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Physics at the LHC

o Excellent discovery reach:

o Higgs

O Supersymmery
Extra-Dimensional models
Anything else

O O

Large Hadron Collider at CERN

Circumference 26.7 km (16.6 miles)
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Physics at the LHC

o Excellent discovery reach:
o Higgs

o Supersymmery Projectile Motton HOﬂZOl‘Ital Laum:h

o Extra-Dimensional models
o Anything else L—I—
o Enormous amount of events (with 10£b~"/year)

o W = ev: 108 events
o Z = eTe 107 events

o tt production: 107 events o

o Higgs (my = 700GeV): 10* events
e |arge background
o Large number of ~, li, Z, W=

v'sﬁ Q‘r‘
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o Jets ; .| |

o Large number of tZ, bb

o Theories:
o Quantum Chromodynamics (QCD) effects

o Electroweak (WE) effects

a Issues to be tackled:

o Kinematics

o Normalisation

o Renormalisation and factorisation scale uncertainities

o Parton Distribution Functions

o Phase Space boundary effects and resummation of large logs
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What experimentalists see
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What really happens

S Calorimeter-level jets /=== oo oo oo =

O S S S S S

Hadron-level jets

Hadronization

i —— |

e~ Underlying event

e Large number of events of different kinds involving variety of
particles at the production and detector levels

e The underlying theory, Quantum Chromodynamics provides a
physical picture.

e Exact computation of such an observable is unrealistic.
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Quantum Chromodynamics

LHC being hadronic machine Quantum Chromodynamics(QCD), - the theory of Strong
Interaction physics plays an important role.

QCD describes the structure and dynamics of hadrons in terms of their constituents,
"Quarks" and "Gluons”.

Provides a framework to compute signal and background processes both in Standard Model
and in beyond the Standard Model.

We can explore the validity of SM at very high energies
We can compute New physics signal and lhrge SM background very precisely

Parameter of QCD is strong coupling constant g5 or Agcp.

QCD-a toolkit for discovering NEW PHYSICS at LHC

ub

4 s gluon-gluon scattering

gluon exchange by 2 quarks
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QCD improved Parton Model

Py, + P> — higgs + X

do™P2 = Y [ doy [ deafg (w1,3) Fyp (wa,id) A6 (1,2, {pi), ).

Po

/;j@/@g@

fa(, ,u,%) are parton distribution functions inside the hadron P.

Non-perturbative in nature and process independent.

® Gav(xi, {pi}, ,u%) are the partonic cross sections.
Perturbatively calculable.
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Factorisation Theorem

Hadronic cross section in terms of partonic cross sections convoluted with appropriate PDF:

25 dUP1P2 T,mh Z/ b (x, uF) 28 da“b(w,mi,up)

e The perturbatively calculable partonic cross section:
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Factorisation Theorem

Hadronic cross section in terms of partonic cross sections convoluted with appropriate PDF:

2S do 12 (T,mh — / —<I>ab (z, ur) 28 d&ab (I,mi,up)
T

e The perturbatively calculable partonlc Cross section:

oo 1
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Factorisation Theorem

Hadronic cross section in terms of partonic cross sections convoluted with appropriate PDF:

25 do 112 (T,mh — / —<I’ab (z, pr) 23 d&°? (:,mi,w)
T

e The perturbatively calculable partonlc Cross section:

oo 1
. as(KR)\" . ab,(i
dO'a'b (Z, mr;)l,, I_LF) — Z ( 847‘- ) do.abg(?») (z, mi, UF ,JJR)
1=0
e The non-perturbative flux:
1
d
(I)ab(mauF) —_— f ?Zfa (ZSP'JF) .fb (SSH’F)

o fa(x,pur) are Parton distribution functions with momentum fraction .

® ;.1 r IS the Renormalisation scale and g, Factorisation scale

e The Renormalisation group invariance:

dci:, o1P2 (1, mj) = 0, M= UFs LR




LO Is a crude approximation!
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LO Is a crude approximation!

