Standard Model theory
for collider processes




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:

. W
2. W
3. W
TP

nat is the dynamics of electroweak symmetry breaking?
nat is the nature of dark matter?

nat causes the hierarchy of fermion masses and mixings?
Y three generatlons7
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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

* 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

“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 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 ...)
® entering new territory
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Meanwhile in Batavia

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

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

1 104.0699
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 — u'u [CDF], dimuon charge asymmetry [D0],W+b [CDF],
tt asymmetry [CDF DO],(g=2), ...
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Meanwhile in Batavia

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

1 104.0699
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 [CDE DO],(g=2)y, ...

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, MCFM, NLOjet++, Samurai, Rocket,VecBos ... ]
- NLO+ PS [(2)MC@NLO and POWHEG]

- NLO + NLL (NNLL) analy. resummations [CAESAR, ResBos +
observable specific predictions, sometimes from effective theories]
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[iHixs, RGHiggs, various calculations ... ]
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[e.g. iHixs, VH@NNLO ...]




R B W
ol S AT e oAy
¥ - o

” 5 & o
eSS e bk
;

i

Things I can't
live without

Monte Carlos E&

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

* the signal

* the background

* underlying event / non-perturbative corrections
* pile-up
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PS/ME

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

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

* Sherpa (| 3) dlpole shower, efficient multi- Ieg M= (Comlx) via CKKW
matchlng
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PS/ME

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

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

e Sherpa (1.3): dipole shower, efficient multi-leg ME (Comix) via CKKW
matching
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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 ... )

R=0.4, [ Ldt=2.4 pb’

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

“eess PYTHIA AMBT1x0.65
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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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In terms of describing first LHC data, it is surprising how well these tools work
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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 ... )

™rm™

* Data 1
[Jaco

B W+jets B

B tT+jots j

[1DY+jets 1

B Single t o

I Diboson =

MC stat. unc. -

E!

H

36 pb” at Vs=7 TeV
E > 30 GeV 3

® data

[] W ev (MadGraph) 3

[ top

B other backgrounds

CMS preliminary
I T =

Jets /0.5

w
o
o
o

ATLAS Py
| ATLAS-CC
2011-073

|

T

Entries / 3 GeV
™y IIHmTI TTT

A
fL dt=1.04 b’

IYY[TIll]111‘[IYTIIIYIIIIITTIIIl1]l

TLAS Preliminary

® Jdata

Total MC
Z
Other BG

- I

[ IHII'IT] U Illlvm] I{

e —

ATLAS Preli

f L dt=1.04 fb"
muon channel

‘Lk“‘ﬁ.

. J =
— Total MC §
z
—Top 1
Diboson 1
Multijet
w

E

ATLAS Preliminary -

f L dt=1.04fb"

0 e O

LIRAALILY I‘THTT"

Tt

T j [Ty T Ty T T
ATLAS Preliminary o gata

f L dt=1.04 fb" w

Diboson

electron channel

20 40 60 80 100

L genlloedd o o o 1 o o S A0, o

—Tota

2
—Top 10

muon channel

Multi

10

E

5

L B

e data E

— Total MC 7
z

— Top
Diboson
Multijet

o N

data / theory

o
[
T

P
120 140

m. . [GeV]

G. Zanderighi — Oxford University

Pt [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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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

'll spare you here one more slide full of plots ...
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The NLO revolution

These ideas led in the last two years to a number of 2 = 4 calculations

[W/Z + 3jets, W*WT™ + 2jets, W'W- + 2jets, ee = 5jets]

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

These ideas led in the last two years to a number of 2 = 4 calculations

[W/Z + 3jets, W*WT™ + 2jets, W'W- + 2jets, ee = 5jets]

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

Feynman diagram methods have also been applied successfully to 2 — 4
processes [NB: only few years ago thIS was considered |mp055|ble]
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W + 4jets at NLO

Sample diagrams” Berger et al. 10
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* expected reduction of theoretical
uncertainties

B NLO scale dependence

* key to top physics analyses: main
background to tt in semi-leptonic
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*Leading color calculation (OK to within 3% for lower multiplicities); missing W + 6q channels (also very small)

