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® Early days
® |et algorithms
® Power corrections

® Quark-gluon jet discrimination
® Electroweak DGLAP
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DDT < 1980

Physics Reports

Volume 58, Issue 5, February 1980, Pages 269-395

Hard processes in quantum chromodynamics

Yu.L. Dokshitzer, D.I. Dyakonov, S.I. Troyan

Abstract

The use of Quantum Chromodynamics (QCD) in treating the hadronic world has
become an overwhelming trend in particle physics. Owing to the asymptotic freedom
of QCD, one can use perturbative methods to describe hard hadronic processes, i.e.
those in which small distances as compared to hadron size are important. This paper
is devoted to an improved perturbative QCD analysis of a wide class of hard
processes. We start with the deep inelastic lepton-hadron scattering and the inclusive
e*e” annihilation to hadrons, and show how and to what extent QCD imitates the
parton model. We move further to hard semi-inclusive processes, and demonstrate
that in this case the QCD predictions differ drastically from those of the parton model.
The approach outlined in the paper paves the way for a detailed quantitative
description of hard processes (provided QCD is the right theory).

Special attention is given to the underlying physics. In particular, a possible influence
of the hitherto unknown confinement mechanism on perturbative QCD analysis is
discussed.

Copyright @ 1980 Published by Elsevier B.V.
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Fig. 1. Hadronic flow correlation defined by eq. (11) as a func-
tion of the azimuthal angle ¢ for a rapidity interval 1 <#n;;<2.
The points are Monte Carlo predictions from the program
HERWIG [8] at the parton and hadron levels, for e*e~ annihi-
lation at Ecy=91 GeV. The curves show the leading-order pre-
diction (6) for various rapidity differences #;,. :
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Measuring colour flows in hard processes
via hadronic correlations *

Yu.L. Dokshitzer ?, V.A. Khoze ™*!, G. Marchesini ° and B.R. Webber ¢

& Leningrad Nuclear Physics Institute, Gatchina, SU-188 350 Leningrad, USSR

b CERN, CH-1211 Geneva 23, Switzerland

¢ Dipartimento di Fisica, Universita di Parma, and INFN, Gruppo Collegato di Parma, I-43100 Parma, Italy
9 Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge CB3 OHE, UK

Received 8 May 1990
We propose a method for revealing the connection between observed hadronic distributions and the colour structure of an

underlying hard process. The method does not require any special event selection or jet finding. It involves measuring a ratio of
energy-multiplicity correlations which is especially sensitive to colour flows in jet formation. This quantity is infrared stable and

can be calculated completely perturbatively. We discuss in detail the case of e*e~ annihilation.

The first data on hadronic Z° decays from SLC [1]
and LEP [2-5] appear to be in very good agreement
with Monte Carlo simulations [6-8 ] based on a QCD
parton shower mechanism of multihadron produc-
tion in hard processes (see e.g. the reviews in refs.
[9,10] and references therein). In this mechanism,
hadron distributions are mainly determined by those
of underlying parton cascades, whose properties can
be calculated in detail using perturbative QCD. The
conversion of partons into hadrons is supposed to oc-
cur at a low virtuality scale, independent of the scale
of the primary hard process, and to involve only low
momentum transfers, leading to a close similarity or
“local duality” (LPHD) [11] between parton and
hadron distributions. Such local duality follows nat-
urally from the pre-confinement property of QCD
[12].

A fundamental feature of the parton shower mech-
anism is the connection between the colour flow in
the hard process and the observed flow of hadron
multiplicity [9,10,13].

This connection was beautifully illustrated ine*e~

* Research supported in part by the UK Science and Engineer-
ing Research Council and in part by the Italian Ministero della
Pubblica Istruzione.

! Supported in part by the World Laboratory Eloisatron Project.

annihilation at lower energies by the observation of
the “string” or “drag” effect in three-jet final states.
Here the colour flow gives rise to destructive interfer-
ence in the “antenna pattern” of parton emission in
the angular region between the quark and antiquark
jets. The corresponding depletion of hadron flow into
this region was confirmed both by comparison of
hadron multiplicities between the jets [14] and by
comparison of gGg and qqy final states [15]. It should
be possible to provide further evidence for colour in-
terference in three-jet events by the same type of
analysis of the LEP data, with greatly increased sta-
tistics, higher energy, and the possibility of identify-
ing quark jets through the observation of heavy quark
decays.