Higgs Production through gluon fusion:

1 dz o T
28 dott (z,my) = / —@é%) (z, uF) 28 daég) (;,m%{,pR) +. .

r <
o(pp=H+X) [ph] \s = 14 TeV
DOO0000) & RN RS L A EEE AR RN AL LA L
A > - - = ’
10

® 11 r-renormalisation scale 10 he B

e .. ~--factorisation scale % lawruronus sennnsions wsonnrnnin snnnvosnns
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M, [GeV]
2 2
ag b s F , - — F
230-( )(8 pr) ~ as(pr) G 5 F = < pR = pr < 2mpy
My My 2

LO prediction is Unreliable due 100 — 200% scale uncertainity



Inputs that can affect the predictions

® Renormalisation scale due to UV divergences

as — as(Hr)



Inputs that can affect the predictions

® Renormalisation scale due to UV divergences

as — as(URr)

e Factorisation scale due to light quarks and massless gluon

fa(@) = fa(x,pur) a=4q,4q,9



Inputs that can affect the predictions

® Renormalisation scale due to UV divergences

as — as(URr)

e Factorisation scale due to light quarks and massless gluon

fa(@) = fa(x,pur) a=4q,4q,9

e Parton Distribution Functions PDF extracted from experiments

NLO: CTEQ, GRV
NNLO: MRS, MRST, MSTW, JR, ABKM, HERAPDF, NNPDF



Inputs that can affect the predictions

Renormalisation scale due to UV divergences

as — as(URr)

Factorisation scale due to light quarks and massless gluon

fa(@) = fa(x,pur) a=4q,4q,9

Parton Distribution Functions PDF extracted from experiments

NLO: CTEQ, GRV
NNLO: MRS, MRST, MSTW, JR, ABKM, HERAPDF, NNPDF

Stability of perturbative result and missing higher order contributions.



Inputs that can affect the predictions

Renormalisation scale due to UV divergences

as = as(ur)
Factorisation scale due to light quarks and massless gluon

fa(@) = fa(x,pur) a=4q,4q,9

Parton Distribution Functions PDF extracted from experiments

NLO: CTEQ, GRV
NNLO: MRS, MRST, MSTW, JR, ABKM, HERAPDF, NNPDF

Stability of perturbative result and missing higher order contributions.

Any "Fixed order" perturbative result is bound to depend on ur and p g and type of PDF
sets.

Observables are "free" of prp and g .

d
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Strong Coupling Constant

4

as(1R)

Yosu




Renormalisation Group Equation (s

Renormalisation group equation for acs:

g5 (WR) _ as(up)
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Renormalisation Group Equation (s

Renormalisation group equation for acs:

g5 (WR) _ as(up)
1672 4

as(nR) =

d
dp%

ph—sas(nf) B (as(pF))

= —Boal(uy) — B1al(pk) — B2a5(pk) — - -



Renormalisation Group Equation (s

Renormalisation group equation for acs:

2y _ 9s(R) _ s (i)

as(tR) = 53 in
2 d 2 2
MR 5 G'S(H'R) = g (Gs(ﬂR))
dpg
= —Bo ai(pk) — B ai(uk) — B2 a5(pk) — - -
0-19 | NNLO
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Renormalisation Group Equation (s

Renormalisation group equation for acs:

_ gs(kR) _ as(pk)

2
as(Wr) = e = " 4n
2 d 2 _ 2
HRd > as(pr) = B (Gs(HR))
HRr
= —Poai(pg) — B az(pgk) — B2as(ph) — - -
0.15 .I T T T INT\TILOI T T
0.14 | NFS B Measured from :
0.13 | -
s %P\ 7 » Tau decays,
= o1 b \ - e |attice,
o1 L __ T * heavy quarkonia decays,
0.00 | * non-single structure functions,
R e Jets from HERA,
0O 0.10.20.30.40.50.60.70.80.9 1 °

Q (TeV) event shape variables from LEP
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World Summary of as 2012:
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o (M)
a(Mp)
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eTe” [jets & shps| | 0.117240.0037 | 0.1185 4 0.0006 0.3
ew. prec. (lma} 0.1192£0.0028 |  0.1185 £ 0.0006 0.2

S. Bethke



World Summary of as 2012:

S. Bethke

IIIIIIIIIIIIIIIIIIIII 0.5

| March. 2012
a |-|-( - 0 a (Q) v T decays (N3LO)
1: decays | = B [attice QCD (NNLO)
. [ a DIS jets (NLO) 1
Lattlce KDI i T 0 Heavy Quarkonia (NLO)
| e £ jois & shapes (res. NNLO)
DIS —0O— | 0 e c.w. precision fits (N3LO)
: BN pp —> jets (NLO)
+ .- 03
ete —O7— :
‘ I
e.w. fits —0— :
| 0.2t
A EarEaE I a erTrl OeTE
0. 1L o 3
(]S (M Z) = QCD o (My) = 0.1185 = 0.0007
i) 1 10 5 [Gev] '°°
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World Summary of as 2012:
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(X.S(Q) v T decays (N3LO)
® [attice QCD (NNLO)

04 | a DIS jets (NLO)
0 Heavy Quarkonia (NLO)
o e'e jets & shapes (res. NNLO)
e e.w. precision fits (N3LO)
BN pp —> jets (NLO)
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=— QCD (M) =0.1185 = 0.0007
1 100
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as(Mz)=0.1185 +0.0007
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Parton Distribution Function




Q (GeV?)

LHC-testing ground

J. Stirling

Tevatron parton kinematics 7 TeV LHC parton kinematics
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PDF and DGLAP evolution equation

Renormalised parton density:

fa(zaUF) = Lap (znuFa i) ® fa,B(z)

€IR

Dakshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) Evolution equation:

1 Z
75 d fa(x, pF) :/ d? ab(Zs LF) fo (gaPLF)a p=r"" (uFi> r

dp’F @ dluF

Perturbatively Calculable:

Eple i) = (#)P(O)(z) one loop (LO)
—|-(aszi::F))2P(1)(z) two loop (INLO)
+(asi‘;F)>3P(2)(z) three loop (NNLO)

NNLO is already known (summer 2004 )



Scale Variation of Flux at the LHC

1
dz T
by@ur) = [ Z fiGue) £ (See)  1=10,NLO,NNLO
&£
DGLAP evolution:
d L dz x
HF fa,(CCaIJJF) :/ — ab(zauF)fb (_SIJ’F) prp = p, po = 150GeV
de/F xr < z



O(W)/d (o)

Scale Variation of Flux at the LHC
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O(W)/d (o)

Scale Variation of Flux at the LHC

1 dz T
“ly@ur) = | = fieur) f () 1=10,NLO,NNLO

1.1

LHC(gluon flux,Q=150 GeV)
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DGLAP evolution: HHO
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dPJF r < z
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PDF sets

Different Groups:
MSTW, CTEQ, ABKM, ABM, NNPD,HERAPDEF, GJR, .....
Exterimental inputs:

Deep Inelastic Scattering,
Drell-Yan,

Tevatron jets, Tevatron W,Z , ...

PDF uncertainity:

Choice of data sets
Treatment of heavy quarks
Treatment of errors

Order of perturbation theory
Parametrisation of densities
Flavour symmetries
Asymptotic behavious of pdfs



gg luminosity at LHC s =7 TeV)
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gg luminosity at LHC (s = 7 TeV)
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e Data sets: Electroproduction, hadron production (fixed target and collider)
e Fits procedure: Hessian and Monte Carlo
e [reatment: ag, mp and me
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NLO revolution

NLO timeline

r~ (V)
A A
(V] (9

Gavin Salam

o
?\
Cv

e A o B s o B e By e e B ey e e
1980 1985 1990 1995

1979: NLO Drell-Yan [Altarell, Ellis & Martinelli
1991: NLO gg — Higgs [Dawson; Djouadi, Spira & Zerwas]

1987:
1988:
1988:
1993:

2000 2005 2010

NLO high-p: photoproduction [Aurenche et al]

NLO bb, tt [Nason et al]
NLO dijets [Aversa et al]
Vj [JETRAD, Giele, Glover & Kosower]

19908:
2000:
2001:

2007 :

NLO W.b_.f_) [MCFM: Ellis & Veseli]
NLO Zbb [MCFM: Campbell & Ellis]
NLO 3 [NLOJet++: Nagy]

NLO tz; [Dittmaier,

Uwer & Weinzierl '07]



Advances at NLO

Analytical Methods

Faster way of generating Feynman
diagrams:

QGRAF

Sympolic manupulation:
FORM, Mathematica
On-shell methods

Recursion techniques

Merging NLO with Parton Showers:

