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Present status

Atlas and CMS have collected already around 45pb-' (700 pb-')
very high quality data at /s = 7TeV in 2010 (201 )

The 2010 data have been used for commissioning and
calibration, with performances ciose to the TDR specifications
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Understanding how QCD works

* is important to make accurate predictions for both signal
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Role of QCD

Understanding how QCD works

* is important to make accurate predictions for both signal
and background processes (higher-order calculations)

* helps reducing the background and sharpen the structure of
the S|gnal th|s means galnlng {o]g free in effectlve Ium|n05|ty
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Wijj excess

CDF sees a peak in mj for W + dijet events: first claim 3.2 ¢ [4.3fb"']

CDF -- PRL106, 171801 201 |
Update to include 7.3fb' = more than 4 ¢

—— CDF data (7.3 fb" )‘T
—— Gaussian 2.3%
Bl WW+WZ 4.2%
W+lets 72.1%
Top 13.3%
B Z+jets 2.7%
QCD 5.1%
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Since then
- a larger numbers of tentative BSM explanations
- three SM analysis -]

Plehn et al. | 104.4087; Sullivan & Menon |104.3790; Campbell et al. | 105.4594

Best possible SM predictions and solid BSM predictions very helpful.
At the LHC expect many similar cases.

G. Zanderighi — Oxford University
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Toolkit

- Parton shower (PS) [e.g. Pythia, Herwig, Ariadne, ... ]

- Matrix elements (ME) generators, usually + PS [e.g. Alpgen, Helac,
Madgraph, Sherpa ....]

- NLO [e.g. NLOjet++, MCFM, DYRAD, VecBos ..]
- NLO+ PS [(2)MC@NLO and POWHEG]

- NLO + NLL (NNLL) analy resummatlons [ResBos many
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Monte Carlos

Essentially every LHC analysis will make use of one or more
Monte Carlo simulation for

* the signal
* the background
s underlylng event/ hon- perturbatlve correctlons
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PS./M.E.

Recent progress in PS/ME includes
e Pythia (8.1): new p-ordered shower + sophisticated MPI

 Herwigt++ (2.4): updated angular-ordered shower, default
includes now multiple interaction model
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e Sherpa (1.3): dipole shower, efficient
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The NLO revolution

Theorists like to advertise NLO using the reduction of scale

(theory) uncertainty as an argument. However, the strongest

argument in support of NLO is its past success in describing
LEP and Tevatron data
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(theory) uncertainty as an argument. However, the strongest

argument in support of NLO is its past success in describing
LEP and Tevatron data

Revolutionary ideas

- sew together tree level amplltudes to compute Ioop
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The NLO revolution

These ideas led in the last 2-3 years to a number of 2 — 4
calculations

[W/Z+3jets, WWV + 2jets, tt +2jets, tt+bb, ee — 5jets]
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Feynman diagram methods have also been applied successfully
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The NLO revolution

These ideas led in the last 2-3 years to a number of 2 — 4
calculations

[W/Z+3jets, WWV + 2jets, tt +2jets, tt+bb, ee — 5jets]

Feynman diagram methods have also been applied successfully
- to2 = 4calculations
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W + 4jets at NLO

Berger et al.|10

Sample diagrams:
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* Firstpp = 5
* Expected reduction of
theoretical uncertainties

‘ Z + 4 j ets i n P rog res S - .’. ) KLY 400 500 600 700 800 500 1000

H, [GeV ]

(*) Leading color calculation (OK to within 3% for lower multiplicities) + solid

theoretical arguments; missing W+6q (also small) L e R



Automation of NLO

General approach based on

* Feynman diagrams (limited to
relatively low multiplicities)

* OPP procedure for virtual
* FKS subtraction of divergences

* clever and efficient procedure
for instabilities
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Improvements and refinements
expected soon. No public code
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Hirschi et al. 1 103.0621

Cross section (pb)

