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Overview Part 2

e High Q? and Electroweak Physics
e Polarization

* Exotics

e Jet Physics

e Heavy Quarks
personal selection!

many more analyses
are done!

e Diffraction
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High Q° &
Electroweak Physics
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More Structure Functions

F, =F —2xF, =0 mthe QPM

d* o, B 27TO(21Y
dx dO° o' x

- Fz(x’Qz) o ;_%L<X’Q2ﬂ1 }Y,_X[FE(X’Qﬂ

- +

F.:y—Z’—interference

e €
A Y, = 1x(1-y)’
> o F, relevant only at large y
» F, relevant only at large Q,
P . :
> different sign for e" and e~
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High Q? Neutral Current

Neutral Current (ep — eX)
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High Q? Neutral Current

HERA Neutral Current at high x

o T 4 2 =
. cHiep o H1 e*p 94-00 5= xQ 1 d U ne
5 o ZEUS e'p 98-99 o ZEUS e*p 99-00 - 2 2
10° L p p
-~ - SMe'p (CTEQ6D) — SMe*p (CTEQ6D) 2o ¥ + dxdQ
104} .
- x=0.08 (x10000) —g-ageE-gBopE-g-B--5 B .. . f
103] xe01s ason foa s - g € positive interierence
" x=0.18 (x500) —e-o—e—n-a-suﬁna-g—i_g_g‘\g\ . .
0% e negative interference
- x=0.25 (x100) - §--5-8 ?
10 i ;
1 = %=0.40 (x5) 5 B
af XF3OCXZ€q(q_Q)
10 |
2 ; x=0.65 .
1021 direct handle on
o | | valence quark
2 3 4 . . .
10 10 10 distribution!
Q? (GeV?)
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Electroweak Parameters: Z° Couplings

high Q> NC DIS allows the determination of the vector and
axial-vector couplings of up- and down-type quarks to the Z°

ZEUS ZEUS

- [T ‘ 1T ‘ P T ‘ T T ’ T ’ F1 © [T ‘ 1T ‘ T T ‘ T ‘ T ’ 1]
> - o> - i
- ZEUS-poI-au-vu-PDF (prel.) . L ZEUS-poI-ad-vd-PDF (prel.) _
41— Wl total uncert. — 41— Wl total uncert. —
i uncorr. uncert. ] i uncorr. uncert. ]
~ mmm H1 prel. (HERA I+l 95-05) . - mmm H1 prel. (HERA I+l 95-05) .
0.5 //‘P 7 0.5 B
or - 0- -
-0.5 ] 0.5 ]
B * SM _ B * SM _
L — CDF | n — CDF -
- 68% CL LEP . - 68% CL LEP .
-1 E -1 E

I I A NI B el e b b g

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
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Charged Current Interactions

¢y Run 403197 Event 81741 Class: 4567 5 11 19 25 2529 RunDate 6/2/2005

CC: Q**2 = 83656 GeV**2; y=0.83; P_T-118

HDDI_ |

neutrino not visible
1n detector

—» 1mbalance in
transverse plane
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Charged Current Cross Section

2
d’ o G M R A
= | E Ny |\wi-LwiE—xW
dx dQ drtx\ M, +Q Y, Y,

HERA Charged Current

—

1 i * Hlep
= ZEUS e'p 98-99
— SMep (CTEQSGD)

e W bosons couple differently to
up- and down-type quarks

e 1in the QPM:
w,=x(U+D), xW,=x(U-D) " |
-U

4
) 10 |

do/dQ? (pb/GeV?)
=)

W;=X(U+D>) XW-;=X(D + H1 e"p 94-00 E
W, =0 0| — swer ereasn
2 O';COCX[U—I—(I—yfbl “’_6%‘ ‘
— i <0.9 i
O'ZCOC)C{U-I-(I—)/)ZD] N A : N
10 10
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Comparison NC vs. CC

