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Multijet production in ep NC DIS

elweak coupling X Qg X Qg X Qg

boost events into Breit frame: 2xP + g =0
O

in LO NC DIS depends on q e dorend dlready
and gbar densities and only Jets depend already in LO

in NLO on dlphas (=> on &s ® g (gorq)in IS

scaling violations) and s in FS



NC DIS measurement

e k K_-¢ virtudlity: Q2=-(k—k)?
B HU\E' I c . inelasticity: y = (P-q)/(P - k)
o i ——]11 L \ H o 2
. ’j/ Bjorken x: x = Q?/(2P - q)
H p ° O Q*=xys s=(k+P)’

NC DIS event selection:

» trigger and selection is based on the scattered electron in the LAr cal.
o 150 < Q% < 15000 GeV?
. 02<y <07

NC measurement = normalized jet cross sections «
Niet(Pr¢") / Nne in a given Q° bin

Ojet/Onc benefits from partial cancellation of exp. uncertainties



Multijet measurements

jet
H1

= Inclusive jets: every jet inanevent,
exceeding a minimum Pt contributes
1‘0 0] je‘l‘.

= Dijets: events with at least 2 jets
above a given Pt contribute to 0 dijet.

= Trijets: events with at least 3 jets
above a given Pt contribute to O trijet;

significantly smaller statistics, but high sensitivity to as (O(as?) in LO).

@ Kinematic correlations: are taken into account between the inclusive
jetsin the inclusive jet sample, between that sample and the dijet and the
trijet sample. The trijet events are a subsample of the dijet events.

@ Correlations & detector effects: may lead to migrations between jet samples
and in & out of the measurement phase space.



Observables/Measurements

Reconstruction of jets
e energy flow algorithm:
e tracks and calorimetric clusters avoiding double counting of energies
* neural networks to get probability for a cluster to be of em. or had. origin
e calibration of clusters in jets and outside of jets
! oS- \

 kr and anti-kr algorithm in the Breit frame hadronic energy
scale uncertainty
. 1%

= Inclusive jet: QZ2, P - J

Q?, (Pr)2 = L(PFY + PX*?)

= Dijet:
Q?, §2 = x(1 + M122/Q2)
) Trije'r: Q27 <PT>3 — %(P%‘etl + P%et2 + P%etz)

Q?, £3 = x(1 + M1223/Q2)



Extended vs. measurement p.s.

Extended analysis phase space Measurement phase space
for jet cross sections
NC DIS phase space 100 < Q% < 40000 GeV*> 150 < Q% < 15000 GeV?>
0.08 <y<0.7 02<y<0.7
Jet polar angular range -15< rfIZL <2.75 -1.0< 7f1:) <25
Inclusive jets P > 3GeV 7 < P < 50GeV
Dijets and trijets 3 < P < 50GeV 5 < P2 < 50GeV
M, > 16 GeV

O  The extended phase space helps to describe the
migrations at the boundaries of the measurement p.s.

O This improves the precision of the jet measurement



Regularized unfolding

m ... measured detector level distribution
m = AT * A ... detector response matrix
X ... "true”, i.e. hadron (particle) level distribution

Obtain x by analytical minimization of  Tunfold (S.Schmitt), JINST 7 (2012) T10003,
arXiv:1205.6201

X2 = (M — AZ)TV-1 (1 — AT) + 72(Z — o) T(LTL)(Z — o)

Vi is the covariance matrix, the 72 term damps fluctuations

All 4 measurements, NC, incl. jets, dijets and trijets
are unfolded simultaneously, yielding most stable results.

Correlations of the data sets are contained in V...


http://arXiv.org/abs/arXiv:1205.6201
http://arXiv.org/abs/arXiv:1205.6201

Migration matrix

& & : & . Multidimensional unfolding

in Qz, Y. Pr
Reconstructed Trlj e t
Trijet events which
are not geénerated Q% <pr>3), Migr'aTions Taken into
as Trijet event Trijet-cuts
account
T) Reconstructed -
> |Dijet events which Dljet
D | are not generated 0% <pr>rny, NC DIS events to
g| = Dlet-clge preserve the normalization
&
+— | Reconstructed
@ |iets without mateh | |ncl. Jet Detector response from
(O | to generator level jet . . ]
Pyl simulations, averaging 2
different MC models
NC DIS :
Oy Overall size 4562x1370
bins, about 3% non-zero

Hadron level



NLO calculations

fe?:rton — Za n Oy (Hry as(Mz)) can (T, pory ) & falz, py)

LO contribution is of order O(a s) for inclusive jets & dijet
and of O(«as?) for trijet cross sections
The perturbative coefficients cqn are known in NLO only

The calculations are carried out in the MSbar scheme for 5 active and massless

flavors using:

¢ fastNLO framework o 5 5

: _ P _

¢ NLOjet++ for the coefficients at 2 (Q T) b3 f =Q

$ MSTW2008 PDF set

¢ as(MZ) = 0.118
O.}fleidron — G;irton eweak chad Chad — o.hadron/o.parton

t eweak __ ~,Z ~

Ujhe?:dron/UNC = o5 e /onc € =o"% /o



Jet cross sections measurements

HERA-2 data, 351 pb-!

