On the universality
of the MC factorization scheme

S. JADACH

Institute of Nuclear Physics PAN, Krakéw, Poland

Partly supported by the grnt of the Polish National Science Center grant 2016/23/B/ST/03927
XXV Cracow EPIPHANY Conference, January 7-10th, 2020

S. Jadach (IFJ PAN, Krakow) On the universality of the MC factorization scheme Krakéw, Jan. 7th, 2020 1/20



On the meaning of “universality” of PDFs ‘iﬁ

Monte Carlo factorization scheme (FS) is a variant of MS-bar
system (including new definition of the PDFs for initial hadrons).
It is therefore trivially universal, that is process independent.
The question of its universality is formulated differently:

As the basic role of MC FS is to simplify drastically NLO
corrections, the question is now whether the same single variant
of the MC FS is able to achieve the same maximal simplification of
the NLO corrections for all processes with one or two initial
hadrons and any number of the final hadrons?

The answer is positive and the proof is elaborated within the
Catani-Seymour subtraction methodology.

MC FS is mandatory in KrkNLO matching NLO and parton shower
— a much simpler alternative of POWHEG and/or MC NLO

However, the use of MC FS simplifies NLO calculations for any
method and arbitrary process.
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How MC FS simplifies NLO Catani-Seymour master formula?
Thanks to use on PDFs in the (physical) MC factorization scheme

and the use of the new modified soft-collinear counterterms,

the Catani-Seymour NLO master formula

MO (p) = oB(p)+

+/m [do" (p) + doB(p) ® |]€:0+/dz/m [doP(zp) © (P+K)(2)]__,

+ [ [ao@)eco = (X 8%0) @ Vo).

Mt dipoles

turns into a much simpler one
oMO(p) = o®(p) + / [do¥(p) + do®(p) I(e)] .,
m

+ [ [0 P)eo— (3 doP(p)® V). o]

M dipoles

for ANY process with one or two initial hadrons
and any number m of final coloured partons.

Consequently, KrkNLO matching scheme with parton shower
(much simpler alternative of POWHEG or MC@NLO)
applies not only to DY-like processes but to ANY process.
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DY example of NLO for CS with PDFs in the MC scheme ‘i‘ﬁ

JHEP 1510 (2015) 052 [arXiv:1503.06849] (gluonstrahlung channel only):
Including measurement functions J/y = Jo(Xz2, Xg), S = JLo(Xes X52), InLo(Xe s Xg, Z, kT),

the NLO x-section with CS dipole subtractions reads:
oNEl] = [ iy iegaz o e v,
81-2(1 + Dys) d20"O(sx, B) Lo + G(2)(Ufo + J5y) 820 O(s2x. )
+ (N0 o — (A pf Ul + A p§ o)) a2 0(8,8)) 81 oot s } D Sq(sx, x:) D og(sx, x,).

The dipole for real gluon emission in d = 4 using Sudakov parametrization:

Bl (s1) = 22HM (0, B,e)| o = 52 dﬂgjm 991 Pag(1 — ay — B1) and p8 defined similarly.

In the KrkNLO matching, the absence of G(z) allows for single multiplicative MC weight:

WMC (k — (1 + AMC dqu\”_o(k)
NLO( )! *( + Vs (d3pf+d3p15)d20'~o(§,é)'

qq chan.

NB. the finite virtual+soft corrections (qg channel) is:
i r(i+ s \¢ ~q<q Cras (1 . 2
AYG = 2% @) + s (az) S0z 2V (z.) = %2 (4 507)

47rp,2
Last but not least § = 2 was instrumental!
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https://arxiv.org/abs/1503.06849/

DY example of NLO for CS with PDFs in the MC scheme ‘i‘ﬁ

JHEP 1510 (2015) 052 [arXiv:1503.06849] (gluonstrahlung channel only):
Including measurement functions Jfy = Jo(X-2, X5), I = Jo(Xe, X5 2), Inco(Xe s X5, 2, kT),
the NLO x-section with CS dipole subtractions reads:
oNC 1] = / 0k, Oy 02 O Sz |
81=2(1+ AVS) 026 O (sx, ) o

+ (PN o — (A pf o + A p§ o)) a2 0(8,8)) 81 zmar s } DVOq(sx, x.)DOg(sx, xg).
The dipole for real gluon emission in d = 4 using Sudakov parametrization:

3pf(51) = 52 HM(a, B,e)|._o = 52 913 Y1 Pog(1 — oy — B)  and p? defined similarly.
In the KrkNLO matching, the absence of G(z) allows for single multiplicative MC weight:

MC _ MC dspNLO(k)
AW =(1+Ays (d39f+d3pls) a?510(8,0)

qq chan.

