New forward physics results from CMS

Jirg Eugster

ETH Ziirich
Institute for Particle Physics

On Behalf of the CMS Collaboration

Minimum Bias and Underlying Event Working Group

17. June 2011

"D B X

Jiirg Eugster (ETH Zirich) MBUEWG 17. June 2011 1/31



Outline

Introduction

Hadronic FWD Calorimeter

FWD Energy Flow

Correlation: Energy Flow and Track Multiplicity in W Events
FWD Jet Cross Sections

@ Summary

Backup

d ETHInst
Particle

Jiirg Eugster (ETH Zirich) MBUEWG 17. June 2011 2/31



Introduction

In this presentation:

Focus:

Plots

Forward energy flow for different processes
Forward jet cross sections

Info that can be used for MC tuning

are taken from the following CMS analyses:

PAS FWD-10-001: Observation of Diffraction in pp Collisions at 900 GeV and 2360 GeV com Energies at the LHC
PAS FWD-10-003: Inclusive Forward Jet Production Cross Sections in Proton-Proton collisions at /s = 7 TeV

PAS FWD-10-006: Cross section measurement for simultaneous production of a central and a forward jet in
proton-proton collisions at /s = 7 TeV

PAS FWD-10-008: Forward Energy Flow, Central Track Multiplicities and Large Rapidity Gaps in W and Z Boson
Events at 7 TeV pp Collisions

PAS FWD-10-011: Forward Energy Flow in the CMS Detector
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Introduction

Introduction

m FWD energy flow is sensitive to:
B physics of the UE
B amount of parton radiation
B multi parton interaction (MPI) Soft scale: Minimum bias
B the scale of the process

On generator level:

= LHC sqrt(s)=7000 GeV
m can be used to: T3] minbias
% PYTHIA-PO
H 1 H H PYTHIA-D6T
B discriminate different MPI models = AL
B eventually determine MPIl model 2
parameters =
102
m MPI: so far tuned to central observables
m expect differences in FWD region
10
1

0 1 2 3 4 5 6 7
nl
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Introduction

Introduction

m FWD energy flow is sensitive to:

B physics of the UE

B amount of parton radiation

B multi parton interaction (MPI) Hard scale: Di-jets
B the scale of the process

On generator level:

E LHC sqrt(s)=7000 GeV
m can be used to: 5103 dijet, [n| <2.5, E;>20 GeV
B discriminate different MPIl models S | \
B eventually determine MPIl model g
parameters =
102

m MPI: so far tuned to central observables

expect differences in FWD region
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The Hadronic Forward Calorimeter

m coverage: 2.9 < |n| <5.2

m Distance from IP: 11.2 m

m Iron absorber + quartz fibers

m Able to distinguish electromagnetic and
hadronic energy deposits

m =~ 10% energy scale uncertainty

Variables used:
m Energy deposit in HF: >~ Etower

B Where Eiower above some threshold to remove noise
® Energy in HF as function of n: 4£

dn
B Total energy in HF

m Central track multiplicity
m |n <25

u p: > 05/1 GeV ’D Qilﬁﬁ?ﬁi!ﬁ"%
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FWD Energy Flow

Soft scale NG Hard scale Vs scale
. . 900 GeV . 900 GeV  p; > 8 GeV
Minimum Bias 7 TeV Dijets 7TV pr > 20 GeV
W(Z) events 7 TeV My (z)

() emmmstitute for i
Particle Physics 4
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FWD Energy Flow

Differential FWD energy flow: %

Erimstitutefor |
Parice P {
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FWD Energy Flow |

Minimum bias - \/g =900 GeV & 7 TeV —==—
No hard scale (only few partonic interactions)
900 GeV vs. 7 TeV

s |- —®— Corrected DataVs=7 TeV Minimum Bias
[ |~ Corrected Data\s=0.9 TeV
[G] == Pythiab 22
: E Pythia6 CW . . i
5 | :;::::gg:; m Minimum bias trigger
= i Pythia6 PO
% Pythia6 ProPT0
- Fomen Pythia6 ProQ20 . PYTHIA 6
4 . q
= i m increase with 7
102 m /s dependence
[ m tune Z2: shows the same energy
i dependence
F m distinguish different tunes e.g. D6T,
F CMS Preliminary ProQ20:
caa b b b b Lo Lo Lo b a Laaa by
ﬁ T2l VE09TeV m discrepancy for \/s = 7 TeV at high n
= 1= N . 5
g 3 m no significant difference between p; or Q4
145 =3 ordered MC
aC 4 4 4 + 4 )
8 ;
"3 32 34 36 38 4 42 44 46 48 5

