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Physics at HERA

e HERA as Super-microscope

e HERA as Energy frontier machine

e HERA as QCD laboratory



1 Physics at HERA

e HERA as Super-microscope ump Part | (Monica Turcato)

\ g

> Proton structure at high resolution
> Impact for LHC

e HERA as Energy frontier machine

o, from Jet Cross Sections in DIS

a. L
( HERA aS QCD Iaboratory S i *  H1datafor5<Q2< 100 GeV?

0.5 ®  H1data for Q ?>150 GeV?
: Fit from Q 2> 150 GeV? [arXiv:0904.3870]

a, =0.1168+ 0.0007 (exp.) *35%8 (th.) £ 0.0016 (PDF)
E== Central value and exp. unc.

Theory [OPDF unc.

o Jets ( NLO QCD, a,)
o Heavy flavor sector (multiscale problem: Q?%, Mg, E;)
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i Precision Measurements (exp. errorsv 19%)



Physics at HERA

e HERA as Energy frontier machine

> Electroweak unification at work
> Anything beyond the Standard Model?

q TEVATRON (|
LHC

e HERA as QCD laboratory

> Putting QCD in stringent tests with:
o Jets (parton evolution schemes,

o Diffraction (interplay of soft and hard physics)
> HERA specifics: low & phenomena

mp Part |l: Search for Novel Phenomena g
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Parity violation in polarised NC and CC DIS
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3 Combined Electroweak and QCD Fit

Combined electroweak quark couplings a,,, v,, a4, v and PDFs using NC/CC DIS cross sections
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e Improved precision wrt HERA-I due to polarisation and statistics
e Consistent with Standard Model (x?/dof= 0.96)
e Able to resolve ambiguity of eTe™

e Results competitive with LEP and Tevatron (especially for v,-a.,,)
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e Further improvent expected after ongoing combination of HI+ZEUS data



HERA at the Energy Frontier

H
Vs = 319 GeV O

TEVATRON

LHC

So far all NC and CC HERA data were in good agreement with the SM.
Try now to look more carefully at the tails, using two strategies:

1. Specific BSM signals search (LQ, LFV, SUSY, ...) — guided by theory

2. Model independent generic search (data vs SM) — guided by data



Search for Contact Interactions at HERA
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Events / GeV
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Search for Leptoquarks at HERA

Leptoquarks (LQ), compound states of leptons and quarks

Fermion number F=L+3B

s-channel:

(resonant production)

F=2(ep)
Buchmuiller-Riickl-Wyler framework:
LQ at HERA:

u-channel:
(LQ exchange)

H1 Search for First Generation Leptoquarks

-4 NC data
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F=0(e'p)

14 different types (7 scalar, 7 vector)

1st gen:eq - LQ — e(v)qg (LFC)
2ndgen:eq — LQ — u(v)g (LFV)
3rd gen:eq - LQ - t(v)q (LFV)
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7 Model independent search for New Phenomena

H1 General Search at HERA (e “p, 285 pb™)

e |dentify isolated (D (n¢) > 1) e
particles (objects): e, 1,7, j, v 1=
e Select events, having at least two : :
objects with high Pr > 20GeV —
in the detector acceptance YE——
(10° <6 <140°) ===
e Classify into exclusive channels i =
.. . e-p-| : : 5
containing from 2 to 5 objects wvE
p==-A
: o e
e Compare with SM predictions =
yvi B
= good overall agreement e o
gy ——— S
= H1
e Find interesting regions g%;f;i I EEE
with greatest deviations from SM = JHES—F"" = |25
in kin. distributions (M., S Py) "= —
= Combine H1 and ZEUS data 10%10% 1 10 10° 10° 10° 10°

Events



7 Model independent search for New Phenomena

e |dentify isolated (D (n¢) > 1)
particles (objects): e, i, vy, 3, v

e Select events, having at least two
objects with high Pr > 20GeV
in the detector acceptance
(10° < 6 < 140°)

e Classify into exclusive channels
containing from 2 to 5 objects

e Compare with SM predictions
= good overall agreement

e Find interesting regions
with greatest deviations from SM
in kin. distributions (M, X Pr)

=> Combine H1 and ZEUS data
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Largest observed deviations
from the SM at HERA

JHEP 0910:013 (2009)
JHEP 1003:035 (2010)
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Multi-lepton Events and Isolated Lepton Events with PP
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S° Pr >100 GeV
Data sample Data SM Pair Production (GRAPE) NC DIS + QELC
[etp(0.56ftb~") 7  1.94+0.17 1.52 +0.14 0.42 £ 0.07 |
ep 038ty 0 1.19+0.12 0.90 £ 0.10 0.29 +0.05
All (0940~ 7  3.134+0.26 2.42 +0.21 0.71+0.10
eTp : 7obs. vs 2 expected events

Nos Neutrino ?

