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All you need is collinear factorisation colins [hep-ph/9806259]

L\etazjvrﬂw fQ(xa /’t[%) — Oa HF < mQ

2
D) et v
Q

Jor<m e 7

Gluon splitting into heavy-quarks :

Enhancement of high-order contributions,
during parton evolution, associated with
multiple small-angle parton emissions
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Resummation
via DGLAP evolution
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All you need is collinear factorisation colins [hep-ph/9806259]
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Crossing the heavy-quark threshold in the variable-flavor
number scheme (VFENS) requires matching conditions.

(n+1) ()
a0 ) = C D (a) o,
(n+1) (ny+1) (ny)

See Bliimlein’s talk Space-like threshold matching conditions
this afternoon They admit a perturbative expansion in «

NNLO and N3LO matching conditions are known using

the formalism of OMEs
Buza et al. [9612398]

Ablinger, Behring, Blumlein et al. [2019-2024]
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Massless or massive?

massless/OMVFNS scheme

v DGLAP evolution resums initial-state logs into f,

v Low multiplicity at Born level

« Neglecting O(m,) yields less accurate description of
bottom kinematic distribution

N3LO: Duhr, Dulat, Mistlberger [1904.09990]
NNLO+PSLL: MiNNLOPS and Geneva [2402.04025, 2505.14773]

massive/decoupling scheme

Z
Z

» |t does not resum possibly large collinear logs

—_——— H « Computing higher orders is more difficult due to higher
multiplicity

4FS

AN
<

Power corrections effects O(m,,) appear order by order
in perturbative QCD

NLO: Dittmaier, Kramer, Spira [hep-ph/0309204]
NNLO+PSLL (high-energy two-loop approx): MiINNLOPS [2412.09510]

o
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Massless or massive?

massless/OMVFNS scheme

v DGLAP evolution resums initial-state logs into f,

v Low multiplicity at Born level

« Neglecting O(m;) yields less accurate description of
bottom kinematic distribution

N3LO: Duhr, Dulat, Mistlberger [1904.09990]
NNLO+PSLL: MiNNLOPS and Geneva [2402.04025, 2505.14773]

// massive/decoupling scheme
m 7 » |t does not resum possibly large collinear logs
m —_——_—— H « Computing higher orders is more difficult due to higher
ﬂ- 7 multiplicity

Z v Power corrections effects (O(m;,) appear order by order

] in perturbative QCD
— Let’s isolate

‘o them! NLO: Dittmaier, Krdmer, Spira [hep-ph/0309204]
] NNLO+PSLL (high-energy two-loop approx): MiINNLOPS [2412.09510]
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Matching flavour schemes

Santander matching
Harlander, Kramer, Schumacher [1112.3478]

ad-hoc combination as weighted average
no longer in use by LHCHWG

FONLL matching Forte, Napoletano, Ubiali
[1508.01529, 1607.00389]

Proper matching with subtraction of double counting

now applied @ N3LOFS + NLO*S
Duhr, Dulat, Hirschi, Mistlberger [2004.04752]

NLO+NNLLpart+y,y, matching

Bonvini, Papanastasiou, Tackmann
[1508.03288, 1605.01733]

cross-section grids available LHC—
ﬁlggs

current bbH reference prediction of the
Working Group
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Matching flavour schemes

The fully-integrated methods
Santander matching

Harlander, Kramer, Schumacher [1112.3478]
ad-hoc combination as weighted average

no longer in use by LHCHWG

The fully-exclusive schemes we studied

5FS+isolated power corrections
based on Gauld [2107.01226]

Focus of the talk!

dGGMVFNS — W +d0pc
FONLL matching Forte, Napoletano, Ubiali
[1508.01529, 1607.00389]
Proper matching with subtraction of double counting CB, Gauld, Sankar, Wiesemann, Zanderighi [in preparation]
now applied @ N3LOSFS 4+ NLO*FS Simplified ACOT scheme

Duhr, Dulat, Hirschi, Mistlberger [2004.04752] based on Aivazis, Collins, Olness, Tung [9312319]

7
NLO+NNLLpart+y,y, matching 7
Bonvini, Papanastasiou, Tackmann P _
[1508.03288, 1605.01733] Z first orders

— of bPDF
cross-section grids available ﬁLHC: C
current bbH reference prediction of the FIIGYS

Working Group

CB, Gauld, Guzzi, Nadolsky, Sankar, Wiesemann,
Xie, Zanderighi [in progress]
3/13
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Analytically known from threshold
matching equations (OMEs)

_H _dalogmb _ d6m=0,fin. — @(mb)
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How to compute the massless constant?
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Numerical isolation of PCs
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using a NNLO subtraction/slising technology
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integrated [fo] NNPDF4.0 QQH@LHC 13.6 TeV
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MiNNLOP§ meets qT-slicing

We present a fixed-order MINNLO-inspired gT-slicing that we have studied and coded for bb —> H

