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hadron collider phenomenology
is a very broad topic

| had to make drastic choices

| focused on some aspects of high Q? physics
at CDF, DO,ATLAS, CMS
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Standard Model

Past & Present:
the LEP/SLD/Tevatron legacy

The Standard Model has been
a spectacular success,
weathering out all challenges

The comparison with the
electroweak precision
measurements has not changed
much in the last years

Measurement Fit  1Q™e=-Q"|/gme=e

1 2 3
m, [GeV] 91.1875+0.0021 91.1874
I, [GeV] 2.4952 = 0.0023 2.4959
o..s[Nb]  41.540=0.037  41.478
R, 20.767 = 0.025 20.743
A,U: 0.01714 = 0.00095 0.01643
R, 0.21629 = 0.00066 0.21581
R, 0.1721 = 0.0030 0.1722
AZ® 0.0992 = 0.0016  0.1038
A?:;': 0.0707 = 0.0035 0.0742
A, 0.923 = 0.020 0.935
A, 0.670 = 0.027 0.668
AI(SLD) 0.1513 = 0.0021 0.1480
m,, [GeV] 80.398 = 0.025 80.377
I, [GeV] 2.097 = 0.048 2.092
m, [GeV] 1726 =14 172.8

arch 2008 1 2 3
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Top quark production

& CDF cross section is
o =7.50 1+ 0.48 pb
relative uncertainty is

Ao /O =6.4%

© DO cross section is

o = 8.18%0%8 g7 pb

Moriond |10
1 LI I | LI I LI 1 I I L L I L L | I | LI I I I
[ Cacciari et al., arXiv:0804.2800 (2008)
771 Kidonakis & Vogt, arXiv:0805.3844 2008;
[ Langenfeld, Moch&Uwer arX|v 0906.5273 (2009)
Dilepton ' 7.27+0.71:0.46+0.42
(L=4.3 fb") (stat) (syst) (lumi)
Lepton+Jets (ANN) 7.63+0.37+0.35+0.15
(L=4.6 it
Lepton+Jets (SVX) 7.14+0,.35+0.58+0.14
(L=4.3 )
All-hadronic 7.21:0.50+1.10+0.42
(L=2.9 fb")
CDF combined 7.50+0.31+0.34+0.15
vDOF= 0.60 m=172.5 GeV/c?
llllllllllllllllllllllllllllllllll

4 5 6 7 _ 8 9 10 11
o(pb — tt) (pb)

but with a smaller sample (~ Ipb')

& CDF & DO cross sections not combined yet; likely this winter
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Top quark Mass

Tevatron

Run I: 178.0 £ 4.3 GeV
Runl +1l: 173.3 £ .1 GeV

Am/m = 0.6 %

Theory
Am/m = 0.2 Ao/o

AC/O = 6% == Am =2 GeV

the EXP error is Am = | GeV
so the TH O should be known at 3% level

ICHEP 10

Mass of the Top Quark (*Preliminary)

CDF-1 di-l

167.4£10.3+4.9

L

DO-1 di-l
‘CDF-1l di-l
'DO-1I di-
CDF-1 14}
DO-1 14
‘CDF-1l 14
DO-1I 4]
CDE-1 all
CDE-Il alkj
CDE-Il trk

Tevatron July'10

168.4 +12.3+ 3.6
—_———
1706+22+ 3.1
[ ——
174.7+£29+24
o
176.1+£5.1+5.3
———
180.1+3.9+3.6
-0
173.0x06=1.1
e
173.7+08+16
o
186.0+£10.0+ 5.7
—_——
17481719
L
175362+ 3.0
-

173.3x06+0.9
(stat) + (syst.)

y2/dof = 6,1/10,0 (819%)

I I 1

150 160

170 180 190 200
My (GeV/C?)
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VWV boson Mass

Moriond 10
CDF Run 0/1 b 80.436 + 0.081

A
DO Run | m@ —G + 80.478 +0.083
CDF Run IIQ‘ —a— 80.413 + 0.048

A
Tevatron 2007 Kv —— 80.432 + 0.039
VW (e 2:008
DO Run i —— 80.402 + 0.043 <
02008 DO’s is world best measurement
Tevatron 2009 —— 80.420 + 0.031
Amw/mw = 0.03%
World average o~ 80.399 +0.023 not changed much over last years
| I | Juyoe
80 80.2 80.4 80.6
m,, (GeV)

& Tevatron average more precise than LEP's

DO measurement based on 500k W’s
@ ATLAS, CMS will collect each as many W’s after ~ 200 pb-!

'F-‘- !
@
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Effects on global EVV fits

ElectroVVeak fits point to a light Higgs boson

Moriond 10

August 2009
1 T

T
{1 —LEP2 and Tevatron (prel.)
LEP1 and SLD

68% CL

-®
-

200

175
m, [GeV]

¢ reducing the top mass error

om:= | GeV = dmw(m;) = 6 MeV

mw = Mz COS HW

tree level
one loop ,
m T
ity (1-2) = 22 (14 )
myz V2Gp
¢ H
N
/ N
W W wow W
b
A 3a cos? Oy m?
re = — . 4 2
167 sin™ Oy, M3y,
llo m?
Aryg = — n —2H
A8 sin” Oy My
Sy o< m?