LO

123.76 £ 0.05
34.78 £0.03
11.851 4 0.006
25.624+0.01
8.195 4+0.002

5072.5+2.9
828.44+0.8
208.8+0.4

1007.040.1

156.11 4+0.03
54.24 +0.02

11.557 +0.005

0.009415 +0.000003

9.459 1+ 0.004

0.0035131 +0.0000004

0.2906 4 0.0001

20.976 £ 0.004
11.613 +0.002

0.07048 +0.00004
0.3428 +0.0003

0.1223 4 0.0001
0.2781 4 0.0001
0.0988 4+ 0.0001

NLO

162.08 +0.12
41.03+£0.07
13.71 £0.02
30.96 £ 0.06

8.91 £0.01

6146.2 4+ 9.8

10653+ 1.8
3003 +0.6

1170.0+2.4
203.0+£0.2
56.69 £+ 0.07

22.95+0.07

0.01159 £ 0.00001

15.31 +£0.03

0.004876 4 0.000002

0.4169 £ 0.0003

43.92+0.03
15.174 £ 0.008
0.1377 £ 0.0005

0.4455 £ 0.0003
0.1501 £ 0.0002
0.3659 £ 0.0002
0.1237 £+ 0.0001

0.08896 +0.00001
0.16510 +0.00009
1.104 +0.002

0.09869 =+ 0.00003
0.2099 £ 0.0006
1.036 £ 0.002
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G. Zanderighi — Oxford University



Merging NLO and PS

Combine best features

Get correct rates (NLO) and hadron-level description of events (PS)
Difficult because need to avoid double counting

Two working frameworks
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POWHEG-BOX

Alioli et al. 1002.2581; http://powhegbox.mib.infn.it

POWHEG-BOX: framework to automatically shower NLO calculations.
The user only needs to provide a simple set of routines (Born, color
correlated Born, virtual, real, phase space)
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POWHEG-BOX

Alioli et al. 1002.2581; http://powhegbox.mib.infn.it

POWHEG-BOX: framework to automatically shower NLO calculations.

The user only needs to provide a simple set of routines (Born, color
correlated Born, virtual, real, phase space)

First application to a 2 — 4 process: pp > W"W™ + 2 jets
Melia, Nason, Rontsch, GZ 1102.4846
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G. Zanderighi — Oxford University
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@ agreement depends on details of observable definition
G. Zanderighi — Oxford University
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POWHEG-BOX

Alioli et al. 1002.2581; http://powhegbox.mib.infn.it

POWHEG-BOX: framework to automatically shower NLO calculations.
The user only needs to provide a simple set of routines (Born, color
correlated Born, virtual, real, phase space)

First application to a 2 — 4 process: pp > W"W™ + 2 jets
Melia, Nason, Rontsch, GZ 1102.4846

POWHEG+PYTHIA +—e . POWHEG+PYTHIA
NLO e ’ p,_}a - 190 GeV _:ﬁ_:__ f l : NLO :ome

G. Zanderighi — Oxford University
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aMC@NLO

aMC@NLO = Automated complete event generation at NLO

* no public code yet [will be at http://amcatnlo.cern.ch]
e currently only Herwig (Pythia6, Herwig ++ in progress)

First example Htt / Att

bi b t LHC 7 TeV
o per bin [pb] a € o per bin [pb] at LHC 7 TeV

H 120
H 120

aMC@NLO

1.4
1.2
1.0
0.8
0.6
1.4
1.2k
1.0
0.8
0.6
1.4
1.2
1.0F
0.8E
0.8

logyo[pr/GeV]

Scalar and pseudoscalar NLO divergence

very similar at large p¢ — Sudakov suppression
G. Zanderighi — Oxford University
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Problem:in MC@NLO or POWHEG multi-jet radiation done only in the
shower (soft/collinear) approximation

|dea: improve NLO+PS with higher-order matrix elements
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MENLOPS

