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Introduction

e Mature QCD studies at the Tevatron benefit physics program at the LHC
e Challenging measurements, sensitive to (N)NLO effects as well as non-
perturbative physics

e Almost any new physics involves QCD
e Parton Distribution Functions (PDFs) for background and signal processes
e QCD often a dominant background to new physics
e e.g. diphotons for Higgs discovery, jet substructure for boosted Higgs, etc.

e Better understanding of QCD means improved sensitivity to new physics
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SIM Processes at the Tevatron

g, Tevatron Run Il, pp at s = 1.96 TeV

2 {lets
QCD ]E'[E ¥ Hosy Plamir v Observed
v & measured
at Tevatron
Inclusive
W production: " 2
10-15% is W+jets 2. Y
Wr Zy
. L ~10 orders T ww i ﬁrﬂm?
Dibosons, 10{ ||ofmagnituder] ¥ U WEtar
t-quark, Higgs, 14" " v
New Physics? 1‘“1
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Contents

1. Jets
d  Incl.jets
d Dijets
d Jet substructure studies
2. VB+jets
d  Wi+jets
d  Z+jets
3. VB+HF
d W+b
d W+c
d Z+b
4. Diffraction
1 see talk by Dino Goulianos yesterday
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p-pbar Collisions at /s=1.96 TeV
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Tevatron Performance

Run Il ended September 30th, 2011

Collider Run Il Integrated Luminosity Collider Run Il Peak Luminosity
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(Week 1 starts 03/05/01)

| — Sy INIEQraTEE LUMINOSITY —o— Run Integrated Luminosity

eDelivered 12 fb!
*Peak 4.3x1032 cm2s?
*By comparison, Run | delivered 120 pb-!
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Event 122

300

Towers E; > 0.5 GeV
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Tower E; > 0.5 GeV
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CDF RUN II
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Event 6753986

PRD 78, 052006 (2008)

Data / Theory
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Jet production —Precision regime

PDF input
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Jet production —Precision regime

PDF input

Conclusions from Les Houches QCD 2011:

“Tevatron jet data vital to pin down high-x gluon, giving smaller low-x
gluon and therefore larger o, in the global fit compared to a DIS-only
fit.”
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Jet production — Precision regime

Olc measurement

Historical note: Now: s (Mz) = 0-1173f8:88ié
PRD 80, 111107 (2009)

- o (pg) from inclusive jet cross section
in hadron-induced processes

CDF Run | Then PRL 88:042001,2002

-]

015 F

'_‘u.15§— |:|.14;— ]l

“ol g"’*”{i 0.2 O Hi
- ST _ A ZEUS
I R‘H. 3 y , °Do
B St 3 |

o

DO
+0.0041

(DD clombilneq fitl)

ouoa

,m;- Yy EMEM&%% 0.1

o 50 100 1800 000 250 300 350 400 40

Transverse Enengy (GeV) Tra

0, (M) = 0.1178+0.0001 (stat) 10-0%(syst) —~ 0.14

«(p

o

o
II|IIII|IIII|II

lllll

s(M
e
X

[T T ]

% “’4 4'%. 4+4 HAHHHHH

*Theory: NLO+2-loop threshold corrections S 01LF .. L
=Significantly improved precision 2

i i 10 10
=Running tested to very high Q? values
pr (GeV)
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ProC

suppression at LO of the background sub-
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Jet Substructure