Il Corrected to hadron level
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FWD Energy Flow Il

Dijet sample - \/s =7 TeV

With hard scale (high p: partonic interactions)

L QCD Dijets Vs=7 TeV (p1>20 GeV)

1IN (dE/dn) (GeV)

—&— Corrected Data

—— Pythiab 22
Pythiaé CW

------- Pythiaé DET

Pythiaé DW
Pythia6 PO

Pythiaé ProPTO
------ Pythiaé ProQ20

2
I\\\II

CMS Preliminary

s leaa e beaa boaa o baa b a baaa Lo [

m anti-k; algo with R =0.5
m p; > 8(20) GeV for /s = 0.9(7) TeV

PYTHIA 6 - dijets @ 7 TeV

m higher energy flow than in min bias
m different MC more spread

m Z2: same behavoiur as in min bias
u

D6T: shifted to higher energy,
independent of 7 (with respect to min
bias)

m ProQ20: agrees with data! (also for 900
GeV)

v

1 :'.:.:"l"li!:. _' % *.“ :w
0% 39343638 4 4244 46 48 5

MC/Data
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Remark: Cosmic Ray MC

Comparing to predictions from cosmic ray MC...

—
L Mini B

% ~®— Corrected Data\s=7 TeV nimum Sias
) ~8— Corrected Data\5=0.9 TeV
—_ — EPOS 1.9
5 e QUSETH o
i} QGSJET 01
T SIBYLL _*_1
=

10*

CMS Preliminary

sl o o Lo L Lo L L Lo 1y

—h'""*“""“"“‘*u-u-.... . WE=09 TeV|

-
- b
I'TTF

MC/Data
(=]
o

TaE pr=r
1 S 4 % 4
Y . 4

3 32 34 36 38 4 42 44 46 48 sl'l"ll

Minimum bias
Excellent agreement between data and MC!

-proton (cosmic rays) interactions with
atmosphere
-based on Regge theory (Pomeron exchange)

m EPOS
m QGSJET
m SIBYLL

Corrected to hadron level

d ETH Institute for i
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FWD Energy Flow

Total FWD energy flow deposited in HF: > E

(T ermstueeor |
Particle Physics |
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FWD Energy Flow

Forward Energy Flow

Total energy deposit in FWD calorimeter
on detector level

Minimum bias

CMS Preliminary 2010 Ns=7TeV
— T T T ]
5 —— Vertex) a7
$ £ [ Energy scale :10% de‘ =20pub" |
=  0.01— PYTHIA-6 DT !
3 E - PYTHIAS ]
u HOJET ]
2 C PYTHIA-S DST Non-difractive -
2 0008 PYTHIAS Non-ifacive ]
2 E ~=1+ PHOJET Nondiffractive ]
= 0.006[— —
0.0041— -
0002 —  — "
L . ) ]

1

PYTHIA 6 D6T: good agreement

10°
3, E(HF+) (Gev)

L

FWD
energy flow

W events

CMS Preliminary 2010
100 v

Ldt=36pb",\s=7TeV, Wo pv

80

dN/d SE,r .

60

102 10°
X By, [GeV]

No PYTHIA tune describes FWD energy

0
10" 1 10

PYTHIA 8 & PHOJET: good description at low spectrum

E, but not total FWD energy flow

Large difference between tunes!

- Non-Diffractive PYTHIA 6 D6T: same behavior for min bias & W production!
- FWD energy flow strongly tune dependent for W production

Ji
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FWD Energy Flow

Central Track Multiplicity

Track multiplicity in central region of the detector
on detector level

Minimum bias W events

@

- _ _ 1 2

. CMS Prelimina 201'0‘ SN \EI—"I'Te\‘I‘L‘_‘zOgh g

z p,>0.5GeV, bl <2.4 z

\E 107 —e— p+p (BSC OR and Vertex) —| E

% r —— PYTHIA6 D6T 7 ©°
2 oo S, e PYTHIAS B
z I PHOJET 1

CMs
T

i — central

Preliminary 2010
T

multiplicity

Ldt=36pb", \§=7TeV, Wo pv
p,>05GeV
* Data
---PYTHIA 6 D6T
~— PYTHIA6 Z2
—— PYTHIA 6 ProQ20
-~ PYTHIA 6 PO
=== PYTHIA 6 ProPTO
PYTHIA 8 2C

LT R ETTIT IR T ARSI R

4L
Mo 0

PYTHIA 8 (tune 1): good agreement

PYTHIA 6 D6T & PHOJET: too low track cut!

multiplicity PYTHIA 6 Z2:

- Track multiplicity is less tune dependent and
- strongly track p: cut dependent!