HERA 1 &1l

r-a-l- T T T T T 71T | T T T T T TTT | T B
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. ) ¥ H1e*p NC 94-07 (prel.) 3

e at low O?: different S 10F s HiepNCsoT(nl)
2 F O ZEUSe'p NC 0607 (prel) |

dependences because of & [ o ZEUSepNCOSOS

. &} = e 1)

photon in NC s M pNG (HERAPDF 01)

sV E_ W

i —g ]

e at high 0? = M,% |
g Z 107 * H1e'pCCO03-04 (prel.) =

4 H1epCC 2005 (prel.) =

~electroweak + zeus 'pCo anar (prel) B

. . ¢, ¢ ZEUSep CCO04-06 =
unlﬁcatlon ’ ] 10° SM e*p CC (HERAPDF 0.1) _;
electromagnetic and SM &p CC (HERAPDF 0.1 :
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Similar Strength 10—7 I 1 L1 11 |-;:]3 ] I L1 11 |-; n | L
Q?%(GeV?)
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Polarization
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Polarization (@ HERA

Longitudinal
Potarimeter

WLy
""‘blu Rotatc WN
Spin Rotator

ZEUS

Spin Rotator -

Transverse
Polarimeter

- _Bem
g - Direction

e transverse polarization builds up in ~40 minutes through
synchrotron radiation (Sokolov-Ternov effect)

 spin rotators flip transverse —p longitudinal before
experiments and back after
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Polarization (@ HERA

spin rotator
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CC & Polarization

e CC cross section depends on longitudinal

electron/positron polarization P,
2

d’ o G? M’
C2<Pe) ~ <1iPe) —- ) . 2 'Y+W;_L
dx dQ 4rtx \ M, +0

e reason: /W boson couples only to left-handed (LH)
particles and right-handed (RH) antiparticles:

1/

ELH:" —u e '—/¢——d
d / 7, /

Katja Kriiger Physics @ HERA 14



CC: Polarization Dependence

HERA Charged Current e"p Scattering

-—h

. Standard MOdell E 120 i I I I I | I I I I | I I I I | I I I I |
. — B e’p = vX ]
GXPCCtatIOIl. S 100 <.> m :EEQ :I (prel.) _
- A ZEUS 06-07 1
Ooc(P,=41) = 0 I A ZEUS HERA | ]
N 80 - ep—vX B
Occ(P==1) =0 : S Y HERAL prery
. sol- A ZEUS 98-06 N
e experimental result: (H1) | ;
ol HERAPDF 1.0 -
Ooe(+1)=—-09+29_ N B
il'gsystil'gpol pb 20‘_ 2 2 7
B Q° > 400 GeV i
goo(—1)=-39+23 i y<0.9 i

i O.7Syst i O. 8p01 pb 0-1 | | | | -0|-5 ] | | Ol | | 015 | | | P
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Exotics or
Beyond the Standard Modell

Katja Kriiger Physics @ HERA
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New Particles

many theories predict more particles than the SM:

« SUSY
 leptoquarks

— particle with lepton and quark properties

— can be produced resonantly in ep collisions

... exited fermions, contact interactions, large
extradimensions ...

but experimentally search also model-independent!
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Leptoquarks

e . e,v,(u) °* can look the same as NC or CC process
2 _ 2 _
\ LQ 4 ¢« My“=xP+k) =xs
e compare measured cross section with

xP , SM expectation

q d,q
o derive limits on coupling A
% 1045 < 1L H1 preliminary __
o 3:_ - — 5, (uvd) o :
8 10 % i fo,n (e'u) P :
~ B
) R ST e IR
€ 0% 10"
> . NC, P=-27%
t 10§ -e- H1 data (prelim.)
1 . —sMa T IS
SM uncertainty 1025 E
_.I..ll...l....\[...|...._|‘. P R T R N B
50 100 150 200 250 300 100 150 200 250 300M 350G 430
M o/ GeV Lo/ Ge
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Contact Interactions

« New interactions at higher scale (A >> Vs) can be

effectively described at lower energies as 4-fermion
eeqq Contact Interactions

« Reminder: before W and Z° were discovered, weak
interactions (A=M, ) were described as 4-fermion

