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Outline
 Introduction
» Jet Shapes and Substructure

* Measurements with Forward Jets
« 3-jet to 2-jet Ratio




Physics Motivation

Motivation for multijets, jet shapes, substructure and radiation between jets

— Different means of testing QCD.

Jet substructure and jet shapes:
« Gain knowledge of parton to jet transition
» Dependence on parton type (gluon vs quark jet)
- Sensitivity to higher orders in o,

« Jet properties well described by QCD models at Hera and Tevatron.
Test extrapolation of QCD to LHC energies.

Measurements with forward jets: E:
» Sensitivity to correlations and additional radiation
between the forward jet and central or backward jet
» Large rapidity separation between forward
and central region — open up for radiation
» Search for effects beyond DGLAP

~(

3-jet over 2-jet ratio (central jets):
* Only presented measurement with explicit selection of N>2 jets
* Probe perturbative QCD and test validity of MC models.
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The CMS Detector
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Ml <2.5

FORWARD [ CRYSTAL EcaL | [ HoAL |

CALORIMETER
I—|— -' I ——

] ﬁ S|
Calorimeters e E
(EM and Hadronic) ===
m| <3.0 ; —

Hadronic Forward (HF)
Calorimeters =

2.9 <n| <5.2 | _-':;':;}'

Muon Chambers
m| <2.5

SUPERCONDUCTING

EOlL RETURN YOKE

CMS5-PARA-001-11/07/97  uerp

" Albert Knutsson SM@LHC - Copenhagen - April 2012 3



Basic Selection

Each presented measurement is based in 2010 data (low pile-up) collected at Vs=7 TeV.
The integrated luminosities for respectively measurement is written in the plots.

Selections
Minimum-bias trigger — a signal in either of the beam
pickups (BPTX), and coincidence hits in the Beam
Scintillator Counters (BSC) — Non-single diffractive events

in combination with

A single jet trigger or a combination of single jet
triggers — trigger efficencies close to 100%.

and additional cuts for

- High quality primary vertex
- Beam halo and beam background reductions

The detailed jet selections varies for the different
analyses and are written for respectively measurement

Beam Scintillator Counter

(3.2<|n|< 4.7) Hadronic Forward

(HF) Calorimeter
(2.9<|n|< 5.2)
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Jet Transverse Structure




Jet Transverse Structure (%)

Event and jet selection:
* Anti kt-algorithm, R=0.7
« Di-jet events with pt,jet>20 GeV on the leading jet, and pt,jet>10 GeV on the subleading jet.

« Jets with p, ;,>20 GeV and |n|<1 included in the measurement.

Main observables:

« Number of charged particles inside the jet, N,
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Jet Transverse Structure

Event and jet selection:
* Anti kt-algorithm, R=0.7
« Di-jet events with pt,jet>20 GeV on the leading jet, and pt,jet>10 GeV on the subleading jet.

« Jets with p, ;,>20 GeV and |n|<1 included in the measurement.

Main observables:

« Number of charged particles inside the jet, N,

« The charged particle transverse jet shape, § R?, a measure of the width of the jet.

Use ¢- and n. —the p, weighted averages of ¢, and n, the charged particles in the jet.
Calculated the average distance between the particles and ¢ and n.

. — 2 . .
ziejet(¢i - ¢C)2 "PT,i <5772> _ Ziejet(n% 77(7) PT.i
Zz’ejet 2 Ziejet P,

Use the sum as a measure of the width of the jet: § R? = <5(/52> + <(5772>

(09%) =
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Jet Transverse Structure

Event and jet selection:
* Anti kt-algorithm, R=0.7
« Di-jet events with pt,jet>20 GeV on the leading jet, and pt,jet>10 GeV on the subleading jet.

« Jets with p, ;,>20 GeV and |n|<1 included in the measurement.

Main observables:

« Number of charged particles inside the jet, N,

« The charged particle transverse jet shape, § R?, a measure of the width of the jet.

Use ¢- and n. —the p, weighted averages of ¢, and n, the charged particles in the jet.
Calculated the average distance between the particles and ¢ and n.

. — 2 . .
ziejet(¢i - ¢C)2 "PT,i <5772> _ Ziejet(n% 77(7) PT.i
Zz’ejet 2 Ziejet P,

Use the sum as a measure of the width of the jet: § R? = <5(/52> + <(5772>

(09%) =

» The integrated jet shape: Average fraction of the jet
transverse momentum inside a cone with radius

r=+/(¢—¢c)?+ (n—nc)

h(r) =
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Jet Transverse Structure (%)

Monte Carlo
possibility to separate quark and gluon jets

The charged particle transverse jet shape

The charaed particle multiplicitv in a iet ~ width
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Gluon jets are typically somewhat broader and
contains more particles then quark jets,
due to the higher color charge of the gluon.
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Jet Transverse Structure (%)

Data

The charged particle multiplicity in a jet The charged particle transverse jet

shape
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» N, - Descent describtion of data by MC. - At high p, .., data relatively well described
- Herwig++ slightly better at low p, ; by the MC.

