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Sam oven spin and color we obtain the square

amplitude for ete 91ps g Png Py
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collinear behavior

consider kshka limit
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from k4Hks limit we find
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Applying C and P
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Splitting Amplitude Works for any tree level amptitad

i f

it also holds at squared amplitude level
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Splitting function
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time like

It E
C Uhregularized splitting function

can be regularized by plus prescription
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fix X by quark number conservation sum rule

J dt Paget Ctf HEI dt XG.IO
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Physical consquence of universality in timelike

and spacelike splitting Foundation of most pacb

Application at the LHC partonshower nesummation fixed

order calculations amplitude bootstrap jet substructure

factorization
However collinearhouly holds universally at tree level See also

Prof Macs talk

properties of soft and collinear also impose restriction on

which observables are perturbatively calculable

IR Safe Observable Observables which are not

sensitive to soft on collinear emission On Cki ka i kn

Ont C Ks On C Ks o

Ont C Ra Kb On C Kp KakKb
Kat Kbs Kp
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Examples

jet cross section

thrust T mq II I T.FI
Et

inclusive cross section

W Z H rapidity PT distribution

kr E.ci
NLC QCD corrections to etE GI.kz E.ci o o is

Ze 3 kz E CI o Sindcos
K4 EC1 o sinc caLo

I.i.milaIPhasess III.iaetCki k4T 2ECltccs
recall that a
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CK k E'Chao
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fluxfactor
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K EE.iohEh ZasTEIa7 nczaai
Early evidence for color

NLO Virtual corrections

we HE Ya
in

Fur fee vanish in dim reg

The one loop integral WBL JEFF t.ie tio etTIio
is divergent in D 4 dimension and require regularization

By simple power counting no UV divergence IR divergence can

arise when propagator become on shell However vanishof
propagator doesn't necessarily leads to singularity

Complex integral

t.isJ xx
T

not pinched pinched end poindsingularity

singularity canbeavoid

by contour deformation
singularity can not be

avoided

Structure of IR singular integral surface captured by
Landau Eauation



For a generic L loop integral
Ichi's mih III.dz NCffit.lPiD
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Landau Equation

g
Di 91 Miko Ci 1,2 ME 4L

each choiceof the Di cutted momentum
in the 1st Equations specify
a cut configuration oops

d 8i O for every loop j

Singularity corresponds to Non trivial solution of Landau e
Apply LandauEquation to the one loop vertex integral

I ece ksiice.tk

case I
0 0 l k35 0 life a

3 particle cut g en t Cl Rsv As Clt REM 0

Contracting the second line by Li Ks ke
weget 22 93 0 Neto and LM so

physically corresponds to e soft track E I I

case 2

two particle cat

o Ce Rs
2
0

All t dell RIM o



contracting the second line by l k 3 kit
the only non trivial equation is

Hit xD l Ry Nr Rs Ky o

like
Rs k

I
Lit 42

physically e HRs and EE o collinear singularity

similarity cutting land At key gives the

Wky collinear singularity
exercise Check that the remaining cat configuration

do not give rise to IR singularities for the

scalar vertex integral
Therefore the IR singularities in the vertex

corrections come from Soft collinear region
We use dimensional Regularization to regulate

both UV and IR singularities

D 4 ZE

III a 4515



or Reqo.EEerIe.lIsio.iYEE E I Ez iED
Sr control the scheme dependence

loop phasespace Dirac alg.gov ofglaonpot8R
CDR 4 2E 4 ZE 4

2E1FDH42E 4 4 2 0

Advantage of FDH scheme can use spinor helicity method

Disvahtage NNLO not completely understood

reference Kilgore 1205.4015
We will use CDR in this lecture

NLORealcorrections
I 3 s

Hfe that

z 5

recall that the squared amplitude is

IMHZ 16Nceieqgsq.SE siE sz5tsE
512534545

Some kinematics QM Rt 1kt
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535 Q2 2Ey Q

845 Q2 2 E3 Q

let Xz 5 Xe 2k X5
2

im
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3 body phase space

d 3 t.dekfzezfcd k4zey If55zEsC2Th48HQ ks kaksI

g s des Eat cos83193 does

where in the Center of mass frame Euler angle
k3 03 is the polar angle

Oz is the azimuthal angle anand k
k

953 is the azimuthal angle aroundKs

SB E3Q2 I cos835 Sis EEG l cog sY
SE E5 Hca Ast Saf EE a Clt coifs Y

The Euler angle can be trivially integrated out
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IF stinare

Oo Ift CE fo dXs dis X5 X

l X3 I XD
Dalitz plot

X5
xz 1 k4

µ
khT

X3 Xs 1 k

O X3

OR IR singular requires regularization Dim reg

ftp.p 8451049 lie expyocpg

In the following I will give two approach to

compute or



Approach 1 standart textbook treatment

Yeah
Or To CF f dX3 f dxsc xz.IE l Xs5tTC2E

X3tX5 1 E

KE XI 1 XE t C Xs 1 5 15
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exercise
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out or To G f E E St EE
E I 9 Zaz

toffee I
a

Approach 2 Compute an IR safe observable

first then integrate

thrust t mnax.EE n kj nz 1
To

21k I
g I

also define 7 1 T