NB. the finite virtual+soft corrections (qg channel) is
AMC _ Avigt.(a) 4+ as r(1+e) ( ) f dz Z]/ q(z E) _ Cros (l + ZW2>
qq 0 ) = \47 3

Vs = 2r T(1+2¢)
Last but not least § = 2 was instrumental!

47ru
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Explicit transformation of LO PDFs from MS to MC FS ‘i‘ﬁ
At every Q* = 112 the following “rotation” in the x and flavour space:

q(x, &%) al . Ke(2) 0 K(2)] oy, @)

ax Q)| =g 52 [axy | 0 k) K@) a0 Q) | dx-y2)
G0 &)y LGl K@) K(2) K2 (6l @)
where

n(1 — 1 1—z)? n 72 341 59 T,
Kgg(z):c,;{q'( Z)]++2[;—2+z(1—2)]lng—2IZZ—6(1—Z)< +————’)},

All virtual parts ~ §(1 — z) are adjusted using momentum sum rules:
/dz z]KbC(z =0

From Eur. Phys. J. C76 (2016) 649 [arXiv:1606.00355].
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KrkNLO method and PDFs in MC factorization scheme ‘H-E

(A) 1-stidea of the KrkNLO for DY process and MC FS:
Acta Phys.Polon. B42 (2011) 2433, [arXiv:1111.5368 ] Ustron 2011 Proc.

(B) KrkNLO scheme for DY and DIS, PDFs in the MC factorization scheme:
Phys.Rev. D87 (2013) 3, 034029 , [arXiv:1103.5015].

(C) Implementation for DY process of top of SHERPA and HERWIG in
JHEP 1510 (2015) 052 [arXiv:1503.06849],
comparisons with NLO and NNLO (fixed order), MC@NLO and POWHEG.

(D) PDFs in Monte Carlo factorization scheme, DY and Higgs production
Eur. Phys. J. C76 (2016) 649 [arXiv:1606.00355].

(E) MC simulations of Higgs-boson production at the LHC with the KrkNLO method
Eur.Phys.J. C77 (2017) 164 , [arXiv:1607.06799)],

KrkNLO team: W. Ptaczek, M. Sapeta, A. Siédmok, M. Skrzypek and S.J.
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Are PDFs in the MC factorization scheme universal? ‘iﬁ
i.e. are they process independent?

In the MC scheme one subtract from NLO distribution in d dimensions
the following soft-collinear counterterm:

as (4m)~¢ /1 .
N(e2) = 52 p o (CPa) + Kuci(2), d1=a.5.6

(d = 4 + 2¢) instead of

s (4m)=¢ 1

/\Jel( ) = ZWWE

PJ/() Jvlzqaa7G'
This implies the relation between PDFs in MS and MC scheme:

o020 = D0 + 3 [ 0 Z 528 i(2) D2 30/2)

Is K-transformation on PDFs “universal”? Process independent?
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Is K-transformation on PDFs “universal”? ‘i‘ﬁ

» The freedom of the KK-transformation on PDFs is known for ages.

» KK was adjusted semi-empirically in KrkNLO in Refs.(C,D) such that for
pp — Z/~ and pp — Higgs process the “collinear remnant” terms
~ &(kr) in the NLO calculations have disappeared (DY scheme?)

» Is it possible that the same K does the same for other processes?

» To answer this question systematically we derive K from subtraction
terms of the NLO calculations, i.e. “dipoles” of the Catani-Seymour.

» This was already done in early papers on KrkNLO method Ref.(B),
albeit only for gluonstrahlung in DY and DIS, for “dipoles” of our own.

» Warm up exercise:
do we get our K44 directly from the Initial-Initial dipole of
Catani-Seymour paper Nucl.Phys. B485 (1997) 2917
next slide ...
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Do we get Kq(2) from 77 CS dipole of Nucl.Phys. B485 (1997) ‘)ﬂi

Start with kinematics of DY in Sudakov parametrization...

”’I/I[,

0 pa P Kk
1
PxPo PkPa
— + + , —_ = —,
Pi= aPa+ P+ Pi, o = paps’" "~ Pabb

a+B <1 |pL? = 2papraf.

