ST

Karlsruhe Institute of Technology

QCD and forward results from CMS

Igor Katkov

On behalf of the CMS Collaboration

2 Ui
Intern at\o

16 18 November’ -y .

KIT — University of the State of Baden-Wuerttemberg and
National Research Center of the Helmholtz Association



G (ND)

(Yet another) Motivation

proton - (anti)proton cross sections

7 TeV LHC parton kinematics
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® Understanding of QCD at new energy frontier
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www.hep.phy.cam.ac.uk/~wjs
Astroparticle Physics 35 (2011) 98
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CMS forward detectors

Rotating
Collar

figure adapted frem
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® Cherenkov/quartz calorimetry in the forward region (HF @ 11.2m /
CASTORcal @ 14.4m / ZDC @ 140m) to meet design challenges
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Total inelastic cross section: turn pile-up cwvseas Fwp-11-001
into advantage to measure fundamental
quantity

£ . 75_CMS Preliminary,\s = 7 TeV, L = 36 pb
;20 CMS preliminary -g r
— C X
© 70f B X
100 C
80 65— &
s C
% ) | - @ CMS Preliminary o A
s ‘ ! 60— A PYTHiAS +-43= - -
C ¥ PHOJET o
.— o oht - o +<7
“ T L o é ﬁﬁi Pous 55 G
f « CDF C AP QGs-01
20f{l a proton-antiproton inelastic dataa total proton-antiproton 0 E710 FATLAS L
L™ proton-proton inelastic data  ® total proton—proton v E811 - - | | | :
: : & 0 1 2 3 4 5
10 10 10 Vs (GeY) L Minimum Number of Charged Particles [p, > 200 MeV, In| < 2.4]
Courtesy of arXiv:1102.1949
L ] [ ] L] L] L] :_| T T T T TTT7T T IIIIII T T I/III‘II/
@ Vertex multiplicity in bins of L__ HoE o arias R Uich - -
_ fooF-  E-CMS prel. //' 034
® Correct for vtx efficiency for atleast N 2,5 -wus ey
t I rt I = anE— - CDF/ET10 //‘ P
Cen ra pa IC eS -g = @ Auger 201 | :‘fh‘- ..-.:'-"":'_.“"
. . . . $ w0 o o
® Derive o from fit assuming Poisson - | %; 22T ... qassenn
: . e E _,,r‘ —-mr QGSJetll 3
dependence of pile-up vs lumi Toot o soet
; 40P '”r..Au er 2011, preliminary ...... P 6115
= .preliminary ... Phojet
® Extrapolate to total o with MC o, | EersULP T .
. 10° 10° 10°
o, =682, O(syst.|*=2.4(lumi|*=4|ext.) {5 [Gevl
5 16-18 November 2011 QCD and forward results from CMS

LHC on the march



L l "ems | 7
- -
B_TT.\I' * . . o e * .
= € 6
IR VY U F- .
s | 236 TeV ROV 2
4= Y ahd 1 —
T Lo P gastte T, | 5 g
%J | 0.8TeV | “‘E
L S 3
2 —
= . CMS NSD -
L a ALICE NSD
L o UAS NSD 1
1 | 1 1 | 1 1 1 | 1
0
-2 0 2 0
M
!: —— EPOS1.99 p+p—chrg NSD
T QGSJETII T000GeV .

= QGSJETO1

S SYBILL24
6 ecws o oF

6 16-18 November 2011

LHC on the march

2

4 6
pseudorapidity n

T ™ T
= uainsD O NALB.C. inel. CMS
[ v STARNSD 4 ISRinel ]
I & UASNSD A UASinel. B
I W CDFNSD ¢ PHOBOS inel. + 1
[ % ALCENSD ¥r ALICE inel 1
[ ® CMSNSD ' A
e -
. G
[ o |
r —----— 2746-0307 In5+0.026T In*s |
:I 154 - 0,096 In 5 + 0.0455 In® 5 | ]
10 10° 10° 10*
s [GeV]