SO
Omw X Inmpyg

Thursday, September 30, 2010



Higgs search at Tevatron

Tevatron Run Il Preliminary, L=2.0-5.4 fb

)"ll IIIIAIIII.IIIII]IIIIIIIII'I"{I:II]I.!III‘!IIII
N, LEP. Exclusmn il OVAIONE

«/ v Exclusion

"panw Expected § PoA § g

10 99999444 3 — Observed. ... / : :
Ao L) # o Expected b S GSRE NSO NSRSt Ru——

i BAATATAV IR .. . .. ... SO A AR-yy ke i Sy PR IR S, YW becaiafensancacancacdatacaccaccntadencacancacan

Ll..,.'.,.*‘..".z-v.‘....»y ....... _ |---- -_.26 Expected ............

95% CL Limit/'SM

NNLO
NLO

Nov mberG 009

100 1”1'0 120 130 140 150 160 170 180 190 200

LO
H(GeV/c )
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Higgs boson Mass

Moriond 10
6 Avgust 2009 m, .. = 157 GeV
[\: - mn > 114.4 GeV
AniD) .
54 \ii %= - from direct search at LEP
Ty = 0.02758+0.00035
1 3§ - 0.02749:0.00012
4 ncl. low Q° data - my = 87+36-27 Gev
“2 5 i from EWV fits
<
2" i At 95% CL
. . mp < 160 GeV from EWV fits
| Excluded L - mH < 190 GeV combined with
xXcluae s e reliminary .
0 — . . direct search at LEP
30 100 300

m,, [GeV]
)  use m:to estimate myfrom EWV corrections

) as mychanges, large shifts in my
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the Standard Model is in excellent shape, but ...

) ElectroWeak Symmetry Breaking not tested
) neutrino masses and mixings not included
) dark matter !

.  baryogenesis 4

Q foremost task of the LHC is to understand the EVVSB:
find the Higgs boson or whatever else is the cause of it
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LHC

PP

Vs =14 TeV Ly, = 10 cm™? s
Vs= 7TeV L., =103 cm?st

initia

- Heavy ions (e.g. Pb-Pb at Vs ~ 1000 TeV)

(after 2013)
(2010-2011)

TOTEM (integrated with CMS):
pp, cross-section, diffractive physics

" — 15-m long
e LHC cryodipole |8
U=t
T
/ 2

ALICE :
ion-ion,
p-ion

The

ATLAS and CMS :
general purpose

27 km LEP ring
1232 superconducting
dipoles B=8.3 T

Here:
ATLAS and CMS

LHCDb :

pp, B-physics, CP-violation
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LHC at present (end of August 2010)

average luminosity 7.08 x 103 cm™? s/

peak luminosity  1.07 x 103! cm™? s/
to be increased by a factor 10 (100) by end of 2010 (201 1)

integrated luminosity 3.7 pb"!
(but 1.7 pb! collected in the last week of running)
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barn

mb

nb

pb

fb

LHC at design energy and luminosity

LHC s=14TeV

L=10%cm?s™

a inelastic

bb

e it

ggﬁHsm

t
qa%anEM
Hou—1y h

il

® Z.y—3

0
Hgy—2Z

MHz

kHz

SUSY Garagras |
tanfi=2, y=mz=m:/2
anf=2, u=mz=m;

mHz

—4q

scalar LQ\ Z,—2!

a0

100 200 200

1000 2000 2000

jet E; or particle mass (GeV)

»cHz -

rate ev/year

410"

1076

410"

410"

410"
410"

4 10°

4 10°

7

the LHC will be a

SM factory with
(perhaps) lots of

New Physics signals

design luminosity

L=103*cm2s!'=10°fb!s"

integrated luminosity (per year)
L = 100 fb-! yr!
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With | fb-! at 14 TeV we shall get

final state
jets (pt > 100 GeV)
jets (pt > | TeV)

W — ev, uv
Z —

events overall # of events
10?
10
2-107 107 (Tevatron)
2-106 106 (LEP)
5-10' 10° (BaBar, Belle)
8.5-10° 10* (Tevatron)

even at | fb! luminosity, LHC beats all the other accelerators

at 7 TeV, figures are slightly reduced:
W x-sect goes from 20 nb at 14 Tev to 10 nb at 7 TeV
tt x-sect goes from 850 pb at 14 TeV to 450 pb at 7 TeV
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Tevatron - LHC reach as a function of the energy
proton - (anti)proton cross sections 4 TeV

Even at 7 TeV, T

LHC is a copious source v
of SM processes,

in particular lots of
W, Z, top, jets

Tevatron LHC
.96 TeV

7/ TeV

—
o
wm
1

o_(E_™ > s/20)

g 10 C \/< 10’
~r w
© 10" oz / 10°

o (E. " > 100 GeV)

a3 2 -
events /secforsr =107 cm~ s

10 10
10° 10°
107 - 107
st X
10 4 6.01(E . > \3/4) 10 4
. Fo. (M =120 GeV) .
10° jp Moo= H 107
200 GeV
10° 10°
- 500 GeV
10’ aal 1 1 1 3 sasl 107
0.1 1

\8 (TeV)
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LHC: present & future

L) calibrate the detectors, and re-discover the SM
i.e. measure known cross sections: jets, W, Z, tt

¢ understand the EWSB/find New-Physics signals
(ranging from Z’ to leptons, to gluinos in SUSY
decay chains, to finding the Higgs boson)

w constrain and model the New-Physics theories

in all the steps above (except probably Z’ to leptons)
precise QCD predictions play a crucial role
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SM Higgs at the LHC at 7 TeV