Some auxiliary variables:

S =2Papp, §=Q° = (Pa+po—px)?=(1—a—B)s=sz,

z=1—-a-p.
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Do we get Kqq(z) from JJ CS dipole of Nucl.Phy

Yes, but not easily...

p &b

The initial-emitter initial-spectator D#"* dipole

\\/\\
t/(

B4g5 (1997)2 7808’

inCS (d = 4 — 2¢):

2n [(1—¢€) \ 2paps

as 1 (47W)V”“(z 9= [ [@p:(pa, s, 2)

2pu;uz n,(a)

ns(a)

<V(zi0) > .

 (5.152)

In our notation: x = x;ap =1 —a — 3, V= and from direct evaluation one gets:

~,9,9G 1
D*%(z2.€) 21 = —Pag(2) +2C¢(1+ 2%)

In(1—2)
1-2z

— CF(1 — Z).

The same result in eq. (5.155-156) of CS paper looks mysteriously complicated:

2
1—

Vab(z;€) = Voo (z;€) + 80 T2 K

1 2 ~ab
p In m)Jr + Eln@f:t)] + K®(z) + O(e) ,

(5.155)

In fact ~ In(2 — x) term is in reality absent — it cancels out with another one in Va’b(x, €).
The term ~ 2. In - cancels with another identical term inside 1/#°(x, ¢).

K corrects for the unlucky definition of /% for DIS in CS paper, where m, = af(a+B)is
applied only to soft part of DIS dipole, while in the DY it is applied to the entire dipole.
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More details: Kp,(z) from CS initial-initial 3J dipoles

iy

Let us recalculate JJ dipoles from the scratch, because in CS paper they are obscured by

the unlucky choice of the 75 dipoles (DIS/ISR) as a baseline objects.
Our compact elegant definition of all nine JJ dipoles, K, I = q, q, G:

~ K1
(27 6) = /dadﬂ 51 —z=a+p H(a,ﬁ,a) :/ dO[dB 51 —z=a+p (O‘B)S z7*
~J—1 1
=0,210k A dz V. (z,€) + 671 < Pr(2) + Gki(2),

J=G,q,q

Kni(2) = G 1(2) = 831 Gy + H[2Pi(2) +1n 0525 2Pg(2)] |

where g,o(, are from momentum sum rules. Agrees with CS for DY.
Denoting Pyx;(z) = (1 — z)Pxi(z) we are using CS choice of the “soft partition function”:
5 Pgx(1—a—p,e) «  _ Py(l—a—8e)
Pk = KK(a+g)5 = Pre = 5 =, K#1
NB. The same result is obtained with sharp “soft partition function” of paper (B):
p — Prk(1—a=P.e) g
K+—K af a>f3-.
All Pg;(z) kernels are here standard DGLAP splitting kernels.

What about 57 and FJ dipoles?
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K-matrix from JF, 37, FF original and modified CS dipoles ‘H'E
Point by point overview:

(1) K matrix and FF dipoles (final emiter and final spectator) are unrelated.

Hence Gan(2)|221 = 0. Factor U (2, €) decouples kinematically from PDFs.
Only Vas(e) = [ dz V(2. ) matter (get combined with virt. corrs.)

(2) In CS paper, V(z,¢) for 3T dipoles (final emiter and initial spectator as in DIS)

couples kinematicaly with PDFs and LO part through Ga»(2) # 0.

However, we have modified kinematic mapping in FJ dipoles such that they
kinematicaly decouple from PDFs, Ga(2)|,-+1 = 0, as for FF. Next slide.

It remains to check whether IK-matrix from JF dipoles is the same as from JJ.

Not true for original JF dipoles of CS, however...

Easy to modify diagonal 35 dipoles such that K 4.(z) are the same. Next slide.
For nondiagonal 3F dipoles a # b (G + q) a workaround is found. Next slide.

Finally, it is possible to eliminate ALL collinear remanats Gap(2)| 1
for ALL dipoles using common K-rotation of PDFs from MS-bar to MC FS.

Last problem: collinear remnant terms ~ In %Pab(Z) coupled with PDFs survive
for more than two “legs”?? It looks that a recipee for zeroing them was found:)
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New kinematic mapping in FJ dipoles (initial spectator & final emitter) @E
This is the most |mportant point!

e L I o L
ISR I ) B B ppa
T14B palpetps)’T 1+B  Palprtpn)
- o a:ITB’ =iz B max(a,B) <1,
il B Q= pp+Pr— P |Q\72PPbl_
0 as aPb g

_ Pabp 1 - -
8ru 2 asPy, o, B) 4 {;dd)(l{+pa;pb,l2,,m) |M(I1/,pa;pb,/é,“.)\2}

1
2PpPxk Pa(Pp — Pk)
_as ( Q? )s 1 d"3(p])