MOTIVATION : Mass of high-pT jets - important property, but only theor. studies:

o High mass:
QCD NLO predictions for jet mass CDF Run Il Preliminary, L;, =6fb
, 0.004 0:004
I'_-'l//s etal, 0712.2447 : : o Midpoint
A/e.me/da, et a{. 08.1-0.0934 _ 0.0035 0.003" Jr o Midpoint/SC
Such jets form significant background ©  oo0b ook #  Antirk,
to new physics signals > - Tl i{%
Examples: high p;tops, Higgs, g 0'002557------: aom#i jt +
neutralino ... sk 2N q Sttt ol
Z._.I:E = : uark
Use standard “e-scheme” for mass © |g%0015—| i
calculation 1-|Z-‘°1 0.001 —+— ;
o 4-vector sum over 0.0005— | _+_, .....
Tal| :... ....................H.'"'."Y-HH
towers in jet _ %680 80 100 111'0 120430140 150 160
o Each tower is a m®"' [GeV/c?]
particle withm =0 Selection: > 1 jet

o Four vector sum gives (E,p,,p,,p,)  p;>400 GeV/c
Moriond QCD 2011 Christina Mesropian 0.1< I n I <0.7



Jet Substructure

Jet IVIass

e Compare differential jet cross section as a function of jet mass for
different algorithms and cone sizes

 CDFRunll, L =61b"

CDFRunll,L_=61fb"

CDFRunll,L_=61fb"
0.006 o nt 0.012 12
C -~ Midpoint 0.007 + + -~ Midpoint 001 -e- Midpoint
C 0.006 -
C 0.003 _+_ Midpoint/SC Midpoint/SC Midpoint/SC
&:I 0.005 - P E 0.006 - P ‘{‘: 0.01 0_003¢ e P
Anti-| - Anti-|
S o 0.002 + = Antik s 0004/ $ = Antik = 0.006
©  0.004 ©  0.005 ©  0.008
- C - - -
T ot Gluon i—{k ++ = 0004 = ooos MGluon 0.002
@ r 1 ﬁ |
z"FE o 0 100 150 FE 0.003 0=60 150 200 0 - FE 0500150 200
T 1D 9002 —e— Data, Midpoint, R = 0.4 ° - —e— Data, Midpoint, R=0.7 T | T g.004 —e— Data, Midpoint, R = 1.0
B OF MR N e QCD, Pythia 6.216 | 3 0.002 LN e i | k3 C
"|Z' » Pythia 271 N QCD, Pythia 6216 A - NG 70 U N QCD, Pythia 6.216
0.001 ) 0.001F- 0.002;
4 C 4+ N :
C C A a1l W
% "80 90 100 130 120 130 140 150 160 0~80 100 120 140 160 180 200 220 240 260 280 R T 200 250 3 300
m*" [GeV/c?]

m*" [GeV/c?] m®" [GeV/c?]

* In leading-log approximation, a jet typically acquires a large mass
due to a single hard gluon emission
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Jet Substructure Studies:

Angularity and Planar Flow

Jet substructure variables that are
insensitive to soft radiation at

high jet mass:
Angularity :

7. (R, p;) = 1 Zwi sin® $[1-cos3]°

J iejet

o Emphasizes cone-edge radiation

tower energy

&

COF Run Il L =6 fb”

&

J.I-IllllIIII|IIII|IIII|IIII|IIII|IIII

Astitrary Units / bin of 0.002
k & & & &

o
‘ || —+— Daks Midpoint, A = 0.7
— QCD, Pythia 6216

o For large mi°% has analytic approximation

Planar flow:

o w; - energy of particle |
0 Ay, A, are eigenvalues

12/17/2011

kI
I, =

Pf

o1
=1 :
S P = = W R R P
T a—Y T aofy, G2 ooss 08
T2
) CDF Run IL L, =6 fb”
o —— Midpaint
" o Midpoint/SC
- "°F = Anti-ky
=] B
T paf i
I
1 Z Pix Piy. g o [ ] —« Data, Midpoint, Fi = 0.7
m., 5 w w, ’ E b e QCD, Pythia 6.216
e ! ' E “l:_ —— f, Pythia 6.218
42,1, < |
= — A — I
(4 +4,)° T ==t 1 =
A , . 1
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\/ + Jets Studies