« At low py .., Pythia6 somewhat broader than
data, Herwig++ somewhat narrower than data
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Jet Transverse Structure

The integrated jet shape: Average fraction of the jet transverse momentum inside a cone with
radius r = /(¢ — ¢c)? + (1 —nc)?
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Subjet Multiplicity in Dijet Events




Subjet Multiplicity

Data and Selection:
Dijet events with both jets p, ,>97 GeV and |y|<1 or 1<|y|<2

Jets defined with k-algorithm (R=0.6): High sensitivity to softer object, in opposite to the anti-
kt algorithm.

Definition of mean subjet multiplicity

Reminder - the kalgorithm: 5 A RZ.Q.
1) For each pair of objects (i) find dw = mzn(pTZ,ij) 0.62

where AR;; is the distance in y-® space: AR;; = \/(Ayij)Q + (A¢i;)?

2) If dij is less than the beam distance, dij < d; = pgpi, merge the objects,
otherwise define it to be a final jet.

3) Repeat until only final jets
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Data and Selection:
Dijet events with both jets p, ,>97 GeV and |y|<1 or 1<|y|<2

Jets defined with k-algorithm (R=0.6): High sensitivity to softer object, in opposite to the anti-
kt algorithm.

Definition of mean subjet multiplicity
Reminder - the kalgorithm: 5 A Rz'2j
1) For each pair of objects (i,j) find dw = mzn(pTZ,ij) 0.62

where AR;; is the distance in y-® space: AR;; = \/(Ayij)Q + (A¢i;)?

2) If dij is less than the beam distance, dij < d; = pgpi, merge the objects,
otherwise define it to be a final jet.

3) Repeat until only final jets

Subjets:
Repeat the kT-jet algorithm with all jet constituents until d;; > deut = Yeut - p% (jet)
The remaining jets defined as subjets. 1
Mean subjet multplicity — the average number of subjets per jet: <M > (ycut) — N
jet .
jets

The number of subjets depends on the resolution parameter y_ ..

Subjet Multiplicity
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Subjet Multiplicity
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Gluon vs Quark Jets

CMS—PAS—QCD—10—041
Monte Carlo
possibility to separate quark and gluon jets

\E=7TeV \s=7TeV

CMS Simulation
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Subjet multiplicity different for quark and gluon jets.
Difference not completely washed out by detector effects.
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Subjet Multiplicity

CMS—PAS—QCD—10—041 |

<M> in bins of p

* Lower subjet multiplicity
at high p, ;, -
more quark jets
(c.f. previous slide)

« Somewhat higher sub-jet
multiplicity for more
central jets -
independent of jet type
(c.f. previous slide)

» Best description by
Herwig++.

- Pythia8 (4C) OK

* Pythia6 worst, but
show tune dependence

and <y>
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Subjet Multiplicity vs p,

P, jet VS subjet multiplicity

<M>

« <M> decrease with increasing p; .,

and is somewhat lower for less
central jets, i.e. a higher degree
of collimation with increasing p,

» Larger contribution from quark
jets at high p, .

* Herwig++ best

<M>

* Pythia8 (4C) close

 Pythia6 fails slightly for both
tunes (D6T and Z2)
Small tune dependence.
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2.5

1.5
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Forward and Forward+Central Jet Cross sections




Forward+Central Jets

CMS-FWD-11-002,
arXiv:1202.0704

Events with at least one jet with OMS, pp — jel_+jel_+ X\&=7 TeV, L, 3,14 pb”
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(ratios on next slide)
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Forward+Central Jets

CMS

arXiv:1202.0704

-FwWD-11-002,

* Difference in MC description
of data between the forward
and the central jet.

 Largest shape difference
for forward jet.

* Pythia6 and Pythia8, as well as
CCFM based CASCADE problem
with normalization of the central
jet and shape of the forward jet.

* Herwig6, Herwig++, and
the BFKL inspired MC HEJ
are the best.

