QCD and Tools for the LHC




Open questions

Today, we face many open questions some driven by experimental data
(they have an answer), most driven by theoretical curiosity and
ambition (they might have an answer)

My top 10:

nat is the dynamics of electroweak symmetry breaking?

nat is the nature of dark matter?
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LHC & the big questions

* We hope to be at the verge of big
changes, whose depth we can
not assess yet

“This could be the discovery of the century. Depending,
of course, on how far down it goes”

G. Zanderighi — Oxford University
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LHC & the big questions

CP violation in

D at LHCb?

* We hope to be at the verge of big
changes, whose depth we can
not assess yet

* The LHC will not answer all
questions, but fundamental
questions we ask might change

* |t is a great time to be a particle
physicist

ould be the discovery of the century. Depending,
of course, on how far down it goes”

tt asymmetry at
the Tevatron !

G. Zanderighi — Oxford University



LHC status

2010 data: ~45pb"!

* commissioning and calibration
* O(100) ATLAS and CMS paper [~55 ATLAS + ~65 CMS]

* all major Standard Model processes have been re-established
(inclusive jet, inclusive photon, charged hadrons, heavy mesons, electroweak and
top processes, single top, di-bosons ...)
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Meanwhile in Batavia

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

CDF col. 1104.0699
Update to include 7.3fb"' = 4.1 ¢
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- a large numbers of tentative BSM explanations ]
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- three SM analysis  Piehn et al. 1104.4087; Sullivan & Menon 1104.3790; Campbell et al. I 105.4594
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- a large numbers of tentative BSM explanations ]

- three SM analysis  Piehn et al. 1104.4087; Sullivan & Menon 1104.3790; Campbell et al. I 105.4594
DO col. 1106.1921

G. Zanderighi — Oxford University


http://www-cdf.fnal.gov/physics/ewk/2011/wjj/7_3.html
http://www-cdf.fnal.gov/physics/ewk/2011/wjj/7_3.html

Meanwhile in Batavia

CDF sees a peak in Mj for W + dijet events: first claim 3.2 ¢ [4.3fb"]
CDF col. 1104.0699

Update to include 7.3fb”! = 4.1 ¢



http://www-cdf.fnal.gov/physics/ewk/2011/wjj/7_3.html
http://www-cdf.fnal.gov/physics/ewk/2011/wjj/7_3.html
http://www-cdf.fnal.gov/physics/ewk/2011/wjj/7_3.html

Meanwhile in Batavia

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

CDF col. 1104.0699
Update to include 7.3fb"! = 4.1 ¢

Is there a mistake?

If so, what is it?

http://www-cdf.fnal.gov/physics/ewk/20 | | /wijj

Other current few o:
Bs — pu'w [CDF], dimuon charge asymmetry [D0],W+b [CDF], tt
asymmetry [CDF, D0],(g—2)y, CP violation in D° decays [LHCDb] ...

At the LHC expect many similar cases
* need confirmation by independent experimental group
* best possible SM predictions and solid BSM predictions very helpful
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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 [BlackHat, Cuttools, GoSam, Helac-NLO, MCFM, NLOjet++, Rocket,
Topaz, Rocket,VecBos,VBF@NLO ...]
- NLO+ PS [(2)MC@NLO and POWHEG]

- NLO + NLL (NNLL) analy resummatlons [CAESAR ResBos]
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®= Things I can't

live without

Monte Carlos

Essentially every LHC analysis will make use of
one or more Monte Carlo (MC) simulations

for
“Parton Shower/Fragmentja'tion”
* the signal .
e the baCkgl‘OUhd Proton V8 — AntiProton
* underlying event / non-perturbative Y ¥ plerlying Even
corrections
* pile-up

* efficiency studies / detector response

Yet, level of sophistication is such that today almost no sophisticated study
uses “just Pythia/Herwig”. To describe hard QCD radiation need, at least,
exact matrix elements (ME), such as Alpgen, Madgraph, Sherpa, ...

G. Zanderighi — Oxford University



Progress in PS/ME

e Pythia (8.1): new p-ordered shower + sophisticated MPI, possibility to
select two hard interactions in the same event, several new processes in
and beyond at SM

* Herwigt+ (2.4): updated angular-ordered shower, default includes now
multiple interaction model, additional models of BSM

. Sherpa (I 3): dlpole shower improved mtegratlon routines, efficient
- mult-leg I"IE (Lo u X) via CRIKVY matc QW b G L i G
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e Sherpa (1.3): dipole shower, improved integration routines, efficient
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-~ multi-leg ME (Comix) via CKKW matching
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One (impressive) example

Data 2011 (\s = 7 TeV)
—— Total SM Prediction
] Alpgen W— pv

[ Alpgen ti— ql,| Once the normalization is

B Alpgen Z— (ee,uu,tr) ; T s

I Alpgen W— (e)v fixed in the low multiplicity
SUSY Point (1220,180) bin, the agreement at high

multiplicity is spectacular

fL dt~1.34 5"
ATLAS

W Control Region

p. > 55 GeV jets
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Plot taken from ATLAS col. 1110.2299
uses
Mangano et al. hep-ph/0206293
[1000+ this month]
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DATA / Prediction
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PS/ME at LHC

In terms of describing first LHC data, it is surprising how well these tools work
even without particular tunings (but of course the devil is in the ~20% details ... )
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PS/ME at LHC