Measurement NC DIS phase space Phase space for jet cross sections
. 7< P <50GeV
O_jet(Qza P];t) et Niet 2 1
—1.O<77}ab <2.5
(Q%(Pr)) Yoo > 2
g 1je 9
dijet T/)2 7 < {(P1)> < 50GeV
, 150 < 0* < 15000 GeV* Niet 2 3
O_trijet(Q > <PT>3) jet
02< y <0.7 5< Py <50GeV 7 < (P1)3 < 30GeV
e ~1.0<nl, <25 Niey > 2
O-dljet(Q ,&2)
My, > 16 GeV 0.006 < & < 0.316
Niet > 3
T uijet(Q%, =
ajer( Q7 £3) 0.01 < & < 0.50

The paper is at arXiv:1406.4709 since yesterday.
Further details on this analysis can be found in the theses by R. Kogler and D. Britzger
(http://www-h1l.desy.de/publications/theses_list.html).
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Incl. jet, diet & trijet cross sections

o jef/ ONLO
H1 Data NLO ® Chad ® CeW + H1 Data NLO ® Chad ® Cew
® 150<Q°<200GeV? (=16 O 400<Q?<700 GeV? i=1) NLOJet-++ with fastNLO Sys. Uncertainty NLOJet++ with fastNLO
0 200<Q?<270GeV? (=11) 4 700<Q?<5000 GeV? (=0 MSTW2008, o, = 0.118 MSTW2008, o, =0.118
B 270<Q%<400GeV? (=6) A 5000 <Q®< 15000 GeV? (i=0) Inclusive Jet Dijet Trijet
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in good agreement with
data within uncertainties »



Ratio to NLO (MSTW2008)

Comparison to NLO using different PDFs

—
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Ojet & ONLO(PDFs)
ONLO(MSTW) ONLO(MSTW)
+ H1 - HERA-II PDF Uncertainty
- MSTW2008 @  ====-- CT10
- == HERAPDF1.5  =-:-:- ABM11
.......... NNPDF2.3 All PDFs @ 0,=0.118

Only small differences are
observed between the
different PDF sets:

CT10 about 1-2% below
MSTW, NNPDF about 2%
above, HERAPDF 2% above at
low PT, but 5% below at the
highest PT

ABM11 shows larger
differences
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Norm. incl. jet, diet & trijet cs.

H1 Data NLO ® Chad

® 150<Q?<200GeV? (=5 O 400<Q?<700GeV? (i=2) NLOJet++ with fastNLO

o 2 2. o a 2 2, QCDNUM
200<QQ<270 GeV2 (i=4) 700<Q 2<5000 GeV (.2_1) MSTW2008, o = 0.118

B 270<Q“ <400 GeV- (i=3) A 5000<Q°<15000 GeV~ (i=0)
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Ratio to NLO
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¢ H1Data
Sys. Uncertainty
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NLOJet++ with fastNLO, QCDNUM
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theory uncertainty from scale
variation > exp. uncertainty

exp. uncertainty dominated by
stat., model and jet energy
scale uncertainty

normalized dijet cross sections

below the NLO predictions for
many data points
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Correlation matrix

Correlation Matrix

:16‘ Tr'ijet
sl
= 10}
= 7
F 4}
1
211
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Inclusive Jet Bin Dijet Bin Trijet Bin

Correlation coefficient

correlations down to -0.5
between adjacent bins in
Prjet in a given Q° bin (due
to only moderate resolution
in P T,jeT)

about -0.1 in neighboring Q°
bins (excellent resol. in Q?)

sizeable positive corr.
between incl. jet and dijet in
the same Q2 bin and similar
P jet

smaller pos. corr. between
trijets and the other two
samples (smaller stat.
overlap
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Diet & trijet vs. Q* & &

H1 Data NLO ® c" ® c®
® 150<Q?<200 GeV? =7y O 400<Q®<700GeV? (i=1) NLOJet++ with fastNLO
0 200<Q?<270GeV2 (=5 A 700<Q?<5000 GeV? (i=0) MSTW2008, a, = 0.118
B 270 <Q°<400 GeV? (i=3) A 5000 <Q®< 15000 GeV? (i=0)
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Dijet