As a demonstration of the connection between col-
our and hadronic flows, the “string” analysis of three-
jet events suffers from some inherent difficulties and
weaknesses that one would prefer to avoid if possi-
ble. First of all, the necessity of selecting a three-jet
event sample reduces the statistics and may intro-
duce biases into the observed hadron flow. The need
to define jet directions introduces a dependence on
the jet-finding algorithm. Discrimination between
quark and gluon jets on the basis of their relative
energies reduces the effect and prevents the use of
symmetrical jet configurations.

0370-2693/90/$ 03.50 © 1990 ~ Elsevier Science Publishers B.V. ( North-Holland ) 243
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First collaboration 1990

QCD coherence studies using two particle azimuthal correlations

OPAL Collaboration Z. Phys. C 58, 207-217 (1993)
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Jet Algorithms
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JADE algorithm

Durham Jet Workshop,
December 1990

’%, Jet cross sections at leading double logarithm in e*e~ annihilation
1 2

N. Brown
Rutherford Appleton Laboratory, Chilton, Didcot OX11 0QX, England, UK

yij _— QEZEJ(l — COS 92])/8 ~ MZ%/S and

W.J. Stirling
Departments of Physics and Mathematical Sciences, University of Durham, Durham DH1 3LE, England, UK

2
ﬁ o (CFaS) ln4y (E) : Received 17 August 1990; revised manuscript received 8 October 1990
Cpo, 1 {Crax 19 I(Cpas) (31)
— el - — |
k== lny+2'( - )lny( 12) h=3\"7 ) "%

2
CF(X 1 C}:as 4 5 (CFO.’ ) (571 )
=1 = = — 1
fo=1-——In’y+ 2,( - )lny(6)- Jo = AN

® Parts of 2- and 4-jets were counted as 3-jets
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JADE algorithm

December 1990

3,
|
’%, Jet cross sections at leading double logarithm in e*e~ annihilation
1 2

N. Brown
Rutherford Appleton Laboratory, Chilton, Didcot OX11 0QX, England, UK

yij _— QEZEJ(l — COS 92])/8 ~ MZ%/S and

W.J. Stirling
Departments of Physics and Mathematical Sciences, University of Durham, Durham DH1 3LE, England, UK

2
ﬁ o (CFaS) ln4y (E) : Received 17 August 1990; revised manuscript received 8 October 1990
Cpo, 1 {Crax 19 I(Cpas) (31)
— el - — |
k== lny+2'( - )lny( 12) h=3\"7 ) "%

2
CF(X 1 C}:as 4 5 (CFO.’ ) (571 )
=1 = = — 1
fo=1-——In’y+ 2,( - )lny(6)- Jo = AN

® Parts of 2- and 4-jets were counted as 3-jets,
when 3 and 4 form a phantom jet

344 Durham Jet Workshop,
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ke (Durham) algorithm

New clustering algorithm
for multijet cross sections in e*e~ annihilation™

_ 2 2
y = 2 mln{E E }( — COS 92] )/ s = kt ,17 / S S. Catani *™!, Yu.L. Dokshitzer 9, M. Olsson 9, G. Turnock ? and B.R. Webber ?

* Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge CB3 OHE, UK
® INFN, Sezione di Firenze, Largo Fermi 2, I-50125 Florence, Italy
¢ Leningrad Nuclear Physics Institute, Gatchina, SU-188 350 Leningrad, USSR

2 i
CF o 9 Department of Theoretical Physics, University of Lund, Solvegatan 144, S-22362 Lund, Sweden
§ 4
fi= In‘y (1), |
T Received2 . ___ ____

2 3
C 1 { Cra | [ Crag
fé: I;ca 1ny+2'( E;ca) 1n4y(—2‘)’ ﬁ=§( l;: ) ln6y(1),

- L), =36 (1)

T
® |eading logs exponentiate: resummation possible
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Ke-jet rates

® q/g jet generating functions:

J

l m
Rfj)(ycut =Q(2)/Q2)= E{ (5};) @a(Q: QO: H)

u==0

Pq(u, Q)

Q
uAg(Q) exp (/QO quq(Q,Q)qﬁg(u»Q)) )

Q u, q)°
by (1,Q) = ulg(Q)exp </QO dq [FQ(Q,Q)%(U,Q) +T's(q) qf;g((z;,qq)) D

where (@) is the jet scale, Qo = @/y_ . 18 the resolution scale, and

['(Q,q) = - q (lﬂg—1>,
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Ke-jet rates