In terms of describing first LHC data, it is surprising how well these tools work
even without particular tunings (but of course the devil is in the ~20% details ... )

CMS preliminary

36 pb” at \Vs=7 TeV
E/* > 30 GeV

® data
[] W— ev (MadGraph)
[ top

B other backgrounds

number of events

: ]
l-"—'i

R=0.4, | Ldt=24 pb ! ‘“"’1

—— Data Ns=7 TeV)+syst.
== ALPGEN+HERWIG AUET1x1.11
PYTHIA AMBT1x0.65

— — ALPGEN+PYTHIA MCO09' x1.22

exclusive jet multiplicity
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In terms of describing first LHC data, it is surprising how well these tools work
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CMS preliminary
36 pb” at \Vs=7 TeV
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® data
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PS/ME at LHC

In terms of describing first LHC data, it is surprising how well these tools work
even without particular tunings (but of course the devil is in the ~20% details ... )

CMS preliminary

36 pb” at \Vs=7 TeV
E/* > 30 GeV
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[] W— ev (MadGraph)
[ top

B other backgrounds
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PYTHIAG tune Z2
PYTHIAG tune D6T
= PYTHIAS8 tune 2C
MADGRAPH + PYTHIA6 tune D6T
= ALPGEN + PYTHIA6 tune D6T
HERWIG++ tune 2.3
Systematic Uncertainty

— pACO X NLO @ NonPert. Comr
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PS/ME at LHC

In terms of describing first LHC data, it is surprising how well these tools work
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Jets /0.5

ATLAS Preliminary

—®— ATLAS 2010 Data, L = 35pb”
Pythia x0.24

AT LAS 'C o NcaE::, H:.::hx::anﬂ 2 jets
2011-073  wrvmmaoss

Split/Filtered with qu >0.3
Npy =1, p, > 300 GeV

MC / Data

0000 ===

Jet Rapidity
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PS/ME at LHC

In terms of describing first LHC data, it is surprising how well these tools work
even without particular tunings (but of course the devil is in the ~20% details ... )

CMS preliminary 5 ATLAS Preliminary

—®— ATLAS 2010 Data, L = 35pb”
Pythia x0.24
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~ ATLAS
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PS/ME at LHC

In terms of describing first LHC data, it is surprising how well these tools work
even without particular tunings (but of course the devil is in the ~20% details ... )
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PS/ME at LHC

In terms of describing first LHC data, it is surprising how well these tools work
even without particular tunings (but of course the devil is in the ~20% details ... )
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PS/ME at LHC

In terms of describing first LHC data, it is surprising how well these tools work
even without particular tunings (but of course the devil is in the ~20% details ... )
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PS/ME at LHC

In terms of describing first LHC data, it is surprising how well these tools work
even without particular tunings (but of course the devil is in the ~20% details ... )
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PS/ME at LHC

In terms of describing first LHC data, it is surprising how well these tools work
even without particular tunings (but of course the devil is in the ~20% details ... )
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PS/ME at LHC

In terms of describing first LHC data, it is surprising how well these tools work
even without particular tunings (but of course the devil is in the ~20% details ... )
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PS/ME at LHC

In terms of describing first LHC data, it is surprising how well these tools work
even without particular tunings (but of course the devil is in the ~20% details ... )
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PS/ME at LHC

In terms of describing first LHC data, it is surprising how well these tools work
even without particular tunings (but of course the devil is in the ~20% details ... )
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PS/ME at LHC

In terms of describing first LHC data, it is surprising how well these tools work
even without particular tunings (but of course the devil is in the ~20% details ... )
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Events / 20 GeV

PS/ME at LHC

In terms of describing first LHC data, it is surprising how well these tools work
even without particular tunings (but of course the devil is in the ~20% details ... )
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PS/ME at LHC

In terms of describing first LHC data, it is surprising how well these tools work
even without particular tunings (but of course the devil is in the ~20% details ... )
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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

I'll spare you here one more slide full of plots ...
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Breakthrough ideas

- sew together level amplitudes to

compute amplitudes [on-shell states, » »
cuts, unitarity ... ]

by evaluating the amplitude at specific values » ®
of the 4-D loop momentum [algebraic
method]

D) D)
.AN — Z (di1i2i3’i4 7,1@27,3@4> + Z (0217/2@3 IZ<122’&3) + Z (bzlZ2 11(122) +R
]

- full D-dimensional unitarity as a practical numerical tool

Bern, Dixon, Kosower; Britto, Cachazo, Feng; Ossola, Pittau, Papadopoulos; Ellis, Giele, Kunszt, Melnikov

For a pedagogical review on unitarity methods see Ellis, Kunszt, Melnikov, GZ 1 |
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Recent NLO results

These and related ideas led in the last two years to a number of 2 — 4
calculations
[W/Z + 3jets, W*WT* + 2jets,W*W- + Jjets, ee = Sjets ...]

