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® samples of [L dt ~ O(ub™'),i.e. O(10°) events, at Ecm=0.9 and 2.36 TeV
® March-Nov 2010:
® Collisions at Ecm = 7 TeV, Lmax~2x1032 cm=2s~!, [L dt ~ 40pb~!
® Nov-Dec 2010:
® Pb-Pb collisions,at EcM/A=2.76TeV, [L dt ~ 7 ub~
e 20I1I:
® | HC restarted since 2 weeks.

® Ongoing tests of injection, ramp, squeeze, etc, to implement foreseen
improvements, expected to lead through the year to L~10%3 cm=%s~!, or

fLdt~2-3fb"
® Start with short run at Ecm= 2.76 TeV (to provide reference for HI run)
® Collisions at 7 TeV in few weeks time

® 7012: continue full year with similar luminosity, after Xmas break.
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® A year of learning: confirmations, surprises

® Every piece of data has yielded valuable information, nothing wasted,
nothing redundant, including the runs at 900 GeV

® Amazing degree of coherence, overall coordination and planning in the
execution and delivery of the analyses.

® Remarkable thoroughness of enquiry
® As theorists, we found:

® Things that should have worked, did work, but still (syst+stat)exp > (syst) TH

® Things that may not have worked, did work, and (syst+stat)exp < (syst) TH

® Things that we had no robust prediction for: some of them worked, others
didn’t ....

® Things that we had no clue, had not bothered to predict and study, were
found by the experiments, and turned out to be exciting

® Nothing that should have worked and didn’t!



Jets

Fundamental manifestation of quarks/gluons emerging from hard
production and decay processes

Key objects for spectroscopy of heavy particles

Final states of the modern “Rutherford” experiment with the
proton: test the fundamental nature of quarks

Inclusive production of jets from generic QCD interactions known
to next-to-leading-order (NLO) accuracy

test of the accuracy of the perturbative QCD framework
(factorization theorem, parton densities, etc.)
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See P. Wells, for the ATLAS collab., 104th LHCC session, http://indico.cern.ch/conferenceDisplay.py?confld=112439



Inclusive jet Et spectrum

17nb-!, http://arxiv.org/abs/1009.5908
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% Difference from NLO QCD with MRSDO

z

—
[ )
"

(L1

-d
"

0

z 1*
:‘_2.. Uk
B )
£ w’
£ * CDF
W —— NLOQCD
&
-
- 10
) " |
.
3 ! e ) "0’"0.01'.“:‘¥..‘...+. ...D..1..o.00
«r* 2 +
e CDF e CTEQ 2M
— MRSA eeeee CTEQ2ML
---- MRSG sensnens (GRV-94
Systematic uncertainties
0 S0 10 150 20 250 RILL 350 40 450
Jet Transverse Energy GeV



" CMs pr&llmmary, Eﬂ nh'I Vs =7 TeV

- N — EG T T T UL L L | T T T LI B |
a2 120— T -4 &R - .
=) otal uncarl:am <05 - <0,
> n{]' - Absolute p, (5%) Iyl 1 £ | <0.5 [ ] Total uncertainty :
€ 1 1 Relative p_ #1%) E JE' 4{'}-_— - PDF (CTEQ6.6) _
E BU:— I P, resolution (£10%) _ E —— NP (Pythia-Herwig+ +}:
§ 60F 4 % Scale (W2—21) -
D 40- 1 5 ]
- m———s B
20 = E
2

-20

-60=:

-40
Anh-lcr R'ﬂ 5 F"F

a—

Antl-k R-l.'l 5 Jets

20 30 100 200 1000

P, (GeV) 20 30 1ﬂ'ﬂ 200

P, (GeV)

PDF will be dominant
source of theoretical
systematics at large Er



Uncertainty (%)

" CMs pr&llmmary, E'I.'I nhr'I Vs =7 TeV

60—

AN R A B R B |

|<0.5 [ ] Total uncertainty

.. PDF (CTEQ6.8)

—— NP (Pythia-Herwig++)-
Scale (W/2—-2p) -

T T f N B R |

PDF will be dominant
source of theoretical
systematics at large Er

Antl-k R-l.'l 5 Jets

120 [ Total uncartam <05 - 2
- [ | Absolute P, (+5%) Iy ] < i
1ﬂ{] 1 Relative p_ ©1%) E 'E' 401
EI'J— N P, resolution (£10%) A g I
60~ i 8
[ ] =
40 - =
F m———s B
20 E E
;2
D%—_ 1 =
20 — v
-40 -
E“"h'kr R= n 5 PF _ .
-EBZD 30 1DD EDD 1000 2‘0 3:0 o
p, (GeV)

How powerful will be the
jet data at large N in
reducing this systematics!?