Hamilton and Nason 1004.1764

Problem:in MC@NLO or POWHEG multi-jet radiation done only in the
shower (soft/collinear) approximation

|dea: improve NLO+PS with higher—order matrix elements
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MENLOPS

Hamilton and Nason 1004.1764

Problem:in MC@NLO or POWHEG multi-jet radiation done only in the
shower (soft/collinear) approximation

|dea: improve NLO+PS with higher-order matrix elements

For example, for W production merge
I W@NLO
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MENLOPS

Hamilton and Nason 1004.1764

Jet distributions in WV production:

~ | gy
% %
o &
~ ~
2 2
ﬁ: e
h b
o, [« 7
< 'O
~ ~
O o
o <

Ao/o [%]
Ao/o [%]

NLO quality accuracy for inclusive quantities but improved sensitivity

to hard radiation and multi-parton kinematic features
see also Lavesson and Lonnblad 0811.2912; Hoeche et al. 1009.1127
G. Zanderighi — Oxford University



Giant K-factors

: Rubin, Salam, Sapeta 1006.2 144
Case study: Z+|jet
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pp, 14 TeV
anti-k,, R=0.7 SRy Sy
Prj1 >200 GeV,Z —»e'e’ MCFM 5.7, CTEQ6M

250 500 750 1000 250 500 750 1000 250 500 750 1000
V=prz [GeV] V= Pr,1 [GeV] V= Hleets [GeV]

G. Zanderighi — Oxford University



Giant K-factors

Rubin, Salam, Sapeta 1006.2 144

Case study: Z+|jet

Three observables

that are equivalent
at LO
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pp, 14 TeV
anti-k,, R=0.7

Pyjy > 200 GeV, Z — e'e

250 500 750
V=p,, (GeV]

1000 250

500 750
V=p [GeV]

MCFM 5.7, CTEQEM

1000 250

500 750 1000
V = Hr oy [GeV]

G. Zanderighi — Oxford University



Giant K-factors

: Rubin, Salam, Sapeta 1006.2 144
Case study: Z+|jet

Three observables

that are equivalent
at LO
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pp, 14 TeV
anti-k,, R=0.7 IS N
Pyji > 200 GeV, Z — e’e’ MCFM 5.7, CTEQEM

—

250 500 750 1000 250 500 750 1000 250 500 750 1000
V=p,[GeV] V=p [GeV] V= HT_jets [GeV]

Reason:
B@ I =

Z

G. Zanderighi — Oxford University



Giant K-factors

Case study: Z+|jet

Three observables

that are equivalent

at LO

Reason:
B@ I =

Z
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pp, 14 TeV
anti-k, R=0.7
Pyjy > 200 GeV, Z — e'e

250 500 750
V=p,, (GeV]

NLO: Olew (X%

1000 250

Rubin, Salam, Sapeta 1006.2 144

MCFM 5.7, CTEQEM

500 750
V=p [GeV]

1000 250 500 750
V = Hr oy [GeV]

1000

G. Zanderighi — Oxford University



Giant K-factors

Rubin, Salam, Sapeta 1006.2 144

Case study: Z+|jet

Three observables

that are equivalent
at LO
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pp, 14 TeV
anti-k, R=0.7
Pyjy > 200 GeV, Z — e'e
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250 500 750 1000 250 500 750 1000 250 500 750 1000
V=p,[GeV] V=p [GeV] V= HT_jets [GeV]
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Rermr r NLO: 0ew 02

Z

e . . .