Single charged particle spectra

(p,) [GeV/c]

=1 = =]
< B < o <o @
- [£3] [52] [+2] [52] [#2]

o
[
5

o
w

s

=* ISR Inel

#* UA1NSD
& ET35 NSD
B CDF NSD
® CMS NSD

T

—— 0.413 - 0.0171 In s + 0.00143 In 5

10

10° 10 10*
\§ [GeV]

@ Measurements for different experiments

In agreement

W Spectra steeply increasing with energy
@ NSD < model dependence

PRL 105 (2010) 022002
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Single charged particle spectra (n_ >=1)
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@ Reduce model dependence for comparisons / tuning

® Pre-LHC tunes falil

CMS PAPER QCD-10-024
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Charged particle multiplicities
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® Information on many “tunable” aspects: diffraction, MPI, saturation

® No model can describe energy dependence; multiplicity and average

transverse momentum at the same time
JHEP 01 (2011) 079
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Identified particle spectra: strange
particle production
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@ Strong increase of
UE activity from 0.9
to7 TeV

W Well described by
parton shower MC
tunes...

® But what about
Tevatron data at the

same time JHEP09(2011)109
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® Measurements motivated by effect observed in HI collisions at RHIC

® Long-range, near-side angular correlations in high multiplicity pp events at
intermediate p. (ridge at A ¢ ~ 0)

® Not in usual HEP MC models; hydrodynamical nature like in HI?
JHEP 09 (2010) 091
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Bose-Einstein correlations
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Forward energy flow
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® Strong rise of energy flow

with energy

® Energy flow increase for

dijets

@ Without MPI models falil
@ Cosmic ray models best
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@ Anti-k_ particle flow jets with
R=0.5

® Measured wide range in p,

® Simple bin-by-bin correction

@ Compared to NLOJet++
(fastNLO)

14 16-18 November 2011
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Double differential inclusive jet cross
sections for central rapidities

CMS, 34 pb™ \'s =7 TeV
>10" Datafor: - lyl<0.5 (x3125)
(5101 o 0.5<lyl<] (x625
S 10° . 1<lyl<1.5 (x125)
= s 1.5<lyl<2 (x25)
g o . 2<lyl<2.5 (x5)
© 10 ¢ s 2.5<lyl<3
%10‘*

5 10°
Y% 107
10°
107 ‘
10E _ NLO®NP theory®
1t [ ] Exp. uncertainty *
107 E Antik, R=0.5 v N

20 30 100 200 1000

p_(GeV)

PRL 107 (2011) 132001

QCD and forward results from CMS



15

—_ 2
=)
-
-
e
2

= 1.5
2
2
©
o

1

0.5

0

Inclusive jets: comparisons to PDFs

[(®] CMS Data/NP
[ 1 CT10 APDF (CL8&8)
- ----- MSTW=2008 -
L NNPDF2.1 .
--- HERAPDF1.0

—— ABKMog

T

- CMS L=34pb" Vs=7TeV .
- Inclusive Jets Anti-k; R=0.5 .
| 0.0<|y|<05 i

1(]2 10?l
p; (GeV)

Ratio to NLO (CT10)

1.5

CMS Data/ NP
CT10 APDF (CL6&8)
MSTW2008
NNPDF2.1

- - - HERAPDF1.0

—— ABKMo0D9

(M ]

CMS L=34pb" s=7TeV
Inclusive Jets Anti-k; R=0.5
25<|y|<3.0

2
10

W Better agreement in central rapidity bins and at higher p_

16-18 November 2011
LHC on the march

10
p; (GeV)