| e oL A
- P Hadronic Jet, X

e + P, Miss event in H1

H1+ZEUS Data SM SM Other SM
1994-200%*p 0.59 fb~! Expectation Signal Processes
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Muon Total 16 (112 = 16| 99 £ 16| 1.3 £ 0.3
P¥X >25GeV || 11 66 £ 10| 59 £ 09| 08 £ 0.2
Combined Total 53 498 £ 62388 £ 59111 + 1.5
Pff > 25 GeV 23 | 140 £ 19118 £ 19| 22 + 04

23 obs. vs 14 expected events



HERA as QCD factory

Elastic J/y Photoproduction
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10 Small 2 domain of HERA
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e NLO DGLAP is perfectly OK for FY (too inclusive?) 0.2: |

e There is a lot of glue in proton at low ! :
= gluodynamics in high energy limit of QCD (W? = Q?/x)"

July 2010

HERA Structure Functions Working Group



11 QCD at IOW £r

Lots of glue in the proton = long gluon cascade at low x. Perturbative expansion
of evolution equations ~ >~ A, In(Q?*)™ In(1/x)™ hard to calculate explicitely

= approximations needed

DGLAP: resums In(Q?)™ terms, neglecting In(1/x)™ terms
strong k¢ ordering in partonic cascade

BFKL: resumslIn(1/x)™ terms
no kr ordering in partonic cascade =- more hard gluons
are radiated far from the hard interaction vertex

CCFM: angular ordered parton emission =
reproduces DGLAP at large x and BFKL at x — 0

e How long is partonic cascade at HERA, at small x?
e Do the In(1/x)™ terms play a major role in parton dynamics as suggested by BFKL?

= Look at (multi)jet final states at low « in different configurations



12 Low x phenomenology

NLO 2-jet NLO 3-jet
Fixed order L l‘-_
QCD calculations L L - :
;‘ " Ké ey
" ;vmm e "
: L} :: L) o 1 ° L]
DISENT, NLOJET++ NLOJET++
Rapgap Dir Rapgap Res Cascade Lepto (CDM)

—
o:=

DGLAP

/ DGLAP
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13 Forward jets

Strategy (E!*")? =~ Q? = suppress phase space
Xgj xgj (small) for DGLAP evolution

large x .+ >> xp; = enhance BFKL evolution
evolution
from large
to smallx Event 1074<x<4-1073 5 < Q? < 85GeV?
forward jet selection Efet>3-5GeV 7% < Ojer < 20°

—= (large) Tjet > 0.035 0.5 < (Eget)z/Q2 < 2




13 Forward jets

o
e/ )
y Strategy (E}°)? =~ Q? = suppress phase space
Xgj xgj (small) for DGLAP evolution
. large x .+ >> xp; = enhance BFKL evolution
evolution
from large
to smallx Event 1074<x<4-1073 5 < Q? < 85GeV?
. et
orward e selection Ei” >3.5GeV  7° < 0 < 20°
—= (large) Tjet > 0.035 0.5 < (Eget)z/Q2 < 2
H1 forward jet data H1 forward jet data e Huge improvement from
~ Hl ~— .
g 1000 % * E scale uncert g 1000 %_ + Eis%alls uncert. LO tO. I\_ILO’ but still
éﬁ — NLODISENT 143, éﬁ =. RG-DIR+RES insufficient at low «
~ 0'5ur,f<ur,f< Mr,f ~ beny -
S PDF uncert S e Resolved v component in
—o— == LO DISENT —o—
500 14800 S ) — DGLAP MC helps
L ("breaks” k; ordering)
- e CDM and RG(d+r) provide
0.001 0.002 0.003 0.004 0001 0002 0.003 0004 similar description
X X

Bj Bj => inconclusive



14 3-jet samples with different topologies

Jet Jet
Central jets:

Jet —1 < T’jet < 1 Jet
1l I
Forward jets:
1> 1.73
Jet Nfij1 Jet
1 forward jet + 2 central jets Lfj1 > 0.035 2 forward jets + 1 central jet
glof’ H1 | Mgz > 1 glo5
Xl — x
B ............. ) A” jetS: B
° 1 == o ©
104t : Ef ;e > 4GeV 104}
¢ Data
10°% | COIr. error L 103 corr. error
= O(a,3) = 0O(ay3)
...... O(asz) DGLAP O(asz) DGLAP
-4 -3 -4 -3
10 10 X 10 10 X

e Large deficit at small « for 2-forward jet topology! There O(«a?) calculation is insufficient

= room for non-DGLAP dynamics!



15 Diffraction at HERA

B Fundamental aim: understand high energy limit of QCD (gluodynamics; CGC ?)