Contact Interactions with Fermi constant G =g*/M? |

> Contact Interactions would modify the DIS cross section

Katja Kriiger Physics (@ HERA 19



Contact Interactions

ZEUS ZEUS
— T ' ] ' —— 94-06 (prel.) e'p 94-07 (prel) ep
10 - 1 T T T ® ZEUS (prel.)e'p 0.25 b L: O -1/A? best fit value ® +1/A? best fit value
o . - 4 —_— - -
ZE T W A =80TeV g — allowed +1/A° range
=z [ == VW A"=89TeV i A" (TeV) At (TeV)
" oe 1 VV | 80 * 89
i Py AA | 70 - 6.7
mdEe T VA | 38 e cxm—— 4.1
TE X1 | 54 o — 5.0
i X2 | 54 e 6.5
L Contact Interactions Limits {prel.) ‘| X3 | 62 :$:_ 6.8
1 1 1 Il Il | 1 Il 1 1 Il 1 11 | 1 1 1 1
- " X4 | 60 e 6.9
10 1o Q° (GEVE) X5 56 j;_ 6.3
X6 | 43 e — a9
— . ———— . — i
10 o 11 7 ||| T T TTTTT e ZEUS ep 0.19 fb--l E U1 56 t(m.__ 59
s F ] ~—- AA A =7.0TeV ] Uz | e4 o 76
C ] 75 8.3
z ! AA A'=67Tev ] 3 =
i 1 Usa | es .~ 7.4
0.9 L a Us | 68 =t 7.3
i 1o 10 i Ue | 4s —r— 5.2
1 da ! !i’ii"'—"i[’.i -:-::.Z LL 40 __O'(f'.__ 5.2
E = LR | 38 — 5.2
i ] RL | 42 = 4.9
L Contact Interactions Limits {prel.) ] $
R I ! I N R I I ! L RR 4.6 L : : : L L . 4.6
3 4 -0.2 0 0.2
10 10 5 5
GeV
@ (GeV) +1/A2 (TeV?)

» No sign for Contact Interactions found ZEUS (94-07 data):
» masses much larger than Vs excluded A>3.8-89TeV
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Quark Radius

10 | 11 ® ZEUS (prel.) e*p 0.44 fb™
g | 105 o - RZ= (0.63 10"%cm)®
Y TET bk :
= | eteetette e | R2 = -(0.57 -10"%cm)?
0.95 + q
039 3 4
10 10
1 '"***'I**l"'l'*'l'-.*'.'*"'."I"*'l*"‘"-"lu-:lll:l;:';:::!:.'.'_'..'.:::*._:::#:::”"":
Quark Radius Limits (prel.)

103 1l.'I‘1
Q? (GeV?

 1f quarks have a size, a quark Form Factor would modify
the NC cross section at high Q?

e limit on quark size: < 0.6 10" m
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Isolated Leptons and Missing P

e spectacular events

e c¢xcess in HERA1 data at large transverse momenta of
the hadronic system (P*) seen by H1

Katja Kriiger Physics @ HERA 22



Isolated Leptons and Missing P

(/)] (/)]
c [ e H1+ZEUS (0.39 fb™) T I e H1+ZEUS (0.59 fb™)
d>, 2__ep Bl Sm d>, 2l e'p == sSm
w10 : SM Signal w10 : SM Signal
10?/1 10%
1_ L | ) ||
0y | 4V l/// /& /{/ 1 f / /%// --------
1075“70°20 30" 40 50 60 70 80 90 100 °o 10 20 30 40 50 60 70 80 90 100
PX [GeV] PX [GeV]
* no excess 1n e data H1+ZEUS Data SM
e ¢"HI1+ZEUS combined: 1994-2007 e*p  0.59 b1 Expectation
1.9 o excess ? Combined Total 53 | 49.8 i 6.2 |
) X o4
e H1 alone: 2.4 o excess P¥>2Gev (3 [ 140 = 10
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Jet Physics &
the Strong Coupling «q

Katja Kriiger
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What are Jets?

¢y Run 418696 Event 04985 Class: 4 5751119 25 25 20 Date 22/06/2005

* jets are narrow
bundles of
hadrons
originating

; from quarks or

gluons

Mjj = 185 ; PT1 = 85 ; PT2 = 84

e can be used to
study QCD and
the strong
coupling
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How Are Jets Produced?

e do analysis in a frame where photon and proton collide head-
on (e.g. Breit frame)

2> LO DIS cannot produce transverse momentum

> jets with transverse momentum can originate from boson-
gluon fusion (BGF) or QCD-Compton (QCDC) processes

A
>

QCDC

100000009

6

(="
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Jet Cross Sections

 theory curve:

do/dQ’ (pb/GeV?)

