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Overview

(0) Intro. Forward detectors at the LHC
(1) Elastic, inelastic & total x-sections.

(2) Diffractive scattering.

4) Photon-photon collisions.

)
)
)
(3) Double Pomeron Exchange & central-exclusive.
)
5) Low-x QCD.

)

(
(
(

6) Beam remnants (UHE cosmic-rays).
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LHC experiments: (p.,n) acceptance

m Particle production at the LHC over Ay = 2y, = 2In(vVs)/m_ ~ 20 units

p-p @ 14 TeV DdE, arXiv:0708.0551
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m Most of phase-space covered (15 time in a collider)
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LHC experiments: Forward

m Convention (arbitrary): Forward = |n|>3

p-p @ 14 TeV DdE, arXiv:0708.0551
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m Disclaimer: Results shown today are for proton-proton at 7 TeV
(few forward Pb-Pb results expected for QM'12)
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Forward physics: why ?

m Many interesting (mostly color-singlet exchange) scattering processes
at the LHC are characterized by forward particle production:

P
( Elastic & diffractive: IPH

QCD: {
Low-x QCD:
\
r‘
two-photon, photon-hadron:
Electro-<
weak
Vector-Boson-Fusion:
\
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Forward LHC detectors: where ?
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Forward detectors: Atlas & CMS

m Near-beam detectors beyond |n|=In tan(6/2) > 3

icavern
: Muon detector
tunnel O(mm) or “on-beam : O(10cm) from beam \\ LIEAL
Proton taggers calorimeters
E n>8. Tracker
4209m220 240m~1m- AT i T

1) p,n tagging devices

2) Direct particle measurements:

fwd. jets, ... % q“
P &
3) Hadron “vetoing” devices: }5&
rapidity gaps P "9 pp
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Forward detectors: LHCb & ALICE

m Full LHCDb ! Single-arm fwd detector optimized for heavy-flavor reco:

Dipole magnet  Tracking system Muon system

3'1_‘ \ Calorimeters M]\‘m Ms 950 sored n~2 [ | ParUCIe ID (e, 'Y, Mmuons,
T e S I hadron ID), secondary

Vertex
T T3 RICHZ
Locator | | e -
. \ e - & .- . ) _'EQ- 1 . VerteXIng, [ ]
|.:JEH[0F ey L g 10 mrad —~
i —={{ I} EEEEA n-5

m Although so far only
few QCD analyses available ...

RICH detectors

Particle E‘,il?_tlll;rlmeﬂtum
Time p'de“'"“:i“"th" Identification
n Detector

m Forward muon spectrometer:
2.5<n<4

ZDCs also at £7m,£+100m

4.8<]n|<5.7
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Forward detectors: TOTEM & LHCT
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m Roman Pots:  pps@i147m RPs@220m
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m LHCf (£140m in ATLAS tunnel):

pairs o Si
INCOMING NEUTRAL (0, 6,8,34 r.l) for tracking purpose
PARTICLE BEAM X and ¥ directions)

Absorber
22 tungsten layers 7mm -
14 mm thick (2-4 r.1.)
(W: X, = 3.5mm,_, R, = 9mm)
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Elastic, inelastic & total
Cross sections
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p-p collisions at the LHC

m Hadrons are extended composite objects: Even at asymptotically
large c.m. energies, ~40% of hadronic interactions are not “point-like”:

(1) Perturbative parton-parton

O collisions
=
2 ~60%

(2) Diffractive, elastic
~40%

* 1 or 2 protons “intact”
+ 1 or 2 rapidity gaps:

* No colour flux.

* Colourless exchange
with vacuum JP¢=0**
guantum-numbers:
|Pomeron = 2-gluons
In colour-singlet state.

Regge-Gribhov

Non diff.
nelostic

Single

diff.

Elastic
scott.

hard core

P
il P
o (9ap) - IPE
p (92P) .(gap) P P IFE ;
P
, P
P P
(gap) ’ IPH
\||\|||\|I-\|||-||||| , P

1k % = I e 1M [=
5 10 ) O 2] 0 5.

o (gap)
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P
P

m pQCD (~60 mb) + elastic (~25 mb) + diffractive (~15mb) ~ 100 mb at the LHC.
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Total & elastic p-p cross sections

m Non-computable from QCD Lagrangian (maybe lattice ?), but
constrained by fundamental QM relations: Froisart bound, optical
theorem, dispersion relations.

m LHC p-p x-section predictions:

o_(LHC) = 90-120 mb

+10 %.

o L
= best fit with stat. error bal;d
= incl. both TEVATRON points
o oL - total error band of best fit:
total etror band from all lliodcls |
[ Consldﬂcd : ]
I : Cosmic Rays
i 4 g i
L 4 f ﬁ .
. =+ )
I < 43 |
| L] . L
10° 10° 10°
/ Js [GeV]

m Pre-LHC model uncertalntles driven
by E710—-CDF 2.60 disagreement

12/46
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m Impact on cosmic-ray MCs:
Uncertainties of o.__(E_, ~10" eV)

change by factor of ~2 the air-
shower maximum fluctuations:
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Cross section 1‘19

