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Introduction

Structure of the one-hadron inclusive cross section

Perturbative part

what we calculate

:Non-perturbative part
t what we “measure”
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Introduction

Structure of the Monte Carlo algorithm

Perturbative part Non-perturbative part
what we calculate what we “measure”

A precison parton shower knows:

- Maximal phase space coverage
- Lorentz invariant/covariant
- Better soft gluon treatment (NLL);
possibly exact treatment.
- Color evolution.
‘ - No ambiguous parameters; only
-Helac  ; -Denwis(r) ¢ the infrared cutoff parameter.
-MadGraph | - Pythia(#+) | - Lund model o Ralie
_MFCM i -Ariadne  : - Cascade model - Tuning is allowed only in the
= NEOJET ¢ 1 = W hadronization part.
s - Matching to exact matrix element
Q~V3  Qo~1GeV should be straightforward.
- Adding higher order contributions
should be “straightforward”.
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Configuration Space

An m-parton configuration is

{pv fa C, d}nz = {”OaPA, a,Ca, dAa TvPB, bv CB, dBa vors Pms f’rna Cm s drn}

Basis vector in the configuration space: [{p, f, ¢, d}n)

Normalization:
({pla flv € d,}m’l{pa fi¢,dtm) = Omm Oa,ar 5CAC:4 6dAd:4 (1 — 77;)

X b Sepely Oapdy, 00 = 10) | | 0557 Ocic; Sa.ar 6 (0s — p})

=1

Completeness relation:
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Configuration Space

A general state (e.g. jet function) is

(F’ = Z / [(l{p, e d_},,,_} F({p, [se, d}..,,l)({p, Jiesdt

T

The unit vector is

=3 [ [@tp.foc.dbn] (b S bl

m

Completeness relation:




Phase Space Integral

To define the phase space integral we have an operator

= Z / [d{p~ f? C, d}‘m.] I{p f C, d}'nl) ({p* f? C, d}“"n|

m

1 1

2napa-pB ™!

X f(fl-/A (77&: /lf‘?) fb/B (’771.): /LZF)
1 : ; / : m
(QW);&JF(P?)} (2m)*6 (77apA e sz)

2=1

Cross section in the configuration space

|0m) > P|Mm) » Um[Fm—jet] o (Fm—jet‘P|Mm)




Color Flow at Quantum Level

The QCD matrix elements can be expanded on a color basis

The color basis is based on open and closed color strings:
Vil alas a6 i 4 iz S, ) Al pZS it )
The open sting is given by

s al= (N ereal ettt o]

while the closed string is represented by

n—1 —1/2
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Color Flow at Quantum Level

The QCD matrix elements can be expanded on a color basis

Mle i) = D0 ek, @l Mpichn)),
{ctm

The color basis is based on open and closed color strings:
V({c}m)Al"“’Am - V(Sl){A}[” V(SQ){A}M .“V(Sn){A}[n]
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Vst = (N chad i s ]

while the closed string is represented by

1 n—1 —1/2
Vis) Lot = (Cf} 1— (N;_ 1) D T lfedes et el

Ai1A,




Color Flow at Quantum Level

The QCD matrix elements can be expanded on a color basis

M )i = D0 [Hehm) @M fchm)),
{ctm

The color basis is based on open and closed color strings:
A i V(Sl){A} 11 V(S5 ){A}[z] .”V(Sn){A}[n]

fiie aps This basis is orthogonal up to

V(S the subleading color terms:
<{C}m|{c}m> i
{etm|{c'tm) = O(1/NC)




Color flow at Quantum Level

Representing the amplitude in the configuration space

|Mm) s / [d{pa f: C, d}m] |{pa fa C, d}m)({pa fv C, d}m|Mm)

where the coefficients are

({p’ f% c, d}"?l'M’m) O C<{C}m|{d}7n>c 5<M<{p: fa C}Wl)‘M({pv f) d}’m)>.,

Summing over all the possible color flow configurations

> 2. (p fredim|Mn) = (MU, f1m) [ MP: F3m)).
{c}m {d}m
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Parton Shower Evolution

; : Q-
Ve use an evolution variable e.g.: HOEZ=ER=EE 060

The evolution is given _
by a linear operator

Group decomposation  Ults, t2) U(ta, t1) = U(ts,t1)

Preserves the
normalization

(1A(to)) =1 wly  (1U(t to)| A(to)) = 1




Parton Shower Evolution

; : Q-
We use an evolution variable e.g.: HOEZEER= e 06

Splitting part

ot-3

Ul(ts,t1) = N(ts, t1) + dta Ul(ts,to) H(t2) N(to, t1)

Se—" —— .
No-splitting part

Preserves the
normalization

(1A(to)) =1 wly  (1U(t to)| A(to)) = 1




No-splitting Operator

The operator N(t',t) leaves the basis states
{p, f, ¢, d}m) unchanged

From the normalization (1|U (¢, ") {p, f,c,d}m) = 1
1= A({pa fa C, d}ma t37 tl)

" / dty (HE)p, £¢, dbm) AUD, £ 0, dhmita, 1)