James Stirling is 2010

. 1000 S—— —
How do the production . — .
h h , ratios of parton luminosities 5
rates change when going at 7 TeV LHC and Tevatron
from Tevatron to the
LHCat 7 TeV?
o 100
o . © 4
Higgs: mainly gg fusion > / 99 ]
— gain a factor ~ |5 3
R =
E
= 10
- ‘/ e
EEn 2.qq
MSTW2008NLO
1 a rda a taad a P A
10’ 10° 10°
M, (GeV)
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SM Higgs at the LHC at 7 TeV
LHCC meeting of 5/05/10

1fb7 ATLAS HO>WWII CMS HWWS I
Combination of 0j and 2j, Hto WW to Il CMS Preliminary  Projectionfor  \s=7TeV,L=1fb '
7
8F m,, = 130 GeV o L ®  Cut on Neural Network Output
- 11b! " - 150 GeV 4
8 7:_ m, = 1oUGev 4 6L ®  Cut Based Analysis
€t m,, = 160 GeV v [
o r m, = 170 GeV * [
= 6 5L
e k [ .
o - : |
) Dper=seesssEssiccmnannannnansmnsinamnsannoppiitasannmna eIt yon s s @ 5
- g 4 -.
4"_ S -
. — 5 ; \
3 % |E ; / o
: . i/ N X
. o 2 / \\
21~ . - E N K
: Lo ; -/ \\
1 I - . | e -
S g AT}AS preliminary estimate E i
) ,'/ 11 AR | PSRN (N T T WA T TN WO U NN U NN UNN NN NN - ; ;
2 4 6 8 10 12 14 0l S B S
120 140 160 180 200
\s(TeV) Higgs mass, GeV/c *

¢ depending on the analysis technique,
discovery at 3 to 5 0 at mp ~ 160 GeV
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SM Higgs at the LHC at 7 TeV

1fb-7 LHCC meeting of 5/05/10

Exclusion: One experiment only

CMS Preliminary: projection for 7 Tevm Mar 17 2010
N——

Hyy + HWW + HZZ

— 85% CL exclusion: mean
85% CL exclusion: 68% band

2 85% CL exclusion: 95% band
1 ----- 88% CL exclusion: mean (no sys)

PR T B |

= OgsoucL/Tsy
—
o

1

100 120 140 160 180 200
Higgs mass, m  [GeV/c ]

¢ exclusion range ~ 145 - 190 GeV
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SM Higgs at the LHC at |4 TeV

¢ ...of course production rates are much bigger at 14 TeV
with an adequate luminosity

¥ however, when energy and : [Ldi=30m" aH (> by
. . . . = (no K-factors) A H - 272" 5 41
luminosity are fixed, the issueisto % - SR
estimate accurately the significance 3 ' g Bt
o Total significance

¢ ie.to compute accurately signal
and background production rates

< background = W, Z, top + n jets

¥ an accurate estimate of the background
is the hardest thing to do

™ 100 120 140 160 180 200
¥ more on that later s T
H

Thursday, September 30, 2010



MSSM neutral Higgs at the LHC at 7 TeV

LHCC meeting of 5/05/10
1fb-1 One experiment only

Mar 22 2010

Tevatron excluded 60
today

50

40

30 , max, u=+200 GeV
discover bb®, ® - T [7,T,55 TeTyaer T Te]

— 95% CL exclusion: mean
~ 95% CL exclusion: 68% band

10- 95% CL exclusion: 95% band
EEERbEe -o-Sodiscovery
100 200 300 400 500

m, [GeV/c?]

¢ discovery (exclusion) down to tan B ~ 20 (15) at low ma

¢ with | fb'at 7 TeV, LHC overtakes Tevatron at 10 fb! on all Higgs searches
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New Physics at the LHC at 7 TeV

WJS 2010

o0 P —
squarks at m ~ 350 GeV - ratios of parton luminosities
assume production like for top at 7 TeV LHC and Tevatron
85% qq + 15% gg
0.85x 10+ 0.15x 1000

— gain a factor ~ 150 - 200 % LOSHE
ey
w
=
Zatm~ | TeV Y —
qq production = 10}

— gain a factor ~ 50

MSTW2008NLO

A A AAAAA. A A

10’ 10°
M, (GeV)
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New Physics at the LHC at 7 TeV

o don’t have time to cover the many New Physics production channels

(please see the minutes of the LHCC meeting of 5/05/10)
it suffices to say that with | fb-'at 7 TeV:

¢ for SUSY, LHC will be able to discover squarks with 500 GeV <m < | TeV,

o for dilepton resonances (Z’), sensitivity (discovery/exclusion) up to |.5TeV,
(with 100 pb' up to | TeV)

& and a long list of exotica (compositeness, Randall-Sundrum gravitons,
excited leptons, 4" generation quarks, large extra dimension monojets and
photon pairs ...) can be probed with 0.1 - | fb"!
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New Physics caveat: tales from the past - |

Jets at high transverse energy

inclusive |-jet spectrum

—
n
=)

(nh'GeV)

125 |

* CDF
NLO QCD

% Difference

100

VA fd ol Edn) dn

L L L L L

50

P S
- .

-'..
.
..'

-
.......

ooooo

-
....00"

-
““““““““““

= F s CTEQ 2M
(, T LQ z\u,

ooooo

SRR sREe

50 -

a5 |

L

7

10700 /////////////////////// / ////////

. / 7
- /&/ Sum Of correlated S\ stemauc uncertamu
SIS

.

