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Some Physics at the LHC

L P_

EW SM Higgs Exotics

.. all initiated by quarks and gluons in the proton ...
.. but what are they and how do we know?

Tiny cross sections on huge backgrounds ...
..unless we understand the initial state, it will be
very hard to unravel the exciting final states!
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So What is a Proton?...

- 2 up and 1 down valence quarks, silly!
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So What is a Proton?...

2 up and 1 down valence quarks, silly!

* ... and some gluons

* ... and some sea quarks

- ... and more gluons and more sea quarks

- ... and even more gluons and sea quarks ...

» The strong interaction consequences of a
basic uud structure are rich and complex!...

* We can't solve QCD ...
but we know some things about it!




Factorising away the Unknown

- QCD factorisation theorem
allows us to define universal parton
density functions (PDFs), same for
proton in all contexts.

QCD collinear
factorisation

W,z

- QCD evolution (" DGLAP' approx")
tells us how the partons evolve as
scale (e.g. mass produced) changes.

We cannot calculate PDFs (maybe one day on lattice)
.. S0 we have to determine the PDFs experimentally



Parton Densities from Experiment.. DIS

"You don't find out how a watch works
by throwing other watches at it!"

Most precise measurements come from
" Deep inelastic lepton-
nucleon Scattering’ ...
Point-like probe, which 5
doesn't feel strong colour
field .. a “snapshot’ of proton,

mainly via photon exchange.

x = Momentum fraction of struck part:
Q? = Exchanged boson virtuality ...
scale or resolving power!




HERA

* From Geneva to e & E
Hamburg ... SSRGS S

* The world's only
ever ep Collider

* Fixed target equiv.
energy of b0TeV
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"World's most powerful microscope”

; Operational 1992-2007



HERA .. kinematic range

318 GeV
HERA:

p (920 GeV) e (27.6 GeV)

* Unprecedented low x and
high Q? kinematic coverage

* LHC needs PDFs over very
similar range in x|
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H1: How Collaborations Form

H1 emerged from a mixture w 2..?.1&

of previous DESY experimen’rs
and previous fixed target 1)) M tollnlos rovhiont :f%%%ﬁﬁo/
DIS experiments from &~
elsewhere .. JADE, PLUTO, 7 7
CELLO, EMC, BCDMS ... |

- "Clash of cultures”

- Not much in common
except dislike for TASSO

- Letter of Intent in
June 1985

- Poorer resources than
TASSO / ZEUS .. financing Gewove ok X om..., Nll?

and manpower was a major issue ow NORR Upmimundt
for several years (F. Eisele)
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.. and by arrival of Birmingham (Dec 1989)..
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H1 Forward Muon Trigger: Road-Finder Module (RAL 1150)
54 T-Zero ASICs and 5 Track-Finder ASICs

* First contribution was in building trigger for forward muons
with RAL ... semi-custom field programmable ASIC's

* Other electronics / trigger hardware followed

* Many contributions to physics, still ongoing!

* 15 Ph.D. theses so far
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Size of lift determines size of experiment?



The Finished
Article

Protons
At 920 GeV

Asymmetric
design, reflecting
beam energies



Early Collaboration Mugshot
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Charged and Neutral Current Scattering

NC e CC

Cross section dominated by y* exchange (measures e ?
weighted quark distribution).
W, Z exchange at high Q? sensitive to flavour decomposition



Neutral Current

Neutral Current
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Charged Current

H1 Collaboration
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Electroweak Unification for Space-like Bosons

do/dQ? (pb/GeV?)

HERA

= SMep CC (CTEQBD)

E y <09
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4 H1epNC

— SMepNC (CTEQSED)

« HHepCC
= ZEUS e p CC 98-99

o ZEUS ep NC 98-99 i

Neutral Current x-sec
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Charged Current x-sec
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MV%/.[QZ-I-MV%,j * Occ

NC and CC cross sections
become comparable at
EW unification scale
(couplings unified)

CcC
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New Physics?

[ o opNCdata  sescor - Close agreement between
- data and Standard Model
R R prediction up to highest
“ } ‘ | Q? ~ 30 000 GeV?..
- HJ ' ..no quark sub-structure
1 LHM H found on distance scales
- 0% 'E . ........'4 of 10-18 m-

* Many other dedicated
rieeastoby, X searches performed for
T ' | \ Signhatures of new physics.

H1 * Nothing convincing (yet!)




Neutral Current Sensitivity to the Quarks

NC cross section depends on 3 structure functions ...

NGyt Y y*
6" (e"p)=F, +ZXF3_ZFL

.. where Yi =1+ (1_ Y)Z

..and Y measures the process inelasticity

* F, dominates throughout most of the phase space

» XF5 contributes at high Q2 (Z exchange) can be obtained
from difference between e*p and ep cross sections

* F_ contributes at high y (longitudinally polarised photons)



Structure Function F,(x, Q?)

- | F,(x,Q%) ~ XZGS(CH‘C_I)

The data before HERA ...
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In 1992, low x physics was an obscure
field, known only to Russians!