R.Ulrich, R.Engel,M.Unger, PRD83 (2011) 05426
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Total & elastic cross sections (TOTEM)

m 3 methods used to measure total x-section:
. 167 he)* do
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m All methods yield: 6~ 98 mb, 6, ~25mb at 7 TeV. Increase of 6_/G,
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Differential elastic scattering (TOTEM)
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p-p Inelastic x-sections (Atlas, CMS, TOTEM)

m Visible inel. x-section ¢ ~ 60 mb mostly overestimated by MCs:

ATLAS,CMS

E 95_ ! ! ! ! ! ! ! I T ]
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m Most models over-/under-estimate high-/low-mass diffraction.
m Increasingly unbiased evt. selection best reproduced by QGSJETO01,-11-4
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p-p total/elastic/inel. x-sections (TOTEM)

m TOTEM o~ 98 mb falls right on top of COMPETE fit prediction
(which goes in between E710-CDF at 1.8 TeV ...)

a—wlﬁlﬂ T T 1T T T T T T 17T E 111:!_ E
,g. \ Trot (red), Tine (blue) and o, (green) 1% E_ {-Tti_"ll' _E
1301, pp(rDG) +  ALICE ] T 105 ]
= _ 1 Ez C ]
£120| v pp(PDG) «  TOTEM (L indep.) LV [ S S + ______ + 7
5 s Auger + Glauber ] | C ]
THOL i AsS — best COMPETE oy fits d 1 eF 3
"'_,-_' cal e - ] E
E100 |, oMs -—--114 - 1.52Ins5+0.1301In’s ZH T L ] 90
2 - - — 80
2 90 - ‘ - 1 = C
t.‘ -
L Rd . E r LT.-
B - 1 £ [ Vinel
80 | ] - Augery ~ s Rt =
o H _______ —_—— . L - ]
70 . /? 1 £ +
- ' | 70F -
60 | _ :
50 - 65
dﬂ _'_ I‘ - .f-'-jlﬂ:h : — SG_ |
= : = = E 23‘__ {-1{ l 7]
30 F 1 < 26 .
: e S et OOt SR S SR
0 S ] 24r 7]
w0+~ - s TOTEM - 22+ —
I—I 1 1 I 1 1 11 I 1 1 1 1 1111 I 1 1 1 1 L1 1 I_ 2‘:’
10! 102 10° 10* 10°
Vs (GeV)

¢ inde pendent |-
L independent |-

elast. only (Jun) -
elast. only (Oct) -

Fwd-Phys-RHIC (RIKEN-BNL), Aug'12 16/46 David d'Enterria (CERN)



Diffractive scattering
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Soft diffraction (ATLAS)

m Inclusive diffractive x-section
measurement:

Ratios of single/double-side triggers

& 018 a0 T L
- - % - Schuler-Sjostrand PYTHIA 6 ATLAS §
0.16 __ —— Schuler-Sjostrand PYTHIA 8
[ --F-F- Bruni and Ingelman i
-~ —@— DLe=00850 =0.25GeV? T
0.14 DLe = 0.06, o = 0.25 GeV/? =
T -€>- DLe=010,c' = 0.25 GeV? T
0.12 - M- PHOJET N
0.1F .
0.08[- |
0.06 —
0.04 f«:’:".rf \":S= 7 TeV _:
i 1 1 1 1 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ‘ 1 1 1 I_
0.1 0.15 0.2 0.25 0.3 0.35 0.4
fD

R, =10.0+0.4% — f_~25-30%
o,.~17-21 mb depending on models
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m X- sectlon vs. rap-gap:
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m PHOJET better at large An,_

(flat contribution from diffraction)
m PYTHIA (no DPE) better at smaller An_

Non-diffraction dominant (expo decrease)
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Hard diffraction

m Hard diffraction calculable using QCD factorization theorem:

Ghard-diffractive = dPDF ® Gparton-parton ® gap-survival
p : : . :
hard — jet Diffractive PDFs: probability to find a
scattering > parton of given x under condition that
B jet proton stays intact (measured at HERA).

IP | dPDF _ )

p—> » P pp—pJ X
Q% F e HA fit-2 —+- CDF data
) . . oo - [ H1 fit-3 E}"? > 7 GeV

m Gap survival S: probability to fill rapidity =~ '9%f (=75 cev?)  0.035<£<0.095
gap with hadrons from extra rescatterings [ t]<1.0Gev"

OF T N e,

; rescattering

I effects added
1 F
0.1L CDF: PRL84, 5043 (2000)
dPDF = '
0.1 B 1
S gapsun.~10% at Tevatron
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Diffractive dijets (CMS)

m Observation of diffractive dijet production: CMS-FWD-10-004

nmin>- -3'

2 jets (anti-k , R=0.5) with p.>20 GeV and |n|<4.4
+  Dijet distribution binned as a function of:
B . Y (Ef + PIZ) M%{ proton fractional

N + —
¢ ~ = momentum loss
\/§ 5 in SD events

¢ reconstructed from all other particles in event.

m Low-¢ region predominantly diffractive:

CMS, V8=7 TeV, pp-jet jet , nj<d.4, p_ >20 GeV

, e}
l
do ,}j _ N jii _ z:ip
dc L-e- A A& O _1q o [T
3 N R
- Excess of events in low-§ region wrt. | e
non-diffractive MCs. § o S e 22
- Diffractive MCs x5 above data in D e e FiE
lowest-¢ bin interpreted in terms of -~ POMWIG CTEQGL1 & H1 Fit B
rap-gap survival probability: 107 o POWHEG+PYTHIAS GTEQEM & Hi Fit BI-
S=0.12+0.05 (LO), 0.08 +£0.04 (NLO). 10° 107