No-splitting Operator

The operator N(t',t) leaves the basis states
{p, f, ¢, d}m) unchanged
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Splitting Operator




Splitting Operator
({B, f:&, dYmsr |H(E) {p, £, ¢, d}m)
—Z/( dl// /) “do ag (j;(?_) 6(t+10g(T1‘A:(p1,])A:,Z,;l/)/QQ))
A,u

v <{(A} m+1 { {(7} m+1 >
<{(r} b, | {(l}.,~,1,>

({ (]}m—l—IIS[A » Y, fll f[ ‘{Cad}m)

. 3 A ; A 3 s 2

,/cl ]L(Al/:l (,](1- /1‘12;") ]I}) fi)/B ( ']b. /[F)
X = - . = ' : 7 ;

Tla f(L/A ("]a.; /1‘1‘;,) b fb/B (7]})_-. 'U'F)

({]3~ f}m+1 ‘Rl.k(zs Y, H‘_L) | {p«, f}m)




Splitting Operator
(1P, 1 (lymulH( PG (1},,,)

E : (](/ “ide O 2 ¢ b B o
A / / / ot 2 o (t + log(Ti x(pi, Pry 2,Y)/ Q"
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Splitting Operator
({p. f.¢,d} mu’H l) Js 6 (]}m)

(]( T dod ty -
e O
k£l

v <{_(A'}m+ 1 ' {_(Z.}m-* 1>
<{('}m’{(,}m>

1} fara(fa; 1) f,, (s %)

" o a4 ey 12) o Foy5(m, 1)
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({]) f}"lillR//‘ Z Y. K| l{p f}m)




Splitting Operator
({p. f.¢,d} mu’H l) Js 6 (]}m)

(](/ T do o ’) " s
= =0 (t + log (T k(p1, Pk 2,Y) /€
eV
k£l
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Splitting Operator
({8, f.&, &I m1|H®)|{p, £, c, (/}m)

_ZA (]1// / T do ag (fi(z) ( + log(Ty 1 (p1, P, 2, y)/Q?) )
A7él
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Splitting Operator
({[A) ][‘«(Ai-. (Z}m F1 ‘H(f) ’ {l) f C, (l_}l'l)
=1 -1 27 D Qg j2(37l ; )
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Splitting Operator
({9, Fiedtmpn|H) D, [, & fi}m)

(]1/ “ide O 2 ¢ b ¥
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Splitting Operator

Why Catani-Seymour factorization?

More physical reasons:

- The phase space factorization is exact

- It is based on the Sudakov parametrization

- Lorentz covariant formalism

- The dipole factorization is valid in the
collinear and soft limit




Shower Cross section

The evolution starts from the simplest configuration,
e.g.. pp — jets ,the simplest configurations are

pp — 2 partons

The shower cross section is ( Starting hard scale>

“Hadronization > |
T Infrared cutoff scale




Matching Born Level
Matrix elements to
Parton Shower

Outlines:

® Definition of the scheme

® Connection to the slicing method
(CKKW method)




Adjoint Splitting Operator

Let us define the operator H'(t) according to

R

Since H(t) always increases the number of partons
H'(t) always decreases it.

For multiple emission:

(F|Htm)H(tm=-1) - - - H(t3)T| Ma)
= (Ma|H(ts) -+ H! (tm1)H! (t)T| F)




Adjoint Splitting Operator

Let us define the operator H'(t) according to

g

({f) f (~ (i}nL’H ’{[) f & (Il},,,_}_l)
= Y Y = 8 (t + log(Tyj.k(pi, js Pr)/ Q%))

7 e 2])1 Dj N Tk
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()<e:
X (;ﬂ' ) ( m (1)2 Pj; Pk fz ’{C: d}'m.—}—l)

X ({[; f}rn Q-ij,k: ‘ {]) .f}T"L—Fl)




Approximated Matrix Element

If [{p, f,c,d}m) was generated by a shower procedure
then the following is a good approximation:

te m
{

(Maliaiicidls) ~ /Lfdf; /l‘fdz‘l / At H as(pF)
m ) f ™m 2 LU WA e Ll —‘—_
Jig Ji3 Yim-—1 k=3 (l/*s(sz IA)

2 (MZ ‘HT(t:;)HT(t’l) o HT(t’m) ’ {p, Ire, d}m)
(A (b, ), fie a5

(Mulip, f.c0)m)
wM({pa fa C, d}ma Is, t2) = { (Am(tfa t2)|{p7 f, C, d}m)

1 otherwise

if M,,, is known




Approximated Matrix Element

If [{p, f,¢,d}m) was generated by a shower procedure
then the following is a good approximation:

g Ly oty
(J’.\/l m ) {]) [ C, d}m.) ~ / (N% / (“1 A / d{“m
Jig Ji3 Jlm—1 |

Tre

s (%)
as(Q%etr)

&
|

x (Mo|HT (t3)H T (ta) - - HT (t0)|{D, £ € d} o)

- ey

(Am (lI /.2) ‘ {l) / ¢ d}""‘)




