

y,g M 0

1: de 2, 2) vs log, (1-2) m-n_[: de ¥, () vslog,f12,)

for no emission between 4 |

o and p .

> this interpretation works as
long as N x-T= I e e e

}aw"..m vs log, (12,) m"[- dz 27, J2) vs log, (12)

/ dzzPyq > 0 ,_ﬁ i

> checked explicitly: ot
A. Lelek, PhD thesis 2018, Lo T

http://bib-pubdb1.desy.de/record/408557
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Figure 6.17: The integrals of the real parts of the splitting functions multiplied by 2 over z vs log,,(1—25/)
at NLO.
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What is the gain with
exclusive evolution ?



Transverse Momentum Dependence

® Parton Branching evolution generates every
single branching:

- - +
@ kinematics can be calculated at every step ZaP™ s Ko

* Give physics interpretation of evolution scale: 2= T/ Tp
@ angular ordering:

H = C_ZT/(l—Z) TP s ki
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TMD distributions from fit to HERA data

anti-up, x = 0.01, u = 100 GeV gluon, x = 0.01, u = 100 GeV
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* model and experimental uncertainties determined (details in talk A. Bermudez Martinez)
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—ffect of LO vrs NLO evolution

® using same starting distribution, but LO or NLO splitting functions
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@ effect of NLO evolution (as and P;; ) is very large: ~ 50 % for quarks

NB: spikes in plots come from stat fluctuations in MC solution
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LO and NLO splitting functions

* Splitting functions at LO: ® Splitting functions at NLO
_ NLO) _ Xs 0 as\* 1
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At NLO new channels are opened
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ect of truncation of NLO phase space: quarks

@ using truncated NLO splitting functions (neglecting additional channels)

g L g 10
1 ) -
— 2 _ 2 — 2 _ 2
E uz =10 GeV 1 - u¢=1E3 GeV
1 dn — QCDnum = dn —— QCDnum
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= 107
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S 1072
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@ effect of neglecting “new” quark channels at NLO is significant: ~ 5 %

NB: spikes in plots come from stat fluctuations in MC solution
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33_

MDs and

Parton Shower

@ pasic elements are:

s Matrix Elements:
=> on shell/off shell

* PDFs

2 PB - TMDs
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MDs and parton shower

@ pasic elements are:
s Matrix Elements:
=> on shell/off shell
s PDFs
= PB - TMDs
s Parton Shower
= backward evolution

=» from hard scattering towards
hadrons

= reverse of PB evolution
= following PB -TMDs for initial state

H. Jung, TMD and Parton Shower , REF 2018 Workshop, Cracow, Nov 2018
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MDs and parton shower

@ pasic elements are:
s Matrix Elements:
= on shell/off shell
s PDFs
= PB - TMDs
s Parton Shower
=» backward evolution

= from hard scattering towards
hadrons

= reverse of PB evolution
= following PB -TMDs for initial state !

H. Jung, TMD and Parton Shower , REF 2018 Workshop, Cracow, Nov 2018
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Parton Branching evolution and Parton Shower

* Parton Branching evolution
® start from hadron side and evolve from small

PB evolution Parton Shower
to large scale p? A .
2
ZM v’ 12 X
s du P
Ag = exp (_/ dz /;ﬂ o /2 P(Z)) 2’=x/x"q"’ P(z")
0
* Parton Shower z’=xX"/Xy q’| P(z") Y
® packward evolution from hard scale 2 to

hadron scale u2y (for efficiency reasons)

" g dp”? ZA(Z KW
s = €exp / dz/ S P(z) A( kl ,)
pa M L (337 J_:y’)

= in backward evolution, parton density (TMD) imposed further constraint !
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Parton Shower at NLO: does this work ?

* NLO splitting functions:
® truncated at zys
@ as in PB method,

if / dzzPy, >0

=>» Sudakov Ag of backward evolution
can be interpreted as probability

e d
= exp ( / dz/ % %2
u2 2T W

PB evolution

A

X,p
z=x/x"q"’

7’ =X /xo qQ——

Parton Shower

P(z”")

P(z")

TA(Z K1)

.CE‘A(.CB,/CJ_,

i)

)

* Py, can be still negative, but in practical applications, this does happen only

rarely (< 10-5)
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NLO parton showers (compared to LO)

Parton Shower comparison with toy process: 1st parton Parton Shower comparison with toy process: 4th parton
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Matching to hard process: off-shell ME with KaTie

van Hameren, A. CPC, 224, 371, 2018, arXiv 1611.00680

® KaTlie (seetalk by A. Kusina on Z+jet)
@ off-shell kinematics with TMDs used to calculate hard process
® No kinematic corrections needed