' b ! ! H =
F R0 e ZEUS 82 pb" : B :
o LEEO NLO ® hadr ® 2° NLO QCD calculation
N E_R:O.T (x 1) _ - PDFs
-
1rF S
10 L R=05(x0.1) | o
: — hadronisation
10 L .
N * very good agreement
0 _ of theory and data,
4 [  jet energy scale uncertainty ] PD,: d f
10 Ei's > 8 GeV E ks extracted 1Irom
5 lcos y,| < 0.65 i F, describe jet prod.
10 2 <nit< 1.5 E 2 Jetp
-6 .
L R ;¢ uncertainty on PDF
2 3 i | .
10 10 10 and theory input leads
Q% (GeV?) Iy mhp

to uncertainty on &
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X from Jets

o from Jet Cross Sections in DIS

i ®" H1datafor5<Q*<100 GeV?
0.25 *  H1 data for Q*> 150 GeV? ZEUS
L Fit from Q? > 150 GeV? [arXiv:0904.3870] ol N 1
L a, = 0.1168: 0.0007 (exp.) *242% (th.) + 0.0016 (PDF) 0.22 - ZEUS (prel.) ) — QCD ]
o == Central value and exp. unc. T\ | o NC DIS 300 pb” ]
N Theory®PDF unc. 0.20 N [ corr.uncert. th. uncert. 3
0.20 i roT o photoproduction 189 pb™
0.18 - \ [l corr.uncert. [[] th.uncert.
0.15 0.16 |
0.14 -
0.10 | [ 012 -
1 | 1 1 1 1 1 1 1 | 1 1 10
10 102
n /GeV

e running of g visible 1n one experiment

 theory uncertainties larger than experimental
uncertainties
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(M)

++++++++

1111111

rrrrr

Normalised jet cross sections at high Q)

H1 i(Eur Phys J C65 (2010) 363)

Multi-jet cross sections at low QE

H1 (Eur Phys J C67 (2010) 1)
Inclusive-jet cross sections in ¥p
ZEUS-prel-10-003

Inclusive-jet cross sections in NC DIS
ZEUS-prel-10-002

HERA combined 2007
(Hlprelim-07-132/ZEUS-prel-07-025)
HERA average 2004

(C. Glasman, hep-ex/0506035)

World average 2009

(S. Bethke, Eur Phys J C64 (2009} 689)

01 012

0.14
{xs(Mz)

H

HR A measurements

often dominated by
systematic and
theoretical
uncertainties

> |

ERA value very
competitive

Katja Kriiger
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Improved Parton Densities

ZEUS

. . BRSPS R I
o F 1s only indirectly : \ ’ L

>

sensitive to the gluon

> global fits (MRST, CTEQ) o /‘W g |
use Tevatron jet data 5| @'=rcey /j a—— _

=
[8)

=
k'S

I without jet data
with jet data
I ool vl

gluon fractional error

| | \u.‘u.\ | |

e
2N

04F
02 F

021

(di-)jet data

0.6 -

2> alternative: use HERA 0//’1

0.6 Q%= 200 GeV? - Q*=2000 GeV? -

04
02

Y

_—

0

02

66666 oe

6 :\H‘ L | L I \\\_:\H‘ vl Ll H:
"_§ N ) ) N s . N ’ |

improvement at medium to large x

A

[T T[T T[T T[T [ T[T
L R R R R
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Heavy Quarks

Katja Kriiger
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Production of Heavy Quarks

predominantly via

> boson gluon fusion
> b,c
large quark mass allows
— _ pQCD calculations
Q < b,c
6666 directly sensitive to gluon

) % density in the proton

heavy quark contribution d’oc” 2mo’ bb NPy 2
. > = 4Y+F2 (X)Q)__FL (x’Q>
to structure function dxdQ’ x0O Y