Berger, Bern, Dixon, Febres-Cordero, Forde, Gleisberg, Ita, Kosower, Maitre
Ellis, Frixione, Frederix, Giele, Kunszt, Melia, Melnikov, Rontsch, GZ

i Feynman dlagram methods have also been applled successfully to 2 77 4\
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W + 4jets at NLO

Sample diagrams” Berger et al. 10
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W W e
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X ! - qj

W +4jets + X — LO
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do/ dH.,

BlackHat+Sherpa

* expected reduction of theoretical
uncertainties

B NLO scale dependence

* key to top physics analyses: main
background to tt in semi-leptonic
Channel 200 400 ‘l{i(: lgg]\] 700 s00 500 1000

e Z + 4jets in progress (= SUSY)

*Leading color calculation (OK to within 3% for lower multiplicities); missing W + 6q channels (also very small)
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L + 4 jets at NLO

4 jets + MET: important background to SUSY searches o

150

[ pb/GeV ]

xt . ct
p, >25GeV, Iy 1 <3

do/ dp,

' 4 f
p, > 200GV, nl <125

66 GeV <« M <116GeV LO scale dependence

0.5 [anti-k,] NLO scale dependence
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Fourth Jet /p, [GeV ]
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Z/W: u(x)/d(x) enhancement
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W/ L with jets

J'Ld agop?  Wowvejets At the LHC because of the large
1=33 pb

4 Data 2010,\s=7 TeV energy,W/Z pr'oduction in
¥ ALPGEN

/\ SHERPA association with jets very likely
1.1 BLACKHAT-SHERPA

M. Mangano

400
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V+jets: past, present, future

3 years = time

for a PhD 3 years ago
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Automation of NLO
with MadLoop

cross-checks with 2 — 2, 3

Feynman diagrams (limited to
relatively low multiplicities)

OPP procedure for virtual
FKS subtraction of divergences

clever and efficient procedure
for instabilities

public code soon?

further improvements and
refinements expected soon
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Hirschi et al. | 103.0621

Cross section (pb)

LO

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

5072.5+2.9
828.44+0.8
208.84+0.4
1007.040.1
156.11 +0.03
54.244+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 +0.0001
0.2781 +0.0001
0.0988 4 0.0001
0.08896 +0.00001

0.16510 +0.00009

1.104 4:0.002
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NLO

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

8.91 +0.01

61462+ 0.8

10653+ 1.8
3003 £0.6

1170.0+2.4
203.0+0.2
56.69 1+ 0.07

22.95+0.07
0.01159 £ 0.00001
15.31 +£0.03

0.004876 4+ 0.000003

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
0.09869 = 0.00003
0.2099 £ 0.0006
1.036 £ 0.002




Automation of NLO

with

cross-checks with 2 — 2, 3

Feynman diagrams (limited to
relatively low multiplicities)

OPP procedure or tensor
reduction for virtual

interface to programs that
calculate the real radiation part

different systems to detect and
rescue numerical instabilities

http://projects.hepforge.org/gosam

Process

bg — Hb

dd — tt

dd — tt (DRED)
dg — dg

dg — dg (DRED)
ete” = tt

ete” — tt (LanHEP)
ete” — ui

ete” — uu (AutoTools)
99 — g9

99 — 99 (DRED)
99 — gg (LanHep)
99 — 9Z

gg — ti

gg — tt (DRED)
gg — tt (UFO)
H— YY

gb— e vt

ud — e,

ud — € U,.g

u — dd

ud = WTWes

Y =YY

Cullenetal. 1111.2034

Generation [s] | Evaluation [ms]
2.49
4.71
4.05
3.08
3.28
1.27
1.27
0.65
0.64
1.69
1.66
1.70

15.18
24.65
30.13
29.45
0.24
2.89
0.09
1.15
2.06
17.37
6.08
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Automation of NLO
with

Bevilacqua et al. | 1 10.1499

cross-checks with 2 — 2, 3

OPP procedure (Helac +
Cuttols) for virtual

tree amplitudes computed

recursively
m—1 N
interface to Helac-Dipole for 3 (dGoirinis) + dlg;ioiniais)|
the real radiation part S inivia) + dasivini) T D
é ig<iy <iy 1#10,11,12
program successfully used in et -
: 2 Z [b(Zng) +b (g; ot ] H D;

many applications o

Z [a(io) + @(g; o)) H D;

710

http://helac-phegas.web.cern.ch/helac-phegas P(q) "i'f D;.
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Merging NLO and PS

NLO good for inclusive quantities, but gives a poor description of complex
final states (exclusive measurements)

Combine best features: get correct rates (NLO) and hadron-level
description of events (PS). Difficult because need to avoid double counting




Merging NLO and PS

NLO good for inclusive quantities, but gives a poor description of complex
final states (exclusive measurements)

Combine best features: get correct rates (NLO) and hadron-level
description of events (PS). Difficult because need to avoid double counting

Working frameworks » POWHEG
’ MC@ BT T b POWH

TRy &‘"«a{

Nason 04 and later refs.




POWHEG BOX

POWHEG BOX: framework to automatically shower NLO calculations
using the POWHEG method

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

POWHEG BOX: framework to automatically shower NLO calculations
using the POWHEG method

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

First application toa 2 — 4 process: pp > W"W™ + 2 jets

An exotic SM process Melia, Nason, Rontsch, GZ 1102.4846
- finite without any jet cut

- dIStInCt S|gnature in Ieptonlc channel same sngn Ie.ptons MET k2 jets
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POWHEG BOX

POWHEG BOX: framework to automatically shower NLO calculations

using the POWHEG method Alioli et al. 1002.2581; http:/powhegbox.mib.infn.it

First application to a 2 = 4 process: pp = W*W™ + 2 jets

An exotic SM process Melia, Nason, Rontsch, GZ |102.4846
- finite without any jet cut

- distinct signature in leptonic channel: same sign leptons, MET + 2 jets
- background to NP searches, also relevant for MPI studies

POWHEG+PYTHIA ~—

POWHEG+PYTHIA ——
NLO »-

NLO »e-

>
<
S
E
-
O
-
[
I
2
°
@]
=
=
=
=
o
+
£
.

