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Why NLO?

2r aCDFIl/MCFM ' Scale uncertainty - - PDF uncertainty
15
@@@% ﬂ-ﬁ—%ﬂ'—' = o NLO (MCFM
509 —_— Campbell & Ellis 2002)
I o CDF Il /MLM ~ Scale uncertainty
15*4@ l_; }—- [
f o PS+LO matching
W+2 jets 03 ]
2 » CDF II/SMPR * Scale uncertainty
uiu -I— —|_ .
+-+ g T I o PS+LO matching

0.5 ——

20 40 60 120 140 160 180
Second Jet E. (GeV)

QCD at LO 1s not quantitative: large dependence on unphysical
renormalization scale

NLO: reduced dependence, first quantitative prediction
..want this for W+more jets too
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Ingredients for NLO Calculations

Tree-level matrix elements for .LO and real-emission terms

known since ‘805 >©< | XDE z

Singular (soft & collinear) behavior of tree-level amplitudes,
integrals, initial-state collinear behavior &nown since 90s |

* NLO parton distributions &nown since "90s ]

General framework for numerical programs &nown since *90s |

Catani, Seymour (1996); Giele, Glover, DAK (1993); Frixione, Kunszt, Signer (1995)

Automating it for general processes

Gleisberg, Krauss; Seymour, Tevlin; Hasegawa, Moch, Uwer; Frederix, Gehrmann, Greiner (2008);
Frederix, Frixione, Maltoni, Stelzer (2009)

one-loop amplitudes 2 R[* >°i]

W2 jets (MCFM) [J W+3 jets [ [] [
Bern, Dixon, DAK, Weinzierl (1997-8); Campbell, Glover, Miller (1997)
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BlackHat

New technologies for one-loop computations: numerical
implementation of on-shell methods

Automated implementation [ | industrialization

b/

SHERPA for real subtraction, real emission, phase-space integration
and analysis

Other groups using on-shell methods numerically:

CUTTOOLS[+HELAC [(Ossola, Papadopoulos, Pittau, Actis, Bevilacqua, Czakon,
Draggiotis, Garzelli, van Hameren, Mastrolia, Worek);

ROCKET (Ellis, Giele, Kunszt, Lazopoulos, Melnikov, Zanderighi);

GKW (Giele, Kunszt, Winter);

SAMURAI (Mastrolia, Ossola, Reiter, Tramontano);

On-going analytic computations
Anastasiou, Britto, Feng, Mastrolia; Britto, Feng, Mirabella
5 b} g: > g’
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New Technologies: On-Shell Methods

Use only information from physical states

Use properties of amplitudes as calculational tools
— Factorization — on-shell recursion relations

— Unitarity — unitarity method

— Underlying field theory — integral basis

%

Formalism Known integral basis: A

i 5 O @R

j€DBasis

On-shell Recursion;
Unitarity D-dimensional unitarity
via [ mass
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Recent Developments in BlackHat

* Generation of ROOT tuples
* Re-analysis possible

* Distribution to experimenters

* Flexibility for studying scale variations

* Flexibility for computing error estimates associated with parton
distributions

* More processes
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Third jet in W+3 jets
[0907.1984]

Reduced scale dependence at
NLO

Good agreement with CDF
data [0711.4044]

Shape change small compared
to [LO scale variation

SISCone (Salam & Soyez) vs
JETCLU — LHC experiments
will use anti-kT
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- LO/NLO

The Tevatron 1s Still Producing W...

W+3jets+ X —- 1.0

NLO
\s = 1.96 TeV = CDF data

Jet jet

E. >20GeV, I | <2
E; >20GeV, In°l < 1.1
E. > 30GeV, M >20GeV

R = 0.4 [siscone]

w
Hp = Hp = Ef

BlackHat+Sherpa

NLO scale dependence LO scale dependence

CDF/NLO

40 50 60 70
Third Jet E. [ GeV ]




Reduced Scale Dependence
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* Anti-kT @ LHC 7 TeV
* Reduction of scale
dependence b =2 M, < 182.3752.Ge¥

NLO importance
grows with increasing

pE > 25Gev, 1M1 < 3

ﬂumber Of ]ets E; >20GeV, In'l <25

66GeV < M, <116 GeV

R = 04 [anti—kTJ

c—e= ZIY +jet+ X

——- Z/Y' +2jets +X

— Z/y +3jets+ X
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Scale Choices in V+Jets
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W +3jets+X  —- 10 W +3jets+X  —- 10
— NLO ' , — NLO
Vs = 14Tev \'s = 14TeV

