


HERA performance

HERA II

• Ee = 27.6 GeV , Ep = 920 GeV ,
√

s = 320 GeV

• Detectors & luminosity upgrade

L per expt e+p e−p

HERA I 93-00 ∼ 120 pb−1 ∼ 20 pb−1

HERA II 03-now ∼ 50 pb−1 ∼ 210 pb−1

HERA II total? ∼ 200 pb−1 ∼ 210 pb−1

• Longitudinally polarised lepton beams
typically Pe ' 30 − 40%, tP ∼ 30 min
helicity flip every 2-3 months

• Schedule
– switch to positrons July

collect L ∼ 100 pb−1

– measure FL at lower Ep = 460 GeV
run 3 months for L = 10 pb−1

– end of HERA data taking June 2007
Days of running
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Kinematics of ep interactions

Q2 = −q2 4-momentum transfer

x = Q2/2(P · q) Bjorken scaling variable

y = (P · q)/(P · k) inelasticity

Q2 = x y s
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Q
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Inclusive DIS ep interactions

• NC e±p → e±X

d2σ±

NC

dx dQ2
=

2πα2

xQ4

[

Y+F̃2 ∓ Y−xF̃3 − y2F̃L

]

≡ 2πα2

xQ4
Y+σ̃±

NC

Y± = 1 ± (1 − y)2

F̃2 dominant contribution in LO QCD {F2, F γZ
2 , fZ

2
} = x

∑

q{e2
q, 2eqvq, v2

q + a2
q}(q + q̄)

xF̃3 γZ interference at Q2 ∼ m2
Z {xF γZ

3 , xF Z
3

} = 2x
∑

q{eqaq, vqaq}(q − q̄)

F̃L sensitivity at low Q2, high y ∼ αsxg(x, Q2)

• CC e±p → νX

d2σ±

CC

dxdQ2
=

G2
F

4πx

[

m2
W

Q2 + m2
W

]2
[

Y+W̃2 ∓ Y−xW̃3 − y2W̃L

]

σ̃+
CC = x[(ū + c̄) + (1 − y)2(d + s)] sensitive to d quark at high x

σ̃−

CC = x[(u + c) + (1 − y)2(d̄ + s̄)] sensitive to u quark at high x
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NC & CC cross sections

• Excellent agreement with SM
prediction over many orders of
magnitude

• CC cross section suppressed at
low Q2 by W propagator

• NC and CC comparable cross
sections at high Q2 ∼ M2

W

• σe−p > σe+p at high Q2

electroweak effects

⇒ Stringent limits on eq
compositeness

quark radius Rq < 1 · 10−18 m
LQ’s MLQ/λ & 1 TeV
LED MS > 0.8 TeV
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Polarised CC cross section

• Test V-A structure of CC interaction

• No right-handed current in SM

• Linear polarisation dependence

σ±

CC = (1 ± Pe)σ
±

CC,unpol

• Extrapolation to
Pe− = +1 resp Pe+ = −1

sets limit on WR

MWR
& 200GeV
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CC cross section

• u, d quark separation at high x dominating for x > 0.2, consistency check wit xF3 ∼ 2uv +dv

• e+p sensitive to d quark, particularly valuable (free of nuclear effects of eD scattering)

• e−p sensitive to u quark, new HERA II meas. improve uv
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NC polarised cross sections

σ±

NC ∼ F2∓PeaeχZF γZ
2 ∓aeχZxF γZ

3

Polarisation effects at high Q2

clearly established in NC
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Measurement of xF3

xF̃3 = (σ̃−

NC − σ̃+
NC)(Y+/2Y−)

xF γZ
3 = xF̃3/[−aeκW /(Q2 + M2

Z
)] ∼ 2uv + dv

HERA I 15 pb−1 e−, 100 pb−1 e+

HERA II 120 pb−1 e−, 50 pb−1 e+

corrected for polarisation effects

precision increased by 20%

neglect pure Z contribution (small) & correct

for propagator (Q2) terms

→ Test x dependence of valence quarks0
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NC cross section at very high x