Inclusive Jet
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Ratio of anti-kr and kr cross
sections to corresponding
NLO predictions is consistent
with 1 for incl. jets and
dijets

For trijets it tends to be
less than 1
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Extraction of o s(Mz)

Fit NLO QCD calculations with o s(Mz) as free parameter to absolute and
norm. incl. jet, diet & trijet cross sections (individually and simultaneously):

—_ —> NS S Ns S
xX*(as(Mz),erx) =PV 'p+ >, ei  pi=logm; —logt; — > =" E;

The m; refer to the unfolded measurements and ti( & s(Mz)) to the theory
prediction. This ansatz assumes log-normal distributed m; with E; x defined by:

kz—|—_ k:— k:—l— k:—
k — f ( Orm =€ | i T 0m 52>
’I, k 2 k | 2 k

The covariance matrix V consists of the relative stat. uncertainties,

including correlations between the data points and the uncorrelated part
of the syst. uncertainties.

The theory uncertainties are determined for each source separately using
linear error propagation.
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Summary of as(Mz) from this analysis

H1 Collaboration

Inclusiveet  — i S
Dijet ...

Trijet .
Normalised inclusive jet . B
Normalised dijet o
Normalised trijet ...
Multijet ...
Normalised multiet . .
World average —o—

PDG, Phys. Rev. D 86 (2012) 010001 (2014 update) | | |
| L1 1 1 I I L]

0.11 0115 0.12

Olg (MZ)

consistent results within total
uncertainties and with world
average

tension between dijet and other
results within exp. uncertainties

most precise result when using
norm. multijet cross sections

need NNLO calculations to match
the superior exp. precision (0.7%)

os(Mz)|kr = 0.1165 (8)exp (5)PDF (7)PDFset (3)PDF(as) (8)had (36)u,. (5)u;,

= 0.1165 (8)cxp (38)pdf.theo
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Running of ars(1tr)

as(ir) from 5 fits using the norm. multijet
cross sections, each fit based on a set of
measurements with comparable values of (-

the o s(Mz)-values are found to

| - -

= \ —H1 multiets at high @
T S exp.uncertainty  § - be consistent and independent
020 otaluuncertallnty B
- ¢ H1 multijets at highQ* 1 of Up
] ¥ H1 multijets at low Q> |
] | ZEU_S inclusive jets in yp -
i ; Bg 'F';C'US'VG jets 1 they agree with H1 data at lower
0.15]- % *COMSH 4 scales and with other data at
i W 1 higher scales
0101 H1 the prediction for the running,
013__ ——H : USing the RGE and
m 0'12 i a2 s(Mz)=0.1165 (8)exp (38t theo
S 011 | agrees well with the
3 g L ] T E
5 10 30 f00 300 jooo Measurements
u [GeV] 20




= Final precision results by H1 on absolute and normalized, kr and anti-kr,
multijet cross sections in DIS using:

" various improvements to yield an hadronic energy scale uncertainty of 1%

" regularized simultaneous unfolding of NC DIS data and the jet data yield
stable results, good control of migrations, and the determination of
correlations between the measurements.

= In general, the precision of the measurement is better than that of the NLO
prediction.

= Consistent values of @ s(Mz) are obtained from the individual jet cross sections,
but there is tension between the & s(Mz)-value from dijets compared to the similar

values from incl. jets and trijets, which could be a sign of different higher order
corrections.

= Most precise as(Mz) is extracted from fit to the normalizes multijet cross
sections, yielding:  @s(Mz)|kr = 0.1165 (8)exp (38)pdt,theo
= The running of as(ur) is consistent with the RGE and with results from other

jet data.
= NNLO calculations are needed to match the exp. precision
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Additional material
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Ratio to NLO
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Norm. diet & trijet vs. Q°* & &
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Break-down of syst. uncertainties

as used in fit of o s(Mz)

Source of uncertainties k Correlated  Uncorrelated Uncorrelated
fraction f©  fraction fU  between Q° bins

Jet energy scale ' 0.5 0.5

Rem. cluster energy scale 6R¢E> 0.5 0.5

LAr Noise gr-A™Noise 1 0

Electron energy 6 1 0 v
Electron polar angle 6% 1 0 v
Electron ID §'P© 1 0 v
Normalisation §™orm 1 0

Model §Mode! 0.25 0.75 v
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Experimental uncertainties on o s(Mz)

dominant uncertainties only

Experimental uncertainties on «, x 10*

Measurement ASXP | ANorm  ARCES  AJES  AModel
O jet 22.2 18.5 4.8 55 4.5
T dijet 234 | 194 44 4.3 6.4
T ijes 167 | 112 54 43 46
o
- 89 | - 17 44 22
UNC
J dii
e 99 | - 16 33 36
UONC
T trii
il 113] — 40 35 42
UNC
[O_jeta U dijet» O_trijet] 16.0 9.6 59 3.2 50
Ot Odiiet O rii
oo Zdiet Tuetl g6 | - 04 28 18