Matching at Born Level

Expanding the first step of the shower cross section:

o(ts)) = N(ts,t2)|02) +/ fdtg U (tg, t3) H(ts) N (ts, t2)|o2)
to e

~ | As(ts, t2))
It is better to use the 3-parton matrix element in the
second term. Assuming we know M3

te

o (te)) = N(tg, t2)|o2) + / dts Ul(te, t3)War(te, to2)H(ts)N(t3,t2)|02)

. f2

Adding and subtracting the same terms we have

e
om(ts)) = U(tf:tQ)’(fQ) +/ dt3 U(ﬁi:%)[“““"”Z'\v1(ffaf‘z),H(f:z)]i\r(fza:fz)’(fz)
o = t) N

=

—~ . .2 e o

Standard shower Wiar (te,t2) H(ts) —H(ts) War (ts,t2)




Matching at Born Level

Expanding the first step of the shower cross section:

’O’(tf)) — N(tf,tg)‘O'Q) -+ l fdtg U(tf,t3)2’{(t3)N(t3,t2)‘0’2)J

—
| S 2 NN

It [WM(tf,tz),H(tg)] |0‘2) ~ |0‘3) —H(t3)|0'2)

SETT

te

loam(te)) = N(tg, t2)|o2) + / dts U(te, t5)Wa (te, to)H(ts) N (t3,t2)|02)

J to
Adding and subtracting the same terms we have

e
on(te)) = Ulte, ta)|o2) +/ dts U(te, t3) W (te, t2), H(ts)| N(ts, t2)|o2)
N’ to N e’

Standard shower W (tg,t2)H(t3)—H(t3) Was (ts,t2)




Matching at Born Level

Assuming we know M3, My, ...., M,,, the matched
shower cross section is

on(t)) = N(te, t2)|o2)

nl

/ dt? / dt4 ] / dtm N(tf7 t7n)W1\J(tfa tQ)H(t'm)N<t'm7 t'm—l)
t2 3 7n 1

trn— I)N(tm, latm—Q)"'H(t3)N(t3>t2)‘U2)
/ dts / L / dt,, Ulte, t)Was (te, t2)YH(E)N (£, £ 1)

_1)N(tn—1,tn—2) - - H(ts) N(ts,t2)|o2)

m=3




Matching at Born Level

After some algebraic manipulation:
‘O']\,j(tf)) = ‘O'A(tf)) == N(tf,tg)’(fg)

+Z/ dme(tf m)‘/VA(ff ms ‘O-m“)

m=3

£
g / dtn U(tf7 tn)VVA(tf: tn, tQ)‘Un)
t2

WA(tf7t>t2) = Z/ [d{pa fa cvd}m] |{pa f’ca d}m) ({pa f7 Cad}ml

X lim/ dtm_ / dtm 9 / dtg
6—0 t2 t2

 (Ma|N(ts, t2)H(t5) - Nt tm—1)H ()| {P, . ¢, d}m)
(Am te, L2 I{pvfac d}m) + 0




Slicing Method

(Catani-Krauss-Kuhn-Webber method)

Defining the matching scale ¢ > tin; > t2 and using the
group decomposation property:

o (te)) = U(ts, tini)U (Bins» 2)|02(82)) = U(ts, tini) |0 A (ini))

The CKKW method use a simplified Sudakov rewighting
operator based on the k| jet algorithm

lockkw (ts)) = U (/f {lnl)\'r(,llll »)|02)

a5 / dln U ( ‘inis n)” CKKW (['11113 Ins 2 ‘O-n,.)
to




Matching Parton
Shower and NLO

Computation




Parton Shower at NLO

Let us calculate the N-jet cross section. The matrix
element improved cross section is

te
(Ff\'r ‘O.A(tf)) —= / (11:1\" (FIV *Nr(tf: t*\)‘1rA (tfﬁ ti\"a t2)|0-1\")

Jito

te
+/ dtny1 (FN|U(ts, tN41)Wa(ts, Eng1,t2) | oN+1)

. t‘z

Expanding it in o, then we have

(FN|0A) — / do® (1 =: %W(l)) / [daR — dO‘A] +0(a?)
N ; . N+1

Y >y

Real - Dipoles
Born term ! B

“Quasi virtual”




Matching at NLO Level

The NLO parton shower for an N-jet cross section is

e
(Fnv|onLo(te)) = / din (Fn|N(te, tn)Wa(te, tn, t2)|on)
Lo

Le
EE / dt‘,.\r_|_1 (FN L’r(tf, tl-\r_*_l )HYA (f.f, tN—i—l: t‘Z)‘O'N—Fl)
ta

L
§ / dtn (Fn|U(te, tn)Wa(tes ty, ?‘.2)‘05\1))
t

&

S |MN|?—loop T+ I ® |MN|2

=W low) + oY) + okt

~ (P(ur) + K) ® |Mny/*




SUMMAry  eppnosoion)

We defined a new formalism for describing the
parton shower

Exact kinematics, Lorentz invariant and
covariant formalism, improved soft gluon

No phase space cut parametes at all, only the
infrared cutoff parameter

Clear way to add higher order to the shower

It is possible to add massive fermions in the
same way

Matched to the LO matrix elements
Matched to the “NLO matrix elements”