Bryan Webber, Jetty Investigations
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k-jet rates: Z—jets

o 7°2.3,4-jet rates: o o
0.20 //// 58
Z 1 2 I 2 2 12 3 g s ; t
Ry = 1+ ia(SCFL — CpL ) + ma (QQCACFL + IGQCFL —44CACrL o0 ¥ T3
So.07E s
—~108C%L? + 18CHL* — 18CrL*ns + 8CrLny),
1 1 :
R? = 5(=3CrL + CrL?) + 4—8a2(—660ACpL2 — 108C%L* + 28CACpL? | | | | |
0.02 |+ ——1
+T202L3 — CACKELY — 1202 L% + 12CpL?ns — ACpLPny), g e .
Z 1.0 904390 B3 3
z _ 1 5 2 272 3 273 4 SosE ¥ * ’
R = 70%(99CACrL? +162CEL? — 40CACrL® — 108CELY + 3C4Cr L CeE U F
2 4 6 8 10 12 14
+18CHL* — 18CrL*ny + 4CpL’ny). Log(L/Yeuw)

a=0as(Q%)/m, L=log(l/ycut)

R, = (aL®)" " (A+ B/L+ C/L?)

e ‘Data’=MG>5 exact LO ME

® NNLL terms are helpful!

Log(1/Ycut)
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Ke-jet rates: Higgs—jets

e Higgs 2,3,4-jet rates: a3 E
1 1
R = 1+ Ea(llCAL —3C4L* —2Lny) + ma2(363CiL2 — 176C4 L + 18C4 L*
—132C4L%ns 4 32C4L%ns + 12L°n3),
1 1
RIF = éa(—lchL +3CaL? +2Lny) + ma%—?%(}iﬁ +352C4 L% — 39CAL?
+220C4L*ny + 36CpL?ny — 56CaL°ny — 8CpLiny — 16L°n7),
1
Rl = maQ(SGSCﬁLQ — 176C4L3 4+ 21CAL*

—88C4L°ny — 36CrL°ns + 24CaL%ny + 8CpL°ny + AL°n%).

a=as(Q*)/m, L=10g(1/Ycur)

R, = (aL®)" " (A+ B/L+ C/L?)

® ‘Data’=MG5 exact LO ME
® NNLL terms again helpful!

Log(1/Yeut)
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ke-type (pp) algorithms

® Compute list of {di,dig} Catani, Dokshitzer, Seymour, BW, NPB406(1993)187
S Ellis, D Soper, PRD48(1993)3160
AR?

Rz dip = pff ; AR@'Qj = (yi — yj)2 + (@i — ij)Z

“ If djj is smallest, combine i & j

I 2p | 2p
dij = min{pj » Pt

“ If dig is smallest, i is a jet: remove it from list
“* Repeat until list is empty
® p=+1:kt algorithm (scale of running coupling)
® p=0 :Cambridge/Aachen algorithm (angular ordering)

® ;= —1:anti-kt algorithm (cone jets, not QCD dynamics)
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ke-type (pp) algorithms

® Compute list of {di,dig} Catani, Dokshitzer, Seymour, BW, NPB406(1993)187
AR S Ellis, D Soper, PRD48(1993)3160

72 0 i = = pi, AR = (g — ;) + (0 — ¢5)°

“ If djj is smallest, combine i & j

dij = mln{ptz 7pt] )

“ If dig is smallest, i is a jet: remove it from list
“* Repeat until list is empty

® p=+1:kr algorithm (scale of running coupling)
Dokshitzer, Leder, Moretti, BW, JHEPO8 (1997)001

® p=0 :/ algorithm (angular ordering)
Wobisch, Wengler, hep-ph/9907280
® p=-1 algorithm (cone jets, not QCD dynamics)

Cacciari, Salam, Soyez, JHEP 0804 (2008) 063
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Jet algorithms: computation

Timing v. particle multiplicity 2008
10?2 ——————— ————— —

LHC lo-lumi

LHC hi-lumi LHC Pb-Pb
100 1000

10000 100000

N
=p N° - NlogN
FastJet: Cacciari & Salam, Phys Lett B 641(2006)57
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Jet algorithms: underlying event

100V R — S t [ Caniahon =i

Cacciari, Salam, Soyez, |JHEP04(2008)063

® Anti-kT is best for controlled UE subtraction
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Power Corrections
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Jet hadronization

® Simple “tube” model describes many features

q q

@ %‘ (£

Q= FEcm = /dﬁ d*pr p(pr)pr coshy = 2Asinh Y

A= [ &®p7 p(pr)PT = Nhaa(pr)/2Y
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Jet hadronization

Dokshitzer, Leder, Moretti, BW, JHEP 08(1997)001

® Algorithm should classify tube as 2-jet
* (ys—jet) smallest is best

® JADE: (uiie) ~ /@ (1L

® LUCLUS kt: (5 jor) ~ AInQ/Q)? [ | {=—H

® Cambridge/Aachen: (ys3_jet) ~ (AInlnQ/Q)

® Anti-k: (y3_jet) ~ (A/Q)?