+
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charm Signals

= H1 Prelimina
[0) L ry
> ZEUS E I HERA II
2 10000 @ . ZEUS (82pb’) DO . S e00 " K T
9 ... —_— GaussmOd + Backgr 8 - N(D*) = 20803 = 282
- L) - °
@ 8000 = -
% * Without AM tag LICJ 4000 —
5 S000 Reflection subtracted A
5 I
= 1.5<Q?<1000 GeV? w00l N
§ 40001 02<y<0.7 "etenee, I D* Oinsy <07
L DO®I<15
5000 pT(D0)>3 GeV . {Z‘T (D*)i 1.5GeV
0 untag, ~o ) L . )
m(D7)l<1.6 Ne+{Dr):= 7996 £ 488 0.14 015 016 0.17
0 MK ==\ - MIK=\ [(a\/1
ZEUS
> >1000 \I\‘\\\I‘\\II‘\II\‘\I\\‘II\\'\\I\‘\I\I—
0 (b) «  ZEUS (82 pb" 2 = =
2 ¢ (82p07) D + E 900 -~ ep—e+D +X — Gauss™ + pl =
_ v T 800 N+ 2181+ 83 e ZEUS (prel.) 135 pb” |
@ 1000 2 700 E
@ o -~ 2DS, >3 HERA II -
9 ® 600 =
I = = =
£ 5 500 Di -
E 500 g 4005 =
3 © 300 —
N(D!) =773 + 96 200 =- *3
. 100 — -
Sl b b b b b b
17 I 18 ) & (i.7 175 18 185 19 195 2 205 21
M(KKm) (GeV) M(Knr) (GeV)
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Tagging of beauty Quarks

e large transverse momenta due to large mass

e semileptonic decay

e long lifetime (beauty ~500 um, charm ~100-300 um)

7 lifetime tagging
| 1HII L
Jet1 ‘F v
III Id
. PT prompt displaced
" tracks / “tracks
. / .
e secondary
’ «Rrimary vertex
vertex —
T
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charm contribution to F,

o H1 and ZEUS
iy - Q’=2GeV? Q’=4GeV? | Q’=6.5GeV’ § .
0z | i \\ ¢ e g00d experimental
i, N . W, |§ precision by com-
05 Q’=12GeV? Q*=20GeV? | Q%=35GeV § blIllIlg meaSU.I’e-
\ : \ ¢ ments with
l ) = .
. oyl different methods
0.5 — 02 soc;.ev2 02 120GeV2_ Q?=200GeV? é
\\ M| \i e charm data in
: sttt Mot 3% ggreement with
05 Q%=400GeV?|__ Q°=1000GeV”| 10 10 10

: o HERA Grel) predictions with
\ l Hm“”\ == HERAPDF1.0 PDF fr()m F2
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Contribution to the Cross Section

H1 CHARM AND BEAUTY CROSS SECTION FRACTION
o SRR DL DL B "L L I I~ S L I B
o

- T & T o

e large charm fraction O wome Fuemamo |

(up to ~30%) S P VR Y

¢ Small beauty fraCtlon 10'%- " } - - ,
(%O tO fGW %) 10 2— | **

 charm and beauty 0" | |
thresholds 'S N A

e reasonable description 1 v | vl 4
by theOI'y 10 2— —— - -- f_

af x=002 1 x=0032 x=0.05 -
= | | | = | | | | L

vl v anml vl s o vl s ] ETET AR TTET BN AR TTTTT B =
10 10% 10° 10 10% 10° 10 10° 10°
Q% / GeV?
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Diffraction

Katja Kriiger

Physics @ HERA
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What 1s Diffraction?

* 1n general: in DIS events the proton breaks up

 1n diffraction: the proton stays intact
(but nevertheless W>M,)

empty

surprise: ~10% of all events at HERA are diffractive!
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e
e

P, IR
D —/

Diffraction

e 1dea: interaction

_—— b X

between photon
and proton by a
,,Lomeron**

— colourless

— already used to
describe low
energy hadron-
hadron scattering

— no particle!