4 /
A/ 7y 77 irr7rrzrzzzzzz

es 7/

Akl

'100 LAl xJAllllllllll AllllllllllAlL
0 50 100 150 200 250 300

Jet Transverse Energy

CDF Collab. PRL 77 (1996) 438

excess of data over theory

Could it be contact interactions ?
= New Physics ?

more prosaic explanation:
gluon density at high x
was largely unknown;

use Tevatron 2-jet data

to measure it:

No more excess
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New Physics caveat: tales from the past - ||

B production in the 90’s

B* Meson Differential Cross Section 4 .
% d Ll Ll l L) L L) Ll ' Al Ll Ll LJ ] L Ll L l
> 9F @ . i
8 < o — w— Systematic + |4
S » . + Stotistical Error :
(= 3 - Statistical Error | 7|
~— N ! i f\ :_
S 10°F ‘ 4 £ L o
= i - u
E 1 &2 ’
o
= = i‘E 1 |
- @ 1 5 | o
10' 4 & |
- 3 | —
N o | ®: DO/theory ®: CDF/theory
e “ <® > =212 < ® > = 284
1 PR TR SRR TR NN VAN YN WA WA SN WA SN AN WA N T T n ol——— o 1 4y l T T T l PR S TR T S
5 10 15 20 25 0 10 20 30 40
Py (GeV/c) pr" (GeV)

discrepancy between Tevatron data and NLO prediction
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B cross section in PP collisions at 1.96 TeV

do(pp — Hy X, Hy, — J/ X)/dpr(J/®)

1
T T T T I lo L 1 ..' L) I A T L) A l ¥ A J T LS ] T L} T L)
pp - B"+X, Vs=1.8 TeV, |y/<I
103 | 5 dashed: pg=pp=pq=V(ms+p3) 5 :?; ly(J/9)| < 0.6
- ; N solid: ug/2 < pup.pe < 219 > 109
O ) IC]
5 / . CTEQSM1 3
~ 10° m, = 4.75 GeV = ,
- > - . A
% - dotted: Peterson, ? f(b-»B)=0.375 § 10~1 Points: CDE
0.008 - @ Curves: FONLL
5 ¢ = 0. -
S S 3
1 L - S
107 I e CDF data % o2 L o(Pr(1/¥)>1.25 GeV) BR: R
Theory: FONLL with N=2 fit 3 19.973% nb (CDF) IS
N 18.3'%3 nb (FONLL)
loo ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ l - 4 4 R E—
5 10 15 20 25 o3 L o e e e e e )
B .
GeV 0 5 10 15 20
Pr (GeV) Pal/¥) (GeV)
—_ . +2.1
FONLL = NLO + NLL total x-sect is 19.4 = 0.3(stat) 7 g(syst) nb
Cacciari, Frixione, Mangano, Nason, Ridolfi 2003 CDF hep-ex/0412071

use of updated fragmentation functions by Cacciari & Nason
and resummation

—~ good agreement with data ===>  no New Physics
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W, Z at the LHC at 7 TeV

with a few pb!
ATLAS, CMS have collected
a few thousand W’s so far

here is the cross section
with 0.2 pb-! presented
at ICHEP 2010

CMS preliminary

ICHEP2010 \Ns=7TeV

1 v |

JLdt =198 nb"'

I T L) v v l . v '
NNLO, MNSTWo8 68% CL prediction
1044 + 052 nb

W — uv S -
9141033 1058 1100 nb
W ev Lo
9.3410.36_,10.70__ +1.03  nb
W — Iv (combined) @
9.22+0.24,,,+ 047, +1.01,, nb
M N N 1 " " " | o N 1 " 2 M | 2 2 2 | 2
0 2 4 ) 8 10 12
o(pp - W+X - IviX ) [nb]
CNS preliminary \s=7TeV

ICHEP2010

T v

Il,m-tea nb’

ZIY* = up
Zv* — ee

Z"'Y" — | {(combined)
088 1008 1004

0.88 = 0.10__ +0.04_  +0.10 _nb

0.88 =0.12 _ +0.08__ +010, nb

| ] - N o I

NNLO, MSTW08 68% CL prediction, 60-120 GeV
0.97 0.04nb

“w Y.

- * -
010 nb

rm

| . ™ " 1 ™ A . ]

0

0.5 1 1.5
o(pp —» Z7+X > 1I+X) [nb]
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W charge asymmetry at Tevatron

from the parton model
o(W™) o< u(xy)d(xs)

o(W™) o< d(z1)u(zz)

because the ubar distribution in the antiproton is the same
as the u distribution in the proton, at Tevatron
however the u’s carry more proton momentum than the d’s,

so the quantity

da(W+) B do(W ™)

dy
Alyw) = da(vvvvﬂ do(W-)

Cdyw +

called charge asymmetry, is non zero

it has been measured by CDF & DO

W Charge Asymmetry

W Charge Asymmetry

c(Wt)=c(W™)

08"

——— CDF 1 fb"' data(stat. + syst)

1]

-
~—a— CDF 1 fb"' datalstat. + syst)

NLO Prediction(CTEQS.1M)
[ ] PDF uncertainty(CTEQS.1M)

T T T T T T

NNLO PredictionlMRST2006NNLO)
PDF uncenainty(MRST2006NNLO)

1l 1]1111[1111111111 Luluuluuluu 11 ulllllllll hu1111111111111111111111-
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W*IW- at the LHC

At LHC there is no W charge asymmetry: it’s pp — an even function of yw

however, u distribution is larger than d
= o(WH) >ao(W™)

the ratio
RE — o(WT — (TD) _ w(z1)d(xs)
oc(W— —=/{-v) d(xy)u(zs)

is larger than |

Kom Stirling 2010

Vs =7 TeV | s =14 TeV
MSTW 2008 LO 1.463 +0.014 | 1.365 = 0.011
MSTW 2008 NLO 1.422 +0.012 | 1.325 £ 0.010
MSTW 2008 NNLO | 1.429+0.013 | 1.328 £ 0.011