M OTIVATI O N : N >3 MET>120 HT>330 CDF Run Il Preliminary

. . nz—SjlﬂJSY search I Dtcscn
V + Jets Processes in many cases are in . Asquarks/sgluinos) Z2.
irreducible backgrounds in searches for  g.. . i
new physics £
[ 30% - 40% uncertainty in some of the processes .
(boson + HF) 1w’ o 500
. H(3jets)[GeV]
Need dedicated measurements on CF Run Il Preliminary (43 1)
boson+jets ] i
sof i
) - [ Single top (s-ch)
§ LIO @air production™="" ma = |
! \ ::’:"::::’ E = ‘ﬁ.‘fé&? (115GaV)x 10
bl 0 Higgs search
= : +(WH channel)
[ Di-boson 201~
103—

1 Jet 2 Jets 3 Jets 4 Jets 25 Jets 0 50 100 150 200 250 300
Dijet mass (NN b-jet Energy corrected) (GeV/c?)
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Z[y* I +jets

Measurement in the Z - e*e channel published
in PRL 100, 102001 (2008) with 1.7 fb!

“calorimeter jet”

®)
=

=

=
2

“parton jet” “particle jet”

12/17/2011

"Combined Z »e*e and Z »pu* w
accounting for correlation
between uncertainties

*Results updated with £'= 8 fb?

Measurements are unfolded
back to Hadron level

Differential distributions
in Z + 23 jets final state
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Z[y* I +jets

Data driven backgrounds

- Z Kinematic region Jet selection
e QCD multi-jet 5 :
o W +jet 66 <M, < 116 GeV/c MIDPOINT R=0.7 jet
E./>2 | <1 >30GeV/c, |Y| <2.1

MC backgrounds r >25GeV/c, || Pr /e, 1Y]

o/+y

® Top

e Diboson 5% to 15% syst. uncertainties

® 7> 11+ jets Jet Energy Scale is the dominant

CDF Run Il Preliminary

—_ - Z/yx opt +21jet :5:;; :le:ctf:m CDF Run Il Preliminary
K 102 Bz ) -E' '
=> = I QCD, W + jet —
Q = = 1]
S?, i -;,zw,ww E
8 1o Mz 2
~ = s .
E : -2 -------------------------------------
8§ 1 £

10" 0.850  — Jeienergy scale

maa nde.pendgrgoe )
40 60 80 100 120 140 08c ™ 5%!%?5‘5{&'%‘%’?3‘33%5
M, [GeV/c?] 0.75 — Q{dgggj%gﬁi iﬁsgoger efficiencies
e Total backgrounds between 5%-10% 0.7 bbb

e Main background is Z+y pF' [GeVic]
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2

2,

oNjets [fb]

102

10

Z[y* I +jets

CDF Run Il Preliminary

B —e— CDF Data L= 8.23fb'
= I:I Sytematic uncertainties
- —— LO BLACKHAT+SHERPA
B —_——
- —&— NLO BLACKHAT+SHERPA
= MSTW2008 PDF
F u =3 =1 (= p, +E}
" —_——
: —  S—
. b
| Combined electron
- and muon channels
- Ziy*(— I'T) + =N jets inclusive !
- I=e,u
E pf" =30 Gevre, V"1 s 2.1 —
C | I | l |
1 2 3 4
zNim
12/17/2011

-
.
o

RATIO DATA/THEORY
L)

—— ALPGEN+PYTHIA Tune BW
Normalized to NNLO o(2) = 261.3 pb
“‘E = h'FZ + E| PTJ

'_*_'1—“—'
e —
1 1 L ' L
- o h?gﬁg!;ﬂm - PDF uncertainties
: CTEQS§.6 PDF M 2008
- W =M+ pA2),R_=13 —— NNPDF2.1
- 3
= O e A=
- | | | ] 1
r —— oMePRm = ju=u /2
— —&— NLO MCFM R
= CTEQ§.6 PDF 2= <p?
- uﬁ:hgwﬁzwm:m wm M T
- é
- k4
- . ! 1
— LO BLACKHAT+SHERPA
—&— NLO BLACKHAT+SHERPA = u=ul2
M 8 PDF WAy
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Z[y* I +jets