Dominant contributions at high p: (EW logarithms + qq enhancement)
G. Zanderighi — Oxford University



Giant K-factors

Origin of giant K-factors:

new partonic channels entering at
NLO are enhanced wrt LO Ji.e.
giant K not related to “loop”]

LO matrix element catches the
large effect, but has LO quality.
Would like NLO quality on Z+ljet
and Z+2jets (extension of MLM/
CKKWYV procedures)

Rubin, Salam, Sapeta 1006.2 144
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Giant K-factors

use k¢ algorithm to determine
branching history

soft particles are “looped” =
removed from the event, residual
hard event adjusted

use a unitary operator to cancel
divergences

extension to NNLO simple:
apply LoopSim to exact NLO to
get approximate two loop

Rubin, Salam, Sapeta 1006.2 144

Validation in DY: works well
also when K not giant

NLO
1.8 I W) NLO (u dep)
nNLO (R, g dep)
III1T NNLO

ol
-
=

=

S
T
8
X

pp, 14 TeV-
66 <my, <116 GeV

10 20 30 40 50 60 70 80 90 100
Py max [GeV]

0
TN SN 6 <1+O<K > ))
NNLO

Expect to see other extensions of the MLM/CKKW matching procedures

in the near future

G. Zanderighi — Oxford University



Inclusive W/Z

w see talks of S. Forte and F. Petriello

Impressive agreement between NNLO theory and experiment

0.887 =

0.882 =

0.993 =

1.003 =

0.881

0.990 =

1 1.2
Ratio (CMS/Theory)

Quantity

o x BE(W=)

o x BF(W™)

o x BF(W™)

o X BF(Z)

o x BF(W)/o x BF(Z)

o x BF(W™) /o x BF(W~) | 0.990 = 0.011 (ex) % 0.037

CMS PAS EWK-10-005

35 pb at Vs=7Tev

« CMS, 36.pb", 2010
* CDFRunll
* DORunl

0.009 = 0.049 : * UA2
g e © UAT

0.009 ., = 0.051

theo.

o x B (nb)

0.010,, = 0.056

thee.

0.010,,, = 0.047

) PP
+0.010,,, +0.016
- 0'011"" + 0.037 theo. Theory: FEWZ and MSTWOE NNLO PDFs

Collidt‘e?energy (TeV)

. Lumi.
Ratio (CMS/Theory) | uncert. (4%)
—

0.987 £ 0.009 (ex) 4 0.051 (th) [£0.051(tot
0.982 £ 0.009 (ex) == 0.049 (th) [£0.050(t
0.993 £ 0.010 (ex) % 0.056 (th) [£0.057(t
1.003 == 0.010 (ex) = 0.047 (th) [£0.048(
0.981 £ 0.010 (ex) 4 0.016 (th) [£0.019(tot
) (th) [%=0.039(tot
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Top

Most interesting SM quark, large mass implies large Yukawa coupling,
also prominent decay product in many NP signatures

Good agreement between LHC data and
NLO (approx. NNLO) QCD
Fervid activity towards exact NNLO

i

» see talk of Eric Laenen

Motivations
* constrain gluon pdf
* top mass from cross-section
* top FB asymmetry

CMS PASTOP-11-001

value = stat. = syst. = lum. error
(lumincs ity)

unc. = cor= lum.

[ ]
CMS combined (prel.) 15810+ = 6
l+jets+tag & dilepton (36 pb™)

o—
CMS |+jets+tag (prel.) 150+ 9«17 + 6
(36 pb”)

CMS dilepton (prel.) ' 168+ 18+

O =
(36 pb™)

. ¢ ——T ) 6
CMS I+jets (prel.) 17314 =55 = 7
(36 pb™)

(—_———‘—)
CMS dilepton 194 £ 72 53 = 21
Phys. Lett. B695 (2011) 424 (3pb”)

¢ —— P —

B ]
ATLAS combined 14531+ =16
arXiv:1012.1792 [hep-ex] (3pb”)

Theory: Langenfeld, Moch, Uwer, Phys. Rev. D80 (2009) 054009
MSTW2008(N)NLO PDF, scale® PDF(80% C.L.) unc.

