Recent Experimental Results on
Soft (& Semi-hard) Strong Interactions

Paul Newman (University of Birmingham)

UNIVERSITYOF
BIRMINGHAM

ICHEP 2012, Melbourne
10 July 2012

ICHEP2012 o

Melbourne




o (nb)

What usually happens when hadron(s)

10°

107

10°

10!

107!

107

107

ETTT a TeTT]

3 Otot :

3 Tevatron LHC

- o (B> s20)

F >

3 Ow

- GZ E

£ 0.,(E/*' > 100 GeV)

g ojet(ETjet > s/4)

[ Gpyiggs(My = 150 GeV) §

E Oliggs(My; = 500 GeV) \

i 1 II 1 11 I 1 1 11 11 II :
0.1 1 10

Vs (TeV)

10°
106
o
10* £
”_U
=
I
10- :‘
100 £
©
D
102
10
106

Events / GeV

Data - Bkg

2400

| COlllde7 This talk...

... calculating 10"

<2000
31800
©1600};
14001
%1 200 —
u>.11 000

brocesses is much
harder than 1010
Drocesses @

TTTTT]

CMS Preliminary

1s=7TeV,L=511b"
\s=8TeV,L=53fb"

8 8001 ;

£ 600

2200
2000
1800
1600

1200f ¢

1000

T T

LI e s

Selected diphoton sample
Data 2011 and 2012

Sig + Bkg inclusive fit (m = 126.5 GeV)

4ih arder polynomial

5= 7TeV.J Ldt=481"

fs = BTeV.J Ldt=591b"

1
130

1
150

160
m,, [GeV]

—e— S/B Weighted Data
S+B Fit

...... Bkg Fit Component
[+t
N +20




Why so Hard to Calculate?

- Front-line territory!

W/HOLL coMEBE

EF < 1 & DR S > AWA\;I(‘;;%NGMA‘I‘ILDAJ'
“minimum blas T RN\ NN ; g &
bp event in | | - Constrained by

PYTHIAS impressively precise
at /s=7TeV, recent data and original
visualised new observables from

using MCViz LHC, HERA & Tevatron



Why should we Care?

Dominant strong interaction processes fundamental to
our basic understanding of the Standard Model:

Fundamental questions:
- confinement
- hadronic mass generation,
- non-perturbative degrees of freedom
- strong / weak coupling and Super-gravity

Practical concerns:
- Modelling pile-up at the LHC
- Modelling underlying event at LHC
- Modelling cosmic ray air showers




Something Simple’: m
Elastic Scattering
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Elastic Cross Section (TOTEM Roman Pots)

Precise t o W T C U T epr 95 (2011) 41001
> N B =19.9 GeV? (2011)
dependence C 102 statistical uncertainties EPL 96 (2011) 21002
Of elast.i C —g | systematic uncertainties — To be published
+ 10! _ pp—Bit E
(PP 2 pPP) = gt € [s=7 TeV
cross section < 10°¢ -
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- Position of dip decreases from |t| ~ 0.6 GeV? (DO0) to e
0.53 GeV? (TOTEM)

- Slope increases: B = 16.7+ 0.2 GeV-2 (D0) 19.9+0.3 GeV-2 (TOTEM)

... effective size of interacting protons grows with energy



Optic.al Theorgm: Lo 16x(hc)’ do,
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total cross sections
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Dedicated run (special optics @ f* =90m) = |t| ~ 0.005 GeV?
- 10% extrapolation to t=0
- Luminosity measurement from CMS
- p from previous data
... one of four evaluations of o, by TOTEM



Totem Total (and Elastic) Cross Section
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Inelastic Diffraction

Single diffractive dissociation
—O== }x

)
P X p°
(t)

Double diffractive dissociation
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(t)

Additional kinematic
variable

At LHC, My, M, can
be as large as 1 TeV

in soft diffractive
processes



ATLAS: Differential gap cross-sections

dn 4

dy Strong correlation between
/ \ nfm — ‘ size of empty rapidity region
X p

and kinematics

- An = —-1Iné&

- Cross sections measured
from first /s = 7 TeV LHC run
[30 March 2010, 7.1 ub,
peak lumi 1.1 x 1027 cm2 5]

- Differential in rapidity gap

Anf extending from n= +4.9 ,Q ATLAS
to 15t particle @ p, > 200 MeV wEXPERIMENT Implies €~104