S
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Double-pomeron & central-exclusive

p— =

DPE RP candidates
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Double pomeron exchange (TOTEM, ALICE)

m First attempts at measuring the ~ m Enhanced f (980) & f,(1270)

Inclusive DPE x-section: production in double-gap events
; i i . | " o A
I ~ DPE RP candidates ngaps ’
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E [ o i PC _ ++
N B S ! J - (O ’ 2 ) .
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Central exclusive production (LHCh, CMS)

m Exclusive y_production:

p p
LHCb-CONF-2011-022
p
p
3 F "
g = X012 : S
& LHCb
:,"- - Preliminary XC - J/¥Y Y
40:-; 30 V/$ =7 TeV Data .
g + nothing
g = else in
2 10 +
EE, 4 event
2.2 . 34 . 3.6 3.8
ChiC Mass (GeV)
a(pp — pp(J/v +7v))| SuperCHIC
LHCb (pb) prediction (pb)
Xco 9.3+4.5 14
Xc 16.4 + 7.1 10
Xc2 28 +12.3 3

CMS PAS-FWD-11-004

m Exclusive yy production:

p

IY

IY

-

Just 2 EM
showers
(nothing else to

Inl =5.2)

jY

No yy candidates found.
Upper limit x-section:

N

1
0.8
0.6

0.4}
0.2}

Er(v)>5.5GeV, |5(7)|<2.5

> o

exclusive 77y production < 1.30 Pb
E(y) > 5.5 GeV =
niy)l <2.5 =
@
U (R S %T
=
I [,
: S
- 9. 9I -
_ (@] (@] — ng —]
= =z B [E
r - < *r ) i
2 & -
- @ ;m I =
i= =

ot

<5 Important constraints for gap-survival probability for CEP Higgs.
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Photon-photon collisions

p r
i 23
g I~
p r
’, T _ & %
& | CMS Experiment at LHC, CERN 4
i Dala recorded: Thu Oct 14 06:42.56 2010 CEST '
Run/Event: 147926 / 585831554 /
Pl Luml saction: 545 1
r ) _'_'_,_,-'-""_'-F‘- =t~
ot
E‘“‘h—_\_\_‘_\_%

i~
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Exclusive y-y dimuon production (CMS)

JHEP 01 (2012) 052
m Exclusive dimuons observed in m,~ 11 -80 GeV (above Y):

Just 2 muons,
E.>5.5GeV, |n| <21,

nothing else to [n| = 5.2

:} T T | T T I| T T T | T T | T T I| T ™3 T I|I |||I||||I||||I||||IIII|III— l-n _||||||||||IIII|IIII|IIII|IIII|IIII|IIII|IIII|II|I_
3 45+ CMS,\/s=7 TeV, L = 40 pb“_:(g 50 CMS,\/s =7 TeV, L = 40 pb™] S 70 CMS,\s =7 TeV, L = 40 pb™]
o 40 = Te) - * data ] = E * data B
— o Iil g?tanal Ty 3 B [ Signalyy—p'p” ] s 60L [ Signal yy—sp*w

o 35F = Siﬂ .e“;‘;;;;;ia,m I (- 40__ [ Single dissociative yy—p*p ™| [ L [ Single dissociative yy—p*p
— E — Dmﬂ)le dissociative F—H [_l = Il Double dissociative yy—p*u” g 50F Il Double dissociative yy—ppJ
5 30 Bl DY Ziv—suy R I DY Zfy—uw [T} C Bl DY Zy—p*pw 1
> "F ' 32 30 ] 40F -

= .

|..+..I.|||I||f_

20 40 60 80 100 - 0 05 1 1.5 2 25 3 35 00 0.01 0.02 0.02 0.04 0.05 0.06 0.07 0.08 0.09 0.1
up mass [GeV] p(un) [GeV] np 1-]A ¢ / =

m Pair-p_ very small (peak at ~50 MeV/c). Muons are ~back to back.
m Agreement with LPAIR (QED): pp = Yy — Uu
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Exclusive y-y dielectron production (CMS)

CMS PAS-FWD-11-004
m Exclusive dielectrons observed in m__~ 11 — 140 GeV (above Y):

Just 2 EM showers,
E.>5.5GeV, |n| <21,

nothing else to [n| = 5.2
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1 2 3 4 5

6 7,8 8 10 } . ) 3.1
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m Pair-p_ very small (peak at ~200 MeV/c). Electrons ~back to back.
m Agreement with LPAIR (QED): pp = yy— ee
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Low-x QCD

Y=log(x; x,5/0Q, Q)
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Unitarity of electroweak cross sections

® SM without a Higgs: longitudinal W-W scattering explodes at ~1 TeV

M
Vs Wi )
S b.3
X—
V2
WL W. \/E
[A.Pomarol, ICHEP'12] Unitarity is lost at high-energies

m Higgs boson restores finiteness of W-W cross sections:

WL We W,
% h ™

fl"\.h.l
+ -9
?"- 4 L

WL WL W. r\g\ {f'?” WL .
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Unitarity of pQCD cross sections