R grows with x, so it decreases with /s

R has

- small EXP systematics

- (N)NLO QCD corrections of < 2%
- PDF uncertainty ~ |-2%, driven by valence u(x)/d(x) at not-so-small x

MSTW2008NLO
T

Q2% =10 Gev2_3

xf(x,Q?)

o Ll lllllll L.l lllllll

L L LLLll

10* 10™ 1072 10" 1
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however, u distribution is larger than d
= o(WH) >ao(W™)

the ratio

oW+ —0t0)  fu(xNd(xs)

R:I:

T oW = v)  \d(x)ulzs)

is larger than |

Kom Stirling 2010

Vs =7 TeV | s =14 TeV

MSTW 2008 LO 1.463 = 0.014 | 1.365 = 0.011
MSTW 2008 NLO 1.422 £ 0.012 | 1.325 = 0.010
MSTW 2008 NNLO | 1.429 +£0.013 | 1.328 £ 0.011

R has
- small EXP systematics
- (N)NLO QCD corrections of < 2%

R grows with x, so it decreases with /s

W*IW- at the LHC

At LHC there is no W charge asymmetry: it’s pp — an even function of yw

MSTW2008NLO

LI lllllll L | lllllll LI lllllll L | llll'?

Q2% =10 Gev2_3

xf(x,Q?)

L.l lllllll L L LLLll

10* 10™ 1072 10" 1

o Ll lllllll

- PDF uncertainty ~ |-2%, driven by valence u(x)/d(x) at not-so-small x
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W*IW" + n jets at the LHC

assuming that we know the u/d ratio precisely,

ﬁXing o = O_SM(W—}— —|—jetS) 4+ O'SM(W_ —|—jets) Kom Stirling 2010
includes tt and H production, which are W symmetric : —— W' (> 1'v) +njets
. . . I —— W (= 1v) +njets [
assuming onp(WT +jets) = onp(W ™ + jets) 10' | P, ETmizo\gs;v, lp,.l>4o GeV -
the ratio L 1% i, n1<25, AR >07
: — . solid: u=H_, dashed: p=M
RE(n) = o(WT — n jets) 2 | 1.36 M= M _
o(W= — n jets) 10° )
probes New Physics in W + jets % . -
T L. 128 | 136
ONP (R Rexp) c 1 ————
JNp=— = +10F 0 T E
OSM (RSM + )(Rexp + ) ; X 135 __1_4_7_ ]
, :
R, measured ratio > 158
@ qo2L 145 | __ __ -
R grows with x, which grows with n
. 155
107 F msTwe008L0 E
however, note that R first decreases p MSTW2008L0 | | o
from n=0 to| then increases forn > | ... 0 1 2 3 4
n
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W*IW" + n jets at the LHC

possible dynamic explanation: dominance of BFKL-like configuration for n > |

@ in any scattering process with s >> t, gluon exchange dominates

@ for s >>t, BFKL resums the (next-to-)leading logarithmic contributions,
In (s/t), to the radiative corrections to gluon exchange in the t channel

@ in W + jets, gluon exchange occurs with at least 2 jets

@ the dominant subprocess is

Q@ the leading-order subprocess breakdown is

n|QQ | Qg|gg
ol100] 00O
1| 18 [ 820
2121|736
3123 | 70| 7
41 25 | 67| 8

@ the issue can be further analysed using

NLO production, known up to W + 4 jets

Berger et al. (BlackHat) 2010

q+9—q-+ W= + ng ,\,.\;\'

-

-

-

/\.

N vy YA TavaYaYata

aTay
.\? ‘U\J"u'u NI
\

>

e

( AT Ay A Ay A AT ATATAN
WAL

t.’\,l (LN R L s/\a'

=

C-'>|

C

|/ C, Fa¥aYataYaTaYaTaTay
- ‘/ .“V'\,J\,J\ ;"\}\J\:“\.’\)
O
=

(-

Andersen VDD Maltoni Stirling 2001
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Top at the LHC at 7 TeV

WJS 2010
1000 ————rrrry .
ratios of parton luminosities g
topatm ~ 170 GeV at 7 TeV LHC and Tevatron i
85% gqq + 15% gg
0.85x5+0.15x 100 4
— gain a factor ~ 20 o 100
E L)
— 'l gg ‘
z
o
£
E
= 10
- ‘/ S
>~ 2.qq
MSTW2008NLO
1 " b A s aa ) A e A AL
10’ 10° 10°
Mx (GeV)
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Top at the LHC at 7 TeV

@ With ~ 100 pb-!, LHC sample comparable to Tevatron’s

@ With ~ a few hundred pb-!, physics programme will look familiar
- top cross section
- top mass
- single top
- rare decays

@ If LHC reaches | fb-' by end 2011,

and Tevatron increases yield by a factor |0,
samples will still be comparable
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Radiative corrections at the LHC

En passant, we have mentioned higher order corrections in
Y Higgs exclusion limit

¢ background to Higgs production

¥ jets at high transverse energy

Y bt production

@ SM production of W,Z,t + jets is
background to Higgs, New Physics processes

q q Yo
W/ / Zgrp
SUSY decay chain g <sssoe6~ - —— - - - X

~ 0 1
g X

signal: missing energy + 4 jets

background: Z (—@VvV) + 4 jets
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NLO cross sections: experimenter’s wishlist

2005 Les Houches

QCD, EW & Higgs working group hep-ph/0604210
Table 42: The LHC “priority” wishlist for which a NLO computation seems now feasible.

