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- introduction

- forward jets and more from H|
- three jets from HI

- three and four jets from ZEUS
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Parton Evolution & Kinematic Plane

Safur'aln

QZ DGLAP
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non-perturbative region

>

X

e at the LHC: for moderate/large Q2 and x
take pdfs from HERA & evolve them with
DGLAP

e at the LHC: for which x and Q2 is the coll.
approx. no longer sufficiently precise?

® what are the numerical values for the onset
of low-x effects on the x and Q2 scale?

o what low-x effects are observed at HERA?

® at the LHC: what are the implications?

Q° (GeV?)

LHC parton kinematics

[ X,
L Q

= (M/14 TeV) exp(zy)
M

nm

M =100 GeV

M =10 TeV




Forward Jets in DIS

X j XBj (small)

evolution
from large
to small x

forward jet

-

in DGLAP the strong ordering in
virtuality gives softest p+ gluon
closest to proton

in BFKL the gluon p+ close to the
proton can be hard; strong
ordering occurs in X



Event & Forward Jet Selection

® cvent phase space H1 Collab., Eur. Phys. J. C 46 (2006) 27
[arXiv:hep-ex/0508055]

® 5<Q%<« 85 GeV?
® 01«y<0.7
e (0.0001 < xpj < 0.004

B fwd jet (incl. ki in Breit frame) & - N
cuts in HERA frame - do/dxe; with
o o 05«r= pzf 'eT/Q2< 5
. 2 e'e 1e 20 1 4 e
77 (2.79) < Ojer (Ngen) < (1.74) to suppress evin. in Q?
[ Pt jet > 3.5 GeV N g

4 )

- d*0/dxgjdQ%dp®+ jet
B if Njer1, take most forward jet N y

[ XjeT - EJeT/Ep > 0035




NLO Dijet & NLO Trijet Calc. in DIS

f a e 2
NLO Dijet NLO Trijet
DISENT + NLOJET++ NLOJET++
_ y, \_ Y,
Ef - o Ei E s
DISENT NLOJET++
uz(r'en.) PZT,di jet (sz, je‘rl"‘pZT, je‘rZ"‘PZ‘r,fwd je‘l‘)/ 3
IJZ(fClCT.) <P2’r, jet” (sz, je‘rl"‘pZT, je‘r2+p2’r,fwd jeT)/ 3
proton PDF CTEQH6M CTEQH6M




QCD models in DIS
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DIR DIR+RES

DGLAP resums InQ?

CCFM resums InQ? & In1/x

E:“%

Cascade ARIADNE
DIR

CDM

Color Dipoles radiate

at low x, strong ordering angular ordering of partons independently
of ki of emitted partons of f-shell ME kt non-ordered
g(x,u?) g(x kt,u%) partons
ué(ren) = p?(fact) Q2 + phat?; u2(ren) ptq + 4m?
proton PDF CTEQSL p(fact) shat + Qs
photon PDF SaS1iD photon PDF SaS1iD
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do/ dxg; (nb)
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Forward Jets: do/dxg;

H1 forward jet data
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1000

500

H1 forward jet data

E. scale uncert
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H1 forward jet data
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H1
E. scale uncert.
E] RG-DIR

----RG-DIR+RES
——CDM

—o— C)

—f
e NP

0.001 0.002 0.003 0.004

NLO significantly below data for low xg;j, LO <« NLO, fwd-jets in LO
suppressed by kinematics

CASCADE (CCFM) doesn't describe shape of data, low at lowest xg;

RAPGAP

description of data except at lowest xg;

fails like NLO, direct+resolved and

give good



12.25<p,2<35

35<p,2<95

95<p,2<400

do / dxdQ’dp,2 (nb GeV™)
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Forward Jets: d*o/dxpidQ%dp?; et
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0.001