ZEUS technique to access high x region

Q2 well measured by electron

jet in detector x from jet ET > 10 GeV, θ > 0.12
jet in beampipe integrate σ over xedge(Q

2) < x < 1
discard ≥ 2 jet events

Still large uncertainies at high x
Input to PDF fits, integrated points tend to lie above CTEQ6D
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Structure functions & parton densities
• HERA data well described by NLO QCD

• parton densisties parametrised at some Q2
0

e.g. xf(x) = axb(1 − x)c(1 + dx)
Q2 evolution using DGLAP in NLO

• low x sea, gluon constrained by F2 @ low Q2

• high x u, d valence constrained by high Q2

NC & CC cross sections

• medium x gluon constrained by jet data
(DIS jets and γp di-jets)

boson gluon fusion, QCD Compton

• correlations between αs(Q
2) and g(x, Q2)

resolved by using wide range of x and Q2

• consistent analysis within a single experiment,
advantage for treatment of error correlations
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Combined QCD & EW fits

ZEUS and H1 PDFs consistent (and MRST, CTEQ)

slight differences in g(x) at x ∼ 0.01
combined H1/ZEUS analysis in progress

jet data improve error on gluons

polarised e−p reduce uv(dv) uncertainty
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Light quark couplings

Combined QCD & EW fit in space-like region: aq ↔ xF3 and vq ↔ F pol
2

H1 HERA I unpolarised data, ZEUS HERA II polarised data

Precision on axial and vector couplings of u and d quarks
comparable with LEP, ambiguity resolved
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Light quark couplings to Z
Joint SF & EW session
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QCD fits, DIS inclusive, jets and αs

Precise αs measurements at HERA

uncertainty dominated by theory, NNLO required

Evolution αs(Q
2) from jets, event shapes in a single experiment

th. uncert.
exp. uncert.

 World average
 (S. Bethke, hep-ex/0407021)

 HERA average
 (hep-ex/0506035)

 Dijet cross sections in NC DIS
 ZEUS (Phys Lett B 507 (2001) 70)

 Inclusive jet cross sections in NC DIS
 ZEUS (Phys Lett B 547 (2002) 164)

 Inclusive jet cross sections in NC DIS
 H1 (Eur Phys J C 19 (2001) 289)

 NLO QCD fit
 ZEUS (Phys Rev D 67 (2003) 012007)

 NLO QCD fit
 ZEUS (Eur Phys Jour C 42 (2005) 1)

 NLO QCD fit
 H1 (Eur Phys J C 21 (2001) 33)

 Subjet multiplicity in NC DIS
 ZEUS (Phys Lett B 558 (2003) 41)

 Subjet multiplicity in CC DIS
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 Inclusive jet cross sections in γp
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 Jet shapes in NC DIS
 ZEUS (Nucl Phys B 700 (2004) 3)
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0.1 0.12 0.14

αs(MZ)

0.1 0.105 0.11 0.115 0.12 0.125 0.13

0

5

10

15

20

25

 ZEUS fit

 with jet data
 without jet data

)Z(Msα

m
in

2 χ
 -

 
2 χ

to
ta

l 

world average
(Bethke 2004)

ZEUS

0.1 0.105 0.11 0.115 0.12 0.125 0.13

0

5

10

15

20

25

includ. jets

inclusice DIS
-

-

-

 ZEUS

10
-3

10
-2

10
-1

1

10

10 2

10 3

10 4

10 5

10 6

5 10 15 20 25 30 35 40 45

 125 < Q2 < 250 GeV2

(x100000)

 250 < Q2 < 500 GeV2

(x10000)

 500 < Q2 < 1000 GeV2

(x1000)

 1000 < Q2 < 2000 GeV2

(x100)

 2000 < Q2 < 5000 GeV2

(x10)

 Q2 > 5000 GeV2

(x1)