process relevant for

V e{Z,W,vD

1.pp — V'V jet ttH , new physics

2. pp — ttbb ttH

3. pp — tt + 2jets ttH

4. pp — V V bb VBF— H — V'V, ttH, new physics
5.op—=VV +2jets | VBF— H - VV

6. pp — V + 3 jets various new physics signatures

T.pp = VVV SUSY trilepton
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QCD at high Q2
@ Parton model
@ Perturbative QCD
w factorisation
~ universality of IR behaviour

& cancellation of IR singularities

IR safe observables: inclusive rates
O jets

© event shapes
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World average of as(Mz)
Ozs(Mz) = 0.1184 -

- 0.0007

Ao

g

= 0.6%

S. Bethke arXiv:0908.1135

Q@
Q@

T-decays (N3LO) ||-o-|
Quarkonia (lattice) |c|>|

Y decays (NLO) 5
DIS F, (N3LO) —O— E

DIS jets (NLO) |—:-o—|
ete™ jets & shps (NNLO) ——Ot—
electroweak fits (N3LO) -—io—|

ete™ jets & shapes (NNLO) —o—

0.11 0.12 0.13

vertical line and shaded band mark the world average

first time that shapes are included at NNLO
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Factorisation

is the separation between

P the short- and the long-range interactions
1
\@ ox = 3 f drydrs foralzy, puz) forsl(ra,uz)
- s . .
| " | S SO RN
X X OghX (Ii y L2y {phl} ':-"-.'.'T[.r.'l-i:':‘tglzn E"Lr._r.u:'-‘;'y R |
\ | " Hg ME)/
ﬂ X = W. Z, H.QO. high-Erijets, ...
N o is known as a fixed-order expansion in s
~ n | a as\ . as 2 A
6(as, i, pir) = (as(ir)) [O(m + (g) o (pr, pr) + (g) 6 (rs pr) + - ..
6= L0 5(M= NLO 52 = NNLO

LO: maximal dependence on scales. Poor convergenge of expansion in s
NLO: (usually) good estimate of x-sect
NNLO: good estimate of uncertainty
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Facto ri Sati O n extracted from data

evolved through DGLAP

is the separation between
g the short- and the long-range interactio|(s

\
1 - - e Y e B
b Ty = E f drydrfaralzy, pr) fors(r, iz
ﬁ&%ﬁjﬁ; a.b o

| ( ) - o P Q7Y
X X Og_x | 1, T, 100 b as(ug), alps), — — |
\ Uz’ Uz

%

X =W, Z, H,QQ, high- Erijets, ...

N o is known as a fixed-order expansion in s
2
6(as, pr, ) = (as(pr))" [57(0) + (g—j) (R, pr) + (3—;) 6@ (ur, pr) + ...
=10 &M= NLO 5= NNLO

LO: maximal dependence on scales. Poor convergenge of expansion in s
NLO: (usually) good estimate of x-sect
NNLO: good estimate of uncertainty
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Facto ri Sati O n extracted from data

evolved through DGLAP
computed in pQCD

is the separation between
the short- and the long-range interactio|(s

\
1 - - e Y e B
Pa X o E f i'-fi‘lﬂ'i‘-_ I a '_1'{.1"1:,#3:._—} In -Ef__r.t‘fhuz___j
ﬂ&gﬁji a.b o

| ( ) - o P Q7Y
X X Ogx | 1, T, 100 b as(ug), alps), — — |
\ Uz’ Uz

%

X =W, Z, H,QQ, high- Erijets, ...

N o is known as a fixed-order expansion in s
2
6(as, pr, ) = (as(pr))" [57(0) + (g—j) (R, pr) + (3—;) 6@ (ur, pr) + ...
=10 &M= NLO 5= NNLO

LO: maximal dependence on scales. Poor convergenge of expansion in s
NLO: (usually) good estimate of x-sect
NNLO: good estimate of uncertainty
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Factorisation-breaking contributions

@ underlying event

@ power corrections

w’ MC’s and theory modelling of power corrections laid out and
tested at LEP where they provide an accurate determination of as
models still need be tested in hadron collisions

(see e.g. Tevatron studies at differenty/s ) —>
@ diffractive events =>
@ double-parton scattering
observed by Tevatron CDF in the inclusive sample
pp — v + 3 jets
potentially important at LHC ~ op o< 0%
Q@  breakdown in dijet production at N3LO ? Collins Qiu 2007
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Power corrections at Tevatron

Ratio of inclusive jet cross sections at 630 and 1800 GeV

e M.L. Mangano
g(630 ) /(1800 GeV), with: -
e(VS)uo (Ep -+ Ep + A) KITP collider conf 2004
n the the curves
Bjorken-scaling variable
Dashes: A=0 2ET
CDF T =
. 01 0 I Aa, ' ':.,:; - T"

«#  In the ratio the dependence on the pdf’s cancels
. dashes: theory prediction with no power corrections

'  solid: best fit to data with free power-correction
parameter A in the theory
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Factorisation in diffraction ??