20<Q°<85

- C)  0.1<r<1.8

<r>=0.8

1+€>,_I AD

0.4<r<4.8
<r>=1.8

1) 1.1<r<20
<r>=4.9

Data, LO and NLO

cross section as funct. of xg;
in bins of p%-Q° (no cut on
PZT/QZ)

range and average r=p?/Q?
shown for each bin

NLO
® in general below data

® better at high xg;, Q°
and p?
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Forward Jets: dc/dxgdQ%dp?s et
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@ H1

1.2<r<7
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E scale uncert

| d)
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'b)  0.6<r<3.5
- <r>=1.8

| = CASCADE set-1
==:CASCADE set-2

+

e)  1.8<r<9.5
<r>=4.2

—h)

4.8<r<40
<r>=11.3

0.06

0.04 &

0.02

0.02 %

0.01

0.002

0.001

20<Q°<85

c 0.1<r<1.8
= <r>=0.8
-

0.4<r<4.8
<r>=1.8

| 1) 1.1<r<20
<r>=4.9

Data and CASCADE

cross section as funct. of xg;
in bins of p%-Q% (no cut on
p*+/Q?)

range and average r=p?%/Q?

shown for each bin

the CCFM model under and
overshoots the data

does CASCADE need
resolved contributions and/
or splitting into quark-pairs ?
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Forward Jets: d*o/dxpidQ%dp?; jes

5<Q%<10

10 -2

e H1

1.2<r<7
<r>=3.5

- E scale uncert

3.5<r<19
<r>=8.1

9.5<r<80
<r>=22.2

10<Q%<20

b) 0.6<r<3.5
L <r>=1.8
"] RG-DIR
- --RG-DIR+RES

1.8<r<9.5
<r>=4.2

L h)  4.8<r<40

<r>=11.3

0.06

20<Q°%<85

[ )  0.1<r<1.8
= <r>=0.8

- ) 0.4<r<4.8
<r>=1.8

1) 1.1<r<20

i_ <r>=4.9

Data
RAPGAP direct & resolved
CDM

check 2 kinematic regions

e p% ~ Q% (r~1), ordered
emissions suppressed

® best described by DIR
+RES (CDM not too bad)

® p4% >> Q° (r>>1), expect
resolved contributions

® best described by DIR
+RES (CDM not too bad)
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Forward Jet & Dijet Selection

® event phase space as before

O fwd jet (incl. ki in Breit frame) & cuts in HERA
frame

O 7°(2.79) < Bjet (njer) < 20° (1.74)

O -prer-35-6e\V—
O  Xjer = Ejer/Ep > 0.035

O if Njer>1, fake most forward jet

B fwd-jet & dijet (incl. k: in Breit
frame) & cuts in HERA frame

B pij: > 6 GeV for all 3 jets
(take as dijets the jets with
highest p+)

B n < Njet1 € Njet2 < Nfwdjet
B other cuts on fwd-jet as before

B no cut on psjet/Q°

%
FORWARD JET

-

same p+ jet cut for all 3 jets
disfavors evin. with strong p:
ordering as in DGLAP

-
r 2
- d30/dAn1dAn;
ANt = Njet2 = Njett
Al’]z = Nfwdjet = Njet2
N y




Forward Jet & Dijet

9n
FORWARD JET

Ne € Njetl € Njet2 € Nfwdjet

ANt = Njet2 = Njett
Anz = Nfwdjet = Njet2

~N

® Before p? .+/Q? was used to study different
regions of parton dynamics; here instead jet
momenta & rapidity separations are used to
study different regions of parton dymanics.