G. Zanderighi — Oxford University



MadlLoop

Automation of NLO

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?
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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
25.6240.01
8.195 40.002

5072.54+2.9
828.44+0.8
208.8+0.4
1007.0+0.1
156.11 +0.03
54.24 +0.02

11.557 £ 0.005

0.009415 £0.000003

9.459 £0.004

0.0035131 +0.0000004

0.2906 £ 0.0001

20.976 4 0.004
11.613 4+ 0.002
0.07048 £0.00004

0.3428 +0.0003
0.1223 4 0.0001
0.2781 4 0.0001
0.0988 £ 0.0001
0.08896 +0.00001
0.16510 £0.00009
1.104 +0.002

G. Zanderighi — Oxford University

NLO

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

8.914+0.01

6146.24+ 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= 0.000003
0.4169 £ 0.0003

43.9240.03
15.174 4+ 0.008
0.1377 £ 0.0005

0.4455 £ 0.0003
0.1501 £ 0.0002
0.3659 £ 0.0002
0.1237 4 0.0001
0.09869 =+ 0.00003
0.2099 £ 0.0006
1.036 +0.002




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

» MC@NLO » POWHEG

 Frixione &Webber '02 and Iater refs: . e R - Nason 04 and Iater refs S
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POWHEG BOX

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

POWHEG BOX: framework to automatically shower NLO calculations

First application to a 2 = 4 process: pp = W'W™ + 2 jets
Melia, Nason, Rontsch, GZ 1102.4846

POWHEG+PYTHIA ~——

POWHEG+PYTHIA ——
NLO

WLLF all jets

!

3 jets only

>
[
S
]
-
O
-
[
I
-‘3
°
O
=
=
=
=
o
+
2
<

1000 1500 1000
Hy ror [GeV] Hr 1or [GeV]

@ the level of agreement depends on the observable

G. Zanderighi — Oxford University

18


http://powhegbox.mib.infn.it
http://powhegbox.mib.infn.it

POWHEG BOX

Alioli et al. 1002.2581; http://powhegbox.mib.infn.it
POWHEG BOX: framework to automatically shower NLO calculations

First application to a 2 = 4 process: pp = W'W™ + 2 jets
Melia, Nason, Rontsch, GZ 1102.4846

POWHEG+PYTHIA ~——

POWHEG+PYTHIA ——
NLO

3 jets only

>
Y
[
£
-
o
-
[
I
-2
-
O
=
=
=
=
o
-+
2
=

1000 1500 1000
Hy ror [GeV] Hr 1or [GeV]

@ the level of agreement depends on the observable
Also very recent:

aMC@NLO = automated complete event generation at NLO
Hirschi et al. 1 104.5613

G. Zanderighi — Oxford University
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Riggs searches

= see talks of E. James and W. Murray

The SM Higgs is close to be observed or excluded

e 20

Y ’ pr———
™~ .
-

18

ftter]- ]

16
This fig.
IS @ hon
authorized 2
reproductiong
of what
| understood ©

»
-
L)
-

4

Tevatron 85% CL

heory uncertainty

6
4 = .

it including theory errors
2 +««+ IFit excluding theory errors
0

5 W

100/ 150 200 250 |
. M, [GeV]
interval -

with excess Bxcl. by ATLAS/CMS also 300 < m,< 450 GeV
~25 G is excluded

slide taken from G.Altarelli
G. Zanderighi — Oxford University
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gg — H

The urge to understand EVW symmetry breaking led to most advanced

theoretical predictions, for instance, we know the main gg = H production
mechanism in the SM including

* NLO with exact top and bottom loop Djouadi, Graudenz, Spira, Zerwas '93,95

. s s Ravindran, Smith, van Neerven ’03; Kilgore and Harlander '02
. ’ ’ y
NNLO in Iarge me limit Anastasiou, Melnikov '02