B } "
le
b4 P

diffraction in DIS double pomeron exchange in pp

@ no proof of factorisation in diffractive events

@ data do not seem to support it
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PDF evolution

@ factorisation scale 1+ is arbitrary

¥ cross section cannot depend on /r
do 0
HE——— =
dp

i : : V. Gribov L. Lipatov;Y. Dokshit
mplies DGLAP equations &7/ 217

dfa(a:mu%’) 2 1

WE e = Pup(z,as5(uf)) @ folz, uf) + O<Q2)
/LFdOab<Q /CZLF; OéS(:“F)) _ —Pac(fB,OéS(M%:)) R Ucb(Q2/,quoéS< )) i O(C; )

Q  Pu(z,as(ur)) is calculable in pQCD
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L HC kinematic reach

™ LHC opens up a
.j l Atlas and CMS e ] .
N _ailz.s .,m'-m-: rapidity plateau ‘/‘- new klnematIC range
iCoamm .~ xrange covered by HERA
g, r e 7 _~  but Q?range must be provided
o sy by DGLAP evolution
10° 4 o 4 =+ 100-200 GeV physics is
R — ~ -~ |arge x physics (valence quarks)
. T~ v  atTevatron, but smaller x physics
, (gluons & sea quarks) at the LH

L rapidity distributions
00wttt et et et span widest x range

M oty
14 TeV

Feynman x’s for the production of a particle of massM ;5 =
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Parton cross section
3 complementary approaches to o

matrix-elem MC’s fixed-order x-sect shower MC’s
hard-parton jets. limited access to full information
final-state : :
. Describes geometry, final-state available at the
description :
correlations, ... structure hadron level
: hard to implement: straightforward included as
higher-order effects: : ) :
loop corrections must introduce to implement vertex corrections
negative probabilities| (when available) (Sudakov FF’s)
: : : straightforward approximate,
higher-order effects: | included, up to high 5 _ PP
. . to implement incomplete phase
hard emissions orders (multijets) )
(when available) space at large angles
unitarity
resummation of ) feasible implementation
large logs ' (when available) (i.e. correct shapes
but not total rates)

M.L. Mangano KITP collider conf 2004
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Parton shower MonteCarlo generators

@ HERWIG B.Webber et dl. 1992

re-written as a C++ code (HERWIG++)

Q@ PYTHIA  TSjostrand 1994  (also re-written as a C++ code)

@ SHERPA  FKrauss et al. 2003

model parton showering and hadronisation

LHC Event Simulation
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Matrix-element MonteCarlo generators

f several automated codes to yield
large number of (up to 8-9) final-state partons

1‘ can be straightforwardly interfaced to parton-shower MC’s

1‘ ideal to scout new territory

ly large dependence on ren/fact scales
example: Higgs (via gluon fusion) + 2 jets is Xs*(Q?)

== unreliable for precision calculations
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Matrix-element MonteCarlo generators

@ multi-parton LO generation: processes with many jets (or V/H bosons)

. ALPGEN M.L.Mangano M. Moretti F. Piccinini R. Pittau A. Polosa 2002
) MADGRAPH/MADEVENT W.F. Long F. Maltoni T. Stelzer 1994/2003
) COMPHEP A.Pukhov etal. 1999

) GRACE/GR@PPA  T.lshikawa et al. K.Sato et al. 1992/2001

) HELAC C. Papadopoulos et al. 2000

@ processes with 6 final-state fermions

PHASE E.Accomando A. Ballestrero E. Maina 2004

=

@ merged with parton showers

all of the above, merged with HERWIG or PYTHIA

=
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MonteCarlo interfaces

Q CKKW S. Catani F Krauss R. Kuhn B.Webber 200/

MLM L. Lonnblad 2002

M.L. Mangano 2005

procedures to interface parton subprocesses with
a different number of final states to parton-shower MC’s

S. Frixione B.Webber 2002

P. Nason 2004

procedures to interface NLO computations to parton-shower MC’s

101 E . —T — T - —
~
J' b t@Tevatron 1
1072 Y E
5 W t—channel E
[ ™,
8 "-\\ 4
-’Q: |°—3 5 T ™ 3
f‘_: E \‘“’..'1_-\‘ 3
2 o4 JLL'ﬂ
b. E ' ,rL‘_ﬂ . 3
. ) LJ 3
| Solid: MCBNLO Ikp.[‘ ‘
10-5 |- Dashed: Herwig i PH‘L‘J
10-5 , I _— I _— |
0 50 100 150
p(,!.” (GeV)

200

Single top in MC@NLO

Frixione Laenen Motylinski VWebber 2005

at low pr, parton shower
models collinear radiation

at high pr, NLO
models hard radiation
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Matrix-element MonteCarlo generator at NLO

Q desirable to have a multi-parton NLO generator
interfaced to a parton shower:

a sort of MadGraph cum MC@NLO

@ astep in this direction: automation of subtraction of IR divergences
Frederix Frixione Maltoni Stelzer 2009

MadGraph provides real amplitude
user inputs virtual amplitude
procedure provides subtraction counterterms
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Accuracy of pOCD calculations

Q@ LO 2 — 2 process + shower & hadronisation (HERWIG, PYTHIA, SHERPA)
Q@ LO 2 — n process + shower (ALPGEN, MADGRAPH/MADEVENT)
@ NLO parton level

@ NLO + shower (MC@NLO, POWHEG)
@ NNLO parton level

@ bottom line: use best available accuracy (ideally NLO + shower)
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High (EXP) demand for cross sections of X + n jets
X =W, Z Higgs, heavy quark(s), ...
Big TH community effort

To compute the NLO cross section of X + n jets, we need:

|) tree-level amplitude for X + (n+3) partons

2) one-loop amplitude for X + (n+2) partons

3) a method to cancel the IR divergences
and so to compute the cross section

3: until the mid 90’s, we did not have systematic methods
to cancel the IR divergences

