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[ Jet fragmentation vs anal yti cal pQCDj

— > Momentum distribution of particles in jets;

—» Multiplicity of charged particles in jets;

including g/q jet differences

New results:

— > Momentum correlation of particles in jets;

~ * k -distributions of particles in jets;

(kT—transverse momentum with respect to jet axis)

—» Global Event Shapes;
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~ Partons,

Hadr ons, Jets |

Sergo Jindariani

Pick two partons and their momenta:
-phenomenological parton density functions, PDF

Hard Scattering:

-pQCD exact matrix element at LO, some at
NLO,...

Soft final state radiation:

-pQCD approximate resummation in all orders:
LLA (leading log approximation), NLLA

Underlying event:
-phenomenological models

Hadronization:
-phenomenological models

Calorimeter response:
-electromagnetic shower for photons

-hadronic shower for “stable” hadrons

Jet identification:
-jet finding algorithms
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[ Particle monmenta and average multiplicity j

Partons: NLLA resummation . | —— e Bome BLop
- Mueller (1983) z o T 9T120 ce -=0.
- Dokshitzer, Troyan (1984) A
- Malaza, Webber (1984) 3 i

I

- plus subsequent corrections

dN/d¢ = D(Y, ¢€)

N

(2}
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II

s

1.5

E = ]-n(]-/X) = ln(Ejet/pparton) 1
Y = ln(Q/Qeff)' Q = Ejetecone " ".'.'-
Qetr = Qeutorr = Nacop 00 1 2 3 2 5 (-ls ) ;

J‘ﬂ‘m

From partons to hadrons: Local Parton-Hadron Duality
- Azimov, Dokshitzer, Khoze, Troyan (1985)

Hadron observables follow patterns predicted for partons
* Nhadrons -~ Npartons .

« Momentum distributions?

« Momentum correlations?
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[ Particle monmenta and average multiplicity j

cone opening angle 6=0.47 CDF
Momentum dis ution Of ; E M;i=78 GeV/c2 : M:=101 GeV/ 25 M:=133 GeV/c2
charged particles in jets: IR T T
VAN TANR VA
- dijet events with well-balanced E; 1 % e - s
. . . O:.p.’..."u.. AN Zfﬁ-.
- 15-30° cone around dijet axis 8P b M171GeVicsf  Mj=216 GeViczE  Mj-274 GeVic?
— C i C
S 3F 3 /\ 3
@M 2F - : -
S LE % o 5 2
Two parameter fit (MLLA+LPHD): < 't/ & o/ N\ B/ %
- works surprisingly well in wide 4 E Mjj=351 GeV/cz | Mj=452 GeV/c2| Mj=573 GeV/c?
range of dijet masses 3 = ¥
2 i % - 4
- MLLA Q. = 230+40 MeV : o W
0 5 0 5 0 5
k. -cutoff can be set as low as N\, E=log(1/x)
_ p article _ _ D E et D
- Kipppie) = 0.56 £ 0.10 x=— E-ln(l/x)-lnﬁ’ ﬁ
jet particle
Nhadrons = Npartons
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~ Guon/Quark Jet Differences |

Charged particle multiplicities in gluon and quark jets:

- Measured multiplicities in di-jet and y-jet events can be resolved for
multiplicities in quark and gluon jets;

Results agree with NNLLA:

| LLA & NLLA, r=C ,[C =225

r=1.64+0.17 at Q=20 GeV

N g-jet /N qjet

\
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'|

||

1
l
":. o o
lr1

o —

Ratio

Most recent LEP result (OPAL):

O CDF, E =41 GeV
Gaffrey & Mueller, 1985 @ CDF, E ;=53 GeV

r=1.51+0.04 at Q=90 GeV | —— Cuanietal, 105
' Capelia etal, 2000

10 100

Q=E_[

Jjet cone
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( Morrent um Corr el at i ons )
Theory: C.Fong, B.Webber (1990)  (1990) Phys.Lett. B241:255

(a recent update by R.Perez-Ramos just became available)
- Consider all particle pairs in a small cone around jet axis:

d’N |
( ) mixes together:
R(E,,E,)= de,dé, } - momentum correlations
b= ( dN Y dN> - multiplicity fluctuations
dg, &, f(dN/dg)dE=N

Jd*N/(dE dE,)dE dE,=N(N-1)

- To decouple momentum correlations and multiplicity fluctuations
effects we used distributions normalized to unity:

&
_ o dgdg, - (N 1
ClEE" G dn ~TNIN-T) R B EIFREE
dgl EZ
where F:<NEE>_21>> - binomial moments taken from theory

