QCD and Monte Carlo technigues

* Hope that you are all ok !
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Including kinematic effects into evolution 7



Approximations so far ....

® Only inclusive quantities were considered:

* nothing was said about “real” emissions or gluons or quarks although
implicitly assumed....

* in deriving DGLAP splitting functions we assumed: t < 3

—kp?

1—2z

@ neglect t in previous branchings

tg <t K tg Ltz <
e strong ordering condition

e andalsointhe smalltlimit: ¢ ~

R A

Xt e strong ordering: neglect all
i kinematics of previous
X2,t; branchings...
Xt L
bl @ ordering in x
Xo N 0

Xo > T1 > Tog > I3

H. Jung, QCD and Monte Carlo techniques, Lecture 3, 9. March 2022



Setter treatment including Transverse Momenta

@ start from integral equation:

.0 = fe Qb+ [ £ [ L0 20 pioyp (2,4)

7Tq’2
* use TMD (Transverse Momentum Dependent, un—mtegrated pdfs): 0
d2q/
tA(z, kr,q) = on( /dz/ —

A ( qu ( kTq)

define updf (TMD) =

2
il @) = / IR o A, ki, Q)O(Q — k)

T

cause of phi integration:
dt dq? . d?q
t q> Q>

A

® same as before.... but included explicitly dependence on transverse momentum
K. in addition to evolution scale q

» what are the ordering constraint$ O((0)?
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Insert: Light-cone variables

V= (Vv vy <[ v, V)

\Iié (Vesv?) — V- 2(var)
s & (ue-v?) Voo - AR iR

L\ = \I*\I“T\rum\awl
Vv e 2N a2

1o © g
QJQO&‘(‘ \I ~ ‘,\{ T\)N \)'2 — \IVOF\\E“E V’ v /
m ’ \‘ /l~\)°.ﬁ 42/(‘f UL:VL
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Insert: Light-cone variables

\lof‘\l\lg f\-\l\,%'( Ve
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\l'-l /“Z A v Ca(: A+v
=~ AV = N
+ 2_\/,*: (Voﬁ\lg Y
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I 1 (' ~
P (Vo) = (e o,
E‘ zf‘f PJ—\
pr T e D by 2y
/O’L
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ight-cone variables

* Light Cone variables:

V=V V2 V3) = (VO,V, V3

V+ — \%(Vo + VB) |
Vo =5 (V0 -V?)

V — (V+,V_,Vt)
VW — V_I_W_ -+ V_W+ — VtW t
V2=2V+tV— -V

® |orentz boosts:

 V/1—v2
V’3 _ vV°o4V?
V1—v?
/
VT =VTte?
/
V—=V"e"
1 1+v
Y =5
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Reconsider ordering conditions
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Angular ordering in Q
/Cf P=(¢\ ¢ 0 +
AN NE = A L ) - (P \0\O>
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Angular ordering in QED

L A A -
At’AE - 26 ke & (=Oa¢ X

= Cogu fay Meeliches " Clocdaran Med ™ (ﬁff)
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Angular ordering in Q

@ assume QED Ellis,Webber, Stirling, p 180 =
. Dokshitzer,Khoze p 92
@ use light-cone vectors:

p = (p",p,0)=(p",0,0) Nk
_ k? :
p, — ((1 T Z)p+7p, _kT) — ((]- _ z)p-l_) ( L p+ ) _kT) p e

? 1—2z)
+ .- + bt
k= (Zp 7k 7kT):(Zp 7F7kT)
g2
® use energy imbalance: AFE ~ 1 = szr@g,y
ZpT

* define transverse wavelength: kr = k@e’y — All

 from uncertainty principle: At — AL
Oy \
® during A ¢ e*e pair has travelled a distance: p§+€_ — AzAt ~ Oy 1

O,
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Angular ordering in Q

e+ Ellis,Webber, Stirling, p 180
Dokshitzer,Khoze p 92

® photon emissions allowed for:
for O, < O+ -
® radiation strongly suppressed for:

for Oy ¢ > O+ -

= since photon cannot resolve any structure of e*e” pair

H. Jung, QCD and Monte Carlo techniques, Lecture 3, 9. March 2022
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Angular ordering and color coherence

Dokshitzer,Khoze p 92

q k - k
k ! q
q
g o q q

g

@ gluon emissions are allowed

off q for @kq < @q(j
off Cj for @k— < @ch

off parent g f@;@@

® calculations done explicitly in Ellis,Stirling & Webber
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Parton Branching evolution with ang. ord.

W?ﬁ M
G P,’L :\‘PLS‘{L\Q-)

< 7 <K @
q: ~ b
/2 E\» — . = X
E;f(( ‘-E; E\'-A E\("d: A7%P
v = (= =
E“‘“’ Ei T Ra: = =t E(,AC" ’%>7' qu :Eq-iwg@s
! Ch: = -
q\ - - oo E )4:-\@ [ E Q E\‘e4<r/(’-2,'>(r‘k él
A~ 2 ‘=n \- 1 )
Q.  q -
| Q- s L
— . “ .
c. ke B = Q\ D A
=Dy E. e =
\..?_ R
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Parton Branching evolution with ang. ord.

