—
\
\

LHCEERD - 0
alb—r3e

EIRE

(KEK)
ICEPP =

2004 %

-3 F

T—32DEY A

< 'I‘J'

+—
24 H



Mini-Workshop
Physics Simulation for LHC
5-6 April 2004 at KEK, Tsukuba, Japan

CCERTHR
http://www-conf.kek.jp/phsimLHC/index.html



* QCD Lagrangian

» QCD Feynman rules

» Renomarization scheme

» Renomarization energy scale
» Running Coupling

WA

QCD

* DGLAP equation

» Parton shower

» Sudakov form factor

» PDF

» Factrization energy scale




QCD Lagrangian

1

i —ZF 5Fﬂﬁ+ Z qﬂ(ﬁp mq)abe"‘Lgauge —fixing

9

Fis = 0uAf — 0g AL — gf*PCABAS

favours

x

® QCD coupling strength is a. = g°/47. Numbers f45%¢ (4, B,C = 1,...,8) are
structure constants of the SU(3) colour group. Quark fields ¢, (a = 1,2,3) are in
triplet colour representation, while gluon fields Aﬁ are in adjoint representation.

@® D is covariant derivative:
. L EE G
(Da)ag Oabap +ig(TC AS) aB

CERN Academic Training lectures on QCD by B. Webber



Color factor

)
Z and T are matrices in the fundamental and adjoint representations of SU(3),
respectively:
[tAJB] — jfABCLC [TA,TB} — j fABCTC
where (T4)gc = —if*PC. We use the metric g*° = diag(1,-1,-1,-1) and set
h=ec¢=1. P is symbolic notation for v*D,. Normalisation of the ¢ matrices is

Tr t44F = Tr 648, Tx = %
® SU(N) matrices obey the relations:
. N2-1
Y bk, = COply,; Op= 5
= ).
Ty TCTD - z fAB‘CfABD - CA {S-CD : CA = N

A,B

Thus Cr = 3 and Cy = 3 for SU(3).

CERN Academic Training lectures on QCD by B. Webber



? Feynman rule

A!ﬂ: » B: _J-'a E—AB [_ o S 1 — X\ Pﬂp' } A
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T P2 s
o N R b, j Sab &
- (P —m + i)
B,3 ABC 7 e
gf+gﬁ g;‘*_(ﬁ- — q)
g7 {r —p)°

A!P TC! ~ (all mgmcnta. incoring )
A, o B, 3
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? dPk
e

d'k 2 G

\

(2‘}'{'); - (,(-6) (2?1_)4_2.5

1

— + In(47) — g
¢

replace bare coupling by renormalized coupling ()

CERN Academic Training lectures on QCD by B. Webber



Running coupling-and /\QCD

9.
0e(Q) = —2t) T_]ll(Q—j)

1+ as(u)br Iz
,_ (1104 —2Ny)
127
> 1
Q)= tur/ay O

A sets the scale at which as(@)) becomes large

CERN Academic Training lectures on QCD by B. Webber



DGLAP Equation

DGLAP Equation / Splitting function «— pQCD
D) 2 [ D p (hDly, )
ngQ mJz Y Parton distribution

D(z, @)=1(Q, QA)D(z, Q)+ [ K- r1(¢r, k) [ L P(3)D(afy, K?)

z 2 1-¢€
(g3 Q’2)=exp( —i— &,j ‘f‘;";{g : de(.r)) Sudakov Factor

:

non-branch provability




flntroduction

LHC Experimental requirement
New Particle Search/Precision Measurement
LO-QCD Event generator+K-factor

l

Obviously not enough!

We need
NLO Event generator!



*ﬂDifﬂculties ==) Solutions

* Large number of diagrams

e Numerical instability due to d
collinear singularity

e Double counting between ME and
PDF/PS

* Negative weight

== GRACE

LL-subtraction
> +

Parton Shower

m=) Improved SPRING
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Hadonization

_ (PYTHI&)
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*W Parton Shower

>PYTHIA/HERWIG

Q2 evolution/x-distribution BPDF(Parton distribution function)

Soft-Collinear jets ;(backward) Parton Shower

PS is used as a model to generate jets

> Our strategy
Q’ evolution/x-distribution/Soft-Collinear jets

; LL/NLL Parton Shower (forward)

PS is legitimate child of pQCD
(no tunable parameters)



im Parton Shower

DGLAP Equation P Splitting function «— pQCD
dD(z, ) __a [‘dy
wﬁgl‘ [ C2P.(ay)D(s, @)

D(z, @)=I1(Q", @Q)D(z, @)+ [ 2 1@, k) [ % P(5)D(afy, K)

2 2 1-¢
(g3 Q’2)=e:{p( _E?F c: ‘i‘;‘; : de(m)) Sudakov Factor

i

non-branch provability




‘Example in QED (annihilation)

da/dE" (pbiGeV)

] | Zhy ME
e'e > ZH+y Y
« ZHME + yPS
-‘3 ——
10 :_; 3
(__1:}1ﬂ
g
wr
5 -4
3 10
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10 =
& B
= 10 |
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E'(GeV) El(GeV)



‘Example in QED

ee - ee Uy

(fusion)

e g

#Soft correction formula

gy = 0(&) {1 = {—2&@ 1)

*0O(0l) correction
£x

'

MReF; 8, — — (—zf.(Lf ., %Lt - 2)

Ls = In(—t/m?)