1000 1500 1000
Hy ror [GeV] Hr 1or [GeV]
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W + 2 jets in aMC@NLO

Hirschi et al. 1 104.5613

Very recent theoretical development:
aMC@NLO = automated complete event generation at NLO




W + 2 jets in aMC@NLO

Hirschi et al. 1 104.5613

Very recent theoretical development:
aMC@NLO = automated complete event generation at NLO

Application: re-analyze W + 2 jets
excess seen by CDF

(] e
e CDF/DO estimate Wijj background
(]
~ using LO Monte Carlo (LO+PS) re-
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W + 2 jets in aMC@NLO

Very recent theoretical development: Hirschi et al. 1104.5613

aMC@NLO = automated complete event generation at NLO

Frederix et al. | 1 10.5502

o/bin [pb] at the Tevatron

Application: re-analyze W + 2 jets
excess seen by CDF g cen eut 10 Gey

e CDF/DO0 estimate Wijj background
using LO Monte Carlo (LO+PS) re-
weighted to NLO or to data

e With aMC@NLO: compute directly
Wijj at the NLO+PS level. Check how

well LO+PS or NLO describe the M;
distribution

3-8
:
38
:
38
;

150

Dijet invariant mass

Result: Ratio to NLO (LO) solid (dashed)
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WI/Z + bb in aMC@NLO

Accuracy: NLO+PS, with spin correlations, heavy-quark mass effects
Frederix et al. | 106.6019




WI/Z + bb in aMC@NLO

Accuracy: NLO+PS, with spin correlations, heavy-quark mass effects
Frederix et al. | 106.6019

Zbb or Wbb

(=]t
..-'v'm<
b /

QQQQQQ< |
)
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WI/Z + bb in aMC@NLO

Accuracy: NLO+PS, with spin correlations, heavy-quark mass effects
Frederix et al. | 106.6019

Zbb or Wbb

(= {
AW \_z'k<
v/ '

e

[

. Cross section (pb)

Tevatron /s =1.96 TeV LHC /s =7 TeV
LO NLO K factor | LO NLO K factor
.74

194 389 2.01

£vbb 463 8.04

£Y4-bb | 0.860 1.509 : 9.66 16.1 1.67
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W/Z + bb in aMC@NLO

Accuracy: NLO+PS, with spin correlations, heavy-quark mass effects
Frederix et al. | 106.6019

Example: signal & background
with the same acccuracy

o/bin [pb] at LHC 7 TeV
Wbb (aMC&NLO)
Zbb (aMC@NLO)

ZH x10 (MC@®NLO)

Cross section (pb)

Tevatron /s =1.96 TeV LHC /s =7 TeV
LO NLO K factor | LO NLO K factor
fvbb 463 8.04 . 19.4 38.9 2.01 mjy,;.Jvz] [GeV]

€676 | 0.860 1.509 1. 9.66 161  1.67 NLO (mb=0): Cordero, Reina,Wackeroth '06 (no W decay)
Badger, Campbell, Ellis ’1 | (with W decay in MCFM)
Also in POWHEG: Oleari, Reina |1105.4488

G. Zanderighi — Oxford University



VBF processes

Suppressed color exchange between quark lines
u |ittle jet activity in the central region
m in general modest QCD effects

m two forward (tagging jets)




VBF processes

Suppressed color exchange between quark lines
u |ittle jet activity in the central region
m in general modest QCD effects
m two forward (tagging jets)

Physics of Vector-Boson-Fusion (VBF) processes is very rich.
Unique window at EW symmetry breaking.

e A proer dlscu55|on would need a dedlcated talk
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VBF processes

Suppressed color exchange between quark lines
u |ittle jet activity in the central region
m in general modest QCD effects

s two forward (tagging jets)

Physics of Vector-Boson-Fusion (VBF) processes is very rich.
Unique window at EW symmetry breaking.

A proper discussion would need a dedicated talk

VBFNLO: flexible parton level Monte Carlo for VBF processes at NLO
The code is available at http://www-itp.particle.uni-karlsruhe.de/~vbfnloweb

Recent progress:
* new processes: jjy, WZ) Wy, WWy ZZy,WZy, Wy, Zyy, yyY
* anomalous (quartic) couplings
* extension to MSSM

G. Zanderighi — Oxford University
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Drell-Yan

Drell-Yan processes: Z/W production (W — v, Z = I*]")
Golden-processes in QCD because
v’ dominated by quarks in the initial state

v’ no gluons or quarks in the final state at LO

v leptons give clear signature

= as clean as it gets at a hadron collider

Inclusive cross-section computed as

hadronization
parton distribution partonic cross- corrections
functions (PDFs) section l