100
Ntracks

good description

PYTHIA 8 2C: too low, but very good with 1 GeV p;

Ji
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Overview of the different tunes / MCs

Minimum bias:

| [ D6T | Pythia 8 | PHOJET |

[Tracks 5> 05 cov_
[Forward Energy Flow ]
[Contra Catormetry [ [

W analysis:

| | D6T | Z2 | ProQ20 | Pythia 8 |

[Tracks pr> 05 Gev [l

[Tracks pe > 10 Gov_ [ [

[Forward Enersy Fiow [
Conclusion: Secent Sgreemant
No single MC describes the data in their entirety di g

|sagreemen'g

(T ermstueeor |
Particle Physics |
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Correlation: Energy Flow and Track Multiplicity in W Events

m Different PYTHIA tunes show same behavoiur for a soft and a hard scale
m For W events: overall energy flow strongly tune dependent

m Some tunes are able to describe central multiplicity others not (depending of track
selection)

m No studied MC model can do both at the same time

= Correlation Between Forward Energy Flow and Central Track Multiplicity in W Events

r ETHInstitute for
Particle Physics !
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Correlation: Energy Flow and Track Multiplicity in W Events

Correlation Studies in W events

To study differences and correlation of energy flow and track multiplicites in more detail,
split in 3 HF energy ranges:

Low: 20 - 100 GeV Medium: 200 - 400 GeV

(region of largest discrepancy)

High: >500 GeV

(peak region) (high energy region)

Low

Categorize event with HF— energy deposit
"Look” at opposite side (i.e. HF+) deposit and track multiplicities

central i
multiplicity

On the following slides, only the
track multiplicity plots with
bYW w W s

flow pt > 0.5 GeV cut are shown.
M@/ : - The 1 GeV cut plots can be
= g found in the backup
tag A
= 0y
A - () B
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Low - 20 — 100 GeV

CMS Preliminary 2010

CMS Preliminary 2010
° oMS Prefiminary 200 & 35—
8 [ Ldt=36pb",\s=7TeV, Wopv 1 uf r J‘Ldl =36 b’ S=7 TeV, W . ev 1
=z F p,>05 GeV E N 30 e romer > 4 GEV. B
Ke) 3| 20 GeV < ZE,_ < 100 GeV B - F 20 GeV < ;. < 100 GeV ]
2 10°¢ ¢ Data E > [  Data ]
© C HF Energy Scale + 10% | - - HF Energy Scale + 10% 4
[ ---PYTHIA 6 D6T ] 25? - --PYTHIA 6 D6T ]
— PYTHIA 6 22 r ~—— PYTHIA 6 Z2 -
e —— PYTHIA 6 ProQ20 7 L —— PYTHIA 6 ProQ20 ]
1 02 E ™ e PYTHIA 8 2C 5 20 - PYTHIAB2C -
10 E E
1= { l E 1
SN R AR P A oLl vl vl |
0 60 80 100 0t 1 10 102 10°
Niracks 2E. ., [GeV]
Multiplicity p; > 0.5 GeV, Muons Energy Flow, Electrons
m good: PYTHIA 6: ProQ20, Z2 m too low: PYTHIA 6: ProQ20, Z2,
u slightly low: PYTHIA 6 D6T, PYTHIA 8 PR © 26 ,
2C m slightly high: PYTHIA 6 D6T \
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Medium - 200 — 400 GeV