F. AL Berends, . H. Daverveldt and R. Kleiss, Nuel. Phys. B253 (1985), 112.




se’e” — e’e’u'U” :Total cross sections

Ecar (GeV) oy (nb) o« (nb)  oqepps (nb)  oppk (nb)

20 97.0(1)  96.3(1) 96.0(2) 06.0(1)
10 137.5(3)  136.3(1) 135.9(3) 135.9(1)
100 202.8(4) 201.0(2) 200.5(4) 200.5(2)
200 262.0(6) 259.8(3) 259.1(6) 258.8(2)

. A. Berends, P. H. Daverveldt and R. Kleiss. Nucl. Phys. B253 (1985), 412

Y. Kurthara, J. Fujimoto, Y. Shimizu, K. Kato, K. Tohi-

*":;‘ matsu, T. Munehisa, Prog. Theor. Phys, 103, 1199 (2000
QL

O

>

& | GRACE+PS
7

L&

& + GRACE+SF
L
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*W NLO Cross sections

O-N LO = O-tree-l- O-loop + O-R

SR
N\
“Oeel + 0y + 0, ) + Oy

o, : Virtual (loop) correction
9., : Soft/Collinear correction

g,. - Visible jet cross section




w Matrix Elements: Tree

® Tree diagrams
M,(1,2-1,2 === ,n) : Born

M.(1,2-1,2 === ,n,n+1) : Real radiation

GRACE: Automatic generation up to n=6
!

Diagrams & FORTRAN source code
CHANEL: Numerical Helicity Amplitude



*W Matrix Elements: Loop

= | oop diagrams
M,(1,2-1,2 ==+ ,n) : Effective vertices

(up to three point)
—( — {}
N

: Numerical calc. by CHANEL




w Matrix Elements: Effective coupling

* Quark self-energy

on-/off-shell | self-energy

2

p? #£0 Y(p?) = Crz(l —In= #2 =)

p?=0 ¥(0) = Cpoal

—1"[’ IR




Matrix Elements: Effective coupling

* Quark-Quark-Gluon vertex

a

|k

Fi ,___L+4L— 10

P — — P2 ’ ‘ q_F
Fil| -+
“IR -IR 2
A, (D 5. k . T _iC ff 1L j:‘IIJ }”
l,u(PL,PL ) = gTCp 5 -'() ( 17 +dg 2) I 2 21 12m2 —61
—Pj Fﬁ s B — + z
“IR IR g

4 ngb Co—=(Fl" + Fl-L5)

P Kk

g

2 Tdm —5

: : : : 2
B =0, u: =0, p§ =¢°#0,and L =1In _ng—



w IR-behavior

No IR-divergence

O-NLOz[O-tree(I + 6V + 6s/c )-I-O-vis:I® PDF/PS

L]

1/€2,,1/€, canc

PDF/Parton Shower -

P(x) : Splitting function  Space/time dimension : d=4+2€ ¢



Soft/Collinear Treatment

@ S u btra Ctl onm Eth Od S.Catani, M.M. Seymour, hep-ph/9605323

‘ @ P h a Se—S p a Ce S ll Cl n g W.B. Harris, J.F.Owens, Phys. Rev. D65 (2002) 094032

P1 Qcol \
R
Q,’
Qvis
Q2 ||
P, ié




w Collinear Cross Section

Canceled with 5\,




ﬂ Phase space slicing
A - h =L
L+ h-h

. . Collinear (Leading Log) Approx.

‘ : Exact Matrix Elements



*W Leading Log Subtraction
LN NI
N

. . Collinear (Leading Log) Approx.