,J_Rz T . =HF=HT

> 30GeV, Il < 3 - EF > 30GeV, I

T I <3

E;

do/dE. [pb/GeV ]

E; >20GeV, In°l <25
E, >30GeV, M, > 20GeV
0.4 [siscone] BlackHat+Sherpa lackHat+Sherpa

NLO scale dependenc

O scale depender

O—=DNWPrkud

150 200 250 300 350 400 450 300 350
Second Jet E. [GeV ] [ GeV |
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Scale Variation

How should we assess uncertainty due to scale variation?

Varying up & down by a factor of two 1s “traditional” but
arbitrary

For events with many jets, there are many scales

Can use shower—inspired scales

048_1 ([Ozs (pr1) s (pr2)os (pTS)]l/S)

Standard “recipe” allows comparing different calculations across
time

* We use HT/2 (sum of partonic ET, including leptons)

or H'T/2 (sum of QCD partonic ET & ETW)
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/Z+3 Jets at the LHC

-
i <
e
i/
i
e
i 7
ivi-; 7
e
—-E

-E

7

4

7

Z/y +3jets+X —- 10
— NLO

Z+3 jets: new

. s = 7Tev
* NLO scale uncertainty

smaller than LLO (band

accidentally narrow given central by = W = H,/2

jel

choice — but would in any case be 07| pro>25Gev. 1yTI<
E; >20GeV, IN°l <25

much lmpfOVCd) 66 GeV < M <116 GeV

- — 04 [anti-k BlackHat+Sherpa
* Shape change mild o
. A - LO/NLO NLO scale dependence
* Scale ChOlCC HT / 2 (half tOtal LO scale dependence
partonic ET)
* Anti-kT

30 100 120 140
Third Jet p. [GeV ]
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* Background to top quark
studies

* Background to new physics
searches

High-multiplicity frontier
* SISCone, R =04
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W +4jets + X

Vs = 7Tev LC virtual

e = W, =H, /2

pr > 25Gev, In™1 < 3

E. >20GeV, In 1 <25

M, > 20GeV

R = 04 [siscone]

BlackHat+Sherpa

- LO/NLO NLO scale dependence

LO scale dependence

60 80 100 120 140
Fourth Jet Pr [ GeV ]




Total Transverse Energy

500 600 700 300 900 1000

W +4jets + X —- LO
—_ — NLO
> Vs = 7Tev virtua ] € v
3 . . Hp = »  EjL+Ef+Ef
E jets 7
%E pit > 25GeV, IN"1 < 3
o Fr > 206V <23 ' * Useful distribution in new-
o | E] >20GeV, M, > 20GeV a
R = 04 [anti-kT]
I physics searches

* Normalization corrected

NLO scale'dependence

LO scale-dependence but Shape iS Stable at NLO

500 600

- [ GeV ]
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[pb/GeV |

do / dp,

50 100 150

50 100 150

50 100 150

50 100 150

LO
— NLO

A

Hp = Wy = Hp /2

W +4jets + X

'> 25GeV, I <3

> 20 GeV,

In‘l <25 ¥

>20 GeV, M, >20GeV |
= 04 [anti—kT] 3

\s = 7Tev

BlackHat+Sherpa

LC virtual

LO./NLO
LO scale-deperdence

NLQ scale dependence T

i s )
o I

150
First Jet Pr [GeV ]
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50 100 150
Second Jet Pr [GeV ]
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50 100 150
Third Jet p, [GeV]

100 150
Fourth Jet Pr [GeV ]

* All four jets — leading three show shape changes from LLO to NLO




200 300 400 500

100 200 300 400 500

100 200 300 400 500 600
0
T | T | T T 7 | T 3 10

[pb/GeV ]

do /dE_

BlackHat+Sherpa

1T "1 " 1T 71
W +3jets + X
\s = 14 Tev

Hp = W = Hy
|
I

Jjet jet
E;" >30GeV, IN"1 <3
E; >20GeV, In°l <25
E, >30GeV, M, > 20GeV 3
R = 0.4 [siscone] ]

LO/NLO

NLO scale dependence

| — el r
FRsheb et

| 5

100 200 300 400
First Jet E. [ GeV ]

500

100 200 300 400 500
Second Jet E. [GeV ]

100 200 300 400 500 600
Third Jet E [GeV ]

Also seen in W+3 jet production at 14 TeV (SISCone): leading
two jets have shape corrections to ET distributions

Cannot always choose scales to make all LO/NLO ratios flat

simultaneously!
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W™ + 3 jets incl. production : AR 1st to 2nd jet

— —— BlackHat+Sherpa, scale=HR_
| --.- Sherpa, ME&TS (N::"=2+4)

LIR(1st,2nd) jet

Shapes can change!