® pQCD (mini)jet production x-section 5 e =i RIS e
is bigger than total inel p-p x-section % 07 e s Tey
forp. .~ 5-7 GeV at the LHC ! o /4
-
s/4  do -0, >0
Jhard (_?-}J_Hllﬂ) = / 5 [1};.3_ 10 -1 %_ hard inel
Plmin AP _.[atp,~57GeV
... Why this happens ? ©oE |
0 1 10 10°
. - tmin (GEV)
®m Very high gluon densities at small-x: "
5.8 of FrveHiPDR2000, O = GevE
‘" s E
c ;
Q 7 :
© 6
-
)
s 3
O of
2.
i
ot a =3 ) a
10 10 10 10 x1
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Unitarity of pQCD cross sections

® pQCD (mini)jet production x-section 5 e =i RIS e
is bigger than total inel p-p x-section £ ,.:¢ L e
forp. .~ 5-7 GeV at the LHC ! o [ /
b N\
s/4  do -0, >0
G_h&rd (,_?‘}J_l'ﬂln) — / 5 [1};.3_ 10 -1 %_ hard inel
P2 i AP .t atp.~5-7 GeV
107 T
... Why this happens ? ©oE |
10 1 | I I I B 1 1 I I

® Very high gluon densities at small-x. v Pime (80
m Solution: Gluon saturation kidki o DGLAP (linear pQCD)
- Add non-linear QCD evolution egs. 1 ~ ‘\ CGC

Parton
recombination

2 Parton k
splitting

B

K< DGLAP ¥

ki
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Unitarity of pQCD cross sections

® pQCD (mini)jet production x-section
IS bigger than total inel p-p x-section
for p, .~ 5-7 GeV at the LHC !

10°3

(P min) (Mb)

2

o _int

10
10

1

s/4  do
dd pi 10

2
] p
1 min {lpJ_

-1

G_hard(f-}J_lnin) — /
Jp

-3 [

... Why this happens ? 10_4
®m Very high gluon densities at small-x. .

m Solution: Gluon saturation
- Add non-linear QCD evolution egs.

collinear factorization assumptions
(leading-twist, incoherent parton scatt.)
invalid around “saturation scale” Q_

New effective theory: CGC
New evolution equations: JIMWLK

Fwd-Phys-RHIC (RIKEN-BNL), Aug'12 31/46

N R inclusive jet cross section
e N ——LHC s=7 TeV

R Tl ot - - -LHC s=8 TeV'
- - -LHC Vs=14 TeV

- - -LHC +/s=33 TeV

R > -~
— Ry ™
%
s
5 s
E ~
E ~
E ~
~ .
% ~ ~
-
3, ~

=0, . >0

~ hard inel

- atp,.~5-7 GeV

i | | I I I I | | | | I I |
1 10 10>
ptmin (GEV)
dN
ffﬂ“ﬂ \DGLAP (linear pQCD)
I‘ ‘
. % CGC 2
A g h 2 xGA(:E: Qs)
- : Q,s ~ aS 2
: : TR

ki
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Unitarity of pQCD cross sections

® pQCD (mini)jet production x-section 5 e =i RIS e
is bigger than total inel p-p x-section % w02 L ‘331323‘“:13135
for p, .~ 5-7 GeV at the LHC ! w b /4 AN
L
s/4  deo "0, >0
G_hard(f-}J_lnin) — / ) dp%_ 10.1%‘ hard inel
IP% e AP _.[atp,~57GeV
... Why this happens ? ©oE |
10 1 1 | IIIIII10 1 1 IIIIII-IO2
. e t min (GEV)
® Very high gluon densities at small-x. : "
m Solution: Gluon saturation
- Multi-parton interactions
Interpret ...
<_?1> o O_hard(pj_nlin)
inel =
= average number of parton—parton Most collider MCs
scatterings above p, . in an event (PYTHIA, HERWIG)
follow this approach
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Small-x = Forward rapidities

m 2 — 2 parton kinematics:

249 iL 1E in AT e M
y =0: X,~X, ~ X_=2p_/Vs Tzt = \/‘(e L et |= T2 e
4 |
re—— Moo
XZ\/S/Z 1 x1\/S/2 | Xz\/S/Z ‘,/ X, Js/2 e.g. LHC, p, =10 GeV/c
y | 'z X~10° (n~6): x_ ~10°

m 2 — 1 (gluon fusion) CGC kinematics: much lower x reached (x,=x,™")

CGC: x(y=4) ~10* DGLAP: x(y=4) ~ 107

pT LB LA L LA AL AL B AL L LR | =
zi3t = —=(e*V) ] 3

Vs N 1 Rk <x,> <x >3 1 b<x,> o
i F #" 3 £
T 10'L \ Jﬂ m—-E-
Every 2-units of v, ~ 10 ” E i' 10-* ;r
x, decreases by ~10[ & 1077} f "y, ja 10->
—a F -t j » r

CE S 201 N otk 2542

. e X o b

-5 2.5 0 S S 5 -5 —25 0 25 5

v (RHIC energies) v

[Accardi,nucl-th/0405046]
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Low-x studies in p-p at forward n

m Aty=0, x=2p./Vs~10" (probed at HERA,Tevatron). Go fwd. for x<10
m Very large pQCD cross-sections:

& 8L _

% 10 ; i_ -iLHC: jets,W,Z,DY,y //]I

] g e _

NG % Tevatron: jets,W,Z,DY //// I p(pl) -+ p(pz) — Jet -+ 8 -+ X Prompt Y
10‘5%— HERA: F,, F //// i p(pl) + p(pz) — [ + X Drell-Yan
105; Fixed-target: F , DY //// | p(pl) - p(pQ) — jetl thetQ + X Jets

i p(p1) +p(p2) — Q+Q+ X Heawy-Q
4| P
- - p-p
_— // = \\--‘ HERA) \
1032 - Ve =14Tev ‘\\}X\&\\N\\
102" ? «— Forward rapidities:
| —————  (e.g.y~5, M~2.5 GeV)
10 %_.-.Qi (proton)
N S x down to 106!
% 1 HIHI' 1 |||\||| [ 1 IIIE‘--I.IqH"ﬂ L1 \IHH‘ L
10°® 10° 10 10° 102 107! ]

m But barely touching sat. momentum: Q_°~ 0.6 GeV?(y=0), 3 GeV? (y=5)
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Forward Drell-Yan at 2.5 <n <5 (LHCDh)

m Forward DY sensitive to PDFs at x~10°,Q°=m *:

10°

10° ¢

10*

g‘- 10°
©
& 2
—" “] a
[y |
& ]

10’

10"

! S
o L Fixed target
LAl I LLIEL JJIJl L LAl Ill 4B 1 LL IJ L1 LL
107 10* 10 w™ 107 1™ 1w 10"

m ~30% PDF uncertainties for

low-mass DY NLO x-sections

at rapidities y~5:

(parton saturation effects ?)

Fwd-Phys-RHIC (RIKEN-BNL), Aug'12

35/46

Y
o

percentage uncertainty (%)

Drell-Yan @ 3 Ge v
Drefll-Yan @ 7.5 Ge\v
Drall-Yan @ 30 Ga\W

LHCDb

Q

111 111 |
0.5 1 1.5 2 25 3 3.5 4 45 5
¥
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Forward Drell-Yan at 2.5 <n <5 (LHCDh)

m Forward DY x-section vs m,. well reproduced by NLO

(DGLAP PDFs) from m,, =5-120 GeV:

= 4web — R muons must have:
”, — i & b Preliminary, Ys =7 TeV
; E 1 Data p > 10 Gev
E i 1 { Data pT >3 GeV
5 s L LO PYTHIA (CTEQSL) 2<n<4.5
= = NLO FEWZ (MSTWOS)
Ei - — NLoDYNNLO(vsTWOS) | (Y mass excluded)
=t 20< 1" <45 G T
5 | " o
g - p* > 10 GeVie
[ z L L : .| How well do the data
E ]5 = L L L ' L L 1 L '] 1L 1 L Compare to gluon_
a r saturation predictions ?
> Pl dedodpdpgmp it ——
S 0 }
2
P g 1 [ L i I i i i i i i i L I

10

1

LHCb-CONF-2012-013 Dimuon invariant mass [GeV/c”]
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Forward jets at 3 < |n|< 5 (CMS)

m Forward jets (E;~30-140 GeV) sensitive to low-x (and high-x) PDFs:

\
\-\.

Jets in HF (3<|n|<5) probe: x,~10*,x, ~0.2

he
m Spectrum reproduced by NLO, parton-showers and “BFKL"-MCs:

CMS, pp — jet .+ XNs=7TeV,L =3.14 pb’

E 3 | | IIII Data | :g
= I NLO @ NP
3 10°} — —. PYTHIA6 (22) %
= A PYTHIA8 (Tune 1) 1 =
8 J T — + — POWHEG (+PYTHIAG) | =
— 10 | e HERWIG 6 (+JIMMY) § &
= N i ----n= CASCADE | @
Q_'_ -y e HEJ -

3 —
2107 e ERR
© i
o [
© 02t SSTRSEEES _

10 32<mM <47
F JHEP 1206 (2012) 036
Y40 60 80 100 120 140
P; (GeV/c)
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o 00 N

—r

~

CMS, pp — jethm:I + X Ns =7TeV, L =314 pb™

. POWHEG (+PYTHIA 6)
I:l NLO uncertainty

T T I
—— PYTHIA 6 (Z2)

-------- PYTHIA 8 (Tune 1)
..... HERWIG 6 {+J|MMY):
=== CASCADE

i HEJ

-- R ﬁwﬂiﬁﬂﬁ—:
3.2<n|<4.7 _:

40 60 80 100 120 140
p; (GeV/c)
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Forward jets at 3 < |n|< 5 (CMS)

m Forward jets (E;~30-140 GeV) sensitive to low-x (and high-x) PDFs:

\
\-\.

Jets in HF (3<|n|<5) probe: x,~10*,x, ~0.2

he
m Although NLO PDFs tend to be +20% above central data:

CMS, pp — jet .+ XNs=7TeV,L =3.14 pb’

— T T T T T T (=8
) i [ ® ] Data =
> 5| NLO ® NP @
8 10°} — — - PYTHIA 6 (Z2) =3
= o PYTHIA 8 (Tune 1) 1 -
-8_ L — . — POWHEG (+PYTHIAB) | .
L 104; ------ HERWIG 6 (+JIMMY) § O
.gl_ N G ~=i=n= CASCADE ] =
Q& HEJ o
o107 E=e== ER
o F =
o &

10%¢ L e .