? paI’tOI’] Showel’ be|OW Scale [L Z — ee, dressed level, 66 GeV < my < 116 GeV, |y¢| < 0.4
"l"— ]_O2 §— I I T T TT II T T T 1T TII T I 1T 1T
» off-shell agrees with on-shell g w0t L 2102 offshell
with TMD added (and keeping 2 2ToZtjet ptjos g
mass fixed) at small gr s E
- = = -
> important check for 0t L A
application with collinear . N E
. = — E
NLO calculation : ; E
10 E- E
@ off-shell agrees with 2 — 2 on- S "1 | J R
: 1.15 £ o
shell at medium gr s 115 i =
. q cou 12102 2— _'_|_4_’—.—|_|_ Lh » _g
> important check for 0 005 [T E
merging different parton 085 - | | E
. . ags 8 I L1l =
multiplicities T 10° 107 |
g5 [GeV]
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Matching to hard process: POWHEG method

Frixione, S., Nason, P., and Ridolfi, G. (2007). JHEP, 09, 126 arXiv 0707.3088
Frixione, S., Nason, P., and Oleari, C. JHEP, 0711(), 070 arXiv 0709.2092

* POWHEG exponentiates real emission (soft part): Sudakov for 1st emission

@ DY-process as example
Z — ee, dressed level, 66 GeV < m ) < 116 GeV, |yH| <24

. o a | I B Il| I | ll | [
2 - L0t ATLAS (2016). DY at 8 Te¥,
T cult app“ed .(pt?sqmln) © % | —— — EPJC76, 291, 1512. 02192_—
allow for contribution from g 10 E
TMD (and PS) ¥ o1p .

@ low g7 region filled by TMD S0 E

+ PS 1072 -

- —e—+ Data 3

ISS] 10 2 &= —+ PHnoTMD —

® |large g7 by real emission E ] PHocvD) :
ot g —1 PHIMD T e

1.4 ;_ :%

® DY production described 5 12c E
: o “1E =

reasonably well with g 09 E =

. 0.8 & =

TMD + POWHEG with gr cut 9k T
0,5 = L 1 1 111 NE

* TMD fills low qr part
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Matching to hard process: MC@NLO method

Frixione, S. and Webber, B. JHEP, 0206, 029, arXiv hep-ph/0204244
Alwall, J., et al JHEP, 1407, 079 arXiv 1405.0301

* MC@NLOQO subtracts soft & collinear parts fromm NLO (added by TMD and shower)
* MC@NLO without shower unphysical

? DY-pI’OCGSS a3 examp|e Z — ee, dressed level, 66 GeV < m,, < 116 GeV, |y,/| < 2.4

T .21 | ATLAS(2016). DY at 8 TeV;
3 E EPJCT76, 291, 1512.02192 3
. 2 1 ! Ei_ —=
® low qr region affected by -
subtraction of soft & collinear T E E
parts SetE E
@ to be filled by TMD ( + PS) 7 E L Dbata E
103 ;_ —— MCatNLO noTMD noPS .
E —— MCatNLO TMD §
. . 1 —4 El_ | I I| | | L1 1 |1 I| | | =
@ DY production very well described 01.3% A B A BN i
oy TMD with MC@NLO £ o o
: ~ 18 e —— =
o TMD fills low ¢r part 2 o3 M T
7 E —=
gg S— I | ll‘ | | L1 11 lll 1 111 IE
1 101 102 "
pr [GeV]
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Matching to hard process: POWHEG + TMD + PS

s POWHEG dijets NLO

Anti-k; jets (R = 0.5) with py > 10 GeV

® Lk, iIncluded from TMD

[ L—

o | %H o —— CAS3NLO
® initial state parton shower included sz _ — CAS3LO« Py
o Z&: 102 ——— CAS3 LO Splitting
@ | O splitting and LO ag >
o 10 3
@ NLO splitting and NLO a
10 *

® Due to constraint from TMD, little

-
O|
un

IIIIIHI| I‘HW"‘_HIII[ IlIIIIﬂ] IIIIlIII| IIIIIHI] T TTT

difference of LO and NLO splitting fcts. ™ £ o |
* | O coupling as changes jet multiplicity. 13 = F,_‘_r_'# o
8 1}:— +
& 0.9 & — |
0.8 = |
0.7 £
]S N R B | |
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Matching to hard process: POWH

=G+ TMD + PS

® Dijet production at in pp,

Dijet azimuthal correlation ak4, 300 < pl;ading < 400 GeV

a test for TMDs and PS :
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i
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2
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ﬂ‘_ ||IIII||| Illlllll‘ 1

T F
g . B —e— Data
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b -

CMS Azimuthal correlations 13 TeV
EPJC78, 566 (2018), 1712.05471
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* TMDs with NLO dijets get closer to data !
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Matching to hard process: POW

EG + TMD +

PS5

* POWHEG dijets NLO
® L. Included from TMD

? initial state parton shower included

@ | O splitting fct and LO ag
@ NLO splitting fct and NLO as

® Effect of NLO shower on observables

* TMD + PS gives very good description

of measurement

® Due to constraint from TMD, little
difference of LO and NLO splitting

fcts are observed !