/\Mg
L
N
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Jet algorithms: hadronization

1073 g

10~4 b

1/Q

1079

(¥3)

1076

| g2
| I | ] ] ] 1
100 200 500 1000 2000 5000 10000
E.n (GeV)

108

® Anti-kt is best for small hadronization effect
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NP shift in Thrust

Unshifted
Shifted
10 ; TASSO (35 GeV) +—+—
- i JADE (35 GeV) —e—i ]
Q=35 GeV

0s=0.1358

1,0 do/dt

01

0.01 ' '
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
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DMW [995

Dispersive approach to power-behaved
contributions in QCD hard processes *

Yu.L. Dokshitzer®', G. Marchesini®, B.R. Webber®

2 Theory Division, CERN, CH-1211 Geneva 23, Switzerland
® Dipartimento di Fisica, Universita di Milano, and INFN, Sezione di Milano, Italy
¢ Cavendish Laboratory, University of Cambridge, UK

Received 25 January 1996; accepted 18 March 1996
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NLL thrust resummation

1 do Q2 2 [ ~ 2
_ % dy e(1-T)vQ { q()2 }
Otot dT 271 /C Ve J (Q ) ’

In J4(Q?) = /1 du (e_“’”Q2 — 1) _/UUQQ d—q;A(O‘S(C])) + —B(QS(\/EQ))_

o U

® | eading PT contribution from g < y

{ 0.116 +0.087

as (pRr) + o (1r) &l (IHM—R TS 1)

L ur - 208
+0.071 = 0274

3 Bo ’ 2 UR 1R o] K I
Oés(:“R)(?) [ln E+<IHE+1> <2+2—53+E>+4—2

o In J2(Q%)

pert T 78

2
5
K=Cy <?—;—%>—§nf:3.5, L =11.0 NNLO
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Power correction to thrust

® Replace PT by NP for ¢ < p;

) In Jg(QQ)

20 P g /Q g ,
L / B (emw _1)
n.p. (0 0 q g2/ Q> u

® For ivQ < 1,i.e.1 —T>> 1u,/Q

200 HI
~ a / dq aer(q) VQ =
0

n.p. 70

20F 1y
@

® Milan Factor’: ag — 2M ag/m = 0.95 ag
Dokshitzer, Lucenti, Marchesini, Salam, JHEPO5(1998)003

= 0InJI(Q%) = dInJYQ?)| —o6InJI(Q?| =0TvQ?

n.p. pert

510 J4(Q%) o (1) VQ?
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Power corrections to event shapes

® |/Q correction to T, absent in y3

= 0.18

R ; ® DELPHI 0.04 T r o
o [\ B ALEPH
(16 = A OPAL E N
B ; ” ' L3 0 14 Jrl\l)li
: } i b5 0 L Q DELPHI
I7 \ ~ OPAL
0.14 F  HLO + 170 O TOPAZ ; SLD
B \ & TASSO 0.03 B L3
- ¢ PLUTO X
» L . .
(.12 & ] . g (HE11O E
L & MKII (.025
o1 5 . it HRS #-‘ ‘‘‘‘‘‘‘‘‘‘ .
- }: _ & AMY e & T TEThaaE d
P i ¥ JADE gozyg- T e #* 9
B ) : A
(U8 - T i 7|
™ “-“-\ D\ *\+ — —
NLO™ ™ ﬁq 0.015 [ .
(.06 REs T T ? ;i
E T e SO - 0.01 1
O = 00 TRETEe T T —
14 (.005 ;
0.02 |- C
()blllllllllllllllllllllllllllllllllllllll
0 1 1 1 I S S S S| () 20 40 60 80 100 120 140 160 180 200
20 ) 40 50 60 s 10D cnan
Q (GeV) Vs [GeV]

Dasgupta & Salam, ] Phys G (2004) R143
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Power corrections to event shapes

® |/Q corrections to mean values

0.7 —r—v—s ———r— ——— ,
' ' 0.6
0.6 |
05 |- m 0.5
: :‘;‘\_‘\' I C : -
! \'\'\\: &BT .
c? 04 I~ O Bw
[ 0.4
03 v
0.2 |-

(.3

0.1 L
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Power corrections to event shapes

® |/Q corrections to distributions

+ .
ota DIS
o, Distributions 0.65
09 | 5 o0
.5 5 0.55 it
0.8 F : | I T ﬂ\\
B ] il [ N By
0.7 | : \-\: . S
0.6 | 3 Ce [ \
S
; 0.4 T
0.5 f ; I \ |
: ! 0.35 Pe <~y |
- 5 Q > 30 GeV &
: : 0.3
0.25