10 32<mM <47

F JHEP 1206 (2012) 036
Y20 60 80 100 120 140
P; (GeV/c)
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T T

T

dzcsfdednC(MC) | d*s/dp_dn‘(data) d?c/dp_dn°(MC) / d’c/dp_dn(data)

Forward-central dijets (CMS)

m Fwd-cent. dijets with large An separations probe BFKL-type dynamics.
m Ratios model/data for fwd and central jets p. spectra:

. - fe_ _ 1
CMS, pp —jet +jet  + XNs=TTeV,L_=3.14pb
T

T T
O [@ ] Data

| ——= PYTHIAG (Z2)

== == POWHEG (+PYTHIA 6)

T T T
PYTHIA 6 (D6T)
PYTHIA 8 (Tune 1)

LI T TS
]

CASCADE grormnmnms

ml < 2.8

T |
. [® ] Data

——— HERWIG++
mimInEmne POWHEG (+H ERWIG]
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CMS, pp —Jet, +jet  + XNs=TTeV,L_=3.14pb

T T T T T T
Data
PYTHIA 6 (D6T)
PYTHIAG (Z2)
PYTHIA 8 (Tune 1)
= == POWHEG (+PYTHIA 6)
=1 CASCADE

32<n <47
| |

T
[e | Data
HERWIG 6 (+JIMMY)

——— HERWIG++
Enminmne pOWHEG [+HERWIG)

32<n <47

‘I(I}O 1|2[} 1-210
forward jet P; (GeV/c)

60 80

SY/40

- PYTHIA & NLO
overpredict jet spectra
specially at low p_

- HERWIG & models w/
wide-angle radiation
(HEJ) show better
agreement, but
CASCADE (DGLAP+
BFKL) also overshoots.
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“Dijet K-factor” vs rapidity separation

m Reconstruct x-sections pair of jets with p_ > 35 GeV over -4.7 <y < 4.7

(1) Inclusive sample: all events with at least 2 jets.
(2) Exclusive sample: exactly 2 jets per event.
(3) “Muller-Navelet” sample: incl. with most fwd-bckwd jets.

m Compute x-sections as a function of Ay between the jets, take ratios:

J;nc.r(dijet) Jmm(dijet)
Rinet = —~, Run = =
Texcl (dijet) Texci(dijet)
«, backward jet forward jet i
: / 5 & N £ BFKL expectation:
b 3 & I :
inclusive jets “| : :: IE v :: i Increased Ay phase Space —
_oujifw*im%mo& Increased rad. probability =

R(Ay) rises with Ay
(up to kinematical limit)

exclusive jets 4,

I ] I 1 | I
3; x g
- © lﬁ - e ]
Y YYVIV. PETY. PR INITE.EY YRS PVRT TRV RN g i
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“Dijet K-factor” vs Ay separation (CMS)

m Ratios of x-sections as a function of Ay between the jets:
5

| e Rrrises with [Ay| as expected

CMS, pp, Vs = 7 TeV
(_.) 7IIII|IIII|IIIIIIIII|IIII|IIII|IIIIIIIII|IIII|7
= - ]
o . [ m | 2010data dijets ]
4.5 PYTHIAG Z2 .
N p.> 35 GeV |
P ommmemeeen PYTHIAS 4C T 47
4 [ =imimmi= HERWIG++ UE-7000-EE-3 Iyl < 4.
C omvimiemiimes HEJ + ARIADNE
3.5 . CASCADE
3T ey

251

% ‘J_IIIIllllllIIII|I|I::|:::Illllll::l||||I||I|||||||
- [ =™ ] 2010dat
II'4 5 PY‘rHu:sazz dijets
U p. > 35 GeV
e PYTHIAS 4C ly| < 4.7
4= HERWIG++ UE-7000-EE-3 y ) =
........... HEJ + ARIADNE
3.5 o --. CASCADE E
3
25 5 T

(drop close to kinematic limit):
a(incl.) = 1.2 — 1.4 a(excl.)
o(MN) =1 - 1.4 o(excl.)

e PYTHIA: very good agreement w/ data
e HERWIG++ predicts higher R at
medium and large Ay.

e HEJ+ARIADNE & CASCADE (BFKL-
motivated generators) predict
much faster rise of R ...

Fwd-Phys-RHIC (RIKEN-BNL), Aug'12

e Is p. > 35 GeV too high for searches
of non-DGLAP dynamics ?
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Hadronic collisions & UHECR

hadrons muons electrs neutrs 71.00 -10°° sec Proton 10" eV
21311 m

—

10000

‘ll“llll

5000

o
| S I B

-1000
-2000
-1000

-3000.3000 2000

J.Oehlschlasger.R.Engel. FZKarlsruhe
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Forward hadrons at [n| = 5.2 - 6.6 (CMS,TOTEM)

m Important influence on cosmic-ray EAS development:
- Modeling of multi-parton interactions & beam-remnants

T | T T T T I T
CMS Preliminary
Vs =T TeV
.2 < |n| =6.6 _
eading charged jet '] < 2

N
NN

—
=2)
III|III|III|III|III|III|

(dE""/dn)/(dE™dn)
»
™~ o

!