MC@NLO
POWEG
SHERPA
VINCIA
GENeVa
aMC@NLO
KRKMC

Semi-numerical methods
Helac-NLO

CutTools

BlackHat

Rocket

SAMURAI

MadLoop

GoSam

Ngluon



NLO revolution

NLO timeline
Gavin Salam =

r— v o A
7 7 7 778
v v Gavin Saldm Vv

e A o B s o B e By e e B ey e e
1980 1985 1990 1995 2000 2005 2010

2009: NLO W +3, [Rocket: Ellis, Melnikov & Zanderighi]
2009: NLO W +3j [BlackHat+Sherpa: Berger et al]
2009: NLO tZhb [Bredenstein et al]

2009: NLO ttbb [HELAC-NLO: Bevilacqua et al]

2009: NLO gg — bbbb [Golem: Binoth et al]

2010: NLO ttjj [HELAC-NLO: Bevilacqua et al]

2010: NLO Z+3j [BlackHat+Sherpa: Berger et al]



Role of NLO corrections

W + n-jet cross section

MCFM PDF uncertainty
- MCFM Scale uncertainty

« SMPR: Madgraph, Pythia, Jetglu
> o CDF I/MLM MM uncertainty * MLM:  ALPGEN, Herwig, Jetglu
§ m CDFII/SMPR  SMPR uncertainty

o g o ORI } « MCFM: NLO QCD + showering
% o 99 ﬁﬁéﬁi ﬁﬁﬁﬁﬁ* P08 04 0000 ﬁﬁﬁ‘
bD AT T R AR R I _; """"""" + """ NN §
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=~ o
bc 01 o MLM l +§+ * '|E I L‘%ﬂ- ---------------------------------------------------
1E u SMPR ¢4 O BRI T IR B ——
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¥ 0.05 =aed |
bD |
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0L « COF Il /MLM ’ } | '
Scale uncertainty
. 15k -
MCFM: NLO QCD works better ST TIL I R
1_ - = Fi_l_i_| 1 :‘:
05 = CDFII/SMPR — o
Scale uncertainty I J(
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Z background to SUSY searches

Susy searches require estimate on
the Z background

Hard to measure Z background

’ g jet
Photon rates are 6 times larger — — g i%

easy to measure. L] |

Use theory to get the ratio R~/ 1sp i



Z background to SUSY searches

e Susy searches require estimate on

jet

the Z background

o
o
~" LSP
o
o
8
o

 Hard to measure Z background

* Photon rates are 6 times larger

P

easy to measure.

« Use theory to get the ratio R, Lsp

o(pp— Z(— vi)+ jets) = app — 7+ jets) xRy,

!
[

1%

q

q

U U g g

Background measured  theory




Theory predictions

0 BlackHat

0.45

HY : -- L0
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0.4 Virtual: On-shell and Unitarity cut techniques

Real : SHERPA
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H/ GeV

CMS and ALTAS use this
to estimate METZJ background
for SUSY searches
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Theory predictions

Hl
U= TT R = 0.5 [anti-ki]
L+3] 1743
Set 1 cuts

-- L0
—NLO
- ME+PS

BlackHat+Sherpa
LHC 7 TeV

o

100 200 300 400 500 600 700 800 900

1000

H/ GeV

CMS and ALTAS use this
to estimate METZJ background
for SUSY searches

BlackHat

Virtual: On-shell and Unitarity cut technigues

Real

: SHERPA
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Data / MC

W+2 jet anomaly at CDF — NLO effect?

16—

; CDF Ivjj data (7.3 fb™) ]
1.5 F mmmm MC = VV, V+j, ttbar, QCD -
1.4 | E

1.3 F { 1 .
12 F } : S

11 b

o/d 409 Woy paIenKs Ble

« CDF and DO use ALPGEN and
Parton showering for their analysis

« AMC@NLO Gives the similar prediction

* Theory uncertainty is comparable to
Anomaly!