/
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Mborrent um Correl ati ons )

- Consider all particle pairs in a small cone around jet axis:

For particles with momenta around the peak of (dN/d¢) distribution,

C(¢ ,¢ ) i1s predicted by NLLA:
|:| dl’l |:| 1" "2
0. . O

_ d&de, O _ _ 2
C(EDEZ)_ Odn T dn D_ CO(Ejet)-I_Cl(Ejet)mAEl+AEZ)+CZ(Ejet)mAél AEz)

T, FHE, O

3 CO, C ) and C2 depend on Y=1n(EjeteC/Qeff)

dn/dg | . | | | | SR

- ; : - ; ; : % A%
L e T, PR P 0.5¢ &

T I S R | : —
F T s . : ! ; %_%___;

.15 e L e L o e e oL

E : : - : : : : 7

o H , o : : :

L

T

n
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Mborrent um Correl ati ons )

- Consider all particle pairs in a small cone around jet axis:

For particles with momenta around the peak of (dN/d¢) distribution,
C(El,EZ) is predicted by NLLA:

U dn E
0
04¢<,d¢, O 2
C Go) = :0E'et+ E'et A1+A2+2E'et AI_AZ
€:-,) Edn%dn% Co(E, )+t q(E,)UAE, +AE,) + ¢, (E,,)HAE, —AL,)
HE, (T¥S, O
3 CO, C , and C2 depend on Y=1n(Ejet6C/Qeff)
Cy >1 ehly

2

C, always positive %

C, always negative ! \\ Y

Ridge-like structure: 415:_ %

* Particles with like momenta correlate : ~ '

* Correlation is stronger for soft particles AN T
-1 -0.5 0 0.5

I
1
AL,
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( Morrent um Corr el at i ons |

- Hadron correlations follow the pattern expected for partons;

CE,.&,) = (E,,) +c (£, TAE, +AF,) + ertE ) HAE—AEG)~

2R g o ;EJ'E A COF Pun Il preliminary
- 1.5 §t ta CDF data
4:_ : urncartanty ol the it
3.8C Ql? (3 14| - - - Fong'Wsbbar O =230M=V
3.65_ 1.3E Q=E,,. 8.=100%*0_5=50G=V
3.4F 1.2
3.2;— 1_15
3 I
2.8 -
5 R
24F /&7 i
E O.TF
2.2 8
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Momentum Correl ati ons

- Hadron correlations follow the pattern expected for partons;

CE.8,) =y (E,) + oftEyHbE+AE) + ¢, (B, ) AL, —A8,)°

;1-31-5 ry

COF Aun lpr=iminary
ftto COF data
unc=rtanty of the it

= Fong tVebber O, =2300 =

13k o=E,,, 6.=100%0._5=50G=V

] S
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E

Momentum Correl ati ons

J

Plotting the energy dependence of the coefficients allows us to extract Q.¢

Sergo Jindariani

0.12F
0.1
0.08 °

0.06[

0.04f

0.02[

E. .0
Y — lﬂ( jet ¥ cone ):lﬂ
Qeff
a
C,(Y) = +Y11'5 + -
o or

A CDF Run Il preliminary

......... Fang/Webber quark jet Q_ =147MeV

« Fang/Webber gluon jet Q_ =147MeV

-0.06
___________________ 008
T ' 0.1}
:F * """"" 0124
0141
| ] | ] 1 1 | | I F M
40 60 80 100 120 0
Q(GeV)

O = 150+ 80 MeV

Theory reproduces trends seen 1n data
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COF fit by Fong/Webber Q_=147MeV -0.02

A

COF Run Il preliminary
CDF fit by FongWebber Q_ =131 MeV

Fong/Webber quark jet Q_=131MeV

« Fong/Webber gluon jet Q_ =131MeV

20 100 120

Q(GeV)

Q.5 = 130+ 30 MeV



( Morrent um Corr el at i ons |

- C, Is too small if compared to theory;
- However, it's almost independent of energy, as expected,;

- Theoretically, this parameter has some issues...