~100 200

P, (GeV)
CMS preliminary, 60 nl::1 Vs =7 TeV
;101‘1 T T T T T 1 T'l L] T T T T 01 l
> . |y|<0.5 (x1024)
Q) Ny o 0.5<|y|<1.0 (<256)
8 107 . 1.0<]y|<1.5 (x64)
2 ® o 1.5<|y|<2.0 (x16)
a7 L . 2.0<|y|<2.5 (<4)
1: 10 . 2.5<y|<3.0 (x1)
©
B 10°
6
10° 2
10 — NLO pQCD+NP

[ | Exp. uncertainty
107 Antl-k R=0.5 PF

I:IIlI.I. _IlII

20 30 100 200 / 1000
p; (GeV)

Tevatron
Limit



Uncertainty (%)

" CMs pr&llmmary, E'I.'I nhr'I Vs =7 TeV

EG1 T T T T T 717 T ™ T T T 71

1200 — Igt:;m:;ﬂﬂg Y, <05 - £ Rlyl<05  []Total uncertainty -
1ﬂﬂ _— Relative P:r |:+1%], 3 .E' 40+ e PDF [CTEQE.E] —
80~ I P, resolution (:10%) -8 | — NP (Pythia-Herwig++)]  PDF will be dominant
60:- i 8 Scale(i2-21) | source of theoretical
:E’ __— 2 systematics at large Et
-
n%— 1 E
20 . =
4DE! ti-k, R= HSPF 3
0L “3:' SN Anti-k, R=0.5 Jets -
100 (GE,}':;D” 20 30 100 200
Pr p, (GeV)
CMS preliminary, 60 nl::1 Vs =7 TeV
;101‘11 T 'I'ITTT'l L] T 'IT'I'I'II
> . |y|<0.5 (x1024)
Q) P o 0.5<|y|<1.0 (<256)
8 107 . 1.0<]y|<1.5 (x64)
2 ® o 1.5<|y|<2.0 (x16)
a7 L . 2.0<|y|<2.5 (x<4)
10
1: . 2.5<]y]<3.0 (x1)
©
How powerful will be the E 10°
jet data at large n in 10° :
reducing this systematics!? _
10 — NLO pQCD+NP

[ | Exp. uncertainty
107 Antl-k R=0.5 PF

I:IIlI.I. _IlII

Notice reach in Et 20 30 100 200 / 1000

down to 20 GeV!! Tevatron P, (GeV)
Limit




First constraints on new physics
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Integrated jet shape
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Multijets
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Photons
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W/Z

® Primary sources of charged leptons, and missing energy (via
neutrinos) =>

® sources of background to searches of DM-like particles

® Present in the decay chain of almost any heavy object, both in the
SM and in BSM scenarios =>
® probes of new physics

® |nclusive production known in QCD with intrinsic accuracy at the
level of £2% (NNLO).

® Additional uncertainty from input parameters, such as:

‘O(S

e PDF

® The most accurate prediction of QCD, and thus one of the most
sensitive probes of the proton structure