CMS-NOTE-2011-004

QCD and forward results from CMS



o€ 10 PP—let+XNE=TTew), 32<ki <47 £ 80[— po ~ et AXNET TeW), 32.<hl <47 Antik,, R =05 CALO
QE E @  DataAmik, R=0.5 CALO) 2 L _I_I_I_]T"“ inty { ity included) CMS Preliminary
L& r NLOGNP ! lJes P
_()_'z b.g'_ 105§— E— m:shllmmy g m: iprmmﬁm&mdm det=3-l4pb
ca i qb% D Pythiaé : -
laree x — ‘ 1042_ :_ Powheg + Pythlag E 40_—
smallx — = ( E AN [_] EXP.Uncenainty C
):4-_4-»- - 103§ X Zﬂ__
i o
T E  CMS Preliminary -20:—
EM'! LR 10? de‘l=3.14 pl:f1 C
( ] . F = L
L 1 1 1 Il Il 1 1 Il 1 1 1 Il Il Il 1 1 1 Il Il "4‘0_
12‘0 4|0 ‘ slo 1(|10 12‘0 1=|10 '
i p,[GeV/c]
= 2 T T T T T
= (&1 CMS Data/NP ]
[&] 1 CT10APDF (CLB8)
= - MSTW2008 .
= NNPDF2.1 y
2 s | R :
= ]
2 ]
0o -
S —— _ ® In reasonable agreement
I — ] . . . . .
S I - with predictions within large
05 | - Y
I CMS Prelimina L=3.14lrb" Js=T TeV i JES uncertalntles
Inclusive Jets Amti-k; R=0.5 y
32 |nl< 47 i
0 1 1 1
50 100 150
pr (GeV)
CMS PAS FWD-10-003
16 16-18 November 2011 QCD and forward results from CMS

LHC on the march



Forward-central jets
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Energy flow with W/Z production
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® Explore underlying event / MPI in event / diffraction
CMS PAPER FWD-10-008
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Energy flow with W/Z production (cont'd)

CM
+ T T T T T T T T T T T T (‘)MIS L‘:‘_O-0037 UL L L B L LD B R R c':M‘? %00025_ i ”””l_ ' |7\'\||||‘_ T T ]
£ 0.014[ Ldt=36pb", NS =7 TeV, W pv - ut r Ldt=36pb", V5 =7 TeV, W pv 1 ul r Ldi=36pb . N8=7TeV, W pv 1
H ’ N Frrran > 4GSV ] el L e Tower > 4 GeV : _Dé L )EE:“:EQSJG?/V ]
- L 20 GeV < EE. < 100 GeV ] o0.00251- 200 GeV < £E,p <400 GeV - = 0.002- . pam -
= 0.012F . paa N =z L * Data s ] Z r HF Energy Scale + 10% 1
% C HF Energy Scale + 10% ] - L HF Energy Scale + 10% g}f.ii_ ] e L —-—PYTHIArE:SvDST * i
S oof o E e . :
= UL —pviraseean ] = U evmmceean ] T0.0015[ . PriHAs P ]
[ e PYTHIA 8 2C ] L mePYTHIAB2C 1 C ]
0.008 E 0.0015] 3 i ]
0.006 PN 3 i 1 0.001- -
) E 0'001?.'" _: L - ]
0004 E g ] 0.0005 | L A ]
0.002F ] 0.0005f 3 [ } bt ]
G: I RRTIT] B R SRR TTT] B S W B R TTT] B! \I ; ] 0:__\_7_\_||_|:\|___|__|_\||||\| [ ERTIT BRI ] ‘IO(;:;LA_LHHJ__d_LH»HH — H‘ll”oz —t '”.'1”03 .
10" 1 10 1 10 ' 1 10 10 10 o1
LE.¢, [GeV] LE.r, [GeV]
e 4 Low 222 7% Medium
s e

%
o
.
o X 0
. . .
B . 5 .
K A B "
: s 4 : ‘
. - . - . J
4 K ' A " K
., | Iy g ., B oo = - . = “ESARARS 3
., "E SRR R R N ‘. AT TTTTE * | K
‘. | o ‘e | 0 A [ " 4
.., W Lt . W R vl I R
: " | e g frea, [{ Tt L e, | PP L
40 L P! 40 Cramramagfanet = travennndfornnt

® Forward/backward strongly correlated; not well modeled
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CMS PAS FWD-10-014

