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Today’s subjects

Low-X: high-density quark matter
(multi-)partons interact coherently/incoherently

1. Did we learn anything about
unpolarised parton densities at the LHC?

2. Can we draw consistent picture on forward physics
between HERA, Tevatron and the LHC?

— Total cross sections
— Diffractive scattering

— Multi-parton interactions
3. Perturbative QCD at the LHC: personal selection
— Multi-leg simulation, Fat jet

— a, at the TeV scale



HERA 1992-2007

- The only e*p collider,

with the energy comparable
to other pp and

heavy ion colliders
—27.5GeVex 920 GeV p o
— Luminosity upgrade 2001-2003 S
— 0.1fb~1/experiment before upgrade
— 0.5fb~! when finished
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2009 Startup

The LHC

Runi1 25fb~1
Js=7-—8TeV,L =7 x1033cm 2s~!

Phase-0 upgrade Muon: TGC inner stations

We are here BRIk

2015 Vs =13 — 14 TeV,L = 1~2 x 103*cm 2571
—at 7/8 TeV with > 25 fb! 2016 Run2 100"
2017
T > 33 —-2o—1
L ~ 7 X 10 cm S 2018 Phase-1 upgrade Muon: New Small Wheel

Vs =14TeV,L 22 x103*cm 2571
Run3 300fb~t

— small amount of data at 2019
900 GeV, 2.76 TeV 2020

— Pb-Pb and p-Pb runs

Phase-2 upgrade
Vs =14TeV,L =2 x103*cm2s7!
Run3 3000fb~?

.« Run-I finished — o I

« Restarting run-II in 2015
— ~ 13 TeV CMS energy
—L>(1.x) x103* cm 2571
— Further upgrade in 2019

and 2023 (SLHC)
with L =5 x 103* cm™2s~1




Parton densities
at HERA and the LHC



Parton densities at low-x by ep collisions
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Improvement in low-x region ”’
gluon
. P
« With charm data F5¢(x, Q%) e S
» Charm quarks are mostly
produced from gluons H1 and ZEUS
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NC/CC data and high-x pdfs

PDF from HERA
(without fixed target)

« NC/CC high-0% d lysis finalised i
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Improvement in high-x regime

H1 and ZEUS
1
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« Valence: better constrained, especially the shape
— N.B. it does not use fixed target data

« Glue larger uncertainty
— 10 vs 14 parameter fit

Low-x and forward physics at HERA and the LHC
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LHC forward jets

« Jet production is sensitive

to parton densities

— Forward jet: low-x gluons

ey
=S

Ratio to NLO (CT10) ® NP
- N

o
©

0.6

CMS, pp — jety,q + X, Vs =7 TeV, L, = 3.14 pb”
| T

CMS Data
CT10 ® NP, APDF CL68
MSTW2008 ® NP
NNPDF2.1 ® NP
=== A(NP @ Scale)

int
T

Anti-k; R=0.5,3.2< |n| < 4.7
|

50

100 150
pr (GeV/c)

Jets in 3.2 < |n| < 4.7, vs NLO

s .
= 212ly|<28 3
o ]
o -
o ]
< ]
2 -

o _ .
- ]
= 28<|y|<3.6
t ]
2 ]
K=l = -

b N
3 05 3
o c . 5
= 15F 36<y <44 3
o F | .
& 3
:-=!_—_U=
05 —_I_ﬁ 3
30 40 10  2x10°

pT [GeV]

vs POWHEG ® PYTHIA
(NLO interfaced to parton shower)

>

ATLAS

_[ L dt =0.20 pb’’

_ 276TeV ;| TTeV
p=0 ! O
anti-k, R =0.6

Data with
—e— statistical
uncertainty
Systematic
‘:l uncertainties
NLO pQCD ®

non-pert. corr.
(CT10, u=p™)
POWHEG® PYTHIA
tune AUET2B
(CT10,p=p?")
POWHEG® PYTHIA

tune Perugia 2011
(CT10, u=p2")

—A—

——

Forward cross sections are
slightly lower than NLO



Combined HERA+LHC fit on PDF
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Strange quark from W/Z at the LHC

« No valence contribution for strange quark (perhaps)
— No largely asymmetric configuration

— Z production through Drell-Yan >
(annihilation) occurs more in central

rapidity if s,s(x) are larger
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Strange from W+charm production

« Sensitive to strange
« Slight enhancement
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Top quark cross section and pdf

- Top mass is hard to define (pole, MS ...) and measure
 An idea is to fix mass (or a;) by measuring top cross
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Total cross sections
Diffraction

Other multi-parton phenomena



pp total cross sections
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« TOTEM is equipped
with double-arm
spectrometer
(Roman Pot)

«  pp (FDG)
» pp (FDG)
»  Auger + Glauber
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« Total cross section
is derived from
forward elastic
scattering through o

Ta (green), Oinel (blue) and oot (red)

optical theorem

Rising slowly:
« No indication
« No indication

of saturation (unitarity)
of rapid increase (parton-like)
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pp elastic cross sections

« Roman pot
inserted
very close
to the beam,
Reaching to
|t| =5 % 1073 GeV?

