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Why pursue these studies in times of the Higgs?

* Test of perturbative QCD calculations:
recent high jet multiplicity calculations available,
appropriate scale choice not always clear

L O

*  Monte Carlo modeling: - W/Z
Parton Shower (PS) and Matrix Element (ME)
approaches need tests/tuning
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# The Tevatron & DQ

Tevatron
Vs = 1.96 TeV
e At =396 ns

Runll:2001-201 I: Typical average
luminosity:

>400x103%cm2 sec”!

~70pb-!' per week
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. Muon System: %40
Excellent purity and coverage: |n|<2 30
20
. Excellent detector understanding after a o 1
decade of operation 00 LT
- By Mg, g, Wy S, g, B, M0 g By N, B Wy Vg, gy B, g, B, By S, Ty Ty B, P By Yo, B S,
Bjorn Penning, EPS 2013, July 19t 2013 3

Friday, July 19, 13



|IIII|IIlllllllllllllllllIIIIII
-~ D@, 3.7 ib™, W(— ev)+jets+X
- 3+ Alpgen+Pythia -+ Alpgen+Herwig
& -+ - Pythia - ¥ Herwig
Y NLO Blackhat+Sherpa ~—#~ HEJ

-4 - Sherpa

& S

IILILLLL

ool o o ol o

Illllm'l lllllﬂ] TTTIT
-
N)
¢’9

Lo

I1|] T Illll|'||

i 3B

¢

f

™ Roone=0.5, P >20 GeV, Iy”'1<3.2

- e>15 GeV, Intl<1.1, M¥>40 GeV, p.>20 GeV
EllllplT>|lllll‘lnlllllelllll?flllIIIE

-3 -2 -1 0 1 2 3
Jet rapidity

LILLLLY|

Compared to Blackhat+Sherpa

Reasonable agreement between data and all

theories in central region, variation of

predictions for high rapidity jets

W+jets production

Sub. Phys. Rev. D, arXiv:1302.6508

Fundamental test of pQCD & bkgd for many
measurements

Test of \W+<4j production, measurement of
diff. cross-section in n' jet mult. bin for many
kinematic distributions.
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W+jets production
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. Dependence of average jet multiplicity in W+jet events on transverse energy of hard interaction tested
for first time

. Both PS MC and MEPS underestimate high pr jets, NLO fit well over entire range
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# W+jets production