® Anismall
® andif jetl/2 = qi/2 then x4 small

®* Angzlarge — room for evin. in x between
dijet system and fwd-jet

® Anzsmall = all 3 jets may be more
forward and jet1/2 may be gluon jets (not
present in O(as) calc. = data above NLO

® Ans large, evin. in x may occur between jets of
dijet system

12



Forward Jet & Dijet

E scale uncert
— NLO NLOJET++ 140
05w u <2 HAD An,>1 An,<1
~\] PDF uncert. :a C c) 3 b)
£ o3k I E el
N N +
K 5 5 | 1
q, 3 / 3 i
An p
; ! ~ 0.02 } ~ -_{_5_
R 2 @) © =
X - 3 | Sl I .
g S RARE R i %
. A 0.01 |
. / T]z i W
9n i -
E’:KFORWARD JET ol H1 E * g . - H1 O
0 ZATIZ 0 2 AT]Z

e NLOJET++ (NLO O(os) trijet production, includes In1/x in O(cs)

® overall reasonable description of data within large uncertainties, except
for Ani <1 and for decreasing Ang, i.e. when (g+g+g
is LO in O(as) calc. and g+g+g is higher order)

® describes data well for Anz large, i.e. for dijets at central rapidities

13



Forward Jet & Dijet

— CASCADE set-1 An,>1 An,<1

=== CASCADE set-2 — n —
e | )| 2 b)
o] o 002
= _I_ —~ {
lLLL 3 i 3
| q S I 2 N
1 0.02 | 5 i
q o * + © +
L ; i
: 0.01 |- :
g Em g1 \ - B : I
_ 0.01 | B
) / An, : o —
g |
EZ;T " H1 ' H1
FORWARD JET 0 —— . oL -
AT]Z . Anz

e CASCADE (CCFM)

® does not describe data, "best” for An: <1 and large An:

| 4



Forward Jet & Dijet

E scale uncert. An,>1 An, <1
(1 RG-DIR _ - —_
-- RG-DIR+RES 2 | c)| =2 b)
— CDM o 003 ~ 002
- s
< ] < -
T i - I
l%l \b i t \D
' q1 o) 0.02 | —_____ ‘o) B
q An, ! T + """"
° R Su— L LA 0.01 [ .
- P :
EREERS g1 0.01 | ; ----------------
: An, -
m 9, / H1 i i H1 |
FORWARD JET 0 | | 3 0 ‘ %
0 2 pn, 0 2 A,
® CDM: surprisingly good description of data everywhere
® RAPGAP (direct + resolved): fails to describe data
f p

&

@ the breaking of k: ordering seems best modeled by CDM and not by
direct and resolved contributions a la DGLAP as in RAPGAP
fwd-jet+dijet sample can distinguish between RG-DIR+RES and CDM

J
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Event & Trijet Selection

H1 Prel., DIS 2006
® event phase space Motivation:

study trijet parton dynamics from inclusive to

® 5<Q%<80GeV? . o .
very exclusive (at least one jet is a gluon jet;

e 0.1<y<07 expect sensitivity to gluon dynamics)
- D
* 0.0001 < xg; < 0.01 - inclusive trijet topologies
B jets (incl. ki in Y*p frame) g ;?”X:BJC ors]LGnazr'\c??,c’os "
B E*jr>46GeV (all 3 jets) . in frijet rest frame e fou
distributions will be
[ E*T,jeTl + E*T,je‘rz >9 GeV (" shown here
- 1 fwd-jet & 2 central jets
B -1<ngEt<2.5 in HERA frame - 2 fwd-jets & 1 central jet
B >1central jet with -1< njer< 1.3 . 2 ;'?'QZI E:;jg,l'cos "
B N> 3 fwd-jet: Byer < 20° in trijet rest frame

XJZT > 0035
/ 16




Inclusive Trijets: do/dNje.s

—~ Data99/00
= O(agd)
---------- - 0(a2)

e — CDM

------ RG d+r

Parton|Level 1
1 2 3 4 5 6 7
NJet

 NLOJET++

e NLO O(c3s) misses # 50% of
events with Njer 2 4

e CDM
® provides excellent description
® RAPGAP (direct + resolved)

® undershoots data for all Njer

|7



S 10 * e
= p— .
K A -
s |
[ g
10 4;‘ |
- H1 preliminary \
10 ; ]
== Data 99/00 . L
B O(a3) |
10 2; ----------- O( o, 2)
- e . = :
10 10
),
® NLOJET++

Inclusive Trijets: do/dxg;