Large Gaps and Diffractive Dynamics

T T - ~ 105
E - ATLAS —e— DatalL=7.1pub" §/ % 1 O
“= 2.5 \s=7TeV —— PYTHIA84C —
3 1 . P, >200 MeV p=m= Non-Diffractive -
L 2 =!. o Single Diffractive —
1 5_ \////! Double Diffractive -
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Q15K
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- Exponential fall of non-diffractive contribution at small gaps
- Diffractive “plateau”: ~ 1 mb per unit of gap size for Anf > 3.
- Slow rise with gap size consistent with expectations y

- Ample opportunity to improve model details



HERA & Partonic Diffraction

Xip = & = M?/W?
= fractional momentum loss of proton
(momentum fraction IP/p)

B=X7Xp
(momentum fraction, struck q / IP)

Virtual photon probes partonic
structure of diffractive DIS
rather like inclusive DIS ...

Experimentally identified
tagging of scattered proton

12

>100 papers later ...



ZEUS v H1
lefractlve DIS

3% precision in
rapidity gap method
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ZEUS v H1
Diffractive DIS

3% precision in
rapidity gap method

First combined
H1 / ZEUS data
(proton tagged)
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Diffractive Parton Densities (DPDFs)
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- DPDFs obtained through NLO DGLAP QCD fits to data.
- Quark density to ~5%, gluon from scaling violations to ~ 10%

- Diffractive scattering dominantly gluons (~70% of exchanged
momentum, extending to large momentum fractions z)

- Impressive descriptions of all hard diffractive DIS data 16



DPDFs and Diffractive DIS Final States

ZEUS one central + one forward jet
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... meanwhile in pp(bar) =

Spectacular failure in L%)ﬁcgger E
. o
comparison of Tevatron  ¢® jet

proton-tagged diffractive
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CMS Diffractive Dijets

CMS preliminary, p+p->jet‘ ]etz, \Ns=7 TeV, hi<4.4, p“)>20 GeV
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&
Cross section measured after

applying rapidity gap cuts.

Gap survival probability
from NLO MC = 0.08+0.04
(surprisingly) similar to Tevatron.

- Non-diffractive gap fluctuations?
- Proton-tagged data will clarify
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The rest: non-diffractive processes

( Non-Diffractive

5 \\ 0

Complicated!... and
non-perturbative aspects
not ignorable even for
hard scattering studies

outgoimng parton

/

—>  proton

profon v

derlying event €——"
Significant progress in
understanding the outgoing parton
“underlying event”:

originating from beam remnants

and multiple soft and hard scatterings

final-state
radiation

/ R " Double Diff, Everything Else
p !,\ Elastic

——a= underlying event

Central Exclusive

Scattering

Single Diff.

initial-state
radiation

20



FB multiplcity correlation

Complexity! Correlations & Transport

Baryon number transport
over Ay - 5 rapidity units

from beam particle =————————————— 1

T

Normalised covariance between
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Where does the Energy / Particles Go?

- Studies of particle production and energy flow using many

novel observables

- Also which types of particles are produced (not covered here).

- Data often ahead
of phenomenology,
even after tuning ...

hadronisation
hadrons

_____

i1/

0.4
cl'= | e H1 data (prelim.) imi
| o H1 Preliminary
~ZpGLAP —— RAPGAP (ALEPH tuning)
| == = RAPGAP (default PYTHIA hadronisation)
CCFM| === CASCADE
03— pT' >1GeV
! - 10° < B gp< 155°
- i.!;'-:
0.2 - } =
01— |—
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“Hard” Scattering

Underlying Event /
Multi-parton Scattering

outgomng pumm

initial-state
radiation

final-state
radiation

 Region transverse to hard
scattering plane particularly

outgoing parton

sensitive to multiple (parton) int’s. —%
* Pre-LHC MC models predicted too
little transverse activity and 4
jettiness in A¢ ~ 180° away region ...
A\ __ ||||||| o s T T __
Ieading track <_____\A¢ § :j;_ Transverse Region \I:Z'f;{:/ _E
~x F =
\ Zo 1.2— —
S £ :
\ =
. toward ’ 0.8
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N L 0.6—
transverse R transverse -
60%<(adi<120° .77 "~ L 60%/Agl<120° 0.4 T -~ PYTHIADW
- away ) 0.2 - :;F\:\I/?Gﬁmnsﬂy /(A::fAs MC09 - E‘H(LTZ\TPeruglaO
A@>120"

MC/Data




Tuning the Underlying Event

e.g. Tune Z1 of PYTHIA6 (ATLAS AMBT1 - Rick Field)
Principle changes are in energy dependence, PYTHIA version
(py instead of virtuality ordered parton showers), PDFs (CTeQ5L),
MPI p; cut off and energy dependence
Example illustration ...