0.11 0.115 0.12 0.125 0.13
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NNLO+NLL+NP fit to Thrust

® Fit range: max{u,;/@,0.05} <t < 0.33

1,0 do/dt

Q=14 GeV

0152
Davison & BW, EPJC59 (2009) 13
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NP shift in Thrust

I
Unshifted
i Shifted
10 , TASSO (35 GeV) —+—
- i JADE (35 GeV) —e—t ]

Q=35 GeV

%s=0.1358

1,0 do/dt

01

0.01 '
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
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NP shift in Thrust

I
Unshifted
Shifted

TASSO (44 GeV) —+—
JADE (44 GeV) —+— 7]
DELPHI (45 GeV) —>— ]

Q=44 GeV
%s5=0.1306

10 |

1,0 do/dt

0.01 '
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
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NP shift in Thrust

I
Unshifted
Shifted
AMY (54.5 GeV) —+—
L3 (55.3 GeV) +—e— ]

Q=55 GeV
%s=0.1259

10 1

1,0 do/dt

0.1 - ]

001 | | | | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
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NP shift in Thrust

Unshifted
Shifted

L3 (65.4 GeV) —+—
DELPHI (66.0 GeV) —e— |

i Q=66 GeV
015=0.1223

1,0 do/dt

01

0.01 '
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
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NP shift in Thrust

1,0 do/dt

Bryan Webber, Jetty Investigations

10 |

0.1 ¢

0.01

OPAL
DELPHI
ALEPH
SLD

(
(
(
(

I
Unshifted
Shifted
1.0 GeV) —+—
1.2 GeV

©O©wOwo

1.2 GeV

9s=0.1164

) —e— |
1.2 GeV) —>— ]
) —o— ]

Q=91.2 GeV |

41

0.25

0.4
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NP shift in Thrust

Unshifted
Shifted _

OPAL (133 GeV) —+—
| ALEPH (1383 GeV) +——e—
or Q=133 GeV 1
E 0s=0.1102 ]

1,0 do/dt

Q=133 GeV

001 | | | | | | Al
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

t
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NP shift in Thrust

Unshifted
Shifted |
ALEPH (161.0 GeV) ——+—
L3 (161.3 GeV) +—e—
Q=161 GeV ]

%s=0.1073

1,0 do/dt

01

Q=161 GeV

001 | | | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

t
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NP shift in Thrust

Unshifted
Shifted |
ALEPH (172.0 GeV) —+—
L3 (172.3 GeV) +—e—
Q=172 GeV 7

%s=0.1064

10 |

1,0 do/dt

Q=172 GeV

001 | | | | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

t
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NP shift in Thrust

Unshifted
Shifted ]
L3 (182.8 GeV) —+—
. ALEPH (183.0 GeV) ——
10 _—% : DELPHI (183.0 GeV) —x—
L ; Q=183 GeV
0s=0.1055

1,0 do/dt

01

Q=183 GeV \

001 | | | | | \
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
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NP shift in Thrust

I
Unshifted
Shifted
L3 (188.6 GeV) —+— ]
ALEPH (189.0 GeV) —+—i
DELPHI (189.0 GeV) F—— |

Q=189 GeV
Os=0.1050

1,0 do/dt

01

. Q=189 GeV -

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
t
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NP shift in Thrust

I
Unshifted
Shifted
L3 (200 GeV) —+— ]
ALEPH (200 GeV) +——e—
DELPHI (200 GeV) +—>— |

Q=200 GeV
05=0.1042

1,0 do/dt

| |ewecey N

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
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NP shift in Thrust

I
Unshifted
Shifted
ALEPH (206.0 GeV) —+—— ]
L3 (206.2 GeV) —e—i
DELPHI (207.0 GeV) —>— |

Q=206 GeV
%s5=0.1038

10 bt

1,0 do/dt

0.1 ¢

0.01
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
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Results of NNLO+NLL+NP fit

Experiment | Q/GeV | Ref. | No. Pts. X ' BestFit ¥
TASSO 14.0 [14] 4 8.2 0.66 [ AyP=5 i
TASSO 22.0 | [14] 6| 28 ' My=10

TASSO 35.0 [14] 8 0.7 064 L , A, =20 i
JADE 35.0 | [15] 10 | 105 ' & s

L3 414 | [16] 8| 34 062 L ‘ A%, = 1
JADE 44.0 | [15] 10| 38 '

