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M O t I V at I O n Karlsruher Institut fir Technologie

m To compare experimental data with theoretical predictions » (GPMC)

= (GPMC) = different energy scales

m Higher simulation accuracy» compare NNLO and higher order calculations
with parton showers

m Increasing the accuracy of the shower models
» higher-order splitting functions.

m The three major Monte Carlo programs Pythia, Sherpa and Herwig
Problem: $§ the known structure of singularities present in a NNLO calculation



Factorisation theorem A\‘(IT
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g = Zij fdmldmﬂfi(mlnﬁg)fj(mﬂa ﬁz)ﬂ-ij(ml:m% QE/#’E_ . *)

R. Keith Ellis, W. James Stirling, and B. R. Webber
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€+e_ — 2 jets: Karlsruher Institut fiir Technologie
e q
B
e’ q
oL0 — / doB
me-parton Born x-sec for
phase space ete™ — qqg
integral (. = 2)
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ete™ — 2jets:

€ q

Finite! Y
Calculation in d=4, no
regularisation needed

e q
ol@ = / do P
me-parton Born x-sec for
phase space ete” — qq
integral (1t = 2)
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NLO: IR and Collinear Divergences A\‘(IT

Michiel Botje, QCD lecture Nov. 2013

d’c __ (rahrcr) Z E_E 205 z12+zo”
dridzs 5 to3m (1—z)(1—=z2)
* r1 — 1
* T9 — 1

*x Ty 1 AN a9 — 1

4 July 2019 ITP Seminar by Tigran Saidnia 6



Three-parton configurations ﬂ(".
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killkg(f13 — 0,z — 1)
e £Eg — O(xg — 0)

Eq — 0(xzq1 — 0)

kql|lko(612 — 0,3 — 1) ko|lkg(f23 — 0,1 — 1)

Eo — 0(xyg — 0)
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Three-parton configurations .\\J(IT
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T. Grandou. The Kinoshita-Lee-Nauenberg (KLN) theorem

E]_ — O(El . 0)
Soloution: KLN-Theorem

a summation over degenerate initial
and final states removes all IR
divergences. The sum of the
Ky ||k integrals | and [}, over the phase L xq — 1)
space is finite.

o ®
'@ﬂ,.._ — — 0(:{:2 — 0)




Subtraction method -\\J(IT
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real emission contributions virtual corrections
m + 1 parton kinematics m parton kinematics
o NLO — / dott + / doV
m-+1 m
IR divergent

=regularize in d = 4 — 2e dim
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introduce local counterterm do“ with
same singularity structure as do'*:

oNLO — [dO'R — dO'A} -+ do? —I—/ do
m—+1 m—+1 m

A ey
~

finite

can safely sete — 0

perform integral numerically in
four dimension
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Behaviour of the Counterterm:

matches singular behaviour of doy exactly in d dim
convenient for Monte Carlo integration

exactly integrable analytically over one-parton PS in d dim
extra feature: universal structure

Solution: Dipol factorisation

dod = Z do® @ dVyipole

dipoles

4 July 2019 ITP Seminar by Tigran Saidnia 11



Determination of emission kernels -\\J(IT

color/spin
projection of universal dipole
Born x-sec factors

dO’A — Z dCTB X d‘/;ﬁpole

dipoles

PS convolution &

dipoles for all (m + 1) color/spin summation

configurations
corresponding to given
m-parton state
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Singularity Structure =% o4

universal structure: for each singular configuration
2 2
(Mg1|” = [(Min|” ® Vijik

V. -..contains singularities, depends on momenta
& quantum numbers of partons z, 3, k

17 and k ...emitter and spectator
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Schematic depiction of the different types of factorizations -\\—‘(IT
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Factorisation in soft region
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Factorisation in collinear region
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Factorisation in dipole formalism
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Factorisation in dipole formalism ﬂ(“.
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Catani, Dittmaier, Seymour, and Trocsanyi
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Kinematics "}\J(IT
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Mpa? =<1,....m+1|1,....m+1>= D kti Dijk(p1, - - -, Pmy1) + finite terms

Ty T;;
T;jg

-1 s &
Dij,k(pla"'apm+l) — 9p.p. M < 1:"':?'.’)'5"':k1"'1m+1| ij,k|1:'"1333"':ka"'am+1> m

PiPj

Vij,k splitting kernel in helicity space of emitter explicit form
depends on parton type become proportional to Altarelli-
Parisi splitting functions and Eikonal factors in collinear
and soft limits, resp.

Tk, Tij colour charges of spectator and emitter

Barbara Jager, The Dipole Subtraction Method, October 2006
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Altarelli-Parisi splitting functions -\\J(IT

The spin-averaged unregularized Altarelli-Parisi splitting functions in d-dimensions
the probability that a daughter parton i with momentum fraction z splits from a parent
parton |

5 1+ 22 )
(Py) = Cpl =2 —c(1—2)
o 22(1 — =
(By) = Talt ~ 2222
1+ (1 ’:’;2 > Alterali-Parisi
. —z
( Pyg) = CF| . — &2
R z 1— 2
<ng>:20A[1_z+ > —|—z(1—z)]}

FPgg

Pgq Pgg Pggq
No S. No S.
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Mapping 3 partons to 2 for single emission _\\j(IT
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g = zpi +y(L = 2ps# + | [zy(l — 2)mL

g" = (1 — 2)p* + yzp;” — \/zy(l — 2)mH, >  parametrisation

g/ = (1 —y)p;* J

m | represents the transverse component
Includes soft limit (z — 1) and collinear limit (y — 0)