O Ortap
D O OM

AMC@NLO
'PDF uncertainty aMCONLO (solid) L e i
‘Scale yncertainty aMCONLO (dashed) 1 kTR
0 50 100 150 200 250 300






Higgs Results

ATLAS Preliminary |~ 31aL)  Total uncertainty
p=100:014
H-r p&l. 0.96
p=1 172; ::_f
— H - vy tagged
u=146 p=112+024
— W
) =118 H - ZZ tagged
p=063°%
¥ o oo H—» WW tagged
pe 1449t p =083+ 0.21
H o~ up
u=07? H — tttagged
H 2y ' u=091+0.28
u-z.r'::
| H — bb tagged
Combined - ] p=084+044
n=1187"1 3% i ! o s 2 2 20 2 o .
PN I U E— 0 0.5
f3=7TeV, 45478 -1 0 1 2 .
=8Tev. 2030 Signal strength (u)
_ +0.15
rarras = L1875 )
__ +0.10
stat. = —o.10 +0.08

sys. (inc. theo.) = 7211

theory = 77
[ M. Diihrssen @ Moriond EW 2015]

19.7107 (8 TeV) + 5.1 f6' (7 TeV)

nh-1ZSGeV

1 18 2
Bestﬁtolcsm

puonrs = 1.00 £ 0.14




QCD Processes for Higgs Production

Anastasiou, Duhr, Dulat, Furlan, Gehrmann, Herzog, Mistlberger

et BT FTE

Real-virtual Double virtual
squared real

Triple virtual

Double real

. Triple real
virtual Integrals

NNLO 90 000

100 000 diagrams N3LO 517 531 178



Integration By Parts Identities

|Tkachov, Chetyrkin]

& Generalization of Gauss’s theorem in d dimension.

& Within dimensional regularization, all integrals in d dimension are
well-defined and convergent.

.

the integrand must be zero at boundary
(necessary condition for convergence)

& to make it free from Lorentz index

[
0 vH
DA — 0
/H lak’-‘ (D?l...D?nm)
i=1 J

v=k;,p;



Lorentz Invariance ldentities

|Gehrmann, Remiddi]

& Under Lorentz transformation of external momenta

p; — Py +0p; =p; +whp; with wl = —wy

the integrals are invariant i.e.
0
. 2
op;

I(pi) = L(pi + 0pi) = L(ps) +wp » _ ph

J

Z(p:)

& from which the identity can be derived

0 0
Z(pjaﬂapg p], 81)91) (p)

J



Master Integrals

Anastasiou, Duhr, Dulat, Furlan, Gehrmann, Herzog, Mistlberger MethOdS

B i< 1

o . Real-virtual Double virtual IlltegFGTIOIl BV Parts
[Tiple virtual v

S(]llill'(‘(l l'("iil

dky dks 0 (1 \_,
| evon (vmmor) -

LLLILL LER LI RPN

Double real

virtual Triple real Lorentz Invariance
100 000 diagrams Integrals Master Integrals Pp (Z Priy—— ) J(ii) =
oy
NNLO 50 000 27 1
N3LO 517 531 178 1028

Master Integrals
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o(pp—>H+X) [pb]

Higgs cross section at NNLO
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Amnastasiou, Duhr, Dulat, Furlan, Gehrmann,Herzog, Mistlberger

N3LO QCD results for Higgs

w T L T
2 Lm |
| po-sheX ghon fuson |
MSTWOS 86c I
[ ey e M 22m,)
L Cortral sosbe yomy, |
|

® LO m NLO m NNLO = NNNLO

:
o : ﬁ
o/pb 2 TeV 7 TeV 8 TeV 13 TeV 14 TeV
. m 4+0.43% 40.31% 4+0.32% 4+0.31% +0.32%
p= 0997 gro, 19317 57550r 19.477 5090, 44.317 57640, 498775751
p=mp |0.947257% 14.84F3-75% 18.9073-0°7% 43.14F371% 48.572-55%




N3LL resummed results for Higgs

A 7 i ‘
Higgs cross section: gluon fusion A reb(q ,J,R ,-L ) C; . (qQ’ /'l’%l’ I-L;?‘)Ag,N (qg)