TASSO 440 | [14] 8| 68 0 | |
DELPHI 450 | [17] 11| 116 '

AMY 54.5 | [18] 4] 49 o ossl i

L3 55.3 | [16] 8| 3.2 s -

L3 654 | [16] 8| 75 056 L )
DELPHI 66.0 | [17] 11| 145 '

L3 757 | [16] 8| 1.9 054 | |
DELPHI 76.0 [17] 11| 10.3 '

L3 82.3 | [16] 8| 4.0 02 L )

L3 85.1 | [16] 8| 3.6

OPAL 91.0 | [19] 5] 11.9 0s L )
ALEPH 912 | [20] 27 | 16.1

DELPHI 912 | [17] 11| 188 048 . . . . .

SLD 91.2 [21] 6 2.7 0.14 0.16 0.18 0.2 0.22 0.24

L3 130.1 | [16] 10 | 14.6 A®)

glﬁgH 122:8 Eg} g gg Varying the renormalisation scale uf, € |Q*/2,2Q*|—>2—>4
L3 136.1 | [16] 10| 37.3 gave best fit values in the range ag (2 GeV) = 0.585,
ALEPH 161.0 | [20 6| 55 5 5

Al o | B I ABL = 0.173 GeV to ag (2 GeV) = 0.598, A = 0.210
é?)LEPH };gg ﬁg} 1(6) 1‘21-? GeV with no significant change in the quality of fit. Thus
OPAL 177.0 | [19] 50 11 we find 5) ) )

L3 182.8 | [16] 10| 27 AM_S — 0_190j8-823f8~81‘; GeV (39)
ALEPH 183.0 | [20] 6| 4.0 ' '

LD?]?LPHI }Zgg HQ 13 33-31 where the first error is the combined experimental statis-
ALEPH 189.0 | [20] 6 67 tical and systematic error and the second is due to the
nggi }Sgg H% g ?g; theoretical renormalisation scale uncertainty. The corre-
L3 194.4 | [16] 10 192 sponding strong coupling constant is

DELPHI 196.0 | [17] 13 | 39.7

OPAL 1970 | 19 5] 100 as (91.2 GeV) = 0.116477 0057 70 0016 » (40)
ALEPH 200.0 | [20] 6| 21.0 ' '

LD?)ELPHI 388'8 HQ 13 gé or, combining all the errors in quadrature, \ 4
DELPHI 202.0 | [17] 13 | 149 0.0028 +0.0040
DELPHI 205.0 | [17] 13 | 12.6 as(91.2 GeV) = 0.11647 5 5056 » (41) - 0.0038
ALEPH 206.0 | [20] 6| 7.0

L3 206.2 | [16] 10 | 100

DELPHI 207.0 | [17] 13 | 117

Total 430 | 466.0
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Quark-Gluon Jet

Discrimination
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C, for g/g discrimination

_.
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o
o

04l

Gluon Efficiency

| Quark vs. Gluon (Pythia8)

- pr e [400,500] GeV, Ry = 0.6 A
[ C (B=02) A
[ — -G (B=05) A
- Ci(B=10) gy
[ -, (B=20) y Y

------- LL Approx. Y/

04
Quark Efficiency

Gluon Efficiency

0.8}

o
o

<
~
—

0.2}

| Quark vs. Gluon (NLL+LO)
[ pr =400 GeV,Ry =0.6

C (ﬁ =0.2) 4'
[ — -G (B=05) Y,
F ===Ci(B=10) .y

uuuuuuuuuuuuuuuuuuu

Quark Efficiency

1.0

o
o0

o
o

Gluon Efficiency

04}

| Quark vs. Gluon (Herwig++)
[ pr € [400,500] GeV, Ry = 0.6

[ Ci (B=02)
[ — - Ci(B=05) s
- - == CLB=10) P
L -=-= C(=20) ,:'}

------- LL Approx.

Quark Efficiency

® |eading-log (LL) ¢, = 62/4 independent of 3

® At NLL small B gives more q/g discrimination

* Pythia8, Herwig++ show same trend, but

* Pythia more, Herwig less than NLL
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Track multiplicity

® Compare Z+q, Z+g (R=0.4, min pta=1GeV)

P, (1) = (kQ/—g”)k‘”g XD kyje 1/ 1)) (gamma distribution)
g n k) Malaza & BW NPB267(1986)702

(n); = N(1+da+d )apexp(c/a) a—\/aSpT /67r
Mueller, PLB 104(1981)161, NPB241(1984)14]
® Again Pythia discriminates more than Herwig