T on r1+e) Qn—-3

apf(l - e PY a, B, e
Hoo(er, B, <) = ( ﬁ(,a)ﬁ)) b4—c(a 8,e)

Piola.B.€)| o = Poc(1 — B,€), NEXT SLIDE

dogi = dy o (px)

Hpg(ov, B, 8){daLO(I1/, Pa; P lg» )}

472

> Pa=(1—a)pa, Pp=Q — pa

The essential difference with the original CS is an additional active boost By (tested in MC):
If = Bxh, I = Bxk, X" = BxX, in the plane perpendicular to Q, i.e. BxQ = Q,

with hypervelocity n adjusted such that: 2/{ - pa = (Bx(n)h) - Pa = 2/1 - pa = s.

The resulting LO part {doC(l{, Pa; Pp, Iy, ...)} does not depend on o and 8 anymore
and to complete NLO calculations one needs to know only (as in ¥F case):
Vpeole) = fdadﬁ Hpe (o, B, €).
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Modified diagonal JF dipoles, (initial emitter & final spectator) ‘i‘E
Exp|0|t|ng freedom in KZ_,(a, B) to get the same Kca(2) as for J7.

4ot (py, pel, by ) = (41%;2): (llJre)

x H* (a1, B) dodp deo~>(p] {dGLO([lAPn;PHbJZMu)}dj‘

n—3
B4 (o) = (@B - Byt el g T

> P (o, B)for IF and FIJ dipoles have to build together the correct soft limit.
> The CS choices for 7, e.9. Pg_q = Cr[ 525 — (2 — @) + £a], are not good.
> The following general construction for d|agona| JF and F7 splittings was examined:
J5: Picala, 8) = mi (o, ) 1 [(1 = 2)Paa(D)]] ,_y( )
FI: aea( 75) ( 75);[(1 —Z)Paa(Z”z:z (a,B)’
with several choices of soft partition functions:
b a a—a
mf)(ayﬂ):65<a7 mg)(avﬁ):m7 mf)(awB): 04+B*§/B7 m- =1 —my.
and several choices of z-variable:
ZA(OC,B):1 —max(a,,B), ZB(O(,,B):1 - Q, ZC(a7ﬁ):(1 —Ol)(1 _ﬁ)

> The corresponding radiator functions for JF were calculated:
~cea

UV (z,e)= [dadB HZ¢(a, B) §(z — zx(.8)), X = A, B, C.
» Good choices (compatible with JJ) were found, for instance: Aa, Ac, Ca and Cc.
The choice zg = 1 — « (Bjorken) used by CS is not good!
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Problem and workaround for non-diagonal JF dipoles ‘H'E

>

>

Non-diagonal dipoles, a # b, are not IR-divergent, hence m4 not really needed:
P (e, B) = Pea(z(e, 8))  in principle is OK.

However, we get slightly different ﬂm_a(z, ¢) than for J7 for ALL choices of z = z(«, 3).
The difference traced back to upper phase space limit: max(a, 8) < 1 versus a + 8 < 1.
The simplest workaround is to split 5" non-diag. dipoles into two parts:

Pt a(ar B) = M (@, B)Pea(2)|,_y( 5y CH# &

PilalasB8) = M (a, B)Peal2)],_y0 5y
and treat P;_ , as extra (non-singular) dipoles in the 7 class (decoupled from PDFs).

This above solution works for mf) and m(ic) and looks like an affordable complication.

Summarizing, it was shown that by means of judicious adjustment of CS dipoles one may define
single set of PDFs in the MC scheme, for all dipoles in NLO calculation with Gp5(z) =0, z # 1,
for all processes, with arbitrary number of initial/final state legs,

However, this is not the end of the story...
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Collinear remnants of CS scheme in general case ‘H'E

Total cross-section.in CS for m partons schematloally (hh scattering):
a—fda O’”—I—deav’” + [ do?+ [ do“ }—I— [ [dofeal — dod ]

m+1 m+1 m+1
2-nd term [...] for h(p1)H' (p2) — a(pa) + b(pp) — 1 +2+...m, eq.(10.30) in CS:

aartATe Z / AXa0X60X fa(Xa) To(Xb) { (K + P)2(x) doB° (XPa, Pb) )eoior

+y / AXa0Xp0X fa(Xa) fo(Xb) ( (K + P)?P(x) do2%7(0a, XPb) )color, Where

E(e)= 32 { B (@) - K(@) :
; i/ 1 1 K%s) = PU(g)n-—"+Crz, (8.32)
+ 8% T Ta o5 ( ) +4(1— z}}ff’l" T K™ (z e
; T3 [ -z ( ) S @ R(2) = P““(z)lnl;r+Tn 2(l-1) , (8.33)
K@) = cr[<lfrm1;z)_ 7(1-1)1:11;’-(17:)}
Eua(z) = p% (z) In(1—2z) - §1-2)(5-%)Cr , (8.:34)
“52 = K@) = 26\[(1*171"123) +(‘ Z 1421 z))lnlf"
45T {(lil_n(l—z)) = ?5(17:)] ; AN
- 50 _ " .
T ' f-éaS. = 0 - 51—z 7<37«>c\757,p\,} F (8.35)