ZEUS (prel.) 98-00

NLO (µR=Ejet
T,B  )

NLO (µR=Q)

 -2 < ηB
jet < 1.5

 |cos γh| < 0.65

  Ejet
T,B   (GeV)

 d
σ/

dE
je

t T
,B  

 (p
b/

G
eV

)

DIS jets

Q / GeV

20 40 60 80 100 120

sα

0.08

0.10

0.12

0.14

0.16

0.18

0.20

Q / GeV

20 40 60 80 100 120

sα

0.08

0.10

0.12

0.14

0.16

0.18

0.20

H1

)+NLL+PC2
sαNLO(

fits to DISTRIBUTIONS

)=0.1178
Z

(msα

Event shapes

H-U Martyn HERA Physics - Inclusive Measurements LHC2006 Kraków, July 2006 14



Measurement of F cc̄
2 and F bb̄

2
Heavy quark production via boson gluon fusion

Flavour ID:

D∗ reconstruction (charm)

Impact parameter of track to vertex (charm & bottom)

using Si tracker, minimal extrapolation needed to

extract F cc̄
2 and F bb̄

2

F cc̄
2 both methods agree

good agreement with SM
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Measurement of F cc̄
2 and F bb̄

2

F bb̄
2 first measurement

good agreement with SM, no excess

CTEQ + MRST differences at low Q2

HERA II expect ∼ 450 pb−1 per expt
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Diffractive DIS

Diffractive inclusive cross section

d3σdiff
NC

dxIP dβ dQ2
∝ 2πα2

xQ4
F

D(3)
2 (xIP , β, Q2)

F D
2 (xIP , β, Q2) = f(xIP ) · F IP

2 (β, Q2)

extract DPDF and xg(x) from scaling violation

Large kinematic domain 3 < Q2 < 1600 GeV2
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Large Rapidity Gap
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Diffractive parton densities

Combined fit of F D
2 and di-jet data

constrain quark and in particular
gluon densities in the range
0.05 < zIP < 0.9

gluon carries ∼ 70% of the
momentum of the colourless exchange

Sensitivity to gluon at scale Q0

zfg(z) = Agz
Bg(1 − z)Cg

FD
2 not sensitive to Bg

DPDF Fit zfg(z) = Ag(1 − z)Cg

DPDF Fit B zfg(z) = Ag
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Events with isolated lepton and missing pT

HERA I: H1 observes excess of e, µ in high pX
T

in e+p collision
HERA II: excess persists in e+p data only

Isolated e and µ

e+

X

pmiss
T

e+

X
SM: ep → eW ±X

jet (pX
T )

ν (pmiss
T )

` (p`
T )
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positrons electrons
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Events with isolated leptons and missing pT

Isolated τ

pX
T > 25 GeV e channel µ channel τ channel

H1 e+p 158 pb−1 9/2.3 6/2.3 0/0.4

H1 e−p 175 pb−1 3/3.6 0/2.9 3/0.4

ZEUS e+p 106 pb−1 1/1.5 2/0.2

ZEUS e−p 143 pb−1 3/2.9 2/1.4

Possible explanation of H1 excess

R parity violating SUSY

couplings: λ′

LQD and λLLE

Inconclusive situation

Expect final e−p analysis
and future e+p running

τ channel

positrons electrons

τ channel τ channelless. However, the internal clustering constraints mentioned above are much more powerful than

fine–tuning constraints.

These general remarks will be exemplified in the analysis of a reference point R in the next

section. Many of the discussions will be generic so that the emphasis will be less on the detailed

properties of the model but on the general characteristics that can easily be transferred to other

scenarios. In particular the powerful clustering conditions will apply to any scenario based on

stop production in the s–channel and they are characteristic for a whole class of supersymmetric

6Rp models for the interpretation of the HERA events.

e+

d

t̃

b

χ̃±

1

ν

˜̀+

`+, t

ν, j

(a)

e+

d

t̃

b

χ̃±

1

`+

ν̃

`+, b

`−, j

(b)

Figure 1:

2. To quantify the general discussion above and to reveal all the assumptions, natural and partly

unnatural but not disproved, which are associated with the SUSY interpretation of the isolated

lepton events, we will study a specific reference point.