The First Measurement

August 1993 August 2000
P L

-~ MRS D°
3l —— MRS D™

[\ CTEQIMS
S -~ GRV
i —— DOLA

R TERTERTE
Biggest HERA discovery ... rise of F, at low x ...

.. already apparent from first data ... published to 2-3%
.. now working towards 1% measurement.
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F, and the up Density!

- Just some of the F2 data ...

* Due to e ? weighting, this
provides stronger constraint
on up density (e,=2/3) than
on down density (e,=-1/3)

.. beautifully described by
QCD fits over huge
kinematic range!




Charged Current and the down Density

0.5

0.6

0.4

0.2

0.15

0.1

0.05

X

Charged Current u
S B AL NP A AL IS LA IS AL e S BRI L e /
DL jtr:;)-:3cnc; GeV® T Q’=500GeV’ T Q’=1000 GeV- : V
T : +
Nt T g iw
3 ¢ T ; Tt E :
N RE ] \U
N, T N \w:
R AR R e T e I 1T e B 1 N3 R e BR[| R A B
Q™=2000 GeV~ L Q°=3000GeV~- 1 Q=5000GeV- =
- $ T T 12 Charged current
- T b, T 18 sensitive to flavour
- /\\ 1 /\\_} t# 15 decomposition ...
:::"' i ::..::%':"“' ' '/‘{N:E €.g. e+ COUPICS to
R T Q=bo0Gev: J10°  10' 1 dand ubar, but not
SRS 10 HM0 | and dbar.
o A\E } _ H1 PDF 2000
t K oo
FHERFESTE RS S S ERNMERTT E R ¥ ~CC n 2 _
0 10" 1107 101 g (ep)~1-y)d+u



xF; and the Valence Quarks
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The Gluon Density!

Q? evolution of F, is used
to extract gluon density,
assuming DGLAP evolution.

dF

—2_ ~ a/(P,®g +P,®q)

q

q—49g a

Internally self-consistent,
but (unlike quark density
extractions), this is model
(DGLAP) dependent!

dInQ2

"

g—qq
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So what /s a Proton?
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Q2=10 GeV

10 107

- DGLAP fits to NC
and CC data, up to
order a2 in QCD

used to obtain valence,
sea quarks and gluon.

» Can be done using H1
data alone.

» Also " global' fits by
MRST, CTEQ ... use
some input from pp
and elsewhere.

Gluon density at low x becomes enormous!



Can the Rise of Gluon be True?

* Gluon densiTy cannot rise mdefum’rely Decrease x
as x decreases (unitarity effects /
parton " saturation' ?...)

* DGLAP approximation to QCD
evolution may become insufficient,
e.g. due to neglect of gg > g

" recombination’.

+ Same approximations are used for
evolution to LHC ... essential to

test the gluon density through
direct measurement ...

.. e.g. boson-gluon fusion' > many
Dijet, charm, beauty measurements!




Example: Heavy

&

Flavour Contributions ~

—

Fractions of total cross section
From ccbar and bbbar production.

Measured from secondary decay
vertices in silicon Microvertex

detector.

Good agreement ... but not
really so low x!
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Structure Function F;(x,Q?)

If gluon dominates, F ~ag xg(x),

provides another test of self-
consistency and gluon.

~NC F y
Y

+

F. extraction from H1 data (for fixed W=276 GeV)

N 12
ot QCD « fit (H1) extrapol.
Ty 1 e H1 preliminary — QCD q, fit (H1)
romHl e —— GBW model (dipole)
O H1 e MRST 2001

0.8 |

—— BKS model (GRV off—shell)

H1 Collaboration
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o
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IIIIII L1 IIIIIII L1 Illluj L1 IIIIIII L1 110l

107° 107 1072 10 °

Influence visible at low x
and low QZ?, consistent
with expectations if

F, is well behaved

Model-free extraction
requires changes to beam

energies ...

X




HERA U

Cale Jet T

T

rigger

FTO
LI

pgrade 2000 ... HERA-IT

Beam focusing magnets ...
- increased luminosity

il = Polarised leptons ..

Lumi - Chiral structure of
Standard Model in DIS

- Complementary PDF
information

Many H1 components upgraded

Birmingham involvement in * Fast
Track Trigger’, reconstructing
complex decays to charged
particles using drift chambers
and FPGAs on-line (<100us)



Polarised Charged Current Cross Section

Charged Current e*p Scattering e+ /
I I I I | I I I I | I I I I | I I I I v
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o ¥ —_
i 2 1+ Data consistent with
2r i Q> 400 GeV? | prediction of linear
- y<0.9 1 dependence...
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HERA-II and the Future

Status: 4-Dec-2006 1/07/07
kel Sl e o R, < LR

— dlocteons 4 * HERA-T was ~ 130 pb-!