50 100 150 200 250 300
Top Pair Production Cross Section [pb]
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Top charge asymmetry

A Aaltonen et al.
B oranssn 1101.0034

0.44 — tf NLOQCD

theory
B total

| 750pb
0.068 fb/GeV

(dos/dM,;)”  Arg (ALg)”

450 GeVie™

away from the NLO+NNLL theory. Seen both by CDF and
DO, effect enhanced at large M, recently also in dilepton channel

Asymmetry is zero at LO. But theoretical argument suggest that NLO

is robust under higher order corrections (unlike asymmetry in tt+1jet)
Melnikov and Schulze 1004.3284

Various new models try to explain data, but difficult to preserve good

agreement with symmetric cross-section
G. Zanderighi — Oxford University



Jet algorithms

ATLAS and CMS adopted as default jet-algorithm:

TR Y 7
{1 2 2 )
E 10* —e— CMS Data (2.9 pb") s , i . Data max ( ktz ) kt] R
4 A —Fit — Fit
a1 \ [_] 10% JES Uncertainty - - * s =7 TeV - . .
A QD Pytia + CMS Simulation bRy, o e Cacciari, Salam, Soyez '08
£ 102 ----- Excited Quark S Ve . de‘ =36pb’
'\g — - String \s=7TeV ¥ q*(2500)
T 10 i <25 &lAnl <1.3 : ” 3 S f h LHC
\\s (1 Tev) - N O a r, at t e
\.\ E > = % -

jets could probe the
highest energy scales

500 1000 1500 2000

Reconstructed m, [GeV]

CMS PRL 105 (2010) ATLAS New |. Phys 13 (201 1) [Tevatron ~ | TeV]

Also used: Cambridge-Aachen (CA), k: algorithm and SISCone
Catani et al.’92-’93; Ellis and Soper ’93; Dokshitzer et al.’97; Salam and Soyez ’08

All these algorithms are infrared-safe!

G. Zanderighi — Oxford University



3 jets / 2 jets ratio

CMS L,,=36 pb
\s=7 TeV anti-K R=0.5

PP e

Data
PYTHIAG tune Z2
PYTHIAG tune D6T
=== == PYTHIAS8 tune 2C
—— + = MADGRAPH + PYTHIAG6 tune D6T
= ALPGEN + PYTHIAG tune D6T
HERWIG++ tune 2.3
Systematic Uncertainty

CMS col. 1106.0647

* agreement with theory (within 20%), but comparison carried out to
LO only [large theoretical uncertainties]

* both 2 and 3 jets known to NLO in QCD

Nagy hep-ph/0307268; http://www.desy.de/~znagy/Site/NLOJet++.html

* di-jet production in POWHEG [NLO+Parton Shower]

Alioli et al. 1012.3380; http://powhegbox.mib.infn.it
G. Zanderighi — Oxford University
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Inside jets

w= see talk of B. Demirkoz for
ongoing studies in ATLAS

Today, we have a yet more sophisticated description of jets
* boosted objects > fat jets
* ook inside a fat jet > jet-substructure

* eliminate U.E./PU. radiation from jet > jet-grooming
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Jets in SUSY

SUSY with R-parity violating decays )2(1) — (44 most difficult challenge

signal + background —
background (just dijets)
signal

signal + background
background (just dijets) ——
signal

: “iﬁ;litf;{éﬂé f
it A :

Cam/Aachen + fit, R=0.7
Puy > 500 GeV, 254 > 0.15, my: > 0.25 my,,.
P D> {‘ CC.SO} GeV, :;\y's,, !.‘.',"gl <15

g 2
= =
- (3]
@ a
— c
< e)
o) Lo
D 2
g S

S
g o

@)
g o
= =
o’ X
& £
£

Camigachan R=0.7

gIwig 6.5 + Jimmy 4.3

Look inside the jets with method of
Butterworth et al. 0906.0728

Sophisticated jet studies a young field. No precise rules for systematically
making discoveries easier. Potential demonstrated, more “work in progress”
me http://boost201 |.org