¢ electroweak corrections Actis, Passarino, Sturm, Uccirati *08

- m|xed QCD EW Correctlons Anastasiou, Boughezal, Petriello ’09

3 r, E > J ) i R AR 3 . " TSNP DRI N e X 1Y . o J8 L P . AN ] ST s s o
{ £ i A= / a il ) b ~3 " g J o b o L 2 i
P Vi o B, Ve J f’ i' A -,‘,.'»\‘ 5’ .( v' b & \7 = » ¥ s ._‘ 3 ANl "“ 4‘."- r’-.h“.. '.' '*—; NGl e\ ‘,¢'} < | @ SJ"‘ . A :,- A 'I‘ 4,‘\ Qﬁa AU R L e",‘ | (e ' a8 w")g‘;l ) 1O N NP
¢ IRT ate) _ . ~i~c I o1 @ e~ v N et Yo N T W e e Aoy Ty e At A A M e S R e N O e ‘ :
b ¥ . | ~ y (24 ; b " y » * T 4 o il - AP . 2 A N a b o L 5 () P
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gg — H

The urge to understand EV symmetry breaking led to most advanced
theoretical predictions, for instance, we know the main gg = H production

So, how well do we know this process? -.
What is the theory error on it ? |

WiWwWwel WV QI WYl T el D /ACLIOy | dooal 111U, YLUIL 111, UL all U8

* mixed QED - EWV corrections Anastasiou, Boughezal, Petriello ’09

Catani, De Florian, Grazzini, Nason ’03; Moch and Vogt ’05;

: 3
o
resummation and/or N°LO soft Laenen, Magnea ’06; Ahrens, Becher, Neubert, Yang 08

e fully exclusive decays to yy,WW — I"I- vv and ZZ — 4l Catani and Grazzini '08

Anastasiou, Melnikov Petriello ’05; Anastasiou, Dissertori, Stoeckli 07

* also exclusive NNLO VH(—bb)

Ferrera, Grazzini, Tramontano ’l |

G. Zanderighi — Oxford University



gg — H

The urge to understand EV symmetry breaking led to most advanced
theoretical predictions, for instance, we know the main gg = H production

So, how well do we know this process?

What is the theory error on it ?

WiliWwWwil WiV WwUI\ W VI | eGiWViid /ACLIOy | dooal 111U, YLUIL 111, UL all U8

* mixed QED - EWV corrections Anastasiou, Boughezal, Petriello ’09

You'll find quoted errors ranging from 0% to 40%

* also exclusive NNLO VH(—bb)

Ferrera, Grazzini, Tramontano ’l |

Assigning a theoretical error very important to claim exclusion/excess, and
for measurements of couplings. Yet, even for the main Higgs production
channel there are still controversies. | will illustrate here two of them.

G. Zanderighi — Oxford University



m? resummation in Higgs

* soft logarithms can be resummed using an effective theory

* the calculation requires a matching scale, where full and effective theory
amplitude agree

e choosing a time-like matching scale effectively resums 7* terms

Higgs Handbook, 1 101.0593
Criticism:
e 112 are just numbers, there is no < V5 = 14 TeV

MSTW2008NLO

Ahrens et al.’08

limit in which they dominate
e only 2 that come from gluon form
factor are resummed (not all)

However, practically “n* resummation”
improves convergence of perturbative T T
expansion significantly my (GeV)

See also: predictions at 7 TeV including EW corrections in Ahrens et al.’ | |

G. Zanderighi — Oxford University
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m? resummation in Higgs

* soft logarithms can be resummed using an effective theory

* the calculation requires a matching scale, where full and effective theory
amplitude agree

e choosing a time-like matching scale effectively resums 7* terms

Higgs Handbook, 1 101.0593
Criticism:
112 are just numbers. there is no ‘ V5 =14 TeV
limit in which they dominate
e only 2 that come from gluon form
factor are resummed (not all)

Ahrens et al.’08

MSTW2008NNLO

. « 2 ity v E— X
However, practically “n* resummation MSTW2008NLO | /oTW2008LO
improves convergence of perturbative o T I e
expansion significantly my (GeV)