Opocie! 0 dS/dAR,, [pb]

Physics of leading jets not
modeled well at LLO: ;
additional radiation allows : T he10Tey O

.
LRl

jets to move closer SEmmEESS |

Cf Les Houches study [in
1003.1241] (Hoche, Huston,
Maitre, Winter, Zanderighi)
comparing to SHERPA
w/ME matching &
showering

W+4 shows similar but
milder effect at parton level

(S
(9)]

oIIII|IIII|IIII

—
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Tools for New Physics Searches

* Look for quantities which have different behavior for Standard-
Model physics and new physics

Look for quantities in which experimental systematics are
reduced or cancel [] think about ratios

EEERAVIVILUIEE PIAUNUIEEE LI EVIIN I IVIEE SN LW GIVIVINAVIEEAV.'AINEEE DAV A WiV Bl V5 | D I b ESNw A lE LlvinwEiw



W+ vs W—- Production

W +jet+X W' +jet + X
\s = 14Tev \s = 14Tev

r—l
ITE > 30Gev, 11 < 3 =Wy = E)" > 30GeV, I
>20GeV, In‘l <25 E, >20GeV, IN°l <25
£, >30GeV, M, >20GeV

E;

>30GeV, M! > 20Ge
£, >30GeV, M) > 20GeV
= 0.4 [siscone] BlackHat+She1‘pa = 0.4 [siscone]

BlackHat+Sherpa

LO/NLO NLO scale dependence LO/NLO NLO scale dependence

LO scale dependence LO scale dependence

-1 -0.5 0 0.5

-1 -0.5 0 0.5
Positron 1 [ GeV ]

Electron m
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W3 jets at the LHC

s)

-
W

— W' / W ratio W +3jets + X

\Ns = 7TeV

N

+3jets) / do (W +3jets)

et
W

W

N
W

S

(\®)

e

BlackHat+Sherpa

p—
W

[

do (W'

100
Neutrino ET [ GeV ]
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Polarization

(

distribution

This s a dif

dependence

— Present at
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LHC \/T: 7 TeV

_fL
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W+ 1 jet

{

W+ 3 jets

T il

50 100 150 200

P T,boson
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W+/W- Ratio

* Ratio of cross sections should be less sensitive to experimental
systematics and theoretical uncertainties too
R () — o(WT +n jets)
(n) = (W= +n jets) Kom & Stitling (2010)

* PDF uncertainties should be small, jet measurement
uncertainties too

* Example: top-quark production at 14 TeV reduces Ro(4) from
1.44 to 1.22 (LO)
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Jé@ﬂrelateweayg(yaﬂauon Cﬂ@t@lNLO W+ /W— LLO W+ /W— NI
| Ratio liit4dadeSIWists 73 a5 higher(2)is Jrobed — —
1 A ALn 9\ T22.6 2911 \t+10 1 EN07(0-NA9) 1 A98(0-069
L e A it 43 YR M A L 7
) a4 14/ N0 O . O 1[N T o -G AYANAAWAY AL 1 =10 N
O 41 .IL Ll J\ &*)}4{3;3’2_31840972 )ﬂ7‘7‘§’)‘)¥%@3’)—4.l 1. JJ0(U.UPY9I) 1. J7 \U.UQ"
9 1T DY T AP\ TN =l 1 cadlnoyhe) —_ i
1 7 2 A s W 11031 S 0 WITORR 4
) | O T i S L R St N Y, T L O\ ol T
3 || 17.22(0.03)F50f | 16.9(0.1)T0% || 1.694(0.005) | 1.66(0.02)
4 || 3.81(0.01)F73; | 3.56¥003)dd 3 || 1.817(0.003) |  SVapchuties!