AT l (AQCD>"

o= /dxldef(xlaNF)f(CU%MF)a'(xlaZUQ;{p}§MR>MF) A
known to NNLO known to NNLO

Q
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Drell-Yan

Best known process at the LHC

v known at NNLO in QCD, fully differential in lepton momenta including

spin-correlations, finite-width effects, Y-Z interference
FEWZ Melnikoy, Petriello ’06; DYNNLO Catani et al.’09

v also NNLL transverse momentum resummation and soft gluon

resummation (ResBos
( ) ResBos Balazs and Yuan ‘97; Bozzi et al.’ | |

Scale stability and sensitivity to PDFs

pp - (Z,7)+X at Y=0

Vs = 14 TeV
M= M,
MRST2001 pdfs
e = lp = 1 - Vs = 14 TeV
up =, pp =M — — — M= M,

M/2 < pu s 2M

d%0/dM/dY [pb/GeV]

-
[
S
X
Ne}
B
e
&
<
=
G
X
b
a
e

Anastasiou, Dixon, Melnikov, Petriello 03, ’05; Melnikov, Petriello 06
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Drell-Yan

Best known process at the LHC

v known at NNLO in QCD, fully differential in lepton momenta including

spin-correlations, finite-width effects, Y-Z interference
FEWZ Melnikoy, Petriello ’06; DYNNLO Catani et al.’09

v also NNLL transverse momentum resummation and soft gluon

resummation (ResBos
( ) ResBos Balazs and Yuan ‘97; Bozzi et al.’ | |

Scale stability and sensitivity to PDFs

pp - (Z,y)+X at Y=0 pp-(Z,7*)+X

Vs = 14 TeV
M = MZ
MRST2001 pdfs
Mp = Up = M _ \/S=14TeV
Mp = M ug =M — — — M= M,
M/2 £ u £ 2M

-
[
S
X
Ne}
B
e
&
<
=
G
X
b
a
e

Anastasiou, Dixon, Melnikov, Petriello 03, ’05; Melnikov, Petriello 06
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Rapidity distributions

FSTTIAIRK KKK KA R X, g
RHRARLRLILIRIIT I
ORI LLLIKLLIEN
IHXRIRILRLIXIXIAXIEN
QRRRHLILILHLILIRIN
’o‘o’c’o‘o’a’o’a’a’a’o&fﬁo&%'
0059,
3

TXK
0::::’
SR

P

d?c/dM/dY [pb/GeV]

>
()]
(&
~
o)
e
M
o
~N
=
o
~
b
o
o

Anastasiou, Dixon, Melnikov, Petriello ’03,’05; Melnikov, Petriello ’06

@ LHC: perturbative accuracy of the order of |%.This is absolutely unique.
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NNLO vs. LHC data

Spectacular experimental achievements in very little time!

CMS preliminary

W —eva
Wit = uv a
Ze — CC

Lot = 1 @

Zy et/ Zier(— €€)
Z:.#'Zm(—o pu)
sin“6yy

36 pb”’ at \s=7 TeV

lumi. uncertainty: £+4%

0.968 £ 0.009 gxp £ 0.050 trec
098210017 gxp £ 0049 oo
0993 £ 0019 oy £ 0.054 400
0.047 400
0043 1rec
+ 0077 meo
£ 0042 ne

¢ 0.007 1ec
001540

0.035 e
0.017 thec
0.017 e

0.020 theo
1.208 £ 0.280 gxp £ 0.02110e0
1.059 2 0281440 £ 0.167 geo
1.000 £ 0272 gxp £ 0.185 00
0.989 £ 0.037 gyp £ 0.001 1100

1003 ¢
1029+
1.1212
0969 2
0956 ¢+
09813
0954 ¢
0854 2
0833+
0992+

1 1.5
Ratio (CMS/Theory)

0010 ¢
0097 gxp ¢
0177 exc
0.121 o
0381,
0018 o,
003 ¢p ¢
0097 gxp ¢
0088 o\p ¢
0199 ¢

* remarkable agreement
with theory

* precise measurement of
W/ Z properties (also
notice measurement of
sinZ0w)

e achieved control and
precision already allows

improvements on PDFs
(see later)
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Charge asymmetry

Natural extension of the inclusive cross-section is the Ry = VW+/VW- ratio.
Study Rw as a function of kinematics variables, e.g. charge asymmetry as a
function of lepton rapidity

E— ' o Ry (n)
g v Ry (1) + 1
o ABKMO9

®* measurement very sensitive to
PDFs since many uncertainties
cancel in ratios

* good agreement with various
PDFs but very sensitive to

ATLAS Preliminary shape details

* similar results by CMS
(not shown here)

J L dt = 33-36 pb”

G. Zanderighi — Oxford University



Charge asymmetry

Effect of ATLAS and CMS lepton charge asymmetry on NNPDF global fit

Q%= M, ratio to NNPDF2.1 Q? = M2, ratio to NNPDF2.1

1.3

1.25

\
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77

Reduction of uncertainty of the order of 10-30% in the range x=10"3-10""

Similar results for d-quark and other sea distributions R e e

NB:

LHCDb data at larger rapidities probe larger and smaller values of x that are less constraint,
they will have a larger impact than ATLAS/CMS soon
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Combined Higgs searches

* main decay channels considered: ATLAS-CONF-2001-157
WW= Wiv, ZZ— 4l, ZZ— v, ZZ— llqq,
VAT L2 | 0 5 P O o D T

* 6/ independent sub-channels considered in
the full mass range | 10-600 GeV

* integrated luminosity 1.0-2.3 fb! per
experiment

* backgrounds in signal region are derived
from control region with data-driven |
methods (but for di-boson production). | 200
Extrapolation relies on most up-to-date Higos boson mass (GeV/e)

theory tools (DY@NNLO, FEWZ,
HATHOR, MCFM, POWHEG ...)