. _ - alin dares d B ~ . ~
We construct a flxe_d order gT-slicing _ { e —3(Pr) } — ¢3(pr) D( PT)
directly from the MINNLOPS formula dp. dd d
. | Pr d®x Pr
onni, Nason, Re, Wiesemann, /‘
Zanderighi [1908.06987] Suda ko
*(:0"'\ {ad—or
d rr do"es P do’es doNLO
& = J de d - J' de [ d ] + Jd¢rad o
d®X 0 ded(I)X 0 ded(DX @(asz)a/":/“‘FO dq)raddq)X
XJ easy part

[e_SD]NNLO = D(l)(//‘FoapT)(l - S(l)(ﬂFO’pT)) + D(Z)(ﬂFO’pT)

2
P
ddx D(z)(/”F07pT) =D®(u = Pr-Pr) + <[P0 ® D(l)]symb - ﬂoD(1)> In VTz

goa"Q Gavardi, Oleari, Re [2204.12602]
CB, Sankar, Wiesemann, Zanderighi [2402.04025]
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MiNNLOP§ meets qT-slicing

Modified logarithms The integral of the truncated expansion with a small cut is
L(py) L <M>p 1 Y
=—In||— ) + =
T D Pr JM dpr [D]@(Gsz) =D Jac - L"(p;)/py — L"™"\(Mr,,)/(n+1)

cut

The MiINNLO-inspired qT-slicing reads below cut

NLO
doy;

dodNO(r,, ) = L= M, M) — [1)(1)(1 — Sy + D(g?o)] i ) + J dr
L'(pp)pr — D Mr )nt1) ) sy dr

“"above cut
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MiNNLOP§ meets qT-slicing

Modified logarithms The integral of the truncated expansion with a small cut is

L(p) 1 | <M>f’ | M
L =—In||—) + —
b D Pr [Mr dpr [D]@(O@) =D Jac - L"(p;)/py — L"™"\(Mr,,)/(n+1)

cut

The MiNNLO-inspired gT-slicing reads below cut

NLO
doy;

da)](VNLO(rcm) =ZLu=MM) — [D(l)(l — SMy 4 D((;)O)] ) ) + J dr
L(ppipr — L (Mro )it 1) s, dr

““above cut

The choice of the functional form of L is only a power correction in Vot
One can show the correspondence with the direct-space 2 coefficients of Catani-Grazzini formulation

The numerical results of MiNNLO-inspired gT-slicing for bb — H:

- Have the expected O(r2,,) behavior
« Agree with the analytic fully-integrated coefficients for all the NNLO channels
- Agree against our 7;-slicing implementation at differential level
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The extraction of the massless constant can be performed in a differential way, and at @(asz) validated
against the MiINNLO-inspired qT-slicing.

5 do/dpry [fo/GeV] NNPDF4.0 QQH@LHC 13.6 TeV 103 d0/dlynl [fo] NNPDF4.0 QQH@LHC 13.6 TeV
AL BN L B LA B AL L LR RS R T T T [ T T [ T T T}
i — massive (ag?) ] F — massive (ag?)
4 r — logs (ag?) . o [ — logs (ag?)
S const mq-fit (ag?) ] 10°E const ma-fit (ag?) 3
3 E ——— const g7 (0g°) . g —— const g7 (0g°)
2 | | 1 10}
1 i ] o _
The differential | | —_. | 10
OF i ]
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“F I S ]
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gg fully-inclusive NNLO: scheme convergence vs wall-time

NNPDF4.0
—@— ANTENNA (local)
5e5 —m— TAU-slicing (To = 5 x 1073) po=m,l/2
—&— QT-slicing (Rp =1072)
10-1 4 ~@—- MASS-slicing (mg = 0.2, single M—L)
— 5e5 —%¥— MASS-fitting (8-mass M—L scan, mo—0 fit)
$ :
S - Performances
: \ Slicing vs local subtraction
1077 - 8e6
2 for the gg constant © ((xsz)
(]
>
3 ~ All the different methods are
implemented in our C++ code
1073 4 2e6
8e6

100 W
wall-clock time on 1 core [s]

ETHZ node "yueh": AMD Ryzen 9 7950X3D, 16C/32T, 5.76 GHz max — single core pinned

ANTENNA: C++ bbH implementation based on antenna subtraction Gerhmann-De Ridder, Gerhrmann, Glover [hep-ph/0505111]
with ingredients validated against DY implementation in Fortran NNLOJET Huss et al. [2503.22804]
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bbH PC at differential level

NNPDF4.0, my, = 4.92 GeV

Hor = Hor = Koy = my /2

We study the impact of power corrections at the bottom-quark mass differentially at @(asz)

do/dpr y [fo/GeV]

QQH®@LHC 13.6 TeV

0}

— massive (%) ]
——- PC (ag?) T

2
30§

do/domassive
- T T

PR RN TR N TR T T
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20 f
10F
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As expected, power corrections vanish at large
transverse momenta, while they are singular at low p; 4