Herw1g++ Pr 6[900 IOOO]GeV PYTHIAG6, pr 6[900 IOOO]GeV

0.1 0.1

0.01 0.01

P(ncn)

0.001

P(ncn)

0.001

1074 1074

10—5 I I I I \ I I I I \ I I I I I I I I I \ I I I I 1 0—5 ¢
50
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Associated Jets

Bhattacherjee, Mukhopadhyay, Noijiri,
® Z+C| VS Z+g (R=04) Sakaki, BWV, JHEP 1504 (2015) 131

Dtj > Pti
® Gluons have more ‘nearby’ jets: o
AR<R3=O.8, PT>Pa=20 GeV Dei > Da

: Qﬁark 3_ NDLA HerWig+-i— Pythia8 |  Gluon _ NDLA Herwig+-i— Pythia8
10,Ra208 ,,,,, n=1 _____, 10,Ra208 ,,,,, n=1 S S

L n>1 === == i | n>1 - — =
0.8,,,,,,5,\,<~,\_; rrrrrrrrrrr — .

= —
— — - e
e e e w —
) _~ — e o —

— e

04 I D ]

00 ; e '+ | | | | | | | i | | | | , , .
200 400 600 800 1000

pr(js) [GeV] pr(js) [GeV]
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Multivariate Analysis

® Boosted Decision Tree analysis

# Method I: net, C1(3=0.2)

2y )
S i | \
—_ | - = = Method—-4 ] L = = = Method -4
* Method 2: n¢k, Ci(3=0.2), assoc of 4 vebods | 3\ N
o I W
_ I - — = Method-2 | I \ - — = Method-2
+ Method 3:ne, C1(3=0.2), m/pry 1\ T R _——

€4 &
+ Method 4: ne, C1(3=0.2), my/pT), © . prii) <1400, 500 Gev | ¢ 15|
g 6 | 1 *
ASSOC Herwig++ 2.7.0 ] |
f 10
4 :
® Again Herwig < Pythia ; 5
. ,

* Note Change of scale! 00 02 04 06 08 10 00 02 04 06 08 10

€, : quark efficiency €, - quark efficiency
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q/g discrimination in SUSY

Bhattacherjee, Mukhopadhyay, Nojiri,
Sakaki, BWV, arXiv:1609.0878|

[ _ -1 = "i.l’lcll-l-.E)l(Cll+jSl;b .(Plytllliall) l
2000 i L=3001b -=~==- Incl+Excl+Jsub (Herwig) ]
[ Vs=14TeV < jsub (Pythia) )
[ o mm—— Jsub (Herwig) '
I ATLAS cut (Pythia)
; 1500 L Rt ATLAS cut (Herwig)
O s —
Q) I o / S
- 1000} . -
& Skl
500+ .
[ 95% CL limit
[ 6In01=5Excl =6Jsub= 10%

1000 1500 2000 2500 3000

Figure 6. The 95% C.L. exclusion contours predicted by Pythia6 (solid lines) and
Herwig++ (dashed lines) using either only the jet substructure subset (blue curves) or the
full variable set (black curves). For reference, the exclusion contours based on ATLAS
cuts [24] are also shown (orange curves), and they are almost identical for Pythia6 and

Herwigt++.
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ATLAS g/g analysis

ATLAS, EPJC 74 (2014) 3023
® Likelihood based on n¢k and track jet width

L Zz PT,i X AR(Zajet)
Zi PT.i

60<p7<80 GeV 210<p7)<260 GeV
(>_)‘ CTTTTTTTTTIT T T I T T I I T T T I T T T I I T T I T I T T T c>J~- IIII|||||||||||||||||||||||||||||||||||
C 1_2_ ATLAS -e- Data + Stat. ] c 12_ ATLAS -e- Data + Stat.  _]
Q0 r anti-k R=0.4, Il < 0.8 O Pythia O Tt anti-k, R=0.4, Inl <0.8 O Pythia
-;é) 1£ 60 GeV<p <80 GeV o Herwig++ R f__’ n 210 GeV<p <260 GeV o Herwig++ -
L de 71", Vs=7TeV Syst. . qu] - de 47 fb Vs=7TeV Syst.
§ 0.8f MC11 Simulat S § 0.8:— MC11 Simulat _g_ B
S 0.6f v v S o.6f S
L A L
0.4 . o . 0.4F —4— .
02" ; o . 0.2 o = - :
o 2.0PHHHPHHHHHHHHHHHH o 2 OPHHHPHHHHHHHHHHHHHHHH
g 1.5 1y . . 5 1.5/
Q 1 1.0 B g S o
S o Q 0§
08 |||||||||||||||||||||||||||| [ (0o ENEE NN F S T S FE e F
2 03 04 05 06 07 08 0.9 1 82 03 04 05 06 07 08 09 1
Quark Efficiency Quark Efficiency

® Data closer to Herwig++ (less discrimination than Pythia)
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Electroweak DGLAP
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Electroweak DGLAP

® High-scale PDFs evolve into all species (with double logs)

dr, ,u+ vy, Cr, CR
J»/VV‘\LA’\/\«L/W
u, Wt vy, 79 CR g

® Evolving MSTW2008LO from 100 GeV to 100 PeV ......