Parton Level |
H1 preliminary

—— Data 99/00
I : 0(0(82)
0 =05 0 05 1 15 2 25
N3

e observe significant improvement from LO to NLO O(a3s),
particularly at low xgj and large njet



Inclusive Trijets: do/dxg;

] i_ 160 N
~ 140} el :
: T i Y, N |
| F o N
| I L S -
10 3| H1 preliminary N 60 —— |
/K Datagsoo |
| = Datageo == o[ 7~ com A
10 -~ CDM ol RG d+r =
T RG d+r | f H1 preliminary f
. . — | | ———— 0 e —_—
-4 -3 3 -2 -1 0 1 2 3

10 10
Xpg; L Piad P

® RAPGAP (direct+resolved) fails to describe the data

® RAPGAP normalized to data by factor 1.7

19



"Exclusive” Trijets: dcr/ dxg;

..............
....................

H1 preliminary

1 Data 99/00

1 fwd-jet & 2 central jets

[

-

\

NLOJET++
o NLO describes data well

E_ 105—0—I IIIIIIIIIII Parton Level
I E— —
O I R
B 10} -
T g AN
: -ln!t
10 °} -
; H1 preliminary
10 2| == Data 99/00 N
= O(a3) |
- O(og 2)
_4 . . R _3 . . M
10 10
Xg;

2 fwd-jets & 1 central jet

J

2 fwd-jets, mainly gluon jets = at lowest xg; un-ordered

-

p
NLOJET++

\

o NLO describes data well
for xg; > 5 104

o NLO fails at lowest xg; )

gluon emissions play an important role |

20



Three and Four-Jets in yp

MPT ... multi-parton interactions
® Motivation:

® expect multi-jets and underlying event/

oooor MPIs to be significant at LHC

) Y

Y remnant

MPI
energy
flow

MPI

Y Y

Proton remnant

® test LO ME + matched parton shower
QCD models in generating multi-jets

Proton

® |ook for sensitivity to MPIs and test

MPI models
e(k) e(k’)
® is the physics of MPI's between the

\\i . photon remnant and the proton the same

A as between proton and antiproton?

S q

ﬁ“‘“‘“‘“ ; ® test fixed higher order pQCD calcs. in

/M ¢ Yp when available, currently only LO for

3-jets (O(x2s) at hand.

Proton Proton remnant

21



Three and Four-Jets in yp

ZEUS prel., DIS 2006
event and jet phase space

: I k I % i Thr‘ee-lietsl | I'l é‘é‘ééé{’é;l& 112[1 pi)'; - E E IFmIJr-itlatsl | I- | f;i‘lisvléi’é‘;‘& ;lzll p;l): o
(incl. k1, massless) c L == HERWIGARIGLY | T T HERWIGMPI (2.4
-g e PYTHIA+MPI (x4.0) 7 100 PYTHIA+MPI (x7.4) E
2 2 T ISR : i)lgz}\gﬁ;(?:io:);-dir t) i S : ?Sl}\gﬁ}(?z;i - direct) i
e Q°<106eV-, O #rdieh [T A divec
B a0l
02<y<0.85 g1
® Etjer12>76GeV, 102k
ET,je’r3,4 >5 GeV ]
107 e
¢ |nJ€T| < 241 E ;
CoSs 63' < 095,X3 <0.95 - H | | |

40 60 1 80 1 100 = | | 40 | | | 60 | | | 80 | | | lbO
M3j (GeV) M 4 (GeV)

Monte Carlo Models
- PYTHIA 6.2 & HERWIG 6.5 with/without MPIs

observables
P xyobs - ane’r ET,i e(-ni)/(zyEe)
® Mznj - (ane’r Pi)z

® E+; cosOsz, cosys, ,
K ’ W3y -MCs without MPIs normalized to data for

study two regions in mass: M,; > 70 GeV

Myj 2 25 GeV & My 2 50 GeV — Effect of MPIs larger for 4-jets and small My,
22



do/dx;" (nb)