H. Jung, TMD and Parton Shower , REF 2018 Workshop, Cracow, Nov 2018

a% [rad ]

1
>

MC /Data

2Jets, anti-k; R=0.4, 400 < p;

leading 500 GeV

—e— Data

 —— CAS3NLO

—— CAS3 LO

——— POWHEG-noPS
e
- CMS Azimuthal correlations 13 TeV
gzl—'l I | EPJ‘C78, 5(|56 (20‘l|8), 17|12.054‘71
3 " == — I l
s g = ]
;l'u W BT A v b b oy
1.6 1.8 - 2.2 2.4 2.6 2.8 3

A¢ [rad]

26



Conclusion

* Parton Branching method to solve DGLAP equation at LO, NLO and NNLO
=» consistence for collinear (integrated) PDFs shown
=> advantages of Parton Branching method !

= TMD distributions for all flavors determined at LO and NLO, without free
parameters

* First complete NLO TMD parton shower
= TMD initial parton shower:
= backward evolution following exactly the TMD density
=2 matching with kr off-shell calculations: KaTie
= matching with NLO collinear ME calculations: MC@NLO and POWHEG
= available as CASCADE-Ihe
=>» exercises and advices in tutorial on Friday

H. Jung, TMD and Parton Shower , REF 2018 Workshop, Cracow, Nov 2018
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Conclusion

* Parton Branching method to solve DGLAP equation at LO, NLO and NNLO
=>» consistence for collinear (integrated) PDFs shown
=> advantages of Parton Branching method !

= TMD distributions for all flavors determined at LO and NLO, without free
parameters

* First complete NLO TMD parton shower
= TMD initial parton shower:
= backward evolution following exactly the TMD density
= matching with kr off-shell calculations: KaTie
= matching with NLO collinear ME calculations: MC@NLO and POWHEG
= available as CASCADE-Ihe
=>» exercises and advices in tutorial on Friday

This completes a major step in calculations using LO and NLO hard processes
with TMDs and matched with parton showers !
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Appendix
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—volution equation and parton branching method

@ use momentum weighted PDFs: x f(x,t)

Ifa(waMQ) — Aa(ﬂz) ﬂjfa(xaﬂg)

dp? Aa(p?) [ T, (T
—I_Z/ /JJIQ AQ(M’Q) / dZPab (ozs,z) ;fb (;aﬂ, )
b T

274)

* with Pu(B) (ais(t’),2z) real emission probability (without virtual terms)
® 2y Introduced to separate real from virtual and non-emission probability
* reproduces DGLAP up to O(1 — zxr)

@ make use of momentum sum rule to treat virtual corrections
@ yse Sudakov form factor for non-resolvable and virtual corrections

u,2 d /2 ZM
A (zar, 12, 13) = exp (— Z/ a / dz z Péf)(acs, z))
b Ko 0

M/Q
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The limit 2y,

® |nvestigating the large z part:

Z 1 dz Kap(as) 1 ﬁ(m/z,uQ)
(1
b X

— 2)4

1 N 1 ~
= ;fm dz Ka,b(OfS) ilz fb(ZU/Z,[,L2) - ;/O dz Ka,b(as) 11—2 fb(ajauz)

2 intheregion 1 > z > z), expand:

Of,
Olnzx

folw/z, 1) = folm, 1®) + (1 = 2) 37 (, ) + O(1 — 2)°
P upto O(1 — zpp) :

> [t Kusla) o it/
b xr

—2)4

— Z/ N dz Kab((ls) i ﬁ(:z:/z,uZ) — Z/O : dz Kab(o‘fs) le ﬁ(%ﬂQ)
b VT b
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Where to find TMDs 7  TMDIib and TMDplotter

* TMDIib proposed in 2014 as part of
REF workshop and developed since

® combine and collect different ansaetze

S

Integrated PDF plotter

TMD Plotter

and approaches: parameters
http://tmd.hepforge.org/ and i
http://tmdplotter.desy.de R