9
ONC ONC ONC
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as(Mz) from jet fit vs. as(Mz) of PDF

O
—h
w

0.12

(MZ) from fits to jet data
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Olg (MZ) used in PDF fit
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a s(Mz) obtained using different PDFs

H1 Collaboration

I | L | L | I MSTW2008 o
Inclusive jet + HA YV CT10 v
Dijet + may NNPDF2.3 ‘
Triiet _ HERAPDF1.5 B

) A= ABM11 +
All PDFs with a,=0.118

Normalised inclusive jet A D
Normalised dijet A E+
Normalised trijet AVE +
Multijet -V
Normalised multijet A B+

] | ] 1 ] | ] 1 ] | 1

0.11 0.115 0.12
Olg (MZ)
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Summary of values of (M) and uncertainties

Cross sections

a/S(MZ)lkT

@ s(Mz)|anti-k;

Theoretical uncertainties

0.1174 (22)exp
0.1137 (23)exp
0.1178 (17)exp

0.1175 (22)exp
0.1152 (23)exp
0.1174 (18)ex

(7)ppF (7)PDFset (3)PDF(ay) (10)haa (48),, (6),,
(7)ppF (7)PDFset (S)PDF(y) (Mhaa (37, (6)y,
(3)ppE (O)pDFset (0)PDE(y) (1 Dhaa (34),, (3),,

O trijet
ONC

0.1176 (9)exp
0.1135 (10)ex
0.1182 (11)exp

0.1172 (8)exp
0.1147 (9)exp
0.1177 (12)exp

(6)ppF (71pDFset (4)PDE(,) (8)had (41)y, (6)y,
(5)ppE (8)PDFset (3)PDE(y) (O)had (32)y, (6)y,
(3)ppE (O)PDFset (0)PDE(e,) (1 Dhaa (34),, (3)y,

[Tjet- T dijet»Ttijet |

[ Tiet  Odijet O ijet
ONC’ ONC’ ONC

0.1185 (16)exy
0.1165 (8)exp

0.1181 (17)exp
0.1165 (T)exp

(3)ppF (4)PDEset (2)PDF(ay) (13)had (38),, (3)y,
(5)ppF (7)PDEset (3)PDF(y) (8)haa (36)y, (5)y,
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Inclusive jets in DIS in PDF fits

Inclusive jets from H1 and ZEUS in bins of Q? and Pr are added in the PDF fit o swer. 11001

reminder: jets are sensitive in LO to as ® g (B6F) and as (QCDC)

no jets, as(Mz) free + jets, as(Mz) free
H1 and ZEUS HERA I+II PDF Fit H1 and ZEUS HERA I+II PDF Fit with Jets
e 1 = Qi 1 -
o Q*=10 GeV* X * Q*=10 GeV? 8
g g
— HERAPDFL.5f (prel.) = —— HERAPDF1.6 (prel.) =
0.8 free ocs(MZ) 0.8 - free ocs(MZ)
B exp. uncert. B exp. uncert.
E model uncert. Xu, E model uncert. Xu,

[ | parametrization uncert. | parametrization uncert.

0.6

04 - q
- xg (x0.05) /

HERAPDF Structure Function Working Group
HERAPDF Structure Function Working Group

_ - - ‘
o o | W oo
. ™\ adding jet data dramatically decreases
the gluon uncertainty the low-x gluon uncertainty, not only
at low-x blows up the experimental but also the and

\_ -/ parameterization uncertainties 33




®s(Mz) from incl. DIS & jets in DIS

H1prelim-11-034
ZEUS-prel-11-001

min

H1 and ZEUS (prel.)

--- HERAPDF1.5f
—HERAPDF1.6

10—
inclusive DIS |5‘
dataonly | e N\ AT
Y 0 TTTrremeee-eeesd
| | | | | | | | | | | | | | | | | | | | | | | | |
0.114 0.116 0.118 0.12 0.122 0.124 0.1
ocs(MZ)

Working Group March 2011

inclusive DIS
+ jets data

on

-

n

HERAPDF Structure Fu

26

desparately seeking NNLO

= adding jet data successfully reduces the correlation between a's and the gluon

[as(MZ) — 0.1202 -

- 0.0019(exp/model /param/hadronization)

0.0045
i_0.0036 (scale)j

1.6% uncertainty + 3-3.7% scale unc.

scale uncertainty from variation of renormalization

& factorization scale by a factor of 4 and 2
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