* LHC, 7 TeV, anti-kT (R = 0.5), pTjet > 25 GeV
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Jet-Production Ratio in W+]ets

* Lore: ratio + (W+n)/~ (W+n-1) should be independent of n

More dependence on jet systematics than W+/W-, but much less
than W+n jets

Jets W=n/(n—1

1 || 0.1638(0.0001
5> |[70.2766(0.0004
3 0.2354(0.0005
4 | 0.2212(0.0004

LO W=n/(n—1) NLO
§ §§‘% 0.159(0.001)
0 831 0.236(0.002)

g ) g g b N

* LHC, 7 TeV, anti-kT (R = 0.5), pTjet > 25 GeV
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300

1T
1T

= ZIY +jet+ X
-— Z/Y +2jets + X
— Z/Yy +3jets+ X

T lIIII|lL-I IIIIIII|

We =W, = H/2 BlackHat+Sherpa

T S S S S S S —
— (ZIY +2jets+X)/(Z/Y +jet+X)
—_— (Z/Y +3jets + X))/ (Z/Y +2jets + X)

(ZI1Y +2jets + X )/ (Z/Y +jet+X)
(Z/1Y +3jets +X )/ (Z/y +2jets + X)

=+ il
- prrl~i=4 ¥ Lk

-+ J"l—il ; |+i' 1T
I et B s AR )

7 e e - fi"+'i"+""l.|-l+.1-Li"l | l.|.,+.+| [

pimeta

ol

] M
NN

I 200 — 300 I 200
Vector Boson Pr [ GeV ] Vector Boson Pr [ GeV ]
_ _ Slaasawa

DO
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More Ratios

* W/Z ratios should also be interesting to study

Can now be done with up to three accompanying jets
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Summary

* NLO calculations required for reliable QCD predictions at the
Tevatron and LHC

*  On-shell methods are maturing into the method of choice for
these QCD calculations

BlackHat: automated seminumerical one-loop calculations

Phenomenologically useful NLO parton-level calculations:
— W43 jets at Tevatron and LHC
— Z+3 jets at Tevatron and LHC
— First results for W+4 jets at LHC

— Broad variety of kinematical configurations probed

Detailed tools for new-physics searches
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[pb/GeV |

do / dp,

50 100 150

50 100 150

50 100 150

50 100 150

LO

Hp = Ug

W +4jets + X

‘> 25GeV, I <3

>20GeV, Il <25 F
>20 GeV, M, >20GeV |
= 04 [anti-kT] E3

s = 7Tev

BlackHat+Sherpa

LC virtual

LO./NLO
LQO scale-dependence

NLOQ scale dependence I

el

150
First Jet Pr [GeV ]

VA L (U] 1 JUJAL )L | |V

50 100 150
Second Jet Pr [ GeV ]

LU AACLL LT L)AL N L LAl L) 2 ) ] L)1 ]|\ \

100 150
Third Jet p, [GeV]

100 150
Fourth Jet Pr [GeV ]




W- LO -~ NLO W+/W-LO W+ /W~ NLO
0 || 1614.0(0.5)T5555 2077(2)+40 — —
1 264.4(0.2) 7575 331(1) 75 1.507(0.002) | 1.498(0.009)
2 || 73.14(0.09)75% 5, | 78.1(0.5)T;° 1.596(0.003) | 1.57(0. 02)
9 1~ 9o /n A\ 1+3.07 xr 1 LcOALO_AOOS) '
Tos 20808 405 PRI, T AOARP-08%) T AP O
At s oy | 81 7(0:003) [ Warctrviis!
D | o797 —=235.2
1 || 264.4(0.2)F%¢ 331(1)+15 1.507(0.002) | 1.498(0.009)
2 || 73.14(0.09)7=% 5, | 78.1(0.5)T;° 1.596(0.003) | 1.57(0.02)
3 || 17.22(0.03)"5 05 | 16.9(0.1)73 g 694(0.005) | 1.66(0.02)
4 || 3.81(0.01)T{3; Watch this! 1.817(0.003) | Watch this!
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Jets W= LO W~ NLO W+/W_ LO |W* /W~ NLO
0 || 1614.0(0.5) 3% 2077(2)13Y —
1 || 264.4(0.2)F%¢ 331(1)15 1.507(0.002) | 1.498(0.009)
2 || 73.14(0.09)7298) | 78.1(0.5)7i% | 1.596(0.003) | 1.57(0.02)
3 || 17.22(0.03)7597 | 16.9(0.1)T%2 || 1.694(0.005) | 1.66(0.02)
4 || 3.81(0.00)F2%% | 3.56(0.03)799% I 1.817(0.003) | Stay tuned!
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