The reference point R is defined such that stop states are mixed strongly so that a rather light

t̃1 emerges but all the other scalar quark states are heavy. The light chargino and the lightest

neutralino are assumed higgsino–like so as to suppress χ̃+
1 → W+χ̃0

1 decays which, after the Rp

violating χ̃0
1 decays, do not generate the desired final states. The mixing parameter tan β is chosen

moderate so as to allow for comparable charged slepton and sneutrino decays of the chargino.

Constraints on the λ′ and λ couplings from rare mesonic decays may be illustrated by three

important examples:

B0
d → µµ : |λ′

131λ
∗

122 + λ′

331λ
∗

322| <∼ 4 × 10−6 [m̃/100 GeV]2

B0
d → µe : |λ′

131λ
∗

121 + λ′

331λ
∗

321| <∼ 8 × 10−6 [m̃/100 GeV]2

K0
L → µe : |λ′

1k1λ
′∗

2k2| <∼ 3 × 10−7 [m̃/100 GeV]2

Vastly different λ′ and λ values in any products or fine–tuning in destructive interferences can

suppress all these amplitudes. To illustrate the first point, we may assume λ′

131 large for generating

a sufficiently large t̃ rate and λ322 and λ321 large for isolated µ and e events. The constraints from

2

λ′

131
λ, λ′ λ′

131
λ, λ′
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Multi-lepton events

H1 investigates high pT lepton topologies ee, µµ, eµ, eee, eµµ
HERA I+II data L = 275 pb−1

striking events observed at
large

∑

pT > 100 GeV
only in e+p scattering

∑

pT > 100 GeV Data/SM

e+p (156 pb−1) 4/0.6

e−p (119 pb−1) 0/0.5

e±p (275 pb−1) 4/1.1
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DIS+Compton
Pair Production
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Prospect: Measurement of FL

σr = F2(x, Q2) − y2

Y+

FL(x, Q2)

Longitudinal structure function gives direct access to poorly
known gluon density at low x, theoretically very uncertain,
important to understanding of pQCD

FL =
αs

4π
x

2

Z

1

x

dz

z3

»

16

3
F2 + 8

X

e
2

q

“

1 −

x

z

”

zg

–

sizeable at large y > 0.6

Measure cross section at same x, Q2 and different y,

change y = Q2/xs by lowering s with Ep = 460 GeV

Challenge to machine lower Ep, reduced lumi ∼ 1/4
Challenge to experiment low scattered e+ E′

e & 3 GeV,

huge γp bkg at high y

H1 + ZEUS: FL is a must for HERA

agreed to collect L = 10 pb−1

3 months data taking

Q2 = 5 − 40 GeV2, x = (0.1 − 4) · 10−3

expect moderate precision δFL ∼ 0.05
corresponding to 5 st. dev depending on FL

y

�

/Y �

�

10

F �

F �-F �

r =
2

2
Y+

xQ
4

1

d
2

dxdQ
2

= F
2
(x,Q

2
)

y
2

Y+

FL (x,Q
2
)

FL (x,Q
2
) = r(x,Q

2
,y

1
) r (x,Q

2
,y

2
)

f (y
2
) f (y

1
)

f (y) =
y

2

Y+

x,Q y

y=Q /xs s

Elisabetta Gallo - CERN, 6/6//06 -36

Measurement of FL

H1

In addition the FL
D measurement will be

possible (also VFPS in H1)

H1 detector better equipped
in the backward region,
important for low Q2

Smaller errors, can go to
lower Q2 and higher y

See also M. Klein, J. Feltesse in
HERA-LHC proceedings

See also Paul Newman in HERA-
LHC proceedings
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