CMS Preliminary 2010
T

CMS Preliminary 2010
20 =

P r e T B e i PRI SO e
8 5| = " Ns=7TeV, Wopv _| T [ =36 pb”,\5=7 TeV, W~ ev ]
£ 10° Fpsosaa W e ]
<] F 200 GeV < ;. < 400 GeV ] o r 200 GeV < 3E,,;. < 400 GeV ]
% 104; : 3gtiénergy5calei1c% - % 15+ : E?;nergysmezm% —
; ---PYTHIA6 D6T El I -=--PYTHIA 6 D6T b
+ ~— PYTHIA 6 Z2 B L ~— PYTHIA 6 Z2 —
r —— PYTHIA 6 ProQ20 7 L —— PYTHIA 6 ProQ20 4
10° 3 w PYTHIA 8 2C E [ -~ PYTHAB2C ]
10°8 E : ]
10 i3 I i
i f :
1k i ]
S A I B ol v e
0 20 40 60 80 100 S
Ntracks ZEHF+ [GEV]
Multiplicity p;: > 0.5 GeV, Muons Energy Flow, Electrons
m good: PYTHIA 6: D6T, Z2 m good: PYTHIA 6 72
m slightly low: PYTHIA 8 2C m too hard: PYTHIA 6: D6T, ProQ20
= shape: PYTHIA 6 ProQ20 m too soft: PYTHIA 8 2C
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High - > 500 GeV

CMS Preliminary 2010
T

2 Frr T T T L g P O e
§ [ Ldt=36pb", \§=7TeV, Worpv | ES E L ot =36 pb™JE=7 Tev, W ev ]
>05Ge [T} £ k|
% 10* s ;‘Eﬂf,iiogeev E g s I e aov E
p4 £ * Data 3 = £ o Das ]
hel n HF Energy Scale + 10% 1 P4 r nergy Scale 4
N [ o ﬁg::: 2 ;):T 1 © 6; --- ;'s'I'EHIA%yDSGT‘ 1o 1
10°¢ — PYTHIA 6 ProG20 E 5 hviins ooz =
5 “A?YTHIZA 820 ] E s PYTHIA 8 2C ]
r R ] 4 =
10 E g ]
F 1 3- =
# F ]
2 E
| , 1 ]
R R R B R E E
20 20 60 80 100 e Sy
Ntracks ZEies [GeV]
Multiplicity p; > 0.5 GeV, Muons Energy Flow, Electrons
= good: PYTHIA 8 2C m good: PYTHIA 6: Z2, ProQ20, PYTHIA
m higher: PYTHIA 6: D6T, Z2 8 2C
m shape: PYTHIA 6 ProQ20 m too hard: PYTHIA 6 D6T i
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Overview of the different tunes - W Analysis

It's impossible to give a short overview,
and very subjective...

| | | D6T | Z2 | ProQ20 | Pythia 8 |
all
low
medium
high
all
low
medium
high
all
low
medium
high

Tracks p; > 0.5 GeV

Tracks pr > 1.0 GeV

Forward Energy Flow

good agreement
decent agreement

disagreemeqb Z
Particle Physics. |
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Conclusion:
No PYTHIA tune is able to describe FWD energy flow and
central track multiplicity simultaneously.




Size of rapidity gaps

Use Particle Flow to measure the gap size

. R
(with respect to the beam) G
m LRGs mostly from multiplicity fluctuations o p (t.8)
m ND MC can have large gaps too! = >
The largest (smallest) Nmax (min) gives the size | —  10° ECNwIS pemey 2y T E
of the gap E E ILdI =36 pb’\5=7 TeV, W~ ev E
qc) 104; * Data |
~ . S E E|
71 = min(Nmax, —"Mmin) @ E ---PYTHIAGD6T E
A 490 4 9 » 03; ~—— PYTHIA 6 Z2 ;
Ngap = 9 — 1 1 E — PYTHIA 6 ProQ20 E
F o PYTHIA 8 2C 1
- 2| i
with a too soft FWD energy spectrum or a too 10°¢ 3
low track mutliplicity, one can get too large F ]
gaps. 10§ 3
remark: 7j < 0 = "empty” hemisphere 1: ]
Large differences between different tunes! : T AN enim ;
[T L —— (A R ‘D wwwua
-4 -2 0 2 4
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FWD Jet Cross Sections

m Inclusive FWD jet cross section

m Central-FWD jet cross section
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Inclusive FWD Jet Cross Section

Jet production sensitive to UE, parton radiation & PDFs
small x processes: /= 10~>
Xp K x1 = expect differences