Pti = |q7(;)\ sin ©; Eia = Ei+ QiO = zbi—1 + q?,
. = Ez — q,? — (1 — Z)Ei_l
Ei_1 Dii = q,? sin®; ~ (1 — 2)E;_10;
with: ¢, = P
1 — 23
q;
— @z —
Ei_q
di+-1
©; = —
+1 3

* Apply color coherence in form of angular ordering
M > Zndn,dn > Zn—19n—1, ey g1 > QO

* true angular ordering (in terms of rescaled momentum):
qi > Zi—14i—1
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Parton Branching evolution with ang. ord.

pi = |qgi|sin®; Ei 1 = Ei+q¢ =zB_1+¢,
E; — qg = (1 — Z)Ef,;_l
Z p—
Ei_1 Dii = q,? sin®; ~ (1 — 2)E;_10;
with: ¢, = P
1 — 24
q;
— @z —
Ei_q
qi+1
O, = —
+1 E, -
* Apply color coherence in form of angular ordering P

K> ZnQn, Gn > Zn—1Gn—1,---,q1 > Qo
* true angular ordering (in terms of rescaled momentum):

Qi > Zi—14i—1 but “HERWIG and PB " use: @; > @;—1
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Transverse Momentum Dependence

@ Parton Branching evolution generates every
single branching:

: : +
® kinematics can be calculated at every step ZaP™ Ko

* Give physics interpretation of evolution scale: 2= Ta/Th
2 in high energy limit: pr -ordering:

( Top ™t ki p

@ angular orderlng

< q:r/ —2)
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Transverse Momentum: dependence on zus

gluon, z = 0.01, x = 1000 GeV gluon, x = 0.01, p = 1000 GeV
— 1 1 1 IIIIIII 1 1 lllllll I 1 Illllll 1 1 LI — 1 T T ||||||I T T |||||]I T T |||||||
3 3 .
£ 10 angular ordering £ ot pr ordering
G G
:5 1072 1:; 102
10~3 1073
104 10~ =
1072 107° —;.
I~ = 3 o
o - 1 o
10~ S 108 b < %
10_7 8‘ 10—7 'g_
= :
10_8 10_8 I I N O 11
104 1 104
kt [GGV] kt [GBV]

® pr— ordering (1 = gr) shows significant dependence on zjs: unstable result
because of soft ribution

gluons are suppr
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Fit with changed as(pr): at small Q2

& 5  @*=3.0GeV? oo G 09F  G7=3.0GeV’ iter 2 fi '
X . %4 PB NLO Set 1 a,(p,? e %3 - % PB NLO Set 1 as(uz) e ? ﬂt 1 Wlt
2 | SoPBNLO Set2 oy(p) I3 0.85 9 PB NLO Set 2 ay(p)
4 C

@ as good as
HERAPDF2.0
x2/ndf=1.2

C

° fit 2 with as(q(1-2))

Illllllllll

lll 1 L L LLll 0_ 1 lIIlll

o ) . N ® y2/ndf=1.21
107 10°° 1072 107" . 107 10°° 1072 107 o 1
—_—
1.3 ' :
2 19 o306V 7 2 13 @ =3.0 GeV? * very different gluon
9 7%PBNLO Set1 0,4 /; 5 4% PB NLO Set 1 o, (1) T .
2 1 22\ PBNLO Set 2 ,(p)) / 2 120 <X PB NLO Set 2 a,(p)) distribution obtained at
O o B
/ ) small Q2
1.1 /;. n
D) -
030;0;:’0‘(4::. P
1 XOOOOOOOOOOOOOOOOEEEL OO X 1
O R RRXRAIRS \\\ LXK :
OO \\,4 o
0.9 %:: r
i :
. 0.8
0.8/ %: i .
e / P _ xFitter
o ,’({‘/f{'t / /» L
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10¢ 107 10°2 0! 1 10 10 10 10 x !

H. Jung, QCD and Monte Carlo techniques, Lecture 3, 9. March 2022



TMD distributions

anti-up, x = 0.01, u = 100 GeV gluon, x = 0.01, u = 100 GeV
E lllll T T Illlll] T T llllll] T T lllllII T T T ?‘ IIIII ! ! I'lllll ! ! IIIII'I ! ! IIll”l ! ! !
- 102 xn"' 102 o
= = PB-NLO-HERAI+II-2018-set1 > = PB-NLO-HERAI+II-2018-set1
% 10 —— PB-NLO-HERAI+II-2018-set2 ;5 = PB-NLO-HERAI+|I-2018-set2