CDF Run Il Preliminary

N

— —— ALPGEN+PYTHIA Tune BW
B Normalized to NNLO o(Z) = 251.3 pb
& 10° —— CDF Data L= 8.23 ft' E.I 5 Hy =M+ 3 Py
‘s - D O . —
o B Sytematic uncertainties B
(&) L - e S ST S P "
- - e T 1 ——¥ T
8 o —— NLO BLACKHAT+SHERPA| = [ *
. - "R MSTW2008 PDF |<_‘: 2— — NLOMCFM ---- PDF uncertainties
= B e | < CTEQS.6 PDF —— MSTW2008
3 - e uy=3P =@, +ED 0,45 ue =M +pi2) R _=1.3 ~—— NNPDF2.1
10} 8 =
: < 1 -------------
| [ m = I *
1 2— — nNOMCRM W=2u ju=pl2
B —— - CTEQ8.6 PDF s "
: B i
1l =
10 = ZW*(— I'T) + 21 jet 1 leading 1
- e —
B Il=e,n L . ) ) o
[ pf =30 Gevie, IV 2.1 2~ —— NLOBLACKHAT+SHERPA
! | R | 1 | ! C M 8 PDF L, F=2I‘0;P"=l‘-u"’2
30 40 50 60 100 200 300 400 15 u =2F=1Ep +EY
[GeV/c] =~
Good agreement between data and NLO =

pQCD predictions (BLACKHAT and MICFM)

12/17/2011 EDS 2011 - Christina Mesropian 20



Z[y* I +jets

CDF Run Il Preliminary CDF Run Il Preliminary
& B —e— CDF Data L= 8.23fb % - —*— CDF Data L= 8.23fb"
S [ Sytematic uncertainties [ - [ Sytematic uncertainties
& 10 —— LO BLACKHAT+SHERPA e —&— NLOMCFM
= = —o— NLO BLACKHAT+SHERPA 2 10 e K adron level
P - MSTW2008 PDF = - e B s
[ — | . .l- 1 !
. I Eo:elc[t:?d:c()zh;?rfrllz Le)vel < - — " p,:==2£ : J.J.: TR
e - A C u=pd 2 - ' o L
k] T W =2 =Ry B e PDF uncentainties
5 S S o R — a
h -] 1 — —_—A—t—0— 1 =
- s B —e—
C —_—t— B
. N $ 107 .
10— Z/*(— I'T) + 23 jets inclusive & E Ziy (= I'T) + 22 jets [ E—
- | =€, . - I=e, H
- P >30GeVic, [Y®| <21 - P =>30Gevie, Y| <21
— L |
P -
< E
z 3 E 1.4
2 2F S
L m -
al E s E 1 E
o 1- r 0.8
d C L L 1 L ! L L | L L L L M | n i i i "
o 30 40 50 60 70 80 90100 et 40 50 60 100 200 300 400
5 P [GeVic] M; [GeV/c?]

ij is sensitive to
resonances production
Main uncertainty comes from

fixed order calculation
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Z[y* I +jets