"Transverse" Charged Particle Density: dN/d"d¢

4+ RDF Preliminary
7 Tune Z1 generator level s 'y I %
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Charged Particles (|1] < 0.8, PT > 0.5 GeVI/c)
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PTmax (GeVic)




Energy Dependence of Z1 Tune

Simultaneous description of CDF data from Tevatron energy
scan (300 GeV, 900 GeV, 1.96 TeV) & LHC(900 GeV, 7 TeV, 8 TeV)

e" Charged Density

1.2

o
o

0.0

"Transverse" Charged Particle Density: dN/dNd%

RDF Preliminary

Corrected Data

e

0.4 —18

) T
.
i 1.96 TeV
fooced  CDF

PYTHIA Tune Z1

Charged Particles (PT>0.5 GeVi/c)

15 20 25 30

PTmax (GeVi/c)

35

B Cms
® ATLAS
[] ALICE

- Energy dependence
well described for
this and other
observables

- More improvements
pending

-In good shape for

13 TeV data 25
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MC/DATA
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1/[An A(AD)] ( Z p_ ) [GeV/c]
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8 — DATA 2010 Ns=7TeV
----- PYTHIA Z1
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) -4+ HERWIG++ UE7-2
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- det 800 ub’!
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cMs, /|

1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1
0 20 40 60 80 100
p‘;“ [GeV/c]

Asking the Underlying
Event Question
Differently: Higher
pr of towards region tag

A TLAS Preliminary - i: gg::ﬁ :ﬁijglazoo)ﬂ (NOCR
- ‘5 Towards region determined by

FL DL leading “track-jet” ...
SOET e 8“’1,,-??‘[’@6;‘? Extending to much higher pt
5 Z1 description remains good

[ e Data CMS s=7TeV

- —MadGraph Z2
e : i
o Henvige LHC-UET2 Towards region determined by
Rely Herwig++ LHC-UE7-2 (no MPI) . . .

- charged partles uw*n direction in Drell-Yan events

Madgraph (+Pythia) Z2 is slight
update of Z1 - again successful

Many further similar examples

26



Complementary Ways

of Characterising Events:

1 dNg,
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Global Event Shapes

- Transverse thrust
- Thrust minor,
- Transverse Sphericity
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ey dTS)

4

I
Z

MC/Data

aa PARTONS

7
6

T
r 7TeV  ATLAS prellmmary

[ 05GeVN =26and n| < 25p ?=0.5 GeV

%= Data 2010
—--— Pythia6 AMBT28
—-—- Pythia6 DW

ISOTROPIC

..lll.I.I"|1||||||1||1|||1||1|||1||1||1||11||1|

27



High Rapidity Coverage at LHC

1 1
ChS, |
}

dN/dn
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[E s
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% <—r— multiplicity
| measurements
ALICE Data. Inelastic, Nch > 0'in |n|< 1 #
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CMS Data (NSD)
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Track n

-Forward tracking coverage provided by LHCb and TOTEM T2
telescope (5.3 < [m| < 6.5) - way beyond rapidity plateau!

- ATLAS, CMS calorimeters -2 In| ~ 5

- Also ATLAS LUCID and CMS CASTOR (5.2 < |n| < 6.6) -
- Many complementary measurements possible
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Measurements in the Forward Region

ATLAS Preliminary—|
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Measurements in Very Forward Region

§ ~ <Pythia 8108 (Default-Tune) Pythia 6.42 D6T Charged Particle Mu ltiplicity
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To summarise ...

New (types of) data from LHC, together
with what we are still learning at HERA
and the Tevatron - growth spurt in
measurements sensitive to soft and
semi-hard strong interactions:

- Diffraction, underlying event,
energy and particle flow featured here

- Correspondingly fast model
development - reliable tools :

- Essential for full understanding at |} -/f?‘
TeVscale PESRER-=g

Apologies for many excellent
omitted results

Thanks to T Martin, G Alves, S Bhadra,

R Cieselski, M Diele, R Field, C Glasman,
A Grebenyuk, R Muresan, H Niewiadoniski, e
R Polifka, D Salek, A Soffer, V Simak =
... and many more



To summarise ...