See also: predictions at 7 TeV including EWV corrections in Ahrens et al.’| |

G. Zanderighi — Oxford University



Jet veto for Higgs

Need jet veto to kill large top background, ideally pt¥¢*° = 25 GeV

ATLAS Preliminary ~ ® Dsta == SM(sys@sta) o data [ Zriets CMS preliminary

o B ww [l wzizzwy |

\l§=7Tev.f|.d|=1.o4fb D [ Singe Top — m=160  top L=11fb

H—=WW-—slvh B Z+jets[] W+jets (data ariven) WW . W2/22
CIH150)

No top veto |

W+jets

— 6657127 198 6%124% + 4 9% HT8% . 14,39 +14 0%]

Anastasiou et al. 0905.3529

G. Zanderighi — Oxford University
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Jet veto for Higgs

Need jet veto to kill large top background, ideally pt¥¢*° = 25 GeV

1200 ATLAS Preliminary ® Data = SM ’f_sys @ stat) & data . Z+jels CMS pre“mlnary
4 B ww Bl wzizzwy
\l§=7TeV.del=1.04fb ) ([ Single Top — m,=160 top L=1.1f"
H-=WW-—slvh B Z+jets[] W+jets (data ariven) WW . WZ/ZZ
() H[150]

No top veto |

W+jets

L 0EOT o0 BT L BT e RO a3 B0

Anastasiou et al. 0905.3529
Update by Campbell, Ellis, Williams 1001.4495

G. Zanderighi — Oxford University
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Jet veto for Higgs

Stewart and Tackman ’| |

naive excl. scale variation

E,=TTeV

myp=165GeV
7] < 3.0

E= NNLO
==:-NLO

10 20 30 40 50 60 70 80 90 100
pi" [GeV]

e with pt¥¢* much smaller error
* large positive correction (K-fact.)
and large negative logarithms

QCAOZS 9, MH
i T hl p\rfeto

G. Zanderighi — Oxford University
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Jet veto for Higgs

Stewart and Tackman ’| |

e with pt¥¢* much smaller error
® large positive correction (Kfacty

| ALt
‘_,,,, 4 “"“i‘ R a3 A LA o
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Jet veto for Higgs

Stewart and Tackman ’| |

\\\"!""1!\\

Eon=TTeV

Suspigious!

myy =165 GeV
<80
E= NNLO

i ==-NLO

[l
0 10 20 30 40 50 60 70 80 90 100

p5 [GeV] P [GeV]
e with pt'¢® much smaller error * with correlations between jet bins
* large positive correction (K-fact.) large K large logarithms
and large negative logarithms o o
O0jets — Otot — O>1jet
T p;feto A 00 jets — N o S A 0>1 jet

G. Zanderighi — Oxford University



Jet veto for Higgs

Stewart and Tackman ’| |

\\\"!""1!\\

Eon=TTeV

Suspicious!

oITljje— 165 GC\Y, -
==:-NLO ]

myy =165 GeV
<80
E= NNLO

i ==-NLO

[l
0 10 20 30 40 50 60 70 80 90 100

p5 [GeV] P [GeV]
e with pt'¢® much smaller error * with correlations between jet bins
* large positive correction (K-fact.) large K large logarithms
and large negative logarithms o o
O0jets — Otot — O>1jet
T p;feto A 00 jets — N o S A 0>1 jet

Resummation only for related quantities exist (pt8&, beam-thrust)

Bozzi, Catani, DeFlorian,Grazzini '03; Berger, Marcantonini, Stewart, Tackmann,Waalewijn ’| |

G. Zanderighi — Oxford University


http://arXiv.org/find/hep-ph/1/au:+Berger_C/0/1/0/all/0/1
http://arXiv.org/find/hep-ph/1/au:+Berger_C/0/1/0/all/0/1
http://arXiv.org/find/hep-ph/1/au:+Marcantonini_C/0/1/0/all/0/1
http://arXiv.org/find/hep-ph/1/au:+Marcantonini_C/0/1/0/all/0/1
http://arXiv.org/find/hep-ph/1/au:+Stewart_I/0/1/0/all/0/1
http://arXiv.org/find/hep-ph/1/au:+Stewart_I/0/1/0/all/0/1
http://arXiv.org/find/hep-ph/1/au:+Tackmann_F/0/1/0/all/0/1
http://arXiv.org/find/hep-ph/1/au:+Tackmann_F/0/1/0/all/0/1
http://arXiv.org/find/hep-ph/1/au:+Waalewijn_W/0/1/0/all/0/1
http://arXiv.org/find/hep-ph/1/au:+Waalewijn_W/0/1/0/all/0/1

Impressive agreement between experiment and NNLO theory

36 pb’at Vs=7Tev

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

0.982 = 0.009 . = 0.049 -+ UA2
’ e * UA1

0.987 = 0.009 ., = 0.051

theo.