. : two most rapidity highest pr jets emitted
two highest pr jets : : .
separated jets between first two in rapidity
C _l LI I L ' LI | LI I LI I LI I_ : _l LI ] LI ] LI ] L I L : _l LI | LI I UL I | L I L | L I_
8 0.72 -5~ D@, 3.7 b, W(— ev)+=2jets+X ] % 0'72 -+ D@, 3.7 fo’", W(— ev)+=2jets+X -g 0'7: —— D@, 3.7 o', W(— ev)+=2jets+X .
“é’ 0 6:— (leading P, jets) _: ‘é’ 0 6:— (most rapidity-separated jets) é 0 6:— (leading P, jets, rapidity gap emission) _Z
@ "“L W NLO Blackhat+Sherpa  -©- Alpgen+Pythia 1| @ "“[ W NLO Blackhat+Sherpa "“F WM NLO Blackhat+Sherpa - ©- Alpgen+Pythia
9 [ T8 HEJ -=+ Alpgen+Herwig | @ [ % HEJ o - % HEJ - Alpgen+Herwig -
B 0.5 -+ Sherpa --4-- Pythia < © 0.5 -©- Alpgen+Pythia - © 0.5 ¢ Sherpa --&-- Pythia B
= C , ¥ Herwig ] £ [ -~ Alpgen+Herwig i E C ¥ Herwig i
£ - 1 = - --&-- Pythia 1= - ]
© 04 w - © 0.4 ¥ Herwig - © 0.4 -]
> - . % - - ¢ Sherpa 1 2 - .
3 o3 18§ o3 o 1§ o3 E
I 198 F xz: , 7 19 ¢ :
- 1 o [ . _ C ]
o 02: ] 02: Q: A v ] o 02: .
B ’ 0 11 . :? Ly ] 0 1: ]
0.1__ ] LA v ] LA - S -]
N - B : ] : -" v Y jet jet - _ #ﬁ: v jet v jet -
C Reone=0.5, p°'>20 GeV, ly*'1<3.2 ] 0—‘“’ Reone=0.5, p; >20 GeV, ly”1<3.2 ] . "’ v Reone=0.5, P >20 GeV, ly”1<3.2 ]
Uny pe>15 GeV, Infl<.1 140 GeV, p.>20 GeV - pe>15 GeV, Infl<1.1, M]’>40 GeV, p.>20 GeV 1 O p2>15 GeV, Infl<1 1, MY¥>40 GeV, p >20 GeV -
C 1 1T>1|1[l’|n|1[:Mﬂ.ll.‘.pﬁ..ll_ I Pl T T N W A T N N T M B Coovv e Pty by by b by Tl
T TT T TT T T T T T7T T T T TT © o Lo UL T T T T T T [ T T 1 T T 17T T 11 T T 71 T T 71 T 11
% 1.5FW(— ev)+22jets+5(: IeadingI p, jets : ! - g 1.5FW(— 3V5+=219t3+5(1 most rapidity-separated je| § 1.5FW(— ev|)+22jets+5( ! ! ! -
D ~ - —~ - J \\
E’ CZ; 1 ] - b 1 X @
Q A (0] A s 8 . 4
2 R B, S . - a4 v v - Bl \
= 0.5F VY vy v 4 F 05 vyyy v T | | 71 F 05 v .4 v VY v -
[ | | [ | | L1 11 | [ | [ [ | | [ | e 1 L1 S L1  — - Y 1 ] !l | - I | I I I I
0 1 2 3 4 5 & 0 1 2 3 4 5 6 0 1 2 3 4 5 6
AY(i,i,) (o) AY(i,i,)

. Study radiation emissions into rapidity interval between two energetic jets in events with a W boson
(important for jet vetoes)

. HEJ and NLO perform well with some with NLO exhibiting large uncertainties at large rapidity rapidity
. Sherpa and other (ME)PS MCs exhibit insufficient radiation at wide angels
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b/c-tagging

 Long life-time of b/c-hadrons —

displaced vertex o] Rp—————
. S [ —— MC Muonic b-jet Eff. DO, Loose
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i
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W+b

Phys. Lett. B 718, 1314 (2013), arXiv:1210.0627
«  Main background for many searches and Higgs boson measurements
«  Significant excess over NLO observed by CDF
x10° x10*
370:—136, 6.1fb" a) E 3:_3?13 6-: fb” b)
o [ +Data o [ ata ’
fomme o
7)) - 8 L /7/:
£ o mw - £ -¥c‘>,p | v
S 40F | Top = L P 5 , 5. Il Multijet 7
305_. Multijet e ' - [Z1Syst. Uncertainty
g i’ - 1:_ 7/
20:— ‘* E | e
103_ _.-_.:‘:.- n 0.5:— , ‘ |
- _._"‘ I—.-—:.. : :2 & ——— T
00 20 40 60 80 W(—>1I\9)0m Ge1v20 00 20 40 60 80 W(—>1I\9)0m Ge1\120
o Yy « Reduce background with b-tagging and use
2 - e ata, W — a .
fooo- 4 DOGART = Tes e | MVADb-ID and vertex mass do extract b-fraction
WI800- i B W+b
7005, L, EE Wae « (Good agreement observed
6001 o Predictiop,
- MCFM N
500;_ INLO - 1_2~""' :4; (scale)
= Q =0.06 (PD ""um
400g . E Shorpa = 1.08 + “-”::’,:f'l 0.05 (my,) pl |
300F MADGRAPY; _ 148w IPb
200 »__ = U.U,/stat.)l I
100 oW +b)-B(W — lv) -
1.05 4+ 0.03 (stat.) £ 0.12 (syst.) pb.
01 02 03 04 05 06 07 08 09_ 1 -
D, T A A I A
Bjorn Penning, EPS 2013, July 19, 2013 8