Inclusive to exclusive di-jet ratio
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W Stringent test of QCD, sensitivity to new
physics

® pQCD @ NLO and parton shower MC
describe data, sensitivity to modeling of
ISR

PRL 106 (2011) 201804
PRL 106 (2011) 122003
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CMS PAPER QCD-10-035

Di-photon cross sections

CMS \s=7 TeV, L = 36 pb"
Inl < 2.5, Ey, > 20,23 GeV

CMS \'s=7 TeV, L= 36 pb”
ml < 2.5, Ey, > 20, 23 GeV
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® Irreducible background to H — yy
@ Measured cross section underestimated at low A, low masses
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B Wide spectrum of QCD measurements performed at LHC energies
offered to public allowing further tests in the unique kinematic regime

W Reasonable description for inclusive measurements; (de)correlations
In several cases pose a challenge

m Especially high-p. analyses can profit from huge data sample of
2011 as pile-up is not a big issue

B Soft QCD/forward studies need e.g. dedicated low lumi runs to
extend their data samples
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~ \ Two level trigger system

v Yo

® <100 kHz @ L1, O(100) Hz @ HLT —
(two SW levels: y+CALO only « full —

detector including TRK) . doinel
ront end pipelines

® In 2011 10-fold increase from peak
instantaneous lumi of ~0.2/nb /s
(2x10%* /cm?/s)in 2010

Detectors

Readout buffers

Cj Switching network

® Quickly evolved from triggering on
mainly Minimum/Zero Bias
(threshold based) to sophisticated
trigger menus (combining fully
reconstructed objects)

Processor farms
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Minimum Bias Triggers

BSC1+ | 3 = |BSc1-
HF+ +10.9m | * ’!" -10.9m HE—
BSC2+ | | T11-2m -11.2m | | Bsc2-
=14.4m
BPTX+ | | T144m BPTX—
+175m -175m

B Beam scintillation counter: info on hits and coincidence signals

B Beam Pick-up Timing for eXperiments: precise info on structure and timing of LHC
beams

B BSC + BPTX — minimum bias (beam halo/gas/splash, high multiplicity) triggering /
monitoring for pp and HI
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CMS Total Integrated Luminosity 2011 (Mar 14 09:00 - Oct 30 16:10 UTC)
I T T T

— Delivered 5.72 fb™' | |

1+

o 1 1
14/03 20/04 14106 30107 14/09 2010

@ In 2009 ~10/ub @ 900 GeV c.m.e.,
~0.5/ub @ 2360 GeV

M In 2010 <40/pb @ 7 TeV still at low pile-up

@ In 2011 recorded ~5.2/fb @ 7 TeV pp
(and 250/nb @ 2.76 TeV) with good efficiency

B Pile-up: 2 — 4 extra interactions per crossing in
2010,5 -8 (and up to ~ 16) in 2011
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Fantastic LHC and CMS as well

CMS Integrated Luminosity/Day 2011 (Mar 14 09:00 - Oct 30 16:10 UTC)
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Monte Carlo models / tunes

Partonic cross section regularised via cut-off

~4 _ 2
1/PT il l/( +PTU) , PTU(\/ — IUTU(\./_ \/_/'v
More MPI activity is predicted for smaller values of pt0

Considered mainly PYTHIA-6 tunes consistent with UE measurements by CDF which
favour pt0 = 2.0 GeV for Vs0 = 1.8 TeV

Tunes DW, PO, Pro-Q20: € = 0.25 in agreement with CDF data at \s = 630 GeV and 1.8
TeV (DW pt0 = 1.90 GeV)

Tune D6T: € = 0.16 motivated by the measurements of charged particle multiplicities by
UAS at SppS collider (pt0 = 1.84 GeV)

Tunes PO, Pro-Q20 use LEP results to describe hadron fragmentation at high z
Tune PO and PYTHIA-8: new PYTHIA MPI model interleaved with parton showering

PYTHIA-6 includes only soft diffraction, while PYTHIA-8 includes simulation of hard
diffraction