Measurement of the inclusive FWD jet cross section

|

L 10 pp —> jet +X (/s=7 TeV), 3.2 < bl <4.7 . . .
'8_3 F e Dua(Antik, Re0S GALO) m Single jet trigger (=100% eff.)
o 10 Horwig + immy m 3.2<|n| < 4.7, pr > 35 GeV
o o E - -~ Pythiag
i S Pythias m anti-k; algo with R = 0.5
100 — - - Powheg + Pythia6
= oxo Unceraimy m good quality jets
103§
10
[ CMS Preliminary good agreement, within uncertainties,
10? f'-d'=3-14 pb’ Ny between calculated and measured cross
L section!
%o 100 120 140
pT[GeV/c]
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FWD Jet Cross

Inclusive FWD Jet Cross Section

Comparison of measured x-sec with different model predictions:

12— @ 1-[o(Data)/o(NLOGNP)] (/s=7Tev),3.2<hl <4.7 i L. .
@ 1o oterwigrimmpl Data (Antik , R =0.5 CALO) Systematic uncertainties (on final
= [ 1-[o(Data) / o(Pythia8)]
£ % 1-[o(Data) / o{Pythia6)] CMS Preliminary x-sec):
[~ A 1-[o(ate)/ oPowheg+Pythias)] Lat=314pb"
% 1-[o(Date)/ oCascade)] J m Jet energy scale: ~ 20 — 30%

[ EXP. uncertainty

(5 Theory uncertanty Jet energy resolution: ~ 3 — 6%

1 - [o(Data) / o(Theory)]

m
m Luminosity: 4%

m HF calibration: 3 — 6%
m Model dependence: 3%

| L L 1. L I
140
P, [GeV/c]

r ETHInstitute for
Particle Physics
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Central-FWD Jet Cross Section

One central and one FWD jet

- CMS Preliminary\'s=7 TeV L=3.14 pb’'
< 107gT T T data | T3 - )
8 E — Pythia 6, D6T tune | m Dijet trigger (/100% eff.)
S 10tk --- Pythia 6, Z2tune | m anti-k¢ algo with R = 0.5
s g -~ Pythia 8 E m central: || < 2.8
*g £ g — Powheg+Pythia
Q_'_103:_ ---- Cascade _ m fwd: 3.2 < |n| < 4.7
% E = E m both: p: > 35 GeV
‘o F 1 m good quality jets
10%E 3 y
10:_ — o m MC over predicts data
E ] m MC spectrum steeper
[ 3.2<hl<47 ] .
1L | | | | | m Max discrepancy at low p;
40 60 80 100 120 140 o
forward jet p_ (GeV) D ) a
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Summary

m Measurements of FWD energy flow were shown:

m for different processes with different scales

B compared to predictions from different MC models
m The FWD energy flow is:

B strongly model dependent

m The correlation between FWD energy flow and central track multiplicity was studied:
B for W events
B none of the studied tunes describes FWD energy flow and central multiplicity
simultaneously
m A measurement of the FWD jet cross section was shown:

B for inclusive fwd jets
B and central fwd jets
B the predictions agree within uncertainties to the measurement

r ETH Insttute for
Particie Physics !
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Size of the Gap Il

m Ignoring HF =-get information about

more central LRGs
m LRGs mostly from multiplicity S ———
fluctuations (strongly tune dependent) o 0P M Preiminary 2010
ETT Tt T \ E
m ND MC can have large gaps too! E E Ide:sspn",\EﬂTev,w-ev E
5 [ e Data 7
q>, 10* E ---PYTHIA6D6T 3
£ — PYTHIA6Z2 7
;thfhflfgge!e;t (smallest) Nmax (Mmin) gives the size 103;7 TE::::ﬁ::;oozo 7;
7= min(nmam _nmin) 102? ““““ 3
2.85 = E ]
Angap =285—1 F ]
eg. 10¢ E
D6T: too high multiplicity = smaller gaps r ]
2C: too low multiplicity = larger gaps | S E—— I I

42 0 2 A
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Central-FWD Jet Cross Section

Comparison of measured x-sec with different model predictions: '

CMS Preliminary\'s=7 TeV L=3.14 pb’'
I T T

r ETH Insttute for
Particie Physics !