2: until 2007-8, we did not have systematic methods
to compute the one-loop amplitudes
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NLO cross sections (2010)
2005 Les Houches list almost completed

process wanted at NLO | background to
1. pp — VV + jet ttH, new physics
Dittmaier, Kallweit, Uwer: Campbell, Ellis, Zanderighi
2. pp — H + 2 jets H in VBF
Campbell, Ellis, Zanderighi; Ciccolini, Denner Dittmaier
3. pp — tthb ttH Bredenstein, Denner Dittmaier, Pozzorini;
Bevilacqua, Czakon, Papadopoulos, Pittau, Worek
4. PP — tt + 2 jets ttH Bevilacqua, Czakon, Papadopoulos, Worek
5. pp — VVbb VBF — H — V V, ttH, new physics
6. pp - VV + 2jets VBF - H - VV
VBF: Bozzi, Jager, Oleari, Zeppenfeld
7. pp — V + 3 jets new physics
Berger Bern, Dixon, Febres Cordero, Forde, Gleisberq, Ita,
Kosower, Maitre; Ellis, Melnikov, Zanderighi
8. pp — VVV SUSY trilepton
Lazopoulos, Melnikov, Petriello; Hankele, Zeppenfeld;
Binoth, Ossola, Papadopoulos, Pittau
9. pp — bbbb Higgs, new physics GOLEM
pp — V+ 4 jets new physics C.Berger et al (BlackHat) 2010
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“

in the past, long time span to add one more jet to a x-section

@ in the last few years, huge progress
@ 2 — 2and?2 — 3 processes:

almost all computed and included into NLO packages
Q@ 2 — 4 processes: a few computed

pp — t thb Bredenstein Denner Dittmaier Pozzorini;
Bevilacqua Czakon Papadopoulos Pittau Worek 2009

pp — QQ + 2 jets Bevilacqua Czakon Papadopoulos Worek 2010

pp — H + 3 jets  (VBF) Figy Hankele Zeppenfeld 2007
pp — V + 3 jets Berger et al. (BlackHat); K. Ellis Melnikov Zanderighi 2009

@ 2 — 5 processes: just one

pp — V +4 jets  Berger et al. (BlackHat) 2010
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pp — tt + 2jets at NLO

Scale dependence of total x-sect  Bevilacqua Czakon Papadopoulos Worek 2010

400 - =T r T rr] T : =T T *
j pr = prp =& o with g =my
200 - ]
5 : _ dots: LO
= a00f - solid: NLO
| ' dash: NLO with jet veto of 50 GeV
10| T T E— ]
0 0l2 0l5 1T0 2l.0 5l0

@ reducible background to pp — Htt
Q@ NLO/LO = K factor = 0.89
Q@ Reduced theoretical error: 40-70% at LO; 12-13% at NLO
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W + 4 jets at NLO

A C++ code based on generalised unitarity, BlackHat: Berger et al. 2010
and on-shell recursion for the rational parts

computes
- real W + 7 parton amplitudes
- one-loop W + 6 parton amplitudes (leading colour)

0 50 100 150 S0 100 150 S0 1o 150 0
10 LI 3 B N L L L L B lllllllllllllllllilo
W +4jets+ X —— LO ]
_ W'F — NLO Ay
:g ]
s 2 a
& 107 F 4 10°
o
ol pt - - per
- N Py 2BGV, IN1<3 .
e 10°F . 410
et Ef >2GeV, In‘1 <25
E) >20GeV, M) >20GeV

50 100 150 S0 100 150 S0 100 150 0 100 150
First Jet p. [GeV] Second Jet p, [GeV] Third Jet p_ [GeV ] Fourth Jet p, [GeV]
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Conclusions

@ an exciting period of LHC phenomenology is about to begin

@ signals and backgrounds for Higgs and New Physics
are evaluated with better and better accuracy, thanks to

@ alot of progress in pQCD in the last few years in

< Monte Carlo generators

Y NLO computations with many jets
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NLO assembly kit

+_

example e¢"e” — 3 jets

leading order | METee|?

NLO real

NLO virtual

d — 4 —_ 26 /ddl Q(MranOp)*MfZ"ee — (g i g) ’MZI“66|2 i fZTL
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NLO production rates

Process-independent procedure devised in the 90’s

Q slicing Giele Glover Kosower 1992-3

@ subtraction Frixione Kunszt Signer 1995; Nagy Trocsanyi 1996
v dipole Catani Seymour 1996
& antenna Kosower 1997; Campbell Cullen Glover 1998

OZULO+ONLO:/dUTLEL J. 4 gNLO
m

o0 :/ daf‘lﬂJmH%—/ dJXLJm
m—+1

m

the 2 terms on the rhs are divergent in d=4

use universal IR structure to subtract divergences

O'NLO:/ {da,,%JrlJerl d0m+1J } / [da —I—/d iﬁ‘l] Im
m-+1 m 1

the 2 terms on the rhs are finite in d=4
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Observables must be IR safe

observable function |,
J, vanishes when one parton becomes soft or collinear to another one

I (D15 spm) — 0, if pi-p; — 0
» do? s integrable over |-parton IR phase space
Jm+1 vanishes when two partons become simultaneously soft and/or collinear

Jms1(P1y oy Pmy1) — 0, if pi-pjandpg-pr — 0 (i # k)

R andV are integrable over 2-parton IR phase space

observables are IR safe

Jn+1(P1s -, 05 = Ay -y Prt1) = In(P1, ooy Pny1) i A —0
Jn—l—l(pla vy Piy s Py "7pn—|—1) - Jn(pla -y P, "7pn—|—1) if pi — 2P, Pj — (1—Z)p

forall n > m
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