With our dipoles and PDFs in the MC FS we are getting m

This is for ANY process, with h+h beams or lepton+h beams (DIS)!

Last problem: What about P? See next slide...
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The remaining collinear remnant P due to multiscales in NLO @E
Last problem

P-matrix is a quite primitive object (CS eq.10.25):

P (D, -vey Prms P rpu z; p})

—EP( ZTTm

+T{—.T In

.(10.25
2113 ZIpc ;] )

T2

[

> |t originates from normalization factors like (Xsa’) X %Paa/, Sai = 2Pa - Pi.
HE

» For hh — Z~,H, WW, .. and lepton-hadron DIS, only 2nd term is present.
It is easily eliminated with 2 = 2xpa - pp or u2 = Q?, getting P = 0.

> The problematic 1-st term is from 3, over JF-dipoles with different s;.

» |s there some choice of 12 in PDFs eliminating at once the entire 1-st term
for all processes with more than two coloured “legs”?

» See next slide...
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Zeroing collinear remnant P ‘i‘ﬁ
(work in progress)

oS9l-rem- /ande fo(ier, Xp) fa(1ir; Xa) {dg 5 (Pa; o)+

T Ty 2 Ty Ty 2
+Z/dx<g—jPaa/(X)[Z i S "Tza |n2)’;’;] o8 (Xpap) ) ...}
a/ a/ a/

; 2XS,4i color

Using colour conservation ( Ty + Tp + >°; T; )color = 0 and evolution equations for fa(p, x) we
obtain the following identity:

o2g 7o = [ dadity fo(1ur. %) falir, xa) {daBO'"<pa,pb)+Z [ o 52Par)

color ’ }

u?: is local dummy parameter in [...] (colour conservation!), hence we substitute u,2: = 2XSap,
and solve for uq the following equation:

S T T/
> / o (2)3 I "*‘_’< 2 4077 (2pa. o)) +Z / 02P 22t ()0 50202, pp) In =1
al

New scale 14 can be calculated numerically (1-dim. integral over z) at each point of the Born
phase space, hy + ho — pa+ pp — 1+ 2+ ... m, or even analytically in some simple cases.

TiTa  #E T T 4f B
I I | do PP (xxap1, X,
% < [; T2 " 2xsa + T2 " oxsm +in 12 ] 72 b (XaPr bp2)>

2zs
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Issues already explored but not covered in this talk:
due to its limited scope...

» Fine details of new modified dipoles, soft-coll. counterterms in
d = 4 + 2= dimensions, including new kinematic mappings.

» Compatibility of CS scheme with LO parton shower MC.
(Correct soft limit and and positivity).

» Explicit x-check calculations of NLO corrections using modified CS
dipoles for DIS (DY shown partly on slide 3).

Other important issues to be studied:

» More explicit examples of NLO calculations: pp — Z + jet, 2Jet, .. ..

» Extending KrkNLO to more processes.
» Does MC FS extend to “NLO PDFs” @ “NNLO Hard process”?
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Summary ‘i‘ﬁ
»

» PDFs in the MC scheme are formally and practically as universal
(process independent) as in the MS scheme thanks to
universality of the newly modified CS dipoles
and/or related soft-collinear counterterms. NEW!

» Substantial simplification of the classic Catani-Seymour
NLO calculation scheme is achieved. NEW!

» KrkNLO method with PDFs in the MC factorization scheme
(implementing NLO corrections with single multiplicative MC weight)
is NOT limited to processes with two coloured legs (DY, DIS)! NEW!

» All presented results are preliminary and unpublished!
Useful discussions with co-authors of the KrkNLO project
W. Ptaczek, M. Sapeta, A. Siédmok, and M. Skrzypek are acknowledged.

“MC Factorization Scheme” is still temporary name, we are looking for some better
name in the next publication. What about KRK FS?

Preliminary version of this presentation was given at PSR 2017 Conf. in Cambridge.
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