G. Zanderighi — Oxford University



Combined Higgs searches

ATLAS-CONF-2001-157

ATLAS + CMS Preliminary, Vs = 7 TeV
L, = 1.0-2.3 fb/experiment

ATLAS + CMS Preliminary, \/'s = 7 TeV | —— Observed
.3 fb /experiment Expected = 10

o
-
o

&
]
®
c
(@)
=
E
—
O
R
o)
o

M Higgs boson hypothesis

—
o
o
o

CLgof S

i ‘ 1 ‘ : : " 1 A .
200 300 400 500 600 300 400 500 600
Higgs boson mass (GeV/c?) Higgs boson mass (GeV/c?)

* 95%CL exclusion in the mass range 141-476 GeV [expected in the
absence of signal is 124-520 GeV]

* 146-443 GeV excluded also at 99%CL, with the exception of three small
regions between 220 and 320 GeV

* |largest excess in the searched mass range [| |0-600] GeV has a
significance of 1.6 0 (around | 13-119 GeV) and makes the observed
limits at low mass less restricted than expected

G. Zanderighi — Oxford University



Top

Large Yukawa coupling and prominent decay product in many new-physics

models. The place where new physics will show up?

Good agreement between LHC data and
NLO (approx. NNLO) QCD
The frontier of NNLO

Motivation for NNLO

CMS Preliminary,N's=7 TeV

CMS hadronic
TOP-11-007 (L=1.08/fb)

CMS tau dilepton
TOP-11-006 (L=1.09/fb)

CMS combined
TOP-11-001 (L=36/pb)

CMS |+jets+btag
TOP-10-003 (L=36/pb)

CMS dilepton
arXiv:1105.5661 (L=36/pb)

136 +20+, + 8

(val = stat. = syst. = lum)

149 +24 5 = 9

(val = stat. = syst. = lum)

158 + 5 + 6

(val = tot. = lum.)

150 + 9:]; + 6

(val = stat. = syst. = lum)

16818214+ 7

(val = stat. = syst. = lum)

* constrain gluon pdf _— A
* top mass from cross-section o100 50 (0000
* top FB asymmetry

(val = stat. = syst. = lum)

Theory: Langenfeld, Moch, Uwer, Phys. Rev. D80 (2009) 054009
MSTW2008(N)NLO PDF, scale® PDF(90% C.L.) uncertainty

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

Large Yukawa coupling and prominent decay product in many new-physics
models. The place where new physics will show up?

Good agreement between LHC data and
NLO (approx. NNLO) QCD
The frontier of NNLO

: Theory (approx. NNLO)
.1 . -
JLdt =35 pb '(L+jets, 2010) m = 172.5 GeV

JLdt = 0.70 b '(dilepton, 2011)
L+jets w/ b- tagging % 186+ 10 ° 3(', +6
Dilepton w/o b- tagging e 171¢6 1% +8

Combination : 1765 'y +7

Motivation for NNLO
* constrain gluon pdf
* top mass from cross-section
* top FB asymmetry

L+jets w/o b- tagging 171217 °

Dilepton w/ b- tagging 177+6 *17 *
: (stat)x(syst)E(lumi)

0
o
—
—
a—
o
o
.
5
Y
V)
S
<
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lTop charge asymmetry

1 CDF 1101.0034 Tension between sym. and asym.

= !t parton -level

CDF data 5.3 b
theory

B total

1 75pb
0.068 fb/GeV

(doy/dM,5)”  Ap, (Agg)”
Haisch & Westhoff |1 106.0529

450 GeVie™

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

Asymmetry is 0 at LO, but theoretical arguments and partial higher

orders suggest that NLO is robust under higher-order corrections
Almeida et al. 0805.1885; Melnikov and Schulze 1004.3284;Ahrens et al. 1 [06.6051 ...

Various new models try to explain data, but difficult to preserve good
agreement with symmetric cross-section, like-sign top decays, ...

G. Zanderighi — Oxford University
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( Things I can't

live without

Parton densities Slpas

Huge effort in understanding differences and improving theoretical and
statistical treatment from all groups, reflected in new PDF sets

[ABMI |, CTI10, HERApdfs|.6, R, MSTWO08, NNpdf2.1]

NNpdf reached full maturity, all towards NNLO, improved treatment of heavy quarks, more flexible
parameterizations, dynamic tolerance, inclusion of more data in fits . ..
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g Things I can't
live without

Parton densities

Huge effort in understanding differences and improving theoretical and

statistical treatment from all groups, reflected in new PDF sets
[ABMI |, CTI10, HERApdfs|.6, R, MSTWO08, NNpdf2.1]

NNpdf reached full maturity, all towards NNLO, improved treatment of heavy quarks, more flexible
parameterizations, dynamic tolerance, inclusion of more data in fits ...