¥ T T T ] T 1 I: T L 1 1 ] T I T L ¥ r T T T L] I CMS 2“1“ Preliminary 1‘ ' = T T!v
; S e e . : .
ofpp = W = Iv) ' ATLAS NNLO, MSTWOB §8% CL prediction
-- Theory (NNLO) : f L dt=310315nb" j L dt=29 pb” [with POFALHC scaling on uncertainty]
; Data 2010 (5 = 7 TeV) RSS2 R S
— s Electron channel
i W — ev e
E 10,04+ 010 +0.52__ +1.10, . nb
L o B ¥ Muon channel
: W = uv e ——
: 9.92+0.09 . +031__ +1.09 . nb
g w Combined W — Iv (combined) -
O T - | i L L |: Ll R T T [ T | IR ndiﬁ £ ulu?““ t nlza sl X 11“‘""’" nb
B 9 10 11 12 13 14 NP IPEPEEE BRI I
b 0 2 4 & B 10 12
320 nb-!, http://arxiv.org/abs/1010.2130 Oy [ND] o( pp — W+X —s v#X ) [nb]
. cms 2010 Preliminary \vs=T TeV
U‘[PP—'E"‘:" _"":I : Ams 1 1 L T . .| T
' NNLO, MSTWOB 68% CL prediction, 60-120 GeV
- - Theory (NNLO) i f Ldt=316-331 _l- [ dt=29pb” [with PDF4LHC scaling on uncertainty]
1 Data 2010 (& = 7 TeV) 0.972 £ 0.042 nb
H——— E A& Electran channal
: Z—ee bt
' 0.96+0.04, +006,  +0.11  nb
B . 2 ¥ Muon channel
: Z—up bt
i 0.92+0.03,,,+0.02, ,+010, nb
H—8—H ] w Combined Z = Il (combined) | — |
pa s b g g o g el g sy gl I:.IIIIIIIIIaIJJI.IIIIlIIIIJ u.gaiu.nzlll!iﬂ.nzlﬁltiu.iulﬂﬂ“nh
05 06 07 08 08 1 1.1 12 13 1.4 — — M | " .
0 0.2 04 0.6 08 1 1.2
Oy, [ND] o( pp — Z+X — I1+X ) [nb]
CMS/Theo ry CMS, http://arxiv.org/abs/1012.2466, JHEP
CMS 2010 20pb™" @ Vs =7 TeV
r luml l.IrIGﬂlt.rlll'll‘j: +11% 1 1
oxBR(W) =i 0.953 + 0.028,,, + 0.048
oxBR(W*) [ | 0.953+0.029,,, + 0.045
oxBR(W) H—=+Hi 0.954 + 0034, +0.051
oxBR(Z) H—e—H 0.960 + D.Daﬁm_ + 0,040 theo.
Ruz —e— 0.990 + 0.038,,, + 0.004,
R.. H—a—H 1.002+ 0.038,,, + 0.028,




benchmark W,Z cross sections
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W/Z pt spectra

>20000: rr T rrryrr Ty rr e e r T T :
518000F ATLAS Preliminary E
To - ——Data 2010 N =7 TeV) -
81 6000 N [:]W — ev ]
$14000F . -
= e Blz—ee ]
512000 - — .
10000 Wi =
S000F f Ldt=36pb" -
6000F E
4000F -
2000 oy, =

0 20 40 60 80 100 120
pY [GeV]

Eazoo
52000
§1 800
(73]
01600
=
UCJ1 400
1200
1000
800
600
400
200

llllllllllllllllllulll!lll!lll!llI!llllllllf

I I )

I I | | I I I )

— :
ATLAS Preliminary

L

—

e Data 2010 Ns =7 TeV)
O Z—uu

fL dt=42pb’

lllllllllllllllllllllllIlllllllllllllllllll

o

: 1601

80 100

pZ [GeV]

120



W/Z pt spectra
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From the perspective of QCD, the modeling of W and Z pt is the same. So the different levels of
agreement between data and theory in these two plots suggest that some more tuning of the
detector description is required before moving on to quantitative tuning of QCD MCs.



W+tjets
Jet ET>20 GeV
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Bodes well for reliability of SM backgrounds
estimates to SUSY searches in jets+MET!

See P-H Beauchemin for the ATLAS collab., CTEQ Workshop Nov 19-20 2010



W+tjets
Jet ET>20 GeV
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Statistics even out in the e and mu channels at large Nje;, making the agreement even more remarkable

Bodes well for reliability of SM backgrounds
estimates to SUSY searches in jets+MET!

See P-H Beauchemin for the ATLAS collab., CTEQ Workshop Nov 19-20 2010
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ratio of W and W rapidity distributions

W+ / W- production asymmetries
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A.Martin et al, http://arxiv.org/abs/1010.2130
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Lepton charge asymmetry at the LHC

CMS preliminary
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EW boson production in the forward region, LHCb
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See S.Stone, for the LHCb collab., 104th LHCC session, http://indico.cern.ch/conferenceDisplay.py?confld=112439



EW boson production in the forward region, LHCb
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These observations open the way for many interesting
new measurements, from PDF constraints, to a
determination of Ags and sin20w

See S.Stone, for the LHCb collab., 104th LHCC session, http://indico.cern.ch/conferenceDisplay.py?confld=112439



Heavy quarks
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Open Q: by and large good agreement of data and NLO
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This agreement is one of the most significant results from LHC-2010

Why is it not trivial?