60 T T T T T T T T T
. my = 125 GeV

. LHC13TeV

|i+ ______ N3LL

Resummaton

NLO
NNLO

LO+NLL |
NLO+NLL' +
NLO+NNLL |-

NNLO+NNLL'
NNLO+N3LL [
NNLO+N3LL

1 N-1 2(1-2)2 7\2 )
2 —1 dA .
Ag N = exp /(; dz {2/2 5Vl Ag (as()\2 )) + Dy (as(q 2(1 - z)z)) }
q —




Subtraction Methods at NNLO

[.ocal subtraction schemes: Radja Boughezal

e Sector decomposition (Anastasiou, Melnikov, Petriello, 2003)
- pp — H, pp — V including decays
(Anastasiou, Melnikov, Petriello, 2003-2004)
e Sector-improved subtraction schemes (Czakon, 2010; R.B., Melnikov, Petriello, -
- pp — tt  (Czakon, Fiedler, Mitov, 2013)
- PP — H - .7 (R.B., Caola, Melnikov, Petriello, Schulze, 2013-2015)
¢ Antenna subtraction (Gehrmann-De Ridder, Gehrmann, Glover, 2005)

- EE — 3J (Gehrmann-De Ridder, Gehrmann, Glover, Heinrich, 2007; Weinzierl, 2(
- pp — j ] partial (Gehrmann-de Ridder, Gehrmann, Glover, Pires, 2013)

- Pp — H — j gg-only (Chen, Gehrmann, Glover, Jaquier, 2014)
- pp — tf partial (Abelof, Gehrmann-de Ridder, Maierhofer, Majer, Pozzorini, 20

e ‘Colorful NNLO’ (Del Duca, Somogyi, Trocsanyi 2005)
-H — bb (Del Duca, Duhr, Somogyi, Tramontano, Trocsanyi 2015)



Resummed Higgs cross section

Catant and Grazzini;, Vogt and Moch

L L L D B SO 77 7 1 T T
- o (pp — H+X) [pb] - c(pp — H+X) [pb] -
) 60 A =
RAY — - - NLO N — - — NLO i
15 FRNS e NZLO 20— N?LO y

-
--.
LI
-
......

- Vs = 14 TeV
I L L 1 I 1 L 1 I 1 L 1 I 1 L 1 0 1 L 1 L I 1 1 1 L I L 1 1 1 I 1 1 1 1

0 1

100 120 140 160 180 200 100 150 200 250 300
M, (GeV) M, (GeV)
e 3L L resummation exponents are available now.

e N3LL resummation does not change the picture much. Fixed order N®LO,,sv is very
close to the N3 L L resummed result.



Rapidity of Higgs and its scale dependence at NV LO, N°LO

Anastaiou et al

pp~H+X
1 | 1 1 1 1 | 1 | 1 1 | 1 1 | 1 | 1 1 : I T T I T T I I T T I I

— 10 L do/dY (pb/GeV) (LHC) B _
B my=115 GeV ceeeeseses NNLO 4
Vs = 14 TeV ] i Yosv ]
my = 120 GeV ] 3 i T
MRSTR001 pdfs ] . .
— mp/2 £ p S Rmy I ]
2 - o | -
| — - -
b - -
] . L ]
] , L ]
O_ L0 | [ N I | L0 | i IIEE! P B .

0 1 2 3 4

Y

e NNLO exact in the large top limit reduces the scale uncertainity significantly

® One of the most difficult computations in QCD. Is it the end?



do/dpf' [ pb/GeV]

Higgs+jet at NNLO

R.B., Caola, Melnikov, Petriello, Schulze, 2015

H+1j, @8 TeV
| T T LO
8000 1 .
+ NLO
. NNPDF2.3, 8TeV, ggtqg WO
7000 |
7 G(X)O -
& 5000
3-0 — | .\'L.O/LO- 4(“) :_
’ w—— NNLO/NLO
3000 -
40 60 80 100 120 140 160 180 200 220 240
1L [(1(‘\]
+44% +20%
Corrections: LO —— NLO—— NNLO for p=mu

+23%

+4%
LO —— NLO —— NNLO for p=mu/2
Scale uncertainties: 36% LO 21% NLO 8% NNLO

84



do/dp;”" | pb/GeV|

W+jet at NNLO

Radja Boughezal
W (= 1) +1j, @ 8 TeV
— ' ‘ : ' | ‘LO ;
Y i — T T | m=—io | r > 30 GeV, Jnjer| < 2.4
e — = T |Leading order: 533752 pb
—— . 463
e — Next-to-leading order: 7977, pb
107 Next-to-next-to-leading order: 791“:2 pb
CT10 PDFs, anti-Kt with R = 0.5
10" :
22H mmm NLO/LO L. .
18| — NwO/NIO e KnnLo i1s independent from Teut 1n
) each bin.
6 4i0 6‘0 810 160 150 1;0 160 180
pi! [ GeV
_ +40% -1%
Corrections: LO — NLO —» NNLO for p=mw