«ax B (nb)

0.993 = 0.010,,, = 0.056

thee.

1.003 = 0.010,, = 0.047

PP
0.98120.010,, = 0.016,
0.990 = 0.011,,, + 0.037,,, ; Thecry: FEWZ and MSTWOB NNLO PDFs

1 1.2 .
Ratio (CMS/Theory) Collidef energy (TeV)

. . Lumi.
Quantity Ratio (CMS/Theory) uncert. (4%)
=" n Ma

o x BF(W™) 0.987 £ 0.009 (ex) = 0.051 (th) [£0.051(tot
o x BE(W™) 0.982 = 0.009 (ex) = 0.049 (th) [0. 050(t

(ex)
(ex) (th)
o x BF(W™) 0.993 = 0.010 (ex) % 0.056 (th) [+0.057(td
o x BF(Z) 1.003 = 0.010 (ex) & 0.047 (th) [0.048(tot
o x BE(W)/o x BF(Z 0.981 = 0.010 (ex) & 0.016 (th)

(ex) (th)

) [£0.019(tot
o x BE(W™) /o x BF(W~) | 0.990 £ 0.011 (ex) % 0.037

[£0.039(tot

CMS PAS EWK-10-005, similar results from ATLAS not shown here
G. Zanderighi — Oxford University
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‘ 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 . ..




®= 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, 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 | NNLO . NNLO

MSTWO8 v MSTW MSTWO8 MSTW MSTWO8
NNPDF2.1 NNPDF2. ABKMO9 NNPDF2. NNPDF2.1 ABKMO9 NNPDF2. NNPDF2.1 ‘

1= 0.119,0.120

= 1'T) Inb)

Q
o

S
)

LHC average o(ttbar) = 169 +- 13pb —— ‘{' CMS + ATLAS average, 36 pb'

G. Zanderighi — Oxford University
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& 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
= 1'T) Inb]

Q
o

S
)

CMS + ATLAS average, 36 pb' ——

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
4) different as

G. Zanderighi — Oxford University
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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
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Differences due to:
|) different data in fits
2) different methodology
(parametrization, theory)

3) different treatment of heavy quarks
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Xsin year 201 |

2009 world summary
s = 0.1184 + 0.0007

July 2009

s & Deep Inelastic Scattering
oe ¢’ Annihilation
0@ Heavy Quarkonia

G. Zanderighi — Oxford University
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Xsin year 201 |

dedicated workshop in Munich in February 201 |
2009 world summary Courtesy of S. Bethke

s = 0.1184 = 0.0007 Very preliminary July 2011 # : s = 0.1 I83 + O 0010
Q[GeV] | os(Myo) |

r-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

July 2009

s & Deep Inelastic Scattering
oe ¢’ Annihilation
0@ Heavy Quarkonia

T decays 9.46 0.11979:008 0.1183 £ 0.0010
e"e” [jets & shps] 14 - 44 | 0.1172 £ 0.0051 0.1183 £ 0.0010
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

*e~ [5-jet] 91 - 208 | 0.11557090% 0.1183 £ 0.0010

|
|
|
Lattice QCD 0.1183 + 0.0008 0.1182 £+ 0.0017
|

G. Zanderighi — Oxford University
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Xsin year 201 |

dedicated workshop in Munich in February 201 |
2009 world summary Courtesy of S. Bethke

s = 0.1184 = 0.0007 Very preliminary July 2011 # : s = 0.1 I83 + O 0010
Q[GeV] | os(Myo) |