« t~—p2 of recoil
proton (for elastic)

[mb/GeV?]

dog/dt

TOTEM collaboration, EPL 101 (2013) 21002
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Clear diffractive dip
1« e Bltl behaviour:
> Large B value: very soft scattering
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. Hadrons becoming larger with /s
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High-energy hadron collisions and the " Pomeron’

 The slow rise is often attributed to the Pomeron trajectory
—at)=ay—a't=1+e—a't
Often parameterised like: ay: ~ 1.08, a’'~0.25 GeV~2 7 ¢
(Donnachie and Landshoff’s universal Pomeron) \\/

— Elastic cross section
2a(t)-2 //f//\\k\\
doe; ~i |A|2 ~ (i)

dt s2 So
— Total cross section through optical theorem: %

ao—l
2~ doel . s
Ofor = 167 it . Utot(s) = Oy (;) o

P
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8 10| . e
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= « ALICE
HOL | areas
=0 . omMs
;§ gg| * TOTEM (£ indep.)
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=== =117 = 159105+ 0.134In% 5

Does diffraction also be described
by the Pomeron trajectory? g uf
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Diffraction in ep collisions: issues

- Diffraction at HERA: < diffraction P
, : : by “Pomeron
— photon dissociates into small mass (X) P (R)
— proton stays intact <
or proton dissociates into small mass (Y) 4 )
. Standard view: 1 Large Rapidity
— Pomeron (P) emitted from proton, \ Gap (LRG) P
which is scattered off by a photon X \/e
DIS of the Pomeron v
Ve diffraction .
» Pomeron or 2-gluon ? by 2-gluon /
— If 2 gluons, the exchanged intermediate )
state is no longer a particle: . !
p

left and right vertices talks each other
(factorisation breaking)

19



ZEUS

QS
N

Q%=22GeV? 16 GeV? 12GeV? 8.5GeV’ 6.5GeV’ 55GeV’ 4.5GeV? 3.5GeV: 2.5 GeV?

A —~ 1.3 T e e LI T
O 3; | » ZEUS LRC 62 pL“ 1
-/ =
A\ : r” B B e .
Is Pomeron a “particle” ? & 7 zn. _
K - %Jr H? %‘ i
fosp Ccp t)! g S PTTNS LA ST
* ) . 1.1 + +
Y Fit by + i : ’ )
P (R) \ 2%_1 | | slope parameter )
B | Xp I of the figure below |
q 09 el R
FZ]P)(ﬁ' Qz) p K B &? (GeV)
= ® ZEUS LRG (M,=M,) 62 pb'1 — Regge fit LRG
E'L 0.05 B=0.015 | $=0.038 | p=0.001} . p=0.217
b& tee ‘:‘-&....‘» TR
x U.Dg [ ‘B=0.620 1 “[.S:O.BSZ_ " [5:0.;23_ . :[3=0.580
- - e !‘*‘-' \T‘-‘-
« Check if the cross section can be 008 [ | e |
fa CtO I"Ised |nt0: uog -0.014 | :[3::..632__ 1;:679_ Thood80 | pe0378
. . o | e e
— the Pomeron flux fp/p(xp, t) @and ] arwysry ey sy ey G
- +oe S
— the upper pa rt FZ]P(ﬁ, QZ) 0.0g Tpoo21 ] pe00as | pm0n17]  pe0254 | ‘;D:Efas
- e S
* ThIS hOIdS rett We”: 0.02 :ﬁ=0.629, :[3:0.666 1 }ﬁ=0.1153, ﬁ:o.gza, :B=u.§71
pretty K G
cross section shape in xp is y — il et IR SR
. 0.05 | ﬁ_ﬂfli.iﬂ 1 p=0.086 | (3=0.200 | '\B;.D.j‘iﬂ 1 \&:fiu
independent of f and Q? o e e
0.05 B:O.DfZ ] [3::..1-15 1 Eiliz-is ] ‘EﬁB ] )“'E_ﬂu
° 10°%107% 10%10?% 10%10? 10°%10?% 10%10?

Pomeron is not quite perturbative 2-gluon

Xip

Slow rise torwards low-=x



Scaling violation analysis
for g(B,Q*) in DPDF
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LRG events by detectors at the LHC
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Double diffraction by TOTEM

- T1 and T2 telescopes to tag Ixm I
proton dissociation system P P
~ T2 to tag the system X/Y — O O |Y™M)
® @

— T1 veto for rapidity gap

Single diffraction Double diffraction
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Events with LRG: ATLAS and CMS
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Multi-parton interaction at the LHC

¥ multi-parton

p
cqllision

* Oparton > Ojnelastic

at high /s and low p;

— multiple parton collision in one crossing
of nucleon is unavoidable

— Observed in Tevatron, many evidences at HERA

« Double-parton interaction cross section is expressed as:

Oy * Op
oppi(4,B) =

Oeff
— 0u, 0 . Cross sections of the two interactions,
which often increase with /s because of
increasing number of partons

— o . effective overlapping area of partons from two nucleons
in collision.