CMS, pp— jet, +jet_ + X,N5=7 TeV, L, =3.14 pb”
£ 3.5F @ pat -
S ——— PYTHIA 6 (D6T)

T gl —=—= PYIHIAB(22) |

] [R—— PYTHIA 8 (Tune 1)

i=s — . — POWHEG (+PYTHIA 6)

B 29[ mummnmn CASCADE 1

o

= 2r

% || 1

T 1.50 B i

_D)_ L".I. iIlIIIII:

;.3- e o @

L

T o5 mi<28 ]

40 60 80 100 120 140
central jet P, (GeV/c)

§ g 97 Daa |

:‘?’ ....... HERWIG 6 (+JIMMY)

5 —— = HERWIG++

%"2-5‘ wuenmns POWHEG (+HERWIG) 1

L HEJ

% 2r .

o

= 15pe=e mmmmrm e A

Cg R J___.F='=='="illu-ullullullulln
4yl g LmmmmmmemmttotT R S— o

g 1re amig=e=-2 o  .o.® ¥

L

T 05 m<28 1

40 60 80 100 120 140

central jet P, (GeV/c)

T

d%s/d p,drf(MC) / FPo/dp_dn'(data)

T

d?o/d p,dn/(MC) / Fo/dp_dnf(data)

CMS, pp— JethJr Jetc’3

+
nt

X\E=7TeV,L =314 pb’

[C® ] Data

——— PYTHIA6 (Z2

CASCADE

PYTHIA 6 (D6T)

PYTHIA 8 (Tune 1)
— . — POWHEG (+PYTHIA 6)

)

120 140

100

40 60 80
forward jet P; (GeV/c)
3L [® ] Daia _
....... HERWIG 6 (+JIMMY)
——=— HERWIG++
297 .mismne POWHEG (+HERWIG) 1
........... HEJ
2_ -
15p I—
:.-ﬂ:--—- -—-: :-:-= :--_—_—_ . _% _______
e =@=u @ [ ® 8
loimimimim N
0.5_ 32 < h.ll < 4-7 'IIIIIIIIIIIIIIIIIIII_I
40 60 80 100 120 140

forward jet P, (GeV/c)

| Albert Knutsson

SM@LHC - Copenhagen - April 2012

21



Inclusive Forward Jet Measurement ...,

arXiv:1202.0704

CMS, pp— jet _ + XNs=7TeV,L =3.14 pb™

Inclusive forward jet measurement better described.

Events with at least one jet with 3.5<|n|<4.7 and p,;,>35 GeV

CMS, pp— jet + XNs=7TeV, L, =314 pb’

— ET T T T T T —_— I T T I I T
S | [®] ala S [®] Data —— PYTHAG (Z2)
(4b] 105: ==t PYTHIA 6 (Z2) E 9,18___ NO®NP T PYTHIA 8 (Tune 1) ]
8 A T PYTHIA 8 (Tune 1) __':f - mmmas HERWIG 6 (+JIMMY)]
o — = POWHEG (+PYTHIA6)| 1.6 = ' POWHEG BPYTHIAD) .. CASCADE =
=10 ] e HERWIG 6 IMMY) 3 5 [ ] NLOuncertainty  wuem HE ’
5 g sumnmns CASCADE 12 1.4F ]
mf' ......... HEJ t:‘ =T -
T 10°F  eemm 16 [ ]
£ | i 1
10%F e 3 1+ i
_ _ | osf =
10¢ 32<ml<47 - -
: 1 06l  82<mi<a7 ]
! ! ! ! ! ! i ] | | ] ] | 1
1 40 60 80 100 120 140 40 60 80 100 120 140
P, (GeV/c) P, (GeV/c)
* All predictions describe the data within the uncertainties.
* NLO prediction (NLOJET++) too high, but agrees with the data
within the large theoretical and experimental uncertainties.
* NLO+PS (POWHEG+PYTHIAG) best.
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Ratios of Dijet Production




Inclusive over Exclusive Di-jet Cross-section

Jets reconstructed with the anti-kT algorithm (R=0.5) and selected with:

Pejer>35 GeV and |n;|<4.7

Inclusive jets: All jet pairs in the events considered
Mueller-Navelet jets: Most forward and backward jet in the inclusive sample
Exclusive jets: Events with two jets

Measure ratios as a function of rapidity difference between jets, Ay

R — Tdijet (inclusive)

B Odijet (€xclusive)
P Odijet (MN)

Tdijet(€xclusive)

Rincl

5r
4.5
4
3.5
3

CMS, pp, Is=7 TeV

|||||||||||| ||\||||||||\|||||||\||||||
E 2010data .
— PYTHIAG Z2 dijets =
p.>35GeV I

............ PYTHIAS 4C T .
E lyl<47 3
---------- HERWIG++ UE-7000-EE-3 -
----------- HEJ + ARIADNE .
------- CASCADE -
- ]

- r " Ammmm= __
- - —
! .

i .