Friday, July 19, 13


http://arxiv.org/abs/1210.0627
http://arxiv.org/abs/1210.0627

o(Z+b)/o(Z+jet incl)

Phys. Rev. D 87, 092010 (2013) arXiv:1301.2233
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o(Z+c)/o(Z+jet Incl)

e  Similar measurement of production with c-jets
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o(Z+c)lo(Z+jet incl)
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Photon+heavy jets

Phys. Lett. B 714, 32 (2012), arXiv:1203.5865
Phys. Lett. B 719, 354 (2013), arXiv:1210.5033

. . . 1r
. Photon+b provides information about b/c-quark and gluon PDF ? :
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Photon+heavy jets D>
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- Ratio agrees within (large) uncertainties with NLO calculations

« Ratio c/b significantly larger at large pt(y)
«  Trend for similar NLO/data (dis)agreement as for b-jets observed (larger uncertainties)

«  Data suggests improvements in Pythia modeling of gluon splitting rate in heavy flavor production
needed
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. Direct Diphoton Production:

Di-Photon D>

Phys. Lett. B (10.1016/j.physletb.2013.06.036), arXiv:1301.4536

Important tool to test validity of theoretical

predictions (fragmentation effects, soft- | E— aVaVAr
gluon resummations etc)

*  (Possible) sources:

Higgs production, Extra dimensions, SUSY q_ N

etc

. Measurement for A®(yy)s1r/2 and full region
(smaller, larger fragmentation contribution)
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PYTHIA 6.4, CTEQ6.1L| ° Differential distributions:

Ad(yy) M(vy) pr(yy) |cosd*]

«  Sherpa: ME with two photon and two partons, no
gg—Vy real parton emission

. Diphox: NLO generator, NLO fragmentation, no
resummation

. Resbos: NLO generator, (N)LO fragmentation, soft-,

. collinear gluon resummation

50 100 150 200 250 300 350

M, (GeV) -  2yNNLO: NNLO generator, no fragmentation, no
soft gluon resummation
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Di-Photon

differential cross section for full A®(YyYy) region

bt
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No perfect generator
Sherpa doing well except low A®, overall best

Resbos/Diphox discrepancy due to absence of soft-gluon-
resummation
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# Triple Differential Cross Section DS

« Triple diff. cross section: d’o / dp%dyvdyjeta
-  Direct production: 99 — 74,99 — Yq

« Different angular configurations between photon and jets probe different
ranges of parton momentum fraction x and hard-scattering scales Q?
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# Triple Differential Cross Section DS

« Triple diff. cross section dSO'/dp%dy’de‘]et,

Study y+jet production in two photon and four rapidity jet regions and os/ss jet/
photon regions: |y€!<0.8, 0.8 <|y¢!|<1.6, 1.6 <|y¢!<2.4, 2.4 <|y*Y<3.2 and yiely¥ = 0

~ 10%c 2.5
>, [DO,L=871" e Data, Iy* I<08 c>§ - DO, L=8.71fb" y'l < 1.0
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« Typical uncertainties similar or smaller than PDF+scale uncertainties

pQCD NLO describe data well in all rapidity and pr(y) regions
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Summary

There is a rich and active QCD physics program at the Tevatron! Wide range of
measurements, with many more still to come

Precise knowledge of DG object IDs, energy scales and systematics lead to
experimental uncertainties comparable or lower than theoretical uncertainties

Observables (many studied for the first time):
- W/Z+jets
- photon+jets,

- heavy flavor

Many show areas where description of data over full range can be improved

Tevatron offer unique opportunities for study and tuning of theoretical
predictions

Only covering fraction of results

More available: http://www-d0.fnal.gov/Run2Physics/qcd/
e.g. extraction of as, jet algorithm studies, underlying/double parton events, etc.