Four-Jets in yp: do/dx,

-  Four-jets (M 4225 GeV)

. ZEUS (prel.) 121 pb”
o HERWIG+MPI (x2.4)
-------------------------- HERWIG (x2.4)

2 PYTHIA+MPI (x7.4)

------------- PYTHIA (x7.4)
|:| HERWIG (x2.4 - direct)

MCs without MPIs describe x,°° even for high Masj only for large x,°°

do/dx;" (nb)

1

Four-jets (M4iz50 GeV)

. ZEUS (prel.) 121 pb”
HERWIG+MPI (x2.4)

--------------------------- HERWIG (x2.4)
-------------- PYTHIA+MPI (x7.4)
------------- PYTHIA (x7.4)

|:| HERWIG (x2.4 - direct)

PYTHIA & HERWIG without MPIs are roughly in agreement

HERWIG with MPIs (JIMMY 4.0) provides a good description of data

PYTHIA with MPIs fails completely

23



do/dy (nb)

15

10

Three-Jets in yp: dcr/dy

| Three-jets (M,=25 GeV)

. ZEUS (prel.) 121 pb’
HERWIG+MPI (x1.8)
-------------------------- HERWIG (x1.8)
............. PYTHIA+MPI (x4.0)
------------- PYTHIA (x4.0)

|:| HERWIG (x1.8 - direct)

e HERWIG with MPIs fails to describe data (for low M3;)

do/dy (nb)

1.5

0.5

4

Three -jets (M >50 GeV)

. ZEUS (prel.) 121 pb”
HERWIG+MPI (x1.8)
--------------------------- HERWIG (x1.8)
-------------- PYTHIA+MPI (x4.0)
------------- PYTHIA (x4.0)
|:| HERWIG (x1.8 - direct)

® PYTHIA with MPIs fails completely

® Both MCs without MPIs describe shape of do/dy

0.8
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do/dngj (nb/GeV)

o
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103
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0.5
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Three-Jets in Yp & LO pQCD

T T | T T T
- Three-jets

L J

e  ZEUS (prel.) 121 pb"
O(0.02) ® had. corr.® MPI corr.

-
1.5 .,
.
0
",
0

—t L L —
........ MPI corr.
-=== had. corr.

“,
‘0
‘
.
4
"
"
Yy
iy
T
.............
..........
.............
'
------------------------------------

[\*]
T

:_ cal. E uncertainty _:

theo. uncertainty
n . _
LS
| | l | [
40 60 80 100
M, (GeV)

for 3-jets in yp only LO (O(a%)) calc.
available (e.g. Klasen et al.)

Mr = Hf = ET,jeTl

evaluate scale uncertainties using
21 E1 jer1 for scales

proton & photon pdfs: CTEQA4L &
GRV-G LO

LO results corrected for
hadronization and MPI corrections

LO describes high Mgs;, but fails for
Ms; < 50 GeV

NLO 3-jet calc. needed to learn more
about MPIs
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Summary/Conclusion,

CDM provides best description of all data, appears to have the
necessary non-ordering in ki.

NLO

e fails for low(est) xgj, Q% and p?: jet

® improves a lot w.r.t. to LO, when compared to inclusive trijets;

O(a3s) contains In1/x term in LO.

® fails when fwd-jet and dijet go forward, i.e. when two or even
three jets are gluon jets

DGLAP (DIR+RES)
® describes many data reasonably

® fails specific fwd-jet and dijet topologies; the ki-breaking via
resolved appears not sufficient.

CCFM surprisingly fails
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Summary/Conclusion,

® MPI in 3 and 4-jetsinyp

® PYTHIA & HERWIG without MIPs agree, but fail o describe
data for low xy

e HERWIG with MPIs describes data, except shape of do/dy
® PYTHIA with MPIs fails completely

® LO calc. fails for low My ® need NLO 3-jet (O(c3s)) calc. for yp

4 N
We have one more year of data taking at HERA.

Which low-x measurements should still be done?
- Y