Katja Kriiger
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Physics 1n Diffraction

* many things similar to inclusive DIS

— diffractive parton densities
— jets 1n diffraction

— heavy flavour 1n diffraction
e test of factorization

— are the parton densities the same for all diffractive
processes?

— or: does the Pomeron know what happens at the
photon vertex?
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X,p 0,00)

Diffractive Parton Densities

¢ H1 Data
= H1 2006 DPDF Fit A

Singlet = Quark

2
w (extrapol. fit) — - .
. - [GeV?Z N C Singlet
005 =001 [p=0.04 [p=0.1 } = 9 (@] o -
e eea| i - + 35 N 0.2 s
0 o ~— N -
0.05 L 4
o* T N plj 0.1 f%
0.05 ) * B
0
L 0] | mee | B | P | g”i ....... 8.5
0
008 B 4 By ot ,!a“. , g‘.l . ;&gf\ %ﬁ ..... 12
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0.05_ ,‘( ‘.‘( — i‘“. ?‘..' , \\_ i‘c‘l llllllllllllll 15
0
0.057 1'/+ ot — | P S\‘.\/ ?l!{! 20
0 Ii
o.os: v - o \....” ‘!!.,“\/ 13"%:,,“, 25
0
?
0.05— ey St ;‘M k‘_"’ *-;‘!\ ;&’i‘ 35
0
005 ¥4 o Tome T is;g.\ }g. 45
0
0.05 — q
#om | wm| e g | 60
0
0.05
T Flow| P P A | %0
005 - P g y - 200 -
. 052 02 05 o
- < o) _— 400 0.2 04 06 08
0 — Z
0.05: %{ Q__ o 800
H1 2006 DPDF Fit A
L ¥ 1600
oL ‘ ‘ L I E== (exp. error)
10* 1020 10%10*  10%0"  1w0%10* 10%0* 1w0P0* 107

(exp.+theor. error)

Q
[GeV ]
8.5
0r
0.5
i 20
0.25 A _
0r
0.5
- 90
0.25 [
0r
0.5
- 800
0.25 [

02 04 06 0.8
Z

— H1 2006 DPDF Fit B
(exp-+theor. error)
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Diffractive Dijet Cross Sections

H1 Diffractive Dijet Photoproduction

$ H1Data H1 2006 Fit B DPDF
correlated FR NLOx(1+3_, ) x0.5
uncertalnty — FR NLO x0.5
E 500 T T T T 3 600 T T
s [H1 a)l 2 [H1 b)
.'E_l 400} l_/ 1 ﬁ .
ﬂ T —1'— § 400 — i ]
300 -t 1
B +/ \1\ 8 {/,’/4'\ 1
200 \ 1 ’_%L
¢ 200f p
100 : -
NLOx0.5 NLOx0.5
Gz o1 os o8 K °" 6z a4 o6 s 1
7 i
= 800 : . - ~ 6 .
c .
2 70f H1 ) ® st
xE 600} | g
2 s00f & 4t
g =
= 400} Ve o 3f
2 744 ®
5 s00f o,
e 1
b NLOx0.5 NLOx0.5
i 0 - -
2.3 -21 1.9 1.7 -1.5 180 200 220 240
log,4(X;5) W (GeV)

» shape of the QCD theory

prediction agrees with the data

e normalization 1s wrong

2 factorization broken?!

“MT.

bods v [rly}

P

T (L

T L]
LERL]

il

ZEUS

w
AM—
=0l
1
N 1]
i1
a8 [} LAY (L=
L
1£1]
19—

N.
oo [

L1

1]

L [T)) — y

[
1 o
1 |
£

n T 12 14

B i@ew

o
EY
£

]

_-i

1%

=

v

b=l

(b)-

E 2
e ]
& | Al b ]
R, ]
E (d]
‘E Em[‘- -

R g ]
Topr T (i3 uﬂ:a,f‘“m
£ n[ ' ' If)
g 13 -
< U | - : =1
i /}AJ\ |
"
..
X
1 u] I“hll

Katja Kriiger

Physics @ HERA

42



Summary

« HERA offered unique possibilities to study the
structure of the proton

o perturbative QCD 1s a big success to describe
HERA data

 no significant deviation from the Standard Model
found

e always prepare for the unexpected!
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