Bjorn Penning, EPS 2013, July 19t 2013 18
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Backup

Bjorn Penning, EPS 2013, July 19t 2013
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Tevatron - LHC comparison
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Boson+heavy flavor xsecs
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# W+jets production

Phys. Lett. B 719, 354 (2013), arXiv:1210.5033
| | | ]

—&— D@ data, 3.7 fb”

B W(— ev)+ets
B V(- tv)+ets
I QCD multijet
Z+jets
I Diboson
B single top + i

Events

10°

10*

10°

1 2 3 4
Jet multiplicity

Jet transverse momentum Pt > 20 GeV

Fundamental test of pQCD & bkgd for
many measurements

Test of \W+<4j production

Measurement of diff. cross-section in nth
jet mult. bin for many kinematic
distributions

Unfolding to particle level using GURU
matrix rather than traditional bin-by-bin
method

Compared to Blackhat+Sherpa (prevous
studies of Blackhat+Sherpa with show
good agreement Rocket+MCFM)

Jet rapidity |Yjet| < 3.2
Electron transverse momentum pr > 15 GeV
Electron pseudorapidity n°l < 1.1
Sum of all neutrino transverse energies P> 20 GeV
Transverse W boson mass requirement M7 > 40 GeV
Bjorn Penning, EPS 2013, July 19t 2013 21
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to be emitted in W
+2jet production as
function of rapidity gap

Many more
distributions in paper
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Particle level corrections derived from I e
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JES Energy Scale Corrections

. " D@ Run |l
*  What we call ‘GeV' in the detector ar Riono =07, m_ =0.0
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4 Particle Level Corrections DES
C. 3
Caléii_r_r‘mg_tg-levél jets
¢ | N 0 ' i
— - —= s In Rur?ll jet results, in most
- Hadronic showers 10 cases.
T — — EM showgrs .
n ' :'E - Data are corrected to
' particle level
- Particle level

Underlying event

measurements are
compared to NLO theory

- NLO theory is corrected
to particle level using
parton shower MC

 Corrections for the
underlying events (UR) and
hadronization.
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-.|,|,.-'.|h Jet Algorithms
Midpoint cone-based algorithm Infrared unsafety:
[l Cluster objects based on their soft parton emission changes jet clustering

proximity in y-¢ space

[0 Starting from seeds (calorimeter
towers/particles above threshold),
find stable cones

(kinematic centroid = geometric center).

Seeds necessary for speed, however source of infrared unsafety.

In recent QCD studies, we use “Midpoint” algorithm, i.e. look for
stable cones from middle points between two adjacent cones

Stable cones sometime overlap
- merge cones when p; overlap > 75%

]

]

More advanced algorithm(s) available now, but negligible effects on this measurement.
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Jet Algorithms

kr_algorithm

Cluster objects in order of increasing their

relative transverse momentum (k) ,
L1 d;= P?r,r d; = min (P'zr,pp?r,j) o7
until all objects become part of jets

D parameter controls merging termination and Ky et Cone jet
charactenizes size of resulting jets

No issue of splitting/merging. Infrared and
collinear safe to all orders of QCD.

Every object assigned to a jet: concerns about vacuuming up too
many particles.

Successful at LEP & HERA, but relatively new at the hadron colliders
O More difficult environment (underlying event, multiple pp interactions...)
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Direct Diphoton Prodcution
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FIG. 2: (Color online) The differential cross section as a function of (a) M., (b)
region. The notations for points, lines and shaded regions are the same as in Fig. 1.
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FIG. 3: (Color online) The differential cross section as a function of (a) M., (b) ps', and (c) |cos 8| for the A¢p > 7/2
region. The notations for points, lines and shaded regions are the same as in Fig. 1.
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