PDFs
1. |guon  -| [ccfm-JH-2013-set1 =] x|t

|
’ ' . . 2. [gluon | |NNPDF23_lo_as_0130_ged v | x[1 |
> TMD“b a ||brary Of pal’ametrlzatIOﬂ Of 3. [photon - | [NNPDF23_lo_as 0130 ged - | x[1 |
' 4. |guon  -| [MRST2004ged_proton | x|t |
different TMDs and UPDFS (simir to LHApdf
Output
F?rmala.t:
TMDlib and TMDplotter: library and plotting tools for ey cemmensine
transverse-momentum-dependent parton distributions, F. | Pt |
Hautmann et al. arXiv 1408.3015, Eur. Phys. J., C
74(12):3220, 2014. Contact _ lmprint

PHYSICS
AT THE
© 2012-2016 Deutsches Elektronen-Synchrotron (DESY)
LHAPDF 6.1.4 and TMDiib 1.0.6 ~ Retaie
Heimholits Allance
A

> Also integrated pdfs (including photon
pdf are available via LHAPDF)

@ Feedback and comments from community is needed — just use it !
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Validation of method with QCDnum at NLO

down 1 0_2

— u2=10GeV? 1073
u2 = 1000 GeV?
— u2=100000 GeV? 107

gluon

— u2=10GeV?
u2 = 1000 GeV?
— u2=100000 GeV?

2
| :Illlllﬂl ||III|T|| I|II|"|| |Illfm‘ |I||Im| |I|II|T|| | II|ﬂ|| TJTT

P IR 0.9
10 10 10 10 10 1 1075 107 10°2

frerpreregeger

1072 10~° 1

* Very good agreement with NLO - QCDnum over all x and 2
® the same approach works also at NNLO !
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Parton branching method in xFitter

@ Convolution of kernel with starting distribution

T fo(z, u?) = z/d:v'/d:c"Ao,b(:z:’)ﬂg (2", p?) 6(z'2" — x)

_ / dil Aoy (') - = A (2, 12)

® kernel defined on grid (for integrated and TMD distribution)
@ validation of method:

=< 10E x.
= X10F
1E 10
10 e
102 107
= -2 L
1073 _g dbar 10 ;E gluon
% — u2=100 GeV22 10_325 - p.2—100 GeV22
10~ u2 = 1000 GeV 4 F = 1000 GeV
E - u — 10000 GeV? 107 — ,,.,2 = 10000 GeV?
04::.'—51_.. I | 1 ] | L | | o.un1—51_... 1 | | ] L 1 I I |
g7 SIYART
‘—1 _05 e e e ee e e e e s e e e e ee s e e e e e e e s e e e e e e e e ee e e e e e s ke e e e e e e e e e e e e e e e e e e e e ee e ¥—1 '05 it e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e ke e e e s e e e e e e e e e e e e e e e e aaeseeaeenenannn
1 n I 1 -
0 95 P 0.95 e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e A e e e e e aeaeaeaeeeeaeannan
0_9 t5 rl--';'-'\-' " 5 0_9 [ i PEPETIT RYPPPP b 1
10 10 10 10 105 10 102 102 10" 1
X X
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Fit with different scale in as: at small ()2

S — =J. eV? ' <& E 2=3. eV? ] - - '
E‘; 5: WPQZBNngcSieL ag(u?) ) 0'9§ ',f,qgs N?Lgieﬂ o) ° fit 1 with « 5((])
2 [ =PBNLO Set2 ay(p)) I3 0.8F 2 PB NLO Set 2 o,(p)
I 07}y @ as good as
| 06 HERAPDF2.0
3 x2/ndf=1.2
0.4F
2r :
0.3F
1 o2 @ fit 2 with as(q(1-2))
- 0.1
0-_ L ool Ll Lol L OE Lol Ll Lol L ¢ Xz/ndf: 1-21
10°* 1073 1072 10 . 107 102 102 107! o

A

'y

Q% = 3.0 GeV?
%4, PB NLO Set 1 as(p.?
> PB NLO Set 2 ‘ls(PT)

* very different gluon
distribution obtained at
small (02

v
o
—a

2 I  @*=3.0GeV’
9 % PB NLO Set 1 ,(u?)
“© _ PB NLO Set 2 ay(p;)
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Fit with different scale in a,: at large ()2

Q? = 6464 GeV?
%4« PB NLO Set 1 as(u";)
)

2 PB NLO Set 2 o(p’

Q? = 6464 GeV?
7 PB NLO Set 1 o..(u?)

100~
- <" PB NLO Set 2 oy(p])

xU(x,Q)

IIIIIIIIII

.
e
-
-
-
—

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

104 103 1072 10" 1 10 103 1072 10" 1
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