. : Exact Matrix Elements



*M Double Counting Problem

Double Counting

! )

C)-NLOz[O-tree(’I + 6V + 6s/c )-l-o-vis:I® IPDF/PS

L




w Double Counting Rejection

mm—— N\atrix Element

Ki:virtuality




ko, Test

* Process : <
uu—-pu-(+gluon) é H [Hpg(ME)]Q)PS
in pp collision fi, it . [up+g(PS)]
*Cuts: 5 O :[uug(ME)—LL](X)PS
Vs, >40GeV
L= s
k9> 1 GeV e
; _
10°
B oz
i -
-1 | X O N VY N I T SOV O O .9
10 ;i 0 2 40 60 80 100
- %@ w/o virtuality ordering k% (GeV)







Parton Shower:
x-deterministic Method

Q%-evolution <<= Sudakov form factor

1(Q,%,Q,%)

After the evolution (n-times)

W = HU HP E)FPDF(’IU)(II ([“1,[]()(.— "UOH rj>(lr

F=1
. dxfd L
— HP i) Fppr(Zo) m@\ X-deterministic
HD 3 145
e J_
I,II;TO — H / P([Bj)del‘j‘ :E’O = !



&W Parton Shower:Test

A+*PDF

: u quark
=1
10 =
10
-3
10 '
0 0.5

: Cteg5L

LxPDF

X

Y L
= )
u quark e
pod
1:3_'E
10_2;—
X
: PS Q2: 5GeV-100GeV



NLL Parton Shower
v Splitting function

Pj(0s,2) = 52 P (2) + (%)Qp@(z)

27T *J

T

LL order NLL order

2

i,j : quark or gluon

Py(as, z) = Pyglas, z) + Pgglas, 2),
Pylas,z) = 2N qu(@u z) + Pyglas, 2)




v'Numerical results

dN/dyg

H. Tanaka, PTP 110 (2003) 963.

10 ¢ — ——rrr —
2
| : GRV98 GL(5GeV?) —
gluon & singlet quark GRV98 SQ(5GeV?)
- GRV98(10,GeVs) — 1
1 MC GL(10,GeVs)  + -
i MC SQ(10°GeV<)  x  ]
01 k . +++++ﬂ-fﬁﬁjz%¥¥++~+k+ o PRXL o
TS
T P it 4\\&
% - VT
0.01 s - e
ll.
0.001 \ ilm
1l
ik
IIII I:Ilbi
0.0001 - e —_—
0.001 0.01 0.1 1



pT distribution Gluon

LLA (case 1} +
1TF LLA (casg 2} X -
ﬁ;%ﬁ% NLL (J,; =0 o
¥ %
[ ﬁﬁg Gluons
EE%QJF Q’=10° GeV?
0.1 Q§ﬁ§+ " o
& XX, «—on-shell parton radiation
g | /Xxgimaa_h_ X
L i > B iy
24l 2 X O+
M<K, 7<yyx5(-s) X
OD‘I E XXXDD++
My D
a(p) = g(k1 + k2) + a(ks) NLL
X O +
0.001 : ' | I |
0 5 10 15 20 25 30
pr(GeV)
2 2 S I{i 11_1 — le )3 kz)” 5 = Ag and p — Egi
P = T3Y3 [P~ + —
L3 Y3 Ys = 1 — I3

H. Tanaka, PTP 110 (2003) 963.




p, distribution : singlet quarks

LI_lA (case ‘l)I +
1= x LLA (case 2} X o
% Ei% NLL (Jy=0) o 7]
3 f
u Singet Quarks
5% S
% Q°=10" GeV
Eg+
0.1 | Kb, |
& Holt, .
2 Xt +,  «—on-shell parton rachatlon
) xDD + T
M ?<K ?<y/x, -s) / X, K7 =M; |
0 A y3/ X EI +_|_
0.01 | X :
C x}(x DDE-I— E
_ * mei—— NLL
i X O + i
- h [ T i ¥ +
a(p) — glk1+k2) + a(ks) o
0.001 | | e
0 5 10 15 20 25 30
p(GeV)

H. Tanaka, PTP 110 (2003) 963.




*W Drell-Yan Process

4 w 4 g, . 0 q W

7 w 7./ Netog s RTLE

Born diagram Loop diagrams

Real radiation §‘< 2‘< ”}4
diagrams ]z }< I



ﬁ% Drell-Yan Process

Parameters
* Process: pp -
» Vs =2 TeV
« PDF : Cteqg5L (E_,,

o Cuts: \/sw>1 0GeV

Results
e 0, =1.026 nb

tree

e 0,,,=1.288 nb (K-factor=1.25)
* Ops= OLisub
«Q?_ Independent

=\/sw)



ﬁm E_ of p-pair system

109

102

| I |||||||| I |||||||| I |||||U-|-. I e -
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1 [ungl XPDF
~ (w/Double Col

EL Tl
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- "_\ -
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Feak]
by T
.
i
fri
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. Tuug(NLOYIX)Ps

S T
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Summary

| (1) Matrix Elements
oAutomatic generation by GRACE

(2) Parton Shower
ox-deterministic PS at LL
oNLL-PS is under development

(3) Soft/Collinear treatment
oLL-subtraction method

(4) Application
oDrell-Yan process
oW,Z+]ets processes in future