CDF Run Il Preliminary

CDF Run Il Preliminary

3
> 10° 3 —e— CDF Data L= 8.23fb" 3 | —*— CDFData L= 823fb"
S - [ ] Sytematic uncertainties l_,'= 0°— E ﬁ{tg",\',,act;'ﬁ,a"ce"a'""es
— — —o— NLO BLACKHAT+SHERPA % 1 — CTEQ6.6 PDF
2 s MSTW2008 PDF 3 - Conegjed o hadron lvel
- 2 L W =M; +p3(2), R =1.
gy 10 = = S":‘j"é‘?d:“(’z'_’zf"fnlz'z‘?"e' © | .- PbF uncertainties”™
5 - e Al | —— MSTW2008 PDF set .
-8 n —— W=ell sh=L, ~—— NNPDF2.1 PDF set o
L 1P g —o— ——
- — 80—
— — ——
TE Z (> 1T + 21 jet 10 ZiyH (> IT) + 22 jets :
- l=enp . ° = I=e,n ,
- pF'>30Gevre, Y™ <21 : Pl > 30 GeVre, Y™ <21
— | ol 1 1 Ll | | | | 1
u = u
5 1.4 & 1.4
S 125 T = 125
2 L ™ T — 5 1
~ 0.8F 08F —p—
-g = . . P | . . . :|¥| L Ll ! . L Ll
S 30 40 50 60 100 200 300 400 05 1 15 2 25 3 35 4 45
HE' [GeVic] AR
Some observables like HT(jet) are
expected to have larger Comparison with different PDF sets
contribution from NNLO diagrams
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W/Z + HF jets production

Challenging theory predictions

= Large variations wrt to scale choice
uner " PDF uncertainties at high

o momentum fraction x

fragmentation
b,c-jet
Challenging experimental ~

measurements
= b and c identification e
= | ow statistics >

Soft Lepton tag Primary vt
(20% Branching ratio)
Secondary vertex tag
based on large B lifetime
12/17/2011 EDS 2011 - Christina Mesropian
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W+b-Jet Production

Large background for many rare analysis Phys. Rev. Lett. 104, 131801 (2010)
0
W W i 4 Data
- 50 bottom contribution
- | charm contribution
70 ([ LF contribution
b b  TE S Summed contribution
p— 60 2= 71.3+ 4.7(stat) + 6.4(syst) %
h b f= 15.9+ 5.5(stat) %
50 fYf = 12.6 + 3.5(stat) %

b-quark composition extracted 0

from fit to secondary vertex mass 20

10

IZI[I

5

O (wibsjets) " BRIW = 1v) = 2.74 £ 0.27 (stat) + 0.42(syst) pb
NLO: 1.22+0.14 pb Alpgen: 0.78pb
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W+charm Production

Lepton Jet selection Measurement of W+c production:
MET>25 GeV, JETCLU R=0.4 jet sensitive to s-quark PDF; background to

m; (W)>20 GeV/c? p; > 15 GeV/c, |n| <2.0 single-top and associated WH production
p; > 25 GeV/c, |n'| <1

Select events with semi-leptonic W + one jet

CDF Run Il Preliminary, 4.3 fb" _ _ _
- Use soft lepton tagging (SLT) to identify

1))
21000 |- Z _
£ty 2 I heavy-flavour jet L@
i g
800 | @aco
- D Z+jets '
Ze< D Wijets
600 [ 27 — data
/
a00 |-
772 . . .
200 |- . Exploit opposite charge correlation
i between W lepton and SLT lepton
0 50 100 150 __ ~tot bkg
W boson M_ UWcXBR(W_’EV)— Acc-det

SLT, =13.4 +2.3 (stat) 2.4 (syst) £1.1 (lumi) pb Combination:= 13.3 +3.3- 2.9 (stat+syst) pb
SLT, = 14.2 +6.5 (stat) £3.4 (syst) £1.2 (lumi) pb NLO prediction = 11.3 +2.2 pb
12/17/2011 EDS 2011 - Christina Mesropian 25



Test of pQCD calculations and b-quark
fragmentation, b-quark PDF
Z+b important background to single-top, ZH, new
phenomena

= Measure cross section ratio with respect to
Z inclusive and Z+jet

= 7 decays leptonically in muons or electrons

= Improved muon identification efficiency
obtaining a 30% gain in Z acceptance

Z Kinematic region Jet selection
66 < M, < 116 GeV/c? MIDPOINT R=0.7 jet
E/ >25GeV/c, [n'| <1 p;>20GeV/,

Y| < 1.5

Z- 1+ jets

o F
© 018 e
3 0.16;— chets
g 0.14;— _ [ Jiignt jets
2 012 |
- rC Positive tagged jets
0'11_ Pk > 20 GeVie
0.08 | | jet
» Y <15
0.06
0.04F
0.02- |
o:rjuz|||||||||||||||||||||||||||||| T Tt
0 05 1 15 2 25 3 35 4 45