=1.35;
Q j‘ A CDF Run 1l preliminary
K CDF fit by Fong/Webber Q__=0.1MeV
1.3 10y Fongiiebber U, =0.1he Y =] Ejetecone —1 Q
S Fong/Webber Q_=137MeV = In Q = nQ—
1 25_:_‘.‘ ......... Fong/Webber quark jet Q_,=137MeV eff €
3 “g‘ s FONG/MWebber gluon jet Q_=137MeV
1_25_ -------------- CO<Y) — ].+A+
1.15}'& """"
145 ‘ # + + % }[constant offsetj
1.05:—
1: | | | | | | | | | | | | | | | | | | | | | |
0 20 40 60 80 100 120
Q(GeV)
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( Kt distributions )

R.Perez-Ramoz & B.Machet (2006) jet axis
JHEP 04 (2006) 043

k

T

- allows to probe softer particle spectra

[P
— > Nearly no dependence on Q¢ _
—» Weak dependence on jet origin (q or g) kT= P:SIN (0)
~ > Energy scale Q = E;8 defines kg cutoff

= -+ -+

= = = Normalized to bin:-0.2<1ln(k;)<0.0 (N’)
£ Q=E_ 0.=136%0.5=68 GeV £ Q=E_ 0.=136%0.5=68 GeV £

= * = o = Gluon Jet Q_..=250 MeV
= - —_ aff

Z1r Z1E Z1E

B L T T

2 t Z 2

- - o

- - -

-

oI
T

-
o|
ure
o|

T

| MLLA Q_,,=350 MeV I Quark Jet i MLLA Q=19 GeV
2 2 Gluon Jet 2 MLLA Q=68 GeV
10 - MLLA Q_..=150 MeV 10 10
g £E 5 - MLLA Q=155 GeV
Bl li i b il el b il Bl v v e vl by b i iy SLilivi v bevii bbb i il
n 0 0.5 1 1.5 2 25 3 n 0 0.5 1 15 2 25 3 L 0 0.5 1 15 2 25 3
In(k;/1Gev/c) In(k;/1Gev/c) In(k /1Gev/c)
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( Kt distributions )

R.Perez-Ramoz & B.Machet (2006)
JHEP 04 (2006) 043

_u:'_ Normalized to bin:-0.2<ln(k,)<0.0 (N') _u:'_ Normalized to bin:-0.2<1ln(k;)<0.0 (N') _\:'_ Normalized to bin:-0.2<1ln(k,)<0.0 (N')
S S S
£ Q=E_  0.=38*%0.5=19 GeV £ Q=Ej¢9c=100*0.5=50 GeV < Q=E, . 0.=310%0.5=155 GeV
= v = = e - =
= —ge L CDF Run II Preliminary — —"'I;Hq = =¥y,
% 1 —"F:‘_""_' Total Uncertainty % 1 E —HAH_ % 1 = "‘1‘-!1_':‘
o - — = Bl fead
= [ MLLA (R.Perez/B.Machet) = B . = “¥
E —— s E - (o B B -z-. M"‘,-_-H
T —Y— T i B . T Yo
1 —— .“--___ L '_'_";"':'~‘___
1 —— 1 —Y— L
107"} L) 107} v 10| =
- : stk =¥
I —y— ]
—Y— I ¥
2 ’ 2 2
10 | 1558 10 | —— 10 &
v CDF Run II Preliminary —¥— 5 v CDF Run II Preliminacy
Total Uncertainty B Total Uncertainty
o = mmmmmen MLLA (R.Perez/B.Machet) = cmrrmm— MLLA (R.Perez/B.Machet)
10"3|||w||||||‘|||||t|1||||:l-lIa' 10'3!....I.\..I...\I....I\..:IH\:I 10‘3|||||‘I\I\|\|||||||||||II|II\IJ_L_L_[_I
-0.5 0 0.5 1 1.5 2 2.5 -0.5 0 0.5 1 1.5 2 2.5 -0.5 0 0.5 1 1.5 2 2.5 3
In(k;/1Gev/c) In(k;/1Gev/c) In(k/1Gev/c)

Soft approximarion: p/Ejet~ 0.1

Works well for y=In(k /Q_) in the range y<Y-2.5 =§» [Can get Kt JEnglE

——» Data indicates fewer particles with large kt
——» Better agreement with increasing Energy scale Q

Is this due to an incomplete pQCD or the intervention of Hadronization?
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( Kt distributions )