It took a while to establish consistency
between Tevatron data and pQCD
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The dynamical regime of the LHC is theoretically more challenging

- large S => small x

- large rapidity (ALICE, LHCDb)

O access to even smaller x

o small pt, sensitivity to higher-twist effects

Nason, Dawson, Ellis
Collins, R.K_Ellis

Ball, Ellis
Catani Ciafaloni Hautmann



J/psi production: fraction of prompt and b-decay

Fraction of JAy from b hadrons
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General properties of inclusive final states,
a few examples

32



Rapidity and multiplicity spectra
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Bose-Einstein correlations
ALICE, from the 900 GeV run
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B(q)=11*11* c.f,, with particles from different events
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Bose-Einstein correlations

ALICE, from the 900 GeV run
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Bose-Einstein correlations

ALICE, from the 900 GeV run
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CMS’s “ridge” in high-multiplicity events
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CMS’s “ridge” in high-multiplicity events

Integrating in eta, outside of the jet region:

CMS 7TeV pp min bias [ 0.1GeVicp <1.0GeVic | 1.0GeViesp <2.0GeVic | 2.0GeVie<p,<3.0GeVic | 3.0GeViep <4.0GeV
— PYTHIAS

R(A9)

B

:H'::ﬁw luv“"ﬂ P,

-1 , . .‘-'.

[ 90 = N<110

R(A9)

R(A9)

Many of us tried, but failed to explain this observation using pQCD (we thought it was a
colour coherence effect, which only full matrix-element calculations can describe accurately)



More on Iarge multiplicity final states ATLAS, http://arxiv.org/pdf/1012.5104v2
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Need a detailed characterization of the structure of large-multiplicity final states:
- are they dominated by 2-jets back to back?

- are they dominated by many soft jets (e.g. multiple semi-hard collisions)

- do they look “fireball”-like (spherically symmetric)?
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More on Iarge multiplicity final states ATLAS, http://arxiv.org/pdf/1012.5104v2
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Need a detailed characterization of the structure of large-multiplicity final states:
- are they dominated by 2-jets back to back?

- are they dominated by many soft jets (e.g. multiple semi-hard collisions) . .
- do they look “fireball”-like (spherically symmetric)? Are we Starmg ai_: some!:hmg
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Other non-pQCD issues of relevance to pQCD physics

b & H, fragmentation fractions:
m Tevatron
(%) fraction (%)
B~  403t09 33.313.0
B®  40.3t09 33.3%3.0

B, 10.4:09 12.1#15
A, 91t15 214168

¢ Needs clarification!

e To the least it points to — not unexpected — deviations from factorization

e In view of the CP non-invariance of the initial state, and of the forward kinematics
of LHCb, each individual fraction will have to be measured very accurately
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gg = b Nv

gg % b Ao
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Example

gg > b
‘\ gg be
- > <\\\ Ao
N(B”) _1—f(b— M)
N(B% 1—f(b— Ay
YT AN () /dy + AN (M) /dy

If A(y)+0 = N(B)+N(Bbar) = apparent CP violation!
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Modeling

Thanks to P.Skands, T.Sjostrand, D.Grellsheid, J.Winter for providing these predictions

A(Yy) predictions from various MC codes and tunings:
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Modeling

Thanks to P.Skands, T.Sjostrand, D.Grellsheid, J].Winter for providing these predictions

A(Yy) predictions from various MC codes and tunings:
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e Very broad range of “predictions”, no robust benchmark

e Strong dependence on modeling of perturbative part: more/less gluon

radiation will reduce/increase the color-coupling of the b with the proton

diquark fragment

e Expect correlation with the modeling of strange and charmed baryons

¢ Looking forward to LHCb data!
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A first look at Pb-PDb collisions

 /Snn =2.76 TeV => 14 times larger than any previous heavy ion experiment (RHIC)
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Modeling heavily depends on description of gluon saturation



Hard probes in Pb-Pb collisions ....

Jet quenching
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Momentum spectrum of cosmic ray muons
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