G. Zanderighi — Oxford University



http://boost2011.org/
http://boost2011.org/

Conclusions

QCD is a very dynamic field. Amazing progress in recent years, | hope |
managed to convey a flavor of it
e amazing technical achievements (higher multiplicities and/or loops)
* clever merging to catch best features of different calculations
* ingenuity in refining observables

* sophisticated techniques for looking inside jets
. also spectacular formal developments [IR/UV structures, N 4 or
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http://thinkexist.com/quotation/science_progresses_best_when_observations_force/173517.html
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Pdfs: recent progress

= see talk of Stefano Forte

e NNLO evolution, thanks to seminal work of Moch,Vermaseren,Vogt
(2004) on NNLO spllttlng functlons
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Benchmark processes

Uncertainty

from pdfs and os
on benchmark

processes

oy
=
z
11]
a
=
o

LHC 7 TeV

CT10 NNPDF 2.0 /2.1 MSTW08
ag=0.118 ag=0.119 a,=0.119 a,=0.119 a,=0.120

LHC 7 TeV

CT10 NNPDF 2.0 /2.1 MSTW08
ag=0.118 ag=0.119 a,=0.119 a,=0.119 a,=0.120

(2B [nb]

o(H, my=120 GeV ) [pb]

= see talk of Stefano Forte

LHC 7 TeV

CT10 NNPDF 2.0 /2.1 MSTWO8
ag=0.118 ag=0.119 a,=0.119 a,=0.119 a.=0.120

LHC 7 TeV

CT10 NNPDF 2.0/2.1 MSTWO08
ag=0.118 a;=0.119 a,=0.119 as=0.119 as=0.120

%

NN col.‘l |



Giant K-factors

Rubin, Salam, Sapeta ’10

> u S e S Oft a— Igo rith m to d ete rm i n e (a) Input event (b) Attributed emission seq. (c) Born particle ID
branching history

. 5 4 1‘/2 4 1 » 4 1 2
~ 0000000
* soft particles are “looped” = 3 3 3

removed from the event’ reSiduaI (d) Output 1-loop event (e) 2nd output 1-loop event (f) Output 2-loop event
hard event adjusted ‘) k |>
® use a unitary operator to cancel

divergences

e extension to NNLO simple: v(event) Z U, (event)

apply LoopSim to exact NLO to Slmu|ate l-loops
get approximate two loop U(event) = in the event

= Z + jOLO + Uy(Z + 2§QLO)
= Z + jONLO + Uy(Z + 2j@NLO)



Jets in Z+H (— bb)

Recall why this search channel is hard:

o0
)
Q
o

(@]

O
—~
>
L
O
w
~
w2
~—
=
L
>
[P}

o(pp — bb) ~ 400pb

o(pp — Whb) ~ few pb
o(pp — tt) ~ 800pb

I S|
100 150 200 250 300

)
My, (o) [GeV/e?] o(pp — Wjj) ~ few 10*pb




Jets in Z+H (- bb)

Butterworth et al.’08

Central idea: require boosted (high-pt) W and Higgs bosons in the event

eads to back-to-back events with two b-quarks in the same jet
nigh pt reduces the signal but reduces the background much more

nigh pt improves acceptance and kinematic resolution

Then use a jet-algorithm geared to exploit the specific pattern of
H — bb (symm.) vs g = gg,q = gg (hard — hard+soft)

\ /
—
filter




Jets in Z+H (— bb)

*j+ tt+ tb

W H® | m, =115 GeV/c’

100 150 200 250 300
m,_(.j) [GeV/c?]

20 40 60 80 100120140 160180 200
Higgs mass [GeV/c?]

Look into the jets with method
of Butterworth et al.’08

Similar methods to “look into jets” used to recover difficult ttH channel
Plehn et al.’09

Sophisticated jet studies a young field. No precise rules for systematically
making discoveries easier. Potential demonstrated, more “work in progress”