R.Perez-Ramoz & B.Machet (2006)
JHEP 04 (2006) 043

- T ~_ T - T
_u:'_ Normalized to bin:-0.2<ln(k,)<0.0 (N') _u:'_ Normalized to bin:-0.2xln(k;)<0.0 (N') _\:'_ Normalized to bin:-0.2<1ln(k,)<0.01 (N')
S 1 S 1 S 1
£ ' Q=E t9:=38*0.5=19 GeV £ Q=E_Et9c=100*0.5=50 GeV £ Q=E, t9==310*0'5=155 GeV
S g S ' c::;' Run IT Prelimi s —¥=-, ’ " s ” "
- v un IT Prelimina ry =S = ==
% 1 —"F:‘_""_' : Total Uncertainty % 1 = L % 1 = "‘1‘-!!1.':‘
R =¥ = ey
= [ T MLLA (R.Perez/B.Machet) = — e = e
g b—;—l . g ot S g Mﬂn'—'v—g
—_—— e
: —— ok s [ »—v—':"“-'-;\‘___
A i 1 —Y—y E ——
10 | i 10 = 10 i
- —— o !
= —y— ¥
—Y— I ¥
' \ 1
-2 -2 -2
10 ' i 10 : e 10
- . - ' -
v CDF Run II Preliminary : —¥— 5 v CDF Run II Preliminacy
Total Uncertainty : B Total Uncertainty
o = mmmmmen MLLA (R.Perez/B.Machet) 1 [ mmm— MLLA (R.Perez/B.Machet)
] 1 1
el ] 1 P O O e S W - I I N SO NI S AN AU OArO BN S RO B W OO I W W N A U WA O W
10 I | | L1 1 10 10
05 0 0.5 1 1.5 2 25 05 D 0.5 1 1.5 2 25 05 0 05 1 15 2 25 3
In(k;/1Gev/c)

_ In(k.1Gev/c)

<— ) i In(k;/1Gev/c) : . ) i <+ — — —

Soft approximarion: p/Ejet~ 0.1
Works well for y=In(k /Q_) in the range y<Y-2.5 =#» \Can get Kt JEnglE

—» Data indicates fewer particles with large ky
——» Better agreement with increasing Energy scale Q

Is this due to an incomplete pQCD or the intervention of Hadronization?
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Event Shapes

Studied extensively in the context o

+ Measurements of ag

¢+ Means of tuning MC

® Color Factor Fits
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[ Event Shapes |

Event grows from a much richer color structure:

RN

LEP Tevatron

Complication: Forward region i1s experimentally inaccessible. Analytical predictions require
“global” observables (i.e. sensitive to emissions in all directions).

—»Indirectly Global Event Shapes = Central Event Shape + Recoil C E\
(both Central ES & Recoil defined within central region C) -
Theory: A.Banfi, G. Salam, G. Zanderighi JHEP 0408:062 (2004) h

Transverse Thrust Transverse Thrust Minor

Z |q|j nT| _ Z |‘f|j"’7m‘ NN

T= T,= — n,=npXZz

Xl |7
Recoil
RD C 0i
, Z |q[| | Z C]
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( Event Shapes |

§|;-§ B Leading Jet E; > 50 GeV
1=
| —— LO + NLL (CTEQ6M) p N
- Pythia Partons (CTEQ5L) MC .at .Parton Leve:l in agreement v.v1t.h
- preliminary analytical pQCD predictions.
0.5 -
0 o In] <11
| 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1
-6 4 -2 0
X=In(Ty;* Ry)
]
-l Leading Jet E, > 50 GeV
@ D M
MC at Hadron Level in agreement s — Parton
with MC Parton Level: 4 — Hadron

True of Ty;;, and Ry independantly

Strong Correlation between levels too

No shift due to hadronization in the MC i
A 4 i

Y 1
X=Ty,*R;
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Event Shapes: Detector Effects]

'El% 20

- Leading Jet E. > 50 GeV
i Recoil:
i —— CDFIl Cal. Sim. necork:
i _ Hadron Detector Sim. #ZMC Hadron Level
i (instrumental effects to be unfolded)
10—
54‘7
i Pythia
L | | | Inl < 3.0
DD 1 | 0-2 ! L 0-4 1 | 1 D-E | 1 | D-E 1 | 1 1
X =R,
o © .
oo i Leading Jet E; > 50 GeV
-t
& I — CDFII Cal. Sim.
Central Event Shapes: 4 —— Hadron

Detector Sim. = MC Hadron Level g
(true of Tracks and Calorimeter Towers!) i
True on an event by event basis

(approx. no instrumental effects to unfold)

0 02 04 06 0.8 1
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( Event Shapes: Data |

3% i Leading Jet E. > 50 GeV
Flb L \
: Recoil:
—=— CDFII Preliminary
. i I .
E'a;_”":m":” o Data = Detector Sim.
— 1a fune .
Y No surprises there |
4
Towers
| | | nl < 3.0
“o4 06 08 1
X=R,
6
b| % .
T | Leading Jet E; > 50 GeV
“lb
L —— CDFII Preliminary
4l ) _* (stat. uncertainty only)

Central Event Shapes:

Data = Detector Sim. + Shift -
Present in both Tracks and Towers
Is it 1/Q? Awaiting analytical predictions I

—— Pythia Tune A

Towers

= | | n| <3.0

0 0.2 0.4 0.6 0.8 1
X=Tyin
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[ Concl usi ons |

Momentum distributions and particle multiplicity in jets:
- Consistent with parton distribution predicted by MLLA;
- Q_=240£40 MeV over the entire range of dijet masses;

-K =0.56%x0.10 for charged particles;

LPHD

- Ratio of multiplicities in g/q jets r=1.6%0.2;

Momentum correlations:

- Hadron correlations follow the pattern expected for partons;
- The constant term is smaller than predicted by pQCD...;

- Q_=140+£80 MeV from linear and parabolic terms;

Kt distributions:
- Data at low k_agrees with theory, but seems to sag at large k_;

- Discrepancy is smaller for larger Q;

Indirectly global event shapes:

- Data is shifted with respect to Monte Carlo;

- Awaiting theoretical predictions...;

- This branch of studies promises very interesting results;
- Stay tuned for updates;
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[ Hadr oni zation :) |

The more we learn, the less the role of phenomenological
hadronization in shaping the jet structure seems to be...

=
O
=
<
N
=
o
i
a)
<
T
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. _______________________________________ __ _ |
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( Experimental Features )

Measurement:

- Well balanced di-jet events with Mjj ranging 60-600 GeV;
- Jet axis in the central region |n|<0.9;

- Events with only one vertex;

- Measurement done in the dijet center-of-mass frame;

- Cone jet algorithm with R=1.0;

- Charged particles in the cone with 8 =0.5;

- Unfold the small underlying event contribution;
- Remove secondaries ( conversions, ....)

Theory( to make compare to data):

- produce correlation function for a mixture of quark and gluon jets;
- get fraction of gluon jets in the sample from Pythia Tune A Monte-Carlo;
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Correl ati on Dat a- MC

Pythia Tune A and Herwiqg 6.5

- Both MC generators reproduce correlation in data fairly well;

AE -AZ, Diagonal
1 2

18— —coF Run Tpreminary
< 1.5| —— fit to CDF data

"y | —— Pythia Tune A

o14) . Herwig 6.5

Q=E._.0.=100%0.5=50GeV

jetc

0.8

0.7
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
il 2 15 -1 05 0 05 1 15 2
AGFAG,

Sergo Jindariani

| AZ+AZ, Diagonal |

~1.6
215

A CDF Run Il preliminary
—— fitto CDF data
—— Pythia Tune A
----- Herwig 6.5

Q=E._.0.=100%0.5=50GeV

Jjet e

2 <15 1 05 0 05 1 15 2

A AL,
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( Kt Data- MC )

Pythia and Herwig (Hadron level) in agreement with
Data over the full range of kt

Where i1s the discrepancy coming from?

MLLA - Next-to-Leading Log
Pythia — Leading Log + Energy conservation

— — —
_g'_ Normalized to bin:-0.2<ln(k;)<0.0 (N') _-g'_ Normalized to bin:-0.2<ln(k;)<0.0 (N') _-"_ Normalized to bin:-0.2<ln(k,;)<0.0 (N’)
= = =

= Q=E._6_=38%0.5=19 GeV c Q=E__8_=100%0.5=50 GeV c Q=E__0_=310*0.5=155 GeV
5 et 5 et S et

> ¥ CDF Run IT Preliminary| = = L

% 1¢ Total Uncertainty % 1 % 1E

- F Pythi=a Tune A - = “ =

E ------- Herwig 6.5 E E

- - ~-

10" 107} 10"}
10° 107} 107}
F F v CDF Run II Preliminary |_ - v CDF Run II Preliminary
Total Uncertainty e - Total Uncertainty
Pythia Tune A Pythia Tune A
----- Herwig 6.5 - =------- Herwig 6.5
10'3\....I....I....I..;.I.:I‘%TJ.I | 10'3 NN N T O T Y A 10'3 vl b b by v by by 0
0.5 0 0.5 1.5 2 2.5 -0.5 0 D.5 1 1.5 2 2.5 -D.5 0 0.5 1 1.5 2 2.5 3
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Pythia Partons follow MLLA

\

Doesn't look like it's Energy
conservation

\

Hadronization???
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Event Shapes
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* Shift between <Data> & <MC>
independent of how central region
defined

o <T,p,TR> constant over the range of
Neentral (Thrust saturates)

ISMD'2006 09/02-08/06, Paraty, Brazil