%) 2T | |
= total error on data
% 1.5-— Pythia 6, D6T tune

AR (R Pythia 6, Z2 tune . L. .
§. Pythia 8 Systematic uncertainties (on final x-sec):
‘\_}; 1™ — . Powheg+Pythia m Jet energy scale: =~ 25%
= -~ Cascade m Jet energy resolution: = 3.5%
[o] q
£ m Pile up: ~ 5%
o .
E m Luminosity: 4%
%»— m Model dependence: 3%
088 000 e
o
° 32<ml<47

L ! I I I I
40 60 80 100 120 140
forward jet o (GeV)
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Track Multiplicity - Low & Medium - Electrons

Electron plots only (i.e. p > 1 GeV), muon plots in the talk:

Low Range J Medium Range J
CMS Preliminary 2010 CMS Preliminary 2010

9 e e ° e e o
8 [ Ldt=36 pb’\s=7TeV,W- ev 8 10°E Ldt=36 pb’\s=7TeV,W- ev  _|
=z L p,>1Gev R = E p,>1Gev 3
k) AN 20 GeV < 3E,;. < 100 GeV B k) £ 200 GeV < SE,.. < 400 GeV 1
P4 10 E * Data 3 P4 r * Data 1
e} L HF Energy Scale + 10% | e} 104 = HF Energy Scale + 10% -
L - -~ PYTHIA 6 D6T ] E - -~ PYTHIA 6 D6T E
— PYTHIAG Z2 ] £ — PYTHIAG Z2 ]
— PYTHIA 6 ProQ20 o) — PYTHIA 6 ProQ20 1
= w PYTHIA 8 2C 4 E w PYTHIA 8 2C -
10 E 0= E
[ 1 10°E 3
10F = F El
b 1 10¢ 3

1= E i i

E A I A BRI AR B,
0 10 20 50 0 10 20 30 40 50

tracks Ntracks

/ ETHInstitute for i
Particle Physics !
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Track Multiplicity - High & Inclusive - Electrons

Electron plots only (i.e. p > 1 GeV), muon plots in the talk:

High Range

J Inclusive

d N/d N!racks

CMS P
[

reliminary 2010

L B T e e )
L L dt =36 pb’,\5=7 TeV, W - ev ] E
p,>1GeV 4
10°F E, > 500 GeV 3 ks
£ * Data 1 =
. HF Energy Scale + 10% ] kel
r ---PYTHIA 6 D6T 1
3| — PYTHIA6Z2 B
10°¢ — PYTHIA 6 ProQ20 3
£ w PYTHIA 8 2C 1
10%F 3
10
I RS RN RN R
b 20 30 50
Ntracks
Jiirg Eugster (ETH Zirich) MBUEWG

CMS Preliminary 2010
L i B

10°
10
10°
10°

10

IRARA S R s Y

J'L dt =36 pb’,V5=7 TeV, W~ ev

p,>1GeV

* Data
-~~~ PYTHIA 6 D6T
— PYTHIA6 22
— PYTHIA 6 ProQ20
e PYHTIA 8 2C

e

10

30

17. June 2011

Ntracks
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Asymmetry in signed 7pt0n in LRG

Electron and muon channel combined

m signed 7jepron < 0 = lepton in opposite
hemisphere than the gap

m ND: signed njepton is flat

m SD: tends to negative

m Counting asymmetry: —0.21 + 0.06 (W)
and —0.2+£0.16 (2)

m Fraction fsp of SD component from
binned maximum likelihood fit

events /0.5

m fsp ~ 50% independent from the tune
s PYTHIA 6 ProQ20 + POMPYT

m for the other tunes, only the ND fraction
is shown

fsp = 50 £ 9.3(stat.) = 5.2(syst.)% J

NB: for higher FWD energy deposits, the
asymmetry disappears!

Jiirg Eugster (ETH Zirich) MBUEWG

W Events

1poQuSPEmy e
[ jLLdt:Bpr",\E:7TeV, Wolv

F ZEur=0 or XEe =0 g
100 « Data . -
= HF Energy Scale + 10% T

F ---PYTHIA 6 D6T 1

F — PYTHIAG Z2 1
801 — PYTHIA 6 ProQ20 -
r wn PYTHIA 8 2G 1

r ~+-- PYTHIA 6 ProQ20 + POMPYT |
60— -
40~ -
20 -
01“4,HH\mmM\HH\HH\HH___LL
2 -15 -1 -05 0 05 1 15 2

signed nlepmn

ETH Institute for
Particie Physics
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