Problem:
m Catani Seymour method only works for single emission

m No singularity structure for NNLO matching

Dasgupta et al. 2018

4 July 2019 ITP Seminar by Tigran Saidnia 18



New kinematic for m+1 to m partons: '-\X‘(IT

k¥ = apaA¥ypi” + yBnt + Jyaifint | [=1,...,m
T T
g" = (1— Zﬂf)ﬂ’ﬁ”u}%” +y(1 - Zﬁf)ﬂ” — \Vyapin* 1
=1 =1
q." = al¥,pr” k=1,...,n k#1
q; — q;
Subs.: q — k
q; — qk
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Recipe for the usage of the new parametrisation

Parametrization in terms of (ky - q;)(&y - qi)

[ (K1 - @)k - qe) = w(1 — Bu(1 — u) (ps - pa) (s - Q) |
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Karlsruher Institut fir Technologie

2 ¥
By ™hy™ = [(1 — 31)* — o7 3% 1{? o) s — w52 P{;g O )T — 3 i 5p. @R
2
k"gi™ = [Bh(1 — Bh) —wh” (2;? {?]]P-"Pr“ + QT
-F {l?:‘:-l r “-F
f!':'ﬂkl'f = [51(1 — 51) — H.i?l_(ﬁ]]ﬁiq}iiﬂ =+ y.‘?l_}""iﬂ{?ﬂ‘
ffiqffi'f = .3121'-‘.":1'Jilf
2
kaTqe™ = [(1 — 51) — wi( 5p Q Il]wf — up"p™ — y;'31E2Q—J-41 P
i - @
=2
— B (5 A p.-'rc;w' + Y5 AL QP + Y8 As QUQT + yB VT HQ,
@@ = A Gp P 4 Aeip"Q" + ST — yp "™
=2 =2
g™ = [(1 — 51) — L < ]]1..# — T — 1:31(,@—]-4111-"11-"'
e - .-EIJ.' = Q
2
— i :;?—_Q]-’lz Q7™ + g A P + Y5 A QT 4+ ySi VT — g T QT
a"g:" = AL SpTET 4+ A QT + ST — "™
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Matrix element of a quark with a gluon radiation

(a, i, A1) (b, p', Ag)

q Q'i%
g; + q q; + 4
(1, a) »l»—gfﬂ-ﬂ} (o', o) 7] (k, 3)
(3

i

(m, ) e - (f,7) (', +hH - ®(n,8)

q4 94

Can ignore finite terms y? and momenta are on-shell

. 9],k [T %
Before mapping: |2 = " +|qu]wll+gr (gt 4) v A (s + q)][ 45)

Expectation: ,\,_I_)m.

contribution from LO

2 q; B

1. -+- q
q

(((((( mplexr number

_g: [Tu]n [Tﬂ] J
(q: +q)2 (g + q)2 [ £ £5] ® (a compler number)

|ML P =

. ., =[P f il
After mapping: 13 = S e 4141 6 (4 20— 50— )
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Final result: -}\J(IT
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| M|? = | My|? +| M5)?> +M; My' + My M,

4; + 49 g4 d4 a; + a ai | qj
I
qP,
() q®,
() -+ ..
e o
q 1 95 a; +a a; | 9i a; + a
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'H a]ﬂk [Ta]ol

| M|*=(d—2)(1-2)(1-y) 29(ps o) L #ill #5]
—(d — 2)yz2 gi [T<]™ [T<)f" 10 4.
(@=2v2* 5 = oy B8

2z g [T [T°f" .,
+2RE((—7) 29(pi - p) | il £i])
MP = — 9 g < or(ET ) 11— 9

y(pi - pj) 1—=2

= L[ pill6] x ( By)
qi - q
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Gluon radiation from a parent gluon

o g
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Swapping for indistinguishable partons
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Example applications A\‘(IT
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dE{T . stc 3;12 _I_:BEE
— On—
dzidz Vo ¥ (1—21)(1 —x)
I = ( > 7
RN

|Mm + ].|2 — Z Z Dij?k

LJ k#Fij

1 @090y @t 21,
_ZPi'Pj[ y +(1—z)(1—y)(z—1)y]|M2|

D13:2 (qi y 455 q)
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Comparison of results in the collinear limit -ﬁ‘(".
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s
pi:Q/z(lw UJ_wl)
_:;
pi:Q/Z(la [}J_wl)
x1 =z2+y(l—2)
ra=1—1y
xz3=(1—2)+yz

d’c o 1 2
= {fﬂ—CF - 1 + 51

dzidz; ps, 2m [913,2 ( 1-2% ( )

d’c o 1 2 1— 2
;\, _— F —C — 1
diﬂldmgpgq Jﬂ2ﬂ' F[l—mg(2—m1—mg (1+21)) + T9 |
d*o d’c d%o . O £1% + x9° l—-zy 1—x
dﬂ?ldiﬂg ps — dmldiﬂg |PS‘T i dmldiﬂg ‘PS'?_ N JD%CF[ (1 - 1131)(1 — LEQ) + L9 + L1 ]
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Graphical explanation of the results ﬂ(".
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Summary and Future outlook e i

a mapping 3 -> 2-partons in single emission

one for m + 1 -> m general emission case
Confirmation of LO Altarelli-Parisi splitting functions
An approach for simplifying results

Comparison of quark-antiquark emission kernel with the
known result from electron-positron annihilation in the
collinear limit

Future outlook:

« Full matrix element

+» Behaviour of the recoll

« Study of double emission
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Thanks for your attention

Any gquestions?
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