S |« HERA-II will be

' ~ 320 pb-tat full energy,
plus a reduced Ep run

at the end to measure
F_ properly and test
gluon density

200 -

H1 Integrated Luminosity / pb™

* Data analysis underway,
.. first results appearing
.. many more high
: e o =0 precision results to

Days of running comel




Iractional uncertainty

Current and Projected PDF Uncertainties
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* Fractional
uncertainty on
quarks and
gluons at high
x will improve
most with high
luminosity data

- Confidence in
gluon density
will build with
further direct
tests.



Example of HERA Impact on LHC

-
HERA included

+
HERA excluded

* doBeldy
doBe/dy

LHC W boson cross section v rapidity ...
.. predictions with and without HERA data as input



Ongoing Workshop

HERA AND THE LHC

" 2nd'workshop on the implications of HERA for LHC physics

Organising Committee:

Parton density 'unctions G. Altarelll (CERN), J. Biimlein (DESY),

Multijet final states
and energy flow

Heavy quarlts

nte Carlo tools

M, Botje (NIKHEF), J. Buttorworth (UGL),

A. DeRoeck (CERN] (chalr), K. Eggert (CERN),
E. Gallo (INFN), H. Jung [DESY) (chair,

M. Kieln (DESY], M. Mangano [CERN),

A. Morsch (CERN], 8. Polesello (INFN),

0. Schnelder (EPFL), R. Yoshida (ANL)

e Kintur (nzs\n.
L MecLorran (BNL), T. Nakada (CERN),
D, Schlatter CERN), F. Sehrempp (DESY],
4. Schukraft (CERN), J. Stirling [Durham),
W.K. Tung (Michigan State), A Wagner [DESY],
R Yoshida (ANL)

ke (RIFL), €. Volkes fPFM
Hdvizowy Commitiser
). sk (Harbur, BL Dalin uau O P},
 Saryeben (CERH,

Continuous dialogue between HERA and LHC experiments
how best to use information from HERA at LHC
- what is still needed from HERA.



A possible future? ¢ | 1
No high energy ep Physics il L
Approved beyond 2007!.. g i i
LHeC: Latest of several Sat w1
proposals to take ep physics 2 y o=
info the TeV energy range ... é . ]
.. but with unprecedented lumil j o s
Lepton—Proton Scattering Facilities | : o ?
i;; Jlab6 + 12 o | 1::5[' | EUIUI} :'l"'EEF
'c 108 E e
2oty » Combining LHC protons with
- a hew electron beam (70 GeV)
£ 5 B ELIC—Jlab . .
3 Is technically possible and
sl i pushes frontiers of ep physics:
107 NMC HERA THERA
ol - 1 = | . x>107,6 M, >14TeV,
| .» Resolved dimension 2 10-°m
1 10 10

0
cms Energy (GeV)



Summary

* HERA-T data has led to precise constraints on parton
densities over a huge range of x and Q¢ ©

* The proton at low x is a very high density (mostly) gluonic
system!

- Already very much of interest at RHIC!

- Will provide essential input to the LHC

- Still requires more tests of gluon / DGLAP evolution theory
- Full consequences of such a high density QCD system
In low coupling limit still fo be explored

* HERA-TIT data only just beginning to appear!
much more to comel

» Could Lepton-nucleon scattering itself have a future at LHC?



Back-ups follow ...



Inclusive LHeC Kinematics

E,. =70 GeV
| E,=7TeV

10° D | \/g =1.4 TeV

H1
' Fixed Target Experiments:
HMC

ol §= 1N | - High Q? Frontier

E665

1{13§ - Meq <1.4 TeV

02 <2.10° GeV?
i . Low x Frontier

i W <1.4 TeV

l-?' i N s e 21 ; X2510_7 a.t
: Q° <1 GeV?



Still Many Open Questions

: from M. Klein, B. Reiser
| Global fits assume u= d at small x
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Technological Challenges

H1 & CMS Data Acquisition Parameters

A comparison of the main DAQ System parameters

and the relevance of H1 into the future
H1 1991 to 2006

Parameter

CMS 2007 to 2027

Bunch crossing interval

Level-1 Trigger Rate

Total no. of electronics channels
Average total final event size
Average size from trackers
Number of Branch/RUs

Event builder bandwidth

Data production

Number of readout crates
Number of electronics boards

Total Cost DAQ + Electronics

96 ns
100 - 300 Hz
~ 750,000
~ 100 kBytes
60 - 80 kBytes
12
~ 25 MBytes/s
~ 10 GByte/day
~ 150
~ 2,000
~$15M

25ns
100 kHz

~ 12,000,000

=~ 1 MByte

~ 300 kBytes

256 /512

=~ 100 GBytes/s

~ TByte/day
= 300
~ 5,000
= $100 M




Beyond Inclusive Measurements

e ‘k Structure Functions
e N
%ﬁii.. Precision QCD tests Alpha_s

Parton dynamics

Rapidity Gaps, Diffraction

Searches at highest \/S with initial state lepton

Hadronic final states test our understanding of parton
dynamics in complementary ways..... Is the huge gluon for real?



.. and Polarised Neutral Current
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