1 £ 'C

E g ~ =Pythia 8.108 (Default-Tune) +Pythia 6.42 D6T
_E oo «Sherpa 1.3.0 (Default-Tune) =PhoJet 1.12

] ~ eSYBILL (CR) =QGSJET 1T (CR)

1.2 r_ 3 -
1 - i —e- Data = ~ 3
= EPOS 1.99 7] 3 ; Hrdie
0.8 ===+ QGSJETO1 — B -
- -.= QGSJETI-03 . B
0.6 — ‘= SIBYLL 2.1 -] L
8 450 - - *TOTEM .
kS il arxiv:1205.4105
g N 6 ~¢IO mrad 8 ~ 3 mrad
nl_ 1 1 | 1 y | | | 1 1 | | 1 | | | | 1 | | | | | 1 | 1 | 1 | 1
0.8 ] 5.2 5.4 5.6 5.8 6 6.2 64 6.6
: : : é : : : : 1|u : : : : 1|5‘ : : : : 2|u : : : : 25 ChargEd PaY[ICIC m‘

Leading charged jet P, (GeV/c)

m Good CMS-data vs. CR-model
agreement for energy density.

Fwd-Phys-RHIC (RIKEN-BNL), Aug'12

m Collider-MCs do not reproduce
well the slope of TOTEM particle

density. CR-models better.
(gluon saturation predictions?)
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Very forward hadrons at |n| ~ 8. - 11. (LHCH)

m Important influence on cosmic-ray EAS development:
- leading baryon (inelasticity) & had-to-e.m. energy transfer (n° = vy)

-3

?0 10 L) L | I LI § LI I L) LI I L} LI I L. L] T I LI | L} T I L | L] T
5}
£ 10® LHCTf Vs=7Tev
w
§ J Gamma-ray like
10 .
» n > 10.94, A¢ = 360
=
> 10°

10°® . Data!ﬂlll.det:n_ssm_sanh" m_._
Data 2010, Stat. + Syst. error
™ e DPMJET 3
10 —— QGSJET II-03
SIBYLL 2.1
-10 —— EPOS 1.9
10 PYTHIA &

B B T T e ol [ B W i i) I i A
= T T T T T : —
S g .
S 25 PLB703 (2011) 128 -
= 5 = 3

3506
Energy[GeV]

m > +50% data-model differences
for zero degree photon showers.

1 1 1 1
500 1000 1500 2000 2500 3000
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arxiv:1205.4578

—e— LHCf (this analysis)

<p,;> [MeV/c]
&
(=]

—— UA7

- o
250 -
200 =
150F i -

- o - —=— QGSJET11-03 (SpPS) ]
100 - / - - QGSJET 1I-03 (LHC) ]

- F —e— SIBYLL 2.1 (SppS) ]

- --o- - SIBYLL 2.1 (LHC) ]

50 —&— EPOS 1.99 (SppS) .

- - - EPOS 1.99 (LHC) ]

O B 1 | L1 11 | L1 11 | L1 11 | L1 11 | L1 11 I L1 11 | L1 11 I 1 ]
2 15 -1 -05 0 0.5 1 1y5

o
o

m Mean p, of zero-degree pions
IS sqrt(s)-independent.
EPOS shows the best
overall agreement
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Impact on cosmic-ray composition at ~10%° eV

m CR hadronic MCs based on Regge-Gribov Field Theory (extended to
PQCD regime via “cut Pomerons”) retuned to describe new LHC data:

900 .
a‘g %50 | p-induced EAS N asol. ¢ D ]
E QGSJET-Il new vs. “old” ‘ o EP E
2 e00 L T ]
3 S00- 1 B 750 ]
750 B Aé TOOE— o o _E
SR ¥ [ * e ]
L S e SIBYLL-2.1 ' 650/ 0 ;} %ﬁ m.ﬁg;;;‘ff"':‘.‘ﬁ & E
T T auuas QGSJET-II-03 600;‘5 @Q‘W | '%t_:_:.;;g;{{t‘:-;;-;;-.. f
" b ooyl IS e
L] ||||18 L 1] |||||19 RN 550_'1‘(;17 L "“1'{‘]13 L ""1‘;19 I 111(;20_

10 10 Energy (eV)

E,(eV)

m Consequences:
- EPOS & QGSJET-II predictions similar now to (older) SIBYLL:
change in <X__ > (reduced uncertainty ~60 g/cm? to ~10 g/cm?).

- Composition of CRs closer now to proton (rather than Fe) for all MCs.
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Summary

0l The LHC |s providing a wealth of new forward data open to study !