Scale uncertainties: 7% LO 7% NLO ~<1% NNLO

Very mild shift from NLO to NNLO and almost flat dependence on pT]



Top pair at NNLO

MC, Fiedler, Mitov, preliminary
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Top Ars at NNLO
4 N(Ay > 0) - N(Ay < 0) >«<~ \y<

N(Ay >0)+ N(Ay <0)
Ay — yt . yf sl ' \ >rmmu<

NLO s
NNLO e 0.6
CDF v+t

DO =t
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0.4 I =173.3 Gev

MSTW2008 pdf
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CDF Lepton+jets (9.4 fo™)
PRD 87, 062002 (2013) } ——— 164247
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CDF Combination (9.4 fb™)
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DO note 6445-CONF (2014) ——— 180286
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Di-photon at NNLO

Tevatron LHC Catani et al.
30¢ .
——NNo I —— NNLO  MSTW 08 df v mono
Jl T NLO T - 1O =pup=M
10% =up=M 20F T Tmal Mp=pp=M., ! ——
L.O MR=HMF 4 e . 3 e
NNLO/NLO g (fb / b 111) """"" LO Kmo+1;5g/'1;d+5¢g -----------
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= | ' - - M 100 120 140 160
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Cross section increases by 30-40%






Infra-red safe observables

b/  We do not see quarks and gluons, we see
Hadrons are O n Iy

clustered

ogether to * hadrons/bunch .
make jets
hotons, weak _ SRS eE2
P % Deposited Energ
3 Hadronic
8 § Electromagnetic
— Track Hits
- Infra-red Safe observables are the only meas 10%5m
: y : -g Mesons: e ,-"; Baryons: —
 How to construct infra-red safe quatities in Q = o Fmlons,
efc. etc.
« Example: What is a Jet <10*m
=
© -
e
Proton

Infra-red safe definition of a Jet

Algorithm
Collection of partons  ~ Collection of hadrons
| (Jets)



Jet Agorithms

. SIS Cone
- k4 Algorithm | ATLAS Cone
- Cambride/Aachen algorithm CMS Iterative Cone
- Anti-k; algorithm GetJet

Successively Recombine the nearby partons
d;j = min(k, 7, k") (Ay7; + Ad3))

t,27 5]
p = 1: k; algorithm [Catani, Dokshitzer, Seymour, Webber, 93]
p = 0: Cambridge/Aachen (C/A) algorithm [Dokshitzer, Leder, Moretti, Webber, 93]
p = —1. anti-k; algorithm [Cacciari, Salam, GS, 08]

Cone: = flow of energy in a cone (of fixed R) centred on the cone
centre: SISCone (Salam, GS, 07]



High Pt and invariant mass distributions of jets
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Excellent agreement with NLO QCD predictions



Fine Jets and Boosted Jets

Filtering: undo the last recombination, keep the subjets
Trimming: remove low energetic deposits near a jet

Pruning: recluster each jet in way wide angle recombinatio are absent

Boosted jets can probe Heavy states: new physics

PR
Y

L o
boosted X ' single
- ' fat jet

—— /‘713)‘& /;




Boosted Jet from W Boson

} T T | T T T T | T T T ] I T T =
& 160 ATLAS Preliminary
S 140 -+ Data 3
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Boosted Jet from top quark

CMS Preliminary, 490 pb” at\s = 7 TeV
) LI T LI I ) L I ) L i

['I.IU : T

S ?:— ks

{% E:— miet 217552+ 597 GeV
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E 55_ Blop

g 4F EWJets -
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Conclusions

« QCD Is a tool kit at Hadron Colliders
e Factorisation plays an important role for predictions
» Strong coupling constant and PDFs are under control

 Many NLO and few NNLO results are available to test
SM and new physics

» Jet physics provides alternate ground for probing new physics.
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