My, .y, (GEV/CY)

B identification:
Secondary Vertex Tagger
Extract b- jet
composition

from a fit to Secondary
Vertex Mass

12/17/2011 EDS 2011 - Christina Mesropian 26



Ni®/[0.15 Gev/c]

CDF Run Il Preliminary

200
180
160
140
120
100
80
60
40
20

l°II

0.5

—e— Data -7.86 o™
— Total Prediction

Zsbjets [ Jlight jets
Positive tagged jets = ¢ Jets
b jets
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"Main Systematic uncertainty

due to vertex mass template modeling (9 %)
=Other systematics come

from b-tag efficiency, JES, and backgrounds
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6(Z+b)/c(Z)= 0.28410.0295%2t+0.0295t %

o(Z+b)/c(Z+jet)= 2.24+0.245t40,275Vst %

NLO: (range from different scale choice)
o(Z+b)/c(Z2)= 0.23—0.28%
o(Z+b)/c(Z+jet)= 1.8—2.2%

Good agreement with NLO MCFM
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Z+b jets — Ditferential distributions
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Dominated by
stat. uncertainty

General agreement
with theory
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Low. Energy scan of the Tevatron

Main goals of the program:
. th_ th
Dates : Sept 87— Sept 16 1.Study of MB events:

Total data taking time : charged particle multiplicities, dN/dn, etc...

10 h at 300 GeV
39 h at 900 GeV

2.Study of UE events
3.Gap-X Gap events

Special trigger table; 3 x 3 bunches, no low-$3
Asked for ~ 1 interaction/crossing, to maximize singles (no-PU) rate.

Data summary

-X- e,l,V Total #
events

1.89 M 12.1 M 9.2 M 8.3K 23.2 M
900 8.0 M 54.3 M 21.8 M 550 K 16 K 84.7 M
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Low.s Physics (I)

Peter Skands: “Energy Scaling of MinBias Tunes” arXiv:1103.3649,

Much support from - 2 § | o i Mutiphcis i pp
o 2 ndence on p-.m 4 Dupanﬂanm an PDF set
event generator t‘é; L o 10°F — creast _
. L P | L | e CTEQBLI 8
community. S - - wrsTion
Example of PYTHIA tunes, = e
based on Tevatron 1960 data: =
a,
. i é Tune A
Note big uncertainty at ol Perugia0 ol
—
Vs = 300, even at 900 GeV. & S e
\% .....
S
S
yl<LpT>05GevV = | gy
lﬁ " p‘__-,r_n_ﬁ GaV
FaCtOI'Z Spread! éa i b PYTHIA 5.4.94 MSEL=1 . PYTHIkS.d-iE-i-{F'arugialJ}MSEL:‘I |
10° 10° 10t g 10° 10° 0 g

Figure 1: Energy scaling of charged-particle multiplicities in pp in three different phase space regions
(top: inclusive, middle: central, bottom: central hard). Left: Dependence on the scaling of the p,
parameter for two different PYTHIA models, represented by Tune A and Perugia 0, respectively. The
solid vertical line represents the reference energy, 1800 GeV, at which PARP (82) is defined for both
models. Right: Dependence on the PDF set, for the Perugia 0 model. For reference, Tune A without
MPI is also shown (dotted lines).
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Conclusions

sUnderstanding of jet identification, JES, and systematics
leads (in many cases) to experimental systematic uncertainties
smaller than theoretical uncertainties

=Next level of measurements
measurements of jet substructure variables
validating phenomenological models for diffraction

sComprehensive Tevatron V+jets/HF results provide detailed
information for testing latest pQCD calculations and tuning event
generators

More to come from the QCD program at the Tevatron
http://www-cdf.fnal.gov/internal/physics/qcd/qgcd.html
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