July 2009

0.1197 +0.0016 | 0. 1180:4:00011
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

T-decays 1.78 ‘
Lattice QCD 0.1183 + 0.0008 |  0.1182 + 0.0017

s & Deep Inelastic Scattering
oe ¢’ Annihilation
0® Heavy Quarkonia

T decays 9.46 0.11970-098 0.1183 £ 0.0010
e"e” [jets & shps] 14 - 44 | 0.1172 £ 0.0051 0.1183 £ 0.0010
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
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Xsin year 201 |

dedicated workshop in Munich in February 201 |
2009 world summary Courtesy of S. Bethke

os = 0.1184 £ 0.0007 Very preliminary July 201 | # :s = 0.1 I83 O 0010
GeV 5(My; |

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 & s - 0.1172 + 0.0051 0.1183 £ 0.0010

m 50-145 | 0.1161+0.0045  0.1183 % 0.0010

'lew prec. data : 0.1193 + 0.0028 0.1182 £ 0.0010
ete” [jets & shps] 91 - 208 ’ 0.1208 + 0.0038 0.1182 £+ 0.0011

ete™ [5-jet] - 115570008 0.1183 + 0.0010

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)

10
0911.2710 p; (GeV)

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

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

n

Competitive meastrementi. . .o g tis stias ginde i
at the LHC ? Combined fit Pich 1001.0389

with pdfs or use ratios ? os =0.1122 + 0.0014 [NNLO DIS]

Alekhin et al. 1001.0389
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

L

= see talk of F Deliot

Motivation for NNLO
* constrain gluon pdf

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)

CMS l+jets
arXiv:1106.0902 (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)

——— )

1731425 = 7

(val = stat. = syst. = lum)

® top mass from cross-section
* top FB asymmetry

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

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)

|Ldt = 35 pb '(L+jets, 2010) m = 1725 GeV
[Ldt = 0.70 fb ' (dilepton, 2011)

L

= see talk of F Deliot

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)E(syst)+(lumi)

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

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

(dos/dM,;)” AL, (Agg)”

450 GeVie™

= see talk by S.Westhoff

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

Jet algorithms RSE)

ATLAS and CMS adopted as default jet-algorithm:

e -1 E
CMS Data (2.9 pb™) 4 . Data

— : 3 —— Fit

[_] 10% JES Uncertainty - o— q*(1000) s =7 TeV
QCD Pythia + CMS Simulation - 3 h '

. . b
Excnedoua,k e L Cacciari, Salam, Soyez ’08

— — —
QD QU
T R
<o

2 y " *
- String s=7TeV Z q*(2500)
Ml <2.5&lAnl < 1.3

oo f -~ » So far, at the LHC
A , * . A il jets could probe the
highest energy scales

do/dm (pb/GeV)

e
o

1

500 1000 1500 _ 2000

2000 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
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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

- pruning: take a jet of interest and recluster it and veto asymmetric
wide angle recombination

by 2 PE= 3 ~ p Al ’ €. dyf '
= g s LN -~ e X7 P ) e N ey o5, S T o0 - o ¥
¥ T s o N [, T MV ] U G A . . o 5 a
TN 50 o o T _1. A ey - ARY N b ¢ I o N PR
Yad W

N TR St
R Labes ) s

2% ‘ o YRS =5 ) | | e 1 0 e LN
NO°® (1INC'AY (1 YEKCOI10NN\N 1N 2 16
Sl { €5 ¢l aed 3 k |

. L
’, "irnmrnm |
y 6 |




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

m./(100GeV) dN/dbin per fb~’
S 5
o o

Camiachan R=0.7

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
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Jets in SUSY

ATLAS Preliminary

--Data
WWw

t
+ B W+iets

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]
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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

also spectacular formal developments [IR/UV structures, /N=4 or

| A L

o N 8 SYM twistors, Wllson Ioops < amplltudes symbols ]

.," , l ‘}
pe "‘-'-7‘-:,‘. PR . "-'.".5: 25 ‘._;,f‘-“-u. S .";"« *.< Lk S8 IR : o Ve ‘~’ " 7 } ’{




Thank you for your attention

Credits
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