Smaller the o4, more squeezed the partons, thus higher opp;
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DPI in W + 2jets

« DPI dijet tend to be back-to-back

« Generic W+2jets: W balances to 2 jets
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Events / 0.03

012
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—&— CDF (4 jets)
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—+— UA2 (4 jets - lower limit)
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Diffraction and rescattering in pp

aka absorption, survival probability ... 5 Siffracltipn dt-;t'stroyed 5
. . . . y multi-parton
« Diffractive cross sections in pp interaction /
can be calculated using 5 il e
factorisation assumption /
P da(st) e / BOAPO0000 \
dfdt =i fdxldxzdtf(f t)fP(xlyﬂ)fp(xzuu) / p,n

CMS, ¥s=7 TeV, L= 2.7 nb”", ppsietqjetp, "] <4.4, > 20 Gev

« Rescattering may destroy -
. . ey W|th HERA dlffractlve pdfs
diffractive condition
(large rapidity gap) ol ¥ J
= suppression on diffraction  _ ¢ L
I N
Y | p—————"
« CMS survival probability: o= / no diffraction ¢ pata
S == 008 + 004 © [/ === PYTHIA6 Z2 ND
- ,‘ ==== PYTHIA8 tunel ND
(N LO rescaled, 107k —— POMPYT CTEQS6L1 & H1 Fit B
. . . ,' ===z POMWIG CTEQ6L1 & H1 FitB
proton dissociation subtracted) /} = .. PYTHIAS SD+DD
III L, T POWHEG+PYTHIA8 CTEQ6M & H1 Fit Bl
. . . / 10° 10
Diffraction, but different “"Pomeron flux” £ momentum fraction

of the diff. exch (= xp)



Selection from
Hard pQCD results at the LHC
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q © 15 ——=—— Muon Channel I
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Good agreement with NLO and multi-leg MCs for light jets, with some deviation

b-quark: slight excess, but consistent with simulation
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ATLAS, JHEP 1301 (2013) 116

BOOSted ObJeCtS and SUbJetS %QOA.’I-LASI}‘l‘[
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2 70 , 3
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Top mass reconstruction

_ for searching tt resonance
« Jet substructure adopted to tag heavy objects
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Events / 10 GeV

Events / 10 GeV

Single W/Z + Etmiss
Dark matter search

« Hadronic W/Z decay:

Boosted object to reconstruct mass

« Sensitivity to:
— D5 (vector)
spin independent

— D9 (tensor)
spin dependent
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World best limit!!
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a. at TeV scale

« Renormalisation Group Equation may change the slope

)
%
S

if there is new physics in the strong sector

0.24
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0.2l
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0.1
0.08
0.06

CMS collab., Eur.Phys.]. C73 (2013) 2604

Lol O o] [= -

CMS Ry, (M ) = 0.1148 + 0.0055

CMSR,,

DO inclusive jets

DO angular correlation

H1
ZEUS

10

The data will
be extended
to higher Q

in 14TeV run



Summary

« LHC starts to constrain PDF

— With interaction with HERA, where last piece of data are
under careful analysis

— Essential ingredients for discovery

« Investigating "Pomeron-related” phenomena at the LHC:

— General feature can be understood in the framework of
Pomeron exchange

— Details are to be investigated

« pQCD quite advanced at the LHC
— New tool: jet substructure

— Indirect investigation of quark sector in very high-p; regime
by measuring «a;



Low-x =~ forward

el . p remnant

N 1=
IS
o] O [ 25!9

p—t{

p,n JNAL
small x large x
backward forward = 0 degree

y = =2 y =7

« Protons almost unperturbed after small-x partons taken out
 Small-x partons are pretty “"backward”

— Large rapidity gap (LRG)
between the small-x parton and most forward particle
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B-slope of leading baryons at HERA

. Proton: flat at b ~ 7 GeV~2 (¢ « e~bPT) High 0°

— Larger than the proton size A A
— The vertex is somewhat soft = peripheral > 45 GeV

but not too soft either (unlike elastic pp)

ZEUS proton
qlA [ L A L R B R L AL R L R |_ pI‘OtOl’l
% 10 F i}
I _
- i : :
3 + + + t| ) 4= | Diffractive peak
- | N + I # 1
i ¢ f, ¢ Yy
6 [ v —_%
_ + | | Protons from inelastic scattering
L i . 1Y
4 e ZEUS 12.8 pb’ ] with x;, = ?L
QZ>3GEV2 1 . .
5 [ 45<W<225 GeV 1 | pp: proton longitudinal momentum
- pi<0.5 GeV? : in the final state
ol |p:incoming proton’s momentum
0.5 0.6 0.7 0.8 0.9 1
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