IIII|,|,|L|_|_L|,|,|,|‘ IIIII,III L

10-8 Ll ] Lol 1 Lol 1 Lol 1 1 10_8 1 L Ll ! Ll ! Lol ! !
1.1 ||||| | | ||||||I | I lllllll I | ||||||I | 1 1'1_IIIII ! ! IIIIIII ! I IIIIIII I I IIIIIII ! ! I_
1.05+ experimental uncertainties — 1.05— experimental uncertainties —
1 . is B
0.951 - 0.95 ~
09_“”| ol ol ot Loy 0.9 Ll Lol Lol Lol [
1-1 lllll | I Illlll] I I Illlll] I I Illllll I LI 1'1_II”| ! ! I'IIHI I ' IIII”I ' ' IIII”I I I I_
1.05 full uncertainties _ 1.05— full uncertainties -
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097, 10 102 10° 1 10 102 10°
k, [GeV] ki [GeV]

* model dependence larger than experimental uncertainties
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How to calculate x-sections then ?



k: - factorization

® use high energy (kt -) factorization: Q\r_
(Catani, Ciafaloni, Hautmann NPB 366 (1991) 135, ——,
Gribov, Levin, Ryskin, Phys. Rep 100 ,(1983),1,
Collins, Ellis, NPB 360 ,(1991) ~ e e "<£—/~ -

d dx -
s with  o(ep — €'qq) = / W 2Q%9 [ Phe6 (3, ke, )y Ay, ke,)

/ / dzktng(mga kta q_) = ang(aj,(ﬁ QQ)
—————
» t-channel gluon with virtuality k* = —kZ  dominates the process in the

high energy limit s >§

@ collinear limit obtained by: ( 5(5,0,Q)-0(Q — kr) |
L S

» BUT k -factorization is proven only for small x

H. Jung, QCD and Monte Carlo techniques, Lecture 3, 9. March 2022
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Why off-shell matrix elements 7

Baranov, S. and others CASCADES A Monte Carlo event generator based on TMDs,

® Behavior of ME as function of #: Eur. Phys. J. G, 81(2021), 425

¢ for small k; converges to collinear result

s 2 -
-] 18 5 pp Vs=13 TeV E
¢ for large k; has suppression ° % -
. 1.6~ —k{,=1.000000 GeV*, x =0.001000, m=5 GeV 3
> suppression appears at “standard - o -
factorization scale”: Q2+ 4 m?2 14 k2, =1.000000 GeV2, x =0.001000, m=175 GeV E
1.2} — =
¢ collinear factorization: . —) .
0.8 -
/J/Q ~ Q2 _J’_ 4 m2 :/ :
0.6 =
0.4 / 3
1’ 0.2} / =
da-( ) o:‘l TR | Lol \1 ,““:

> "0t 1 [ 10 102 10°
0 kez [GeV]

€ L fich  frower Swater
@ Q_prj/l Oj/Qo U«éd/';u_\.\ o (Lg‘-](/]_h,(- p(—akl
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kt-factorization and coll. NLO calcs

LO
® fit of uPDF to inclusive structure

functions /x-sections used to 0(0'% )
determine normalization

2 includes “all-orders” !l

@ off-shell matrix element E
simulates part of real NLO A
corrections k=0

H. Jung, QCD and Monte Carlo techniques, Lecture 3, 9. March 2022

NLO NNLO
O(a?) \E O(at )

_ —
kzo%” i

kt=0

kt:h(<§fw

k[ — factorization

\ / | (all orders)

ki(\
t
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Calculations using NLO matrix elements

* Applying a NLO calculation, where the divergent parts are subtracted, and then
added by TMDs and Parton shower: MCatNLO method (Frixione, S. and Webber, B. R.
Matching NLO QCD computations and parton sfiower simulations, JHEP, 06(2002), 029)

Dijet Dijet
;109 ITTTTT1'] TTTIT1TT] TIITTITTI T P rrTl §'108 T‘]IIIIIIITTI'ITI]YITTTT‘IIIYI!1
S =+ MCatNLO+CASs S ~—+— MCatNLO+CAS3
,g. 10 —t— MCatNLO(fNLO) :g_ 107 | MCatNLO(fNLO) I
e — MCAINLO(LHD) g —— MCatNLO(LHE) =%f
= 3
~ 6 E
L 10 ~
105
104
103
1 111 1 l 1
10! 1 10! 10? 107 3
pra2 [GeV] Adr2
fﬁiv
Om.>
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Application to high pr dijets in pp

CMS, 13 TeV, pp — two jets, 200 < pr>“"8 < 300 GeV

llllllll'lll]l]l]llllllllllllll-

—4— Data
—+— MCatNLO+CAS3
—— KaTie+CAS3

@ Dijet production at in pp,
a test for TMDs and PS :

L1 1

zﬁq{l—z [rad 1]

Ll lllllll

—1s
107" -
1072 = .
2 pa :
1.4 E
1.3
s 12
5 1.1
D 0‘19 e =“— s
= 93 e
S
gg ol ey b by s b g bww o ba s
1.6 1.8 2 2.2 2.4 26 > 8 3

A¢n2 [rad]

* NLO+TMD calculations very similar to calculations using off-shell ME (KaTie) at LO
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