NNpdfs 1107.2652

LHC 7 TeV. VRAP LHC 7 TeV, HATHOR, mt = 172 GeV LHC 7 TeV, VRAP

NLO | NNLO 6 NNLO

MSTWO8 v MSTW MSTWCO8 MSTW MSTWOS8
NNPDF2.1 NNPDF2. ABKMO9 . NNPDF2. NNPDF2.1 ABKMO9 NNPDF2. NNPDF2.1 I

1= 0.119,0.120

‘ L
I'T) inb)

Q
o

o
o

CMS + ATLAS average, 36 pb' ——

LHC average o(ttbar) = 169 +- 13pb —— + CMS + ATLAS average, 36 pb'
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PN = Things I can't
live without

Parton densities

Huge effort in understanding differences and improving theoretical and

statistical treatment from all groups, reflected in new PDF sets
[ABMI |, CTI10, HERApdfs|.6, R, MSTWO08, NNpdf2.1]

NNpdf reached full maturity, all towards NNLO, improved treatment of heavy quarks, more flexible
parameterizations, dynamic tolerance, inclusion of more data in fits ...

NNpdfs 1107.2652

LHC 7 TeV. VRAP LHC 7 TeV, HATHOR, mt = 172 GeV LHC 7 TeV, VRAP

NLO = NNLO 6 NNLO

MSTWo8 .' < MSTW MSTWOS MSTW! MSTWOS
NNPDF2.1 NNPDF2. ABKMO9 . NNPDF2. NNPDF2.1 ABKMO9 NNPDF2. NNPDF2.1 [

1= 0.119,0.120

)
.c -
5
)
=3
=1

g ap ;
CMS + ATLAS average, 35 pb LHC average olttbar) = 169 +- 13 pb —— F CMS + ATLAS average, 36 pb"'

Differences due to:
|) different data in fits
2) different methodology
(parametrization, theory)

3) different treatment of heavy quarks
4) different as
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g Things I can't

live without

Parton densities

Huge effort in understanding differences and improving theoretical and
statistical treatment from all groups, reflected in new PDF sets

[ABMI |, CT 10, HERApdfs 1.6, JR, MSTWO8, NNpdf2.1]

NNpdf reached full maturity, all towards NNLO, improved treatment of heavy quarks, more flexible
parameterizations, dynamic tolerance, inclusion of more data in fits ...

NNpdfs 1107.2652

LHC 7 TeV. VRAP LHC 7 TeV, HATHOR, mt = 172 GeV LHC 7 TeV, VRAP

NLO i NNLO o NNLO

MSTWO8 MSTWO8 MSTW MSTWO8
NNPDF2.1 NNPDF2.1 ABKMOS NNPDF2. NNPDF2.1 ABKM

1= 0.119,0.120

A " —
CMS + ATLAS average, 35 pb an LHC average o(ttbar) = 169 +- 13pb —— + CMS + ATLAS average, 36 pb"'

Differences due to:
|) different data in fits
2) different methodology
(parametrization, theory)

3) different treatment of heavy quarks

G. Zanderighi — Oxford University



Xsin year 201 |

dedicated workshop in Munich in February 201 |
1110.0016

2009 world summary
s = 0.1184 + 0.0007

July 2009

s & Deep Inelastic Scattering
oe ¢'¢ Annihilation
o® Heavy Quarkonia

Preliminary 201 | average: &s = 0.1 I83
Q [GeV]

as(Myo)
0.1197 + 0.0016
0.1142 4+ 0.0023
0.1198 + 0.0032

T-decays 1.78
DIS [F5] 2-170
DIS [e-p — jets] 6 - 100
T decays 9.46
14 - 44

0.119+0.008
0.1172 £+ 0.0051
50-145 | 0.1161 £ 0.0045
eTe” [ew prec. data) 91.2 | 0.1193 4 0.0028
eTe” [jets & shps] 91 - 208 ‘ 0.1208 4 0.0038
te~ [5-jet] 91 - 208 | 0.115579-004

|
|
|
Lattice QCD 0.1183 =+ 0.0008
|

e"e” [jets & shps]
pp incl. jets

0.1180 £ 0. 0011
0.1186 4 0.0013
0.1182 £+ 0.0010
0.1182 £+ 0.0017
0.1183 £+ 0.0010
0.1183 £ 0.0010
0.1183 £ 0.0010
0.1182 £ 0.0010
0.1182 £+ 0.0011
0.1183 £ 0.0010
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Xsin year 201 |

dedicated workshop in Munich in February 201 |
2009 world summary 1110.0016

s = 0.1184 = 0.0007 Preliminary 201 | average: &s = 0.1 I83 + O 0010
Q[GeV] | os(Myo) |

7-decays 1.78 | 0.1197 £0.0016 | 0.1180 0. 0011
DIS [F] 2-170 | 0.1142+0.0023 | 0.1186 = 0.0013
DIS [e-p — jets] 6-100 | 0.119840.0032 | 0.1182 %+ 0.0010

July 2009

s & Deep Inelastic Scattering
oe ¢'¢ Annihilation
o® Heavy Quarkonia

Lattice QCD 7.5 | 0.118340.0008 | 0.1182 = 0.0017
T decays 9.46 0.11970-098 0.1183 £ 0.0010
0.1172 £ 0.0051 |  0.1183 +0.0010

e"e” [jets & shps] 14 - 44
pp incl. jets 50-145 | 0.1161 £ 0.0045 0.1183 £ 0.0010
eTe” [ew prec. data) 91.2 0.1193 4+ 0.0028 0.1182 + 0.0010
eTe” [jets & shps] 91 - 208 ’ 0.1208 £ 0.0038 0.1182 £+ 0.0011

te~ [5-jet] 91 - 208 | 0.115579-004 0.1183 + 0.0010

Open issue: treatment of very accurate outliers e.g.