— 10° — T
& \ _ T S 3
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m Exciting experimental/theoretical QCD physics for the years to come!
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® Gluons start to overlap
at “saturation scale”
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Large # of partons
per transverse area
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Beyond DGLAP dynamics at the LHC ?

m Fwd-cent. dijets or dijets+central-veto (p-p at 7 TeV)
with large An separations access BFKL-type topologies

fb)
e
w sy

b
o

Avg. cos(n-

0.7

0.6

- Inclusive Dijet Production
F\/s=7 TeV, anti-kt(R=0.5)

P, parges>45 GEV, P35 GeV, |y |<d.
- 1 L

0.5

0.4 :_ --NLO A

“E «-Powheg 1* emission

- —Powheg + Pythia

>3, THEJ ! | | B
0 1 2 3 4 5 6 8
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- New observables
(Mueller-Navelet dijets)
to be studied soon.
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Reggeon-Field-Theory hadronic MCs

Kalmykov & Engel et al. Ranft Werner

Ostapchenko

QGSJETO1 | |SIBYLL 2.1 DPMJET I1.55 VENUS

soft
Drescher et al.

semi-hard NEXUS

.
-
o
*
.
o
o
o
o
»
A

QGSJET Il (DPMJET III) EPOS

Pierog & Werner

Ostapchenko

m Soft interactions via Reggeons & Pomerons: ~—_—~
elastic, diffractive & soft-inelastic scatts. described

soft Pomeron

QCD ladder

m Perturbative interactions via
“cut (hard) Pomerons” (= LO pQCD)

soft Pomeron

m Semi-hard dynamics built-in:
- eikonal (multi)parton ladders (p-A, A-A possible)
- gluon saturation (via enhanced |P diags)

[l Noh-perturbatlv_e iIngredients: m Model parameters:
- string fagmentation (Lund model) - Tuned with accelerator data.
- beam-remnants - O(20) much less than in std collider MCs
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LHC experiments: (p_,n) acceptance

dE, arXiv:0708.0551

=
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pmax = \[5/2 exp(-1)
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=
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T

-
|

420
CASTOR, T2

10°
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m Detectors cover ~all phase-space (1% time in a collider) !
0 <p, < (Vsi2e™, An ~ 2XIn(Vs)im ~ 20
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http://arXiv.org/abs/arXiv:0708.0551

Photon-induced collisions

Fwd-Phys-RHIC (RIKEN-BNL), Aug'12
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v-A and y-y collisions (LHC)

m Observation of exclusive PbPb — Pb J/V¥ Pb photoproduction:

Pb photon fluxes
enhanced by
Z>~7000 !

Pb >

JAp

dN/dM (counts/100 MeV/c?)

|III|III|III|III|III|III|III|I

_+_
_+_

+
+

Ultra-peripheral Pb+Pb events at\ s,=2.76 TeV
trigger by SPD and TOF and VO vetoed

max p. > 1 GeV/c
PID applied - muon channel
coherent and incoherent J/'¥

497,652 CCUP4-B events
width(J/¥)=(72.4+6.1) MeV/c>
mass(J/'¥)=(307916.3) MeV/c?

ALICE
g Very sensitive to j: 4 o9r2izo
‘\ badly unknown +t] | [D. Tapia-Takaki (ALICE)]
Pb > nuclear XxG(x,Q?) ! .
B e
2 2.5 3 3.5 4 4.5 5 5.5 6

Mass (GeV/c?)

m Study of pp — pWWp: 10* times larger sensitivity to anomalous QGC

210
----- 7 30fb’
S Z 200 b7
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‘1\_\' x%‘"\.
Ws=14T2V - 50 discovery -
i Ll ] . ! | A xm'B
230 -20 10 0 10 20 30
al Az [GeV?)
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Hard parton-parton scatterings
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Parton distribution functions (LHC)

m Lots of new data !
- Medium & large-x gluon:

precision jets, prompt v, top pairs.

- Light-flavors at medium & small x:
low-mass DY, Z vs y, W asymm.

- Strangeness & heavy-flavors:
W+c for s; Z,y+c for charm; Z+b for bottom.

m New fast reweighting techniques
(NNPDF2.1) for NLO PDFs:

[ Q"= M Ratio to NNPDF2.1__|

1.2

115 NNPDF, Nucl.Phys. B855 (2012)

NNPDF21

D’Enterria, PDF4LHC Nov 2011

1.2

115

NNPDF2.1 dataset + LHC data |
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3 3 3

=
=
T
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r T
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LHC7 I

[ NNPDF2.1 NLO + IsoPhotons
= (CMS only for now)

ey RS NNPDF22
[ et
0.85 E MSTWO8
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10° 10% . 10"
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What's the physics “forward” ?

m Non-perturbative limit of QCD:
elastic, soft diffractive p-p scattering (Regge-Gribov)
m High-energy (low-x) limit of QCD:

gluon saturation, multi-parton interactions (Color-Glass condensate)
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Multi-parton interactions (Atlas/CMS)

m Forward particle / energy flow

| —#— Corrected Data\s=7 TeV

=8 Corrected Datays=0.9 TeV
| Pythia6 Tunes

| e Pythia 8

Herwig++ (MUS800-1 resp. UET-1
'''''''''' Pythia6 DET - no MI -\/s=7 TeV/
''''' Pythia6 D6T - no MI -\s=0.9 TeV

1IN (dE/dv) (GeV)

2 _*_i
10:_ i I

MC/Data

PR aANED @b
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400 _
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i Pythia6 D6T no MPI
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2
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m Forward particle production clearly require MPIs
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Double Parton Scattering (LHCDb)

m MPI needed but yet no clear-cut proof of double hard parton-parton
scattering.

m Maybe first hint on double J/\¥ prod. ?

J.Gaunt,C.Kom,A.Kulesza,W.Stirli

arXiv:1110.1174
300 1 I ) 1 1 T Ll 1 T
(preliminary) LHCb data +———
DPS4+SPS creveeeeees
250 | DPS
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