C Bauer, N Ferland, BW, in preparation
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Electroweak DGLAP

u quark muon

10l

Generation 1
Chirality —1

Generation 2
Chirality —1

100

101

10~2

103

10—4 1 1 I|IIII| 1 1 I|IIII| 1 1 H“j“‘ 1 1 I|IIII| 1 1 I|IIII| 1 1 1 ‘u‘
0.001 0.005 0.010 0.050 0.100 0.500 1.000 0.001 0.005 0.010 0.050 0.100 0.500 1.000

X X

cbar quark W+ boson

Generation 2

100 Chirality —1

/

101

[ |||||||
[N
X
[AY]
|

10~%°

10-3

10—4 1 1 I|IIII| 1 1 I|IIII| \\X 10—6 1 1 I|IIII| 1 1 I|IIII| 11
0.001 0.005 0.010 0.050 0.100 0.500 1.000 0.001 0.005 0.010 0.050 0.100 0.500 1.000
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Electroweak DGLAP

u quark muon
101 E T T T T TTT T T T | IIII| T T T | T T T4 T T T T TTT T T T | IIII| T T T | T TTT
L ' ] 1072 (— ; —

Generation 1 E Generation 2

Chirality 1 — Chirality 1
101 | | ]
1072 = E |
1073

i \
10—4 1 1 1 | IIII| 1 1 1 | IIII| 1 1 1 | 11 1 1 1 | IIII| 1 1 1 | IIII| 1 1 1 | \
0.001 0.005 0.010 0.050 0.100 0.500 1.000 0.001 0.005 0.010 0.050 0.100 0.500 1.000
X b:¢
cbar quark W— boson

101 E T T T | IIII| T T T | IIII| T T T | T TTT14 T T T IIII| T T T | T T TT T T T T T TT

Generation 2 . 100 — —
100 \ Chirality 1 _
1071 — B
1072 3 |
1073 | —
10—4 1 1 1 | IIII| 1 1 1 | IIII| \\\§\ 111 10—6 1 1 1 | IIII| 1 1 1 | IIII| 1 1 1 \

0.001 0.005 0.010 0.050 0.100 0.500 1.000 0.001 0.005 0.010 0.050 0.100 0.500 1.000
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Conclusions

® Yuri’'s contributions to jet physics underpin a
large part of present-day particle physics

* Not just QCD!

® Yuri’s low-scale effective ois describes a wide
range of non-perturbative phenomena

® Quark-gluon discrimination: great interest for
new physics searches

® DGLAP with electroweak: just starting!
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Backup
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Electroweak jets

® At super-high scales, leptons fragment into jets containing all
species of particles

C Bauer, N Ferland, BW, in preparation
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Electroweak jets

® Contents of a |00 TeV neutrino jet

10°
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10°

101!

100

xf(x)

101

Neutrino energy fraction
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® Contents of a |00 TeV L- or R-handed muon jet

10°
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103

10°
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10~—R

10~3

Electroweak jets

Neutrino energy fraction
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Real Cambridge Algorithm

® A = angular algorithm

o C=A +"“soft jet freezing”
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* prevents growth of ‘
“junk jets”
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Subjets in jets

Gerwick, Gripaios, Schumann, BWY, arXiv:1212.5235

® Summing leading double logs:

Mean sub-jet multiplicity at 13 TeV LHC (Sherpa MC)
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® Agrees quite well with quark jets from Sherpa MC
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Subjets in jets

Bhattacherjee, Mukhopadhyay, Noijiri,
Sakaki, BWV, arXiv:1501.04794 500<pt)<600 GeV, R=0.4
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® Subjets at ke-resolution yeut :
AR? .
. 2 2 1k 03"
Yik = mln{ptiaptk}Rg—pz > Yeut .
J ot
® Perturbatively calculable and
less MC dependent than nek
(for L=-In(ycut)<6) | |

o |~6: min{PTi,PTk} ARik~10 GeV , 05 o T NDLA
® Not yet used for g/g tagging
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