B Novelty: for the first time probe partonic structure of diffractive exchange

B Practical motivations: study factorisation properties of diffraction; try to transport to
hh scattering (e.g. predict diffractive Higgs production at LHC)

e TP =8 = qriwt
2 (momentum fraction of colour singlet exchange)
o Q
__Q* _ =z
; }MX 8= gl = our =35
x (fraction of exchange momentum, coupling to ~*)
1P
P P’ (My) ’\2
O Y t=(p—p)
N\

(4-momentum transfer squared)

dep dt d3 dQ? ~  BQA

2

D) _ pD(4) Y D(4) D(3) / D(4)
o = F — F = F = | dtF.

dio 4o y?
(1 —Y + E) 0'71»)(4)(33Pa tv Ba Qz)




16 Factorisation properties in diffraction

o ® ! -
fixed x,_, t X (M) - P x ¥ q
IP P D q
p P 0, IP
O —U\
p o P
(t)
QCD  versus Regge factorisation
QCD factorisation oP@ o 3. 67z, Q%) ® fP(x, Q% xp,t)

(rigorously proven for 3
e &7 ' —hard scattering part, same as in inclusive DIS

DDIS by Collins et al.): e fP - diffractive PDF’s, valid at fixed 2, £ which obey (NLO) DGLAP

Regge factorisation Y (xp,t,8,Q%) = ®(xp,t) - FF(38,Q?)

(COI’IJGC'[U e, e.g. RPM e In this case shape of diffractive PDF’s is independent of z p, t
by Ingelman,SchIeln): while normalization is controlled by Regge flux ®(xp, t)
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Selecting Diffraction at HERA

Proton Spectrometer (PS) method

HI1-VEFPS

H

HI1-FPS

R

220

direct measurement of t, x4
high xg accessible
no p-diss contribution

low statistics

near perfect acceptance
at low xp

p-diss contribution
no T measurement

90 80 64 40 24, W1

bttt )

ZEUS LPS

Large Rapidity Gap (LRG) method

hadronic

— ¥ system



Inclusive Diffraction Summary
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e Compelling confirmation of the NLO QCD picture

of diffraction over a wide kinematic range!
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Inclusive Diffraction Summary
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e Compelling confirmation of the NLO QCD picture

of diffraction over a wide kinematic range!
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——  H12007 Jets DPDF Diffractive PDFs extracted from NLO DGLAP fit, using Regge factorisation
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Diffractive PDFs as determined by H1 and ZEUS

ump Combine H1 and ZEUS measurements to improve precision
nmp Determine DPDF (eventually without Regge factorisation assumption)




20 H1 FPS and ZEUS LPS Combination

e Select common phase space (zp, t; Q%, 3)

® HERA (prel.)
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e Significant improvement in precision. Work in progress for other samples



QCD Factorisation Tests in Diffraction at HERA
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QCD Factorisation holds in DIS regime, e.g.:

VFPS DIS Dijets - 2 central jets
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However, it breaks down at Tevatron (S ~ 0.1)
(due to soft remnant rescattering)
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However, it breaks down at Tevatron (S ~ 0.1)
(due to soft remnant rescattering)

= Test it in photoproduction:

e(k)

p(P) (b) Y (PY)

@)

direct, z, = 1 resolved, =, < 1
(DIS-like) (hadron-like)



21 QCD Factorisation Tests in Diffraction at HERA

QCD Factorisation holds in DIS regime, e.g.: * Hidata
[ ] data correlated uncertainty ZEUS
VFPS DIS Dijts - 2 cenal s == NLO H1 2006 Fit B x (1+3naa) ) — T T T
~ 60 — = f - o 800~ (a) .
g H1 Preliminary 2 o H1Preliminary | emeees Rapaap ~ ® ZEUS77pb’
~ o HiData Prel) N& F +HLEPS ?T;E(Pre\) — . — . — . [ B
20 e 2 NLO DPDF Jets 2007 (x03) E 600~ = %- I-I|1 I I I (a) % —— ZEUSLPS,GRY
L2l g >_ L 7
g 4°°:H:1i — 1000 |- 7 _é 6007 . H1 2006 A, AFG (x 0.87)
kel L =
s o 200" i‘i Q%‘: E e H1 2006 A, GRV (x 0.87) ]
= o 15k —— _\8 400 - H1 2006 B, GRV (x 0.87) —

log 1o(x) Zp

However, it breaks down at Tevatron (S ~ 0.1)
(due to soft remnant rescattering)
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e Both H1 and ZEUS observe global, =,-independent suppresion factor — somewhat unexpected
= Details of factorisation breaking mechanism in vp at HERA are not fully understood yet



22 Summary

B Standard Model survived 1 fb~! of HERA data and is still in a good shape.
Next challenge will come from the LHC - stay tuned!

B Combining H1 and ZEUS data allowed proton structure to be measured
with unprecedental precision

B NLO DGLAP is surprisingly successful down to low Q2 and low x in describ-
Ing bulk of HERA data. However, some room for parton evolution beyond
DGLAP is found at specific phase space corners = important message for
LHC.

B Gained new insights into high energy diffraction:
Pomeron under the HERA microscope shows complicated interplay of soft
and hard phenomena. Start combining H1 and ZEUS diffractive data
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B Gained new insights into high energy diffraction:
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and hard phenomena. Start combining H1 and ZEUS diffractive data

M Is this the end of DIS experiments at the colliders? Or what's next?



Project under discussion For late LHC period:

Support it! ~ 2022—-2032
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