PHOJET: alternative event generator, differs in underlying dynamical model for particle
production, based on the dual-parton model with multi-Pomeron exchanges
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Monte Carlo models

B CASCADE: CCFM evolution with off-shell matrix elements

@ JIMMY generator for multiple interactions, close integration with
HERWIG

® POWHEG: interface NLO calculations to shower Monte Carlo
programs

® High Energy Jets (HEJ) generator for multi-jet processes with focus
on (non-collinear) radiative corrections

@ Cosmic ray models:

Older models: Recent models:

Glauber based, different mostly in QGSJetll (Osta,_oc:henko) _
remnants-+diffraction, for example: Theory-++, Optimized for cosmic rays
QGSJet01 (Kalmykov, Ostapchenko) EPOS (Werner, Pierog)

SlBYLL (Enge;'l, GSESSEI’, f_.f'pa‘ﬂr, Sta‘nev) Phenomenology++
Optimized for LHC, RHIC (and cosmic rays)
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Diffractive event displays

*Trigger on HLT_L1DoubleMuOpen or
HLT_L1DoubleMuOpen_Tight

. EXClUSiVG J/L|J N p U *Require good vertex with exactly 2

opposite-sigh muons (TMLastStationAngular
tight ID)

*No other tracks in the event
< 5 calorimeter towers over noise threshold

*No activity above threshold in the Zero
Degree Calorimeter

Ap(pp)fm > 0.9, Apr(pp) < 1.6 GeV

) ) N Event selection with HLT_JET15U trigger
W Diffractive dijet

Require good vertex, loose jet ID
Anti-kt jet algorithm with R=0.5
P.(jetl) > 30 GeV, P.(jet2) > 20 GeV

Diffractive selection:

No energy deposition in HF with E>4 GeV

+ Diffractive Selection:

. Diffractive W — MV - No energy deposit in HF (LRG, Calo Tower Energy > 4 GeV)

+ Event display options:

Barrel: Calo Tower Energy > 1.5 GeV

— Endcaps: Calo Tower Energy > 2 GeV
Forward: Calo Tower Energy > 4 GeV
Tracks: p_T > 500 MeV

31 16-18 November 2011 QCD and forward results from CMS
LHC on the march



Run/Event: 139364 | 71476695
Lumi section: 70

//
M— \\

Data recorded: Sun Jul 4 07:53:17 2010 CEST
Run/Event: 138364 / 71476695
Lumi section: T0

Exclusive J/y — u
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CMS Experiment at LHC, CERN
CMS Experiment at LHC, CERN Data recorded: Sun Jul 4 07:53:17 2010 CEST

a\
24

= 3.05+0.03 GeV

— = 0.98
Apr = 0.06GeV

track: pr > 0 GeV
HCAL: E > 4 GeV
ECAL: E > 25 GeV
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Diffractive dijet

E(n<3.0)>1.5 GeV pT(track) > 5 GeV p;(jetl) = 41.2 GeV, p,(jet2) = 31.9 GeV
E(n=3.0)> 2.0 GeV n (jetl) =-2.8, n (jet2) =-3.3
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CMS Experiment at LHC, CERN
Data recorded: Fri Sep 24 09:01:35 2010 CEST
Run/Event: 146514 / 539240623

Diffractive W — p v




W/Z events w/o rapidity gap

W ->e nu

CMS Experiment at LHC, CERM
Tisé Sep 268 02:44:20 2010 CEST
BED4 [ 81997714

ng: 41302543 | 407

CMS Experiment at LHC, CERN

Data recorded. Sat Sep 25 19:59:38 2010 CEST
Run/Event: 146644 [ 72273669

Lumi section: 133

Orbit/Crossing: 34606006 / 2225

Z->mumu
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CMS Experiment at LHC, CERN

Data recorded. Sal Sep 25 19:59:38 2010 CEST
Run/Event: 146644 ¢ 72273665

Lumni saction

‘| Ovbit!Crossing: 34606006 | 2225
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