2.5f

* Increasing Ay — Larger phase space for radiation

» Pythia6 (Z2) and Pythia8 (4C) agree well with data

« Small influence of MPI (not shown)

» Herwig++ (EE3) and HEJ+Ariadne too high at high Ay

» Cascade off

CMS, ppNs =7 TeV
E1_5_IIIIIIIIIIIIIIIIIII|IIII|IIII|IIII|IIII|IIII|_
% [ = ] data dijets, R"™ ]
~ 1.4 —— PYTHIAG Z2 p_l_::-35 GeV
g [ PYTHIAS 4C Iyl <4.7

130 e HERWIG++ E
12 -
115 P e 3
1;—:;;?-1’?----.:‘* » +—:
09 -
:I 11 II L1 1 II L1 1 II 11 III L1 11 I 1111 I 1111 I 1111 I 111 II:
U'BO 1 2 3 4 5 6 7 8 9
Ayl
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Inclusive over the MN Di-jet Cross-section

Jets reconstructed with the anti-kT algorithm (R=0.5) and selected with:
Pejer>35 GeV and |n;|<4.7

Inclusive jets: All jet pairs in the events considered
Mueller-Navelet jets: Most forward and backward jet in the inclusive sample
Exclusive jets: Events with two jets

Measure ratios as a function of rapidity difference between jets, Ay

CMS, pp,\Ns =7 TeV
|IIII|IIII|IIII|IIIII_

CMS, pp, /s =7 TeV
Z Spr o e e g 1 S
‘I4 5:—II|— ii::::zz dijets = g =] data dijets, R* -
vaig(inclusive) i oS S —emwen TRG
R — d’l,j et L HERWIG++ UE-7000-EE-3 Iyl <4.7 1 % LT PYTHIAB 4C Iyl <4.7 ]
 0gijer (exclusive) T e ;
d'L] et 3.5 ;_ ------- CASCADE _; o
3F . - -
. 250 - e ] -
R— Odijet (MN) o ] :
Odijet (€xclusive) ' . I :

» Low Ay: Ratio(MN/exclusive) per definition smaller than Ratio(inclusive/exclusive)
* High Ay: Ratio(MN/exclusive) per definition same than Ratio(inclusive/exclusive)
 MC data comparison: exactly the same conclusion as on previous slide

General conclusion: No need for BFKL inspired models
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3-jet to 2-jet Ratio




3-jet to 2-jet ratio in the central region

Jets are defined with the anti-kT algorithm with R=0.5,
and required to have py;,>50 GeV and |y|<2.5.

The ratio between events with N;;23 and N,22, R,,,
is measured as a function of total jet transverse

momentum for all jets, Hy: N
Ht = Z PTi
=1
« Low H,:

- Difficult for MC to describe data
- Shape difference between MCs

« High H;:
- Large uncertainty, all MC describes data
- All MC roughly the same shape

« Large tune and model dependence over the
hole range in H;

o
0
oC

MC/Data

« MADGRAPH+PYTHIAG (D6T) best. The only prediction

that described the data over the whole range in H,.

| Albert Knutsson
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Summary

 Jet substructure
- Overall quite good description of measurement by tested MC models.

- Some sensitivity to tunes and models, but nothing striking.

- Different jet shapes and substructure between gluon and quark jets.
Largest contribution to measurement from gluon jets.

 Forward jet measurement
- Larger experimental and theoretical uncertainties compared to the
jet substructure measurement.

- Forward+central jet measurement difficult to understand.

- Dijets with very large rapidity separation: Collinear factorization ok.

» 3-jet over 2-jet ratio for central jets
- Low H; — interesting region — difficulties to describe data —

large tune and model sensitivity.
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Forward Jet Measurement o (350

arXiv:1202.0704

Selection: Events with at least one jet with
o 3.5<|n|<4.7
* Pjet”30 GeV

CMS, pp — jety,q + X, Vs =7 TeV, L;,, = 3.14 pb™’

o l I I
; - - -1 ; = — - - = - [®1] CMS Data .
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. . . . .. CMS, pp—jet  +XNs=7TeV,L =3.14pb’
* All predictions describe the data within the uncertainties. 3 60 o rducenamy
L; 50 == NP (PYTHIA - HERWIG)
. . . . % = HERAPDF1.0
* NLO prediction (NLOJET++) too high, but agrees with the data g 40 Scale
within the large theoretical and experimental uncertainties. g 3o |
| —
_ _ _ g2 g
« Fairly large uncertainty on the NLO calculations: SR .
High py ;. dominated by the PDF uncertainty ™ ctof AR bt 1 1)
Low p, - dominated by model dependence 200 o <ar
of the non-pertubative corrections P50 40 60 80 100 120 140 160
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