s = 0.1135 % 0.0010 [SCET, thrust at N3LO]
Abbate et al. 1 106.3080

s =0.1213 = 0.0014 [t-decays]
Pich 1001.0389

s =0.1122 + 0.0014 [NNLO DIS]

Alekhin et al. 1001.0389
G. Zanderighi — Oxford University



Xsin year 201 |

dedicated workshop in Munich in February 201 |

2009 world summary

1110.0016

os = 0.1184 £ 0.0007 Preliminary 201 | average: s = 0.1183 £ 0.0010

Process

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

o H1
A ZEUS
e DO

0.0041
B3 ay(Mp)=0.1161 " 5048

. (D@ combined fit)

eTe” [ew prec. data
ete” [jets & shps]

10
0911.2710 py (GeV)

ete” [5-jet]

I excl. mean ag(Myo)

7-decays 1.78 | 0.1197£0.0016 |  0.1180 % 0.0011
DIS [F] 2-170 |0.11424+0.0023 | 0.1186 = 0.0013
DIS [e-p — jets] 6-100 |0.1198+0.0032 || 0.1182 = 0.0010
Lattice QCD 7.5 | 0.1183£0.0008 |  0.1182 = 0.0017

T decays . 0.11970-098 0.1183 £ 0.0010
e*e” [jets & shps - 0.1172 +0.0051 |  0.1183 £+ 0.0010

.m 50-145 | 0.1161+0.0045%  0.1183 = 0.0010

93 + 0.0028 0.1182 £ 0.0010

0.1182 £+ 0.0011
0.1183 £ 0.0010

Tpert = (Z cn> @ f1)( )® f2( ) Open issue: treatment of very accurate outliers e.g.

n

s =0.1135+0.0010

Competitive measurements

at the LHC ? Combined fit
with pdfs or use ratios ? os =0.1122 £ 0.0014

s =0.1213 £ 0.0014

'SCET, thrust at N3LO]

Abbate et al. 1 106.3080

'T-decays]

Pich 1001.0389

'NNLO DIS]

Alekhin et al. 1001.0389
G. Zanderighi — Oxford University



®= Things I can't
live without

Jet algorithms |

ATLAS and CMS adopted as default jet-algorithm:

e -1 E :

CMS Data (2.9 pb™) 4 . Data
R : : —— Fit
[_] 10% JES Uncertainty - o— q*(1000) s =7 TeV

QCD Pythia + CMS Simulation - , )

Cacciari, Salam, Soyez ’08

—=— q*(1700)

----- Excited Quark ’ ) " det =36 pb’

String \s=7TeV e q*(2500)

l<2.5&IAnl <1.3 ° B

= : So far, at the LHC
\ : i " :

jets could probe the
highest energy scales

500 1000 1500 _ 2000 ] 5000 3000

Dijet Mass (GeV 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

G. Zanderighi — Oxford University



Inside jets

Today, we have a yet more sophisticated description of jets
* boosted massive objects > fat jets, with internal structure
* |ook inside a fat jet > jet-substructure
* eliminate underlying event/pile-up from jet > jet-grooming
- filtering: e.g. undo last recombinations and keep only few sub-jets
- prunlng take a jet of mterest and recluster it and veto asymmetrlc
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% xS ey SR g L= a L | 1 ‘3" \ | g‘ ‘»-.. \J | s Ly ! .- B h 118 = o ¥ G . SRR £ ¥ T L R el 25 SR ot d
¥ o d g, LI k A= A1 1 5 P o b A 3] Py G s B
Koy LA * g b 2 1Y '. A > s — '-_' Sy L ~’-_’. " ' o ~ ¥ o 1_4__ AT A $o TS (e Ton PR Sl T SRR N o S - b I ."l.
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RS e o S R ooty R ¢ 20 BRGNS ’
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Jets in SUSY

SUSY with R-parity violating decays >~((1) — 444 most difficult challenge

signal + background ——
background (just dijets) ——
signal

{ h 4 [l

Cam/Aachen + fit, R=0.7
Puy > 500 GeV, 254> 0.15, my: > 0.25 my,,.
Pes. Brg > {10080} GeV 18y, 1Ayl < 1.5

signal + background
background (just dijets) ——
signal

s
o

Camiachan R=0.7

m./(100GeV) dN/dbin per fb
S
o

2
P
4
a
£
5
2
©
S
©
o
-
o
=
3

RIwig 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”

G. Zanderighi — Oxford University



Jets in SUSY

ATLAS Preliminary

-~ Data
ww

t
+ B W+jets

f L dt =0.61 "

Example relevant for WH(—bb):
single jet hadronic mass in W+

Jets /10 GeV

Z peak evident. Very promising

Expect many new results with boosted
techniques at higher statistics soon

Jet Mass [GeV]

Figure taken from talk given by Ricardo Goncalo
on behalf of the ATLAS collaboration at EPS 201 |

G. Zanderighi — Oxford University



Conclusions

SM/QCD is a very dynamic field. Enormous progress in recent years

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
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