2 F,(2D L‘?—F + T Mf;:

Ao~ dz dho —
(kT +m3)
on ko
2 le_
b kT T
( 2 2.
+m
Mg simgqulayr pwWeT
° 2 5 comegh'om at small #T/H
'3
Wla’ :FT,H
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bbH PC at differential level

NNPDF4.0, my, = 4.92 GeV

Hor = Hor = Koy = my /2

We study the impact of power corrections at the bottom-quark mass differentially at @(asz)

Fiducial regions with b-tagging can also be studied,
notably the single-b-tag region, where one collinear
enhancement survives

Very small power corrections, below 1% of the
massive prediction, except for the rapidity difference

Aypy »; With a peculiar shape

80
70
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40
30
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-10

©® ® A N O

do/dAyH,bJ- [fb]
- ' ' ' ' 1 ' ' ' '

QQH@LHC 13.6 TeV

0}

E prip>15 GeV

— massive (ag?)
—— PC (ag?)

do/dOmassive (ag?) [70]

- e e

i
,,,,,,,,,
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do/dAyH,Cj [fb]

CCH@LHC 13.6 TeV

7 T ™ T
s , . 2 ]
6 E — massive (ag°) 3
: ——= PC (0s?) 5
S5 F v
|
3 |
) S —
ccH phenomenology | = &

Of
Same study at the charm mass with B [ SN RN - -
' do/dOmassive (ag2) [7]
even smaller power corrections 0.5 e G ) : : :
O -: e —S= o o —— _:
D05 [ e — =
AF :
_ : PR 1 PR 1 1 ]
150 1 2 3 4 5
Ay ¢;
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Next order please
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Next order please

integrated [fb] NNPDF4.0 QQH@LHC 13.6 TeV

- i . 3 - . :
2000 - _fully-inclusive (os°) massive
F — logs

: ML
1500 .

1000

500 [

0F

14 do/ditted constant

1.2 —II ;

11F e e

0.9 o
mq [GeV]

A small 0(0.5%) error in the massive or
logarithmic input spoils the possibility to
extract the N3LO constant!
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Next order please

integrated [fb] NNPDF4.0 QQH@LHC 13.6 TeV

[ fully-inclusive (og3) — massive ]
2000 ; — logs ]
: - ML
1500 | ---- fitted constant
1000 |
500 |
0 prmr s ———— =
do/dGitted constant
1.1F =
1 i'%:L‘i“'-‘i‘-‘—‘%-'c:%:::I:::.é':u-'iﬁ'-*" BEREINED

0.9 e
mQ[GeV]

Fundamental validation of the correct
implementation of the logs!
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Extracting NLO PCs bin by bin

MINNLO gT-slicing with OMEs + small-mass fit allows us to extract the N3LO constant differentially (M-L)
from NLO 4FS distributions and isolate the NLO power correction at the physical bottom mass (PC)

1 do/dpt 1 [fb/GeV] NNPDF4.0 QQH@LHC 13.6 TeV 050 do/d|yy| [fb] NNPDF4.0 QQH@LHC 13.6 TeV
ol » — massive (ag%) ] — massive (as3) 1
[ —— PC (as%) . 200 F o ML(ad)
8 | . ; —PClas)
6 - ] 150 — JAT —
‘r 1 1o} :
o b-= 4 i ]
- 1 50 [ _'
0r e T ]
- = S— | [ T T T T T T e e ]
_2 PR RN RN S RS S S | .O. PR NS T S T N ST T TR S S SN S T S N 0 1 = - ] 1
do/dOmassive (acd) [70] do/dOmassive (ad) [7]
40 SSLJL AL DL L B AL BN AL EELENLENL L BN B 4 L T T ]
30T 3 3f ;
20F : 3 F ]
- ] 2F T J———{——-':
10F ' E s [ } ]
| ) S :
OF T == E T " ]
10 F RIS S o 0 3 ' E
-20 F e ] ) U U S S
0 10 20 30 40 50 60 0 0.5 1 1.5 2

pTH [GeV] IYHI

Computational resources: MPCDF Garching and ETH Lugano
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Conclusions

We have presented a gauge-invariant fully-exclusive isolation of power corrections in QQH
production.

* Power corrections are obtained by subtracting logarithms plus a fitted constant from the
massive calculation

 This validates the logarithms predicted by convoluting massless channels with OMEs

» The power corrections can be added to any massless NNLO/N3LO prediction without double
counting issues, giving a GM-VFNS prediction for bbH at inclusive and differential level

For the bottom quark, the power corrections are small, around < 1% . They matter only at low
Higgs transverse momentum and at large rapidity separations between the Higgs boson and
the quarks.

Outlooks: application to other QQ+ processes and bbH comparison with other GM-VFNS
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Conclusions

We have presented a gauge-invariant fully-exclusive isolation of power corrections in QQH
production.

* Power corrections are obtained by subtracting logarithms plus a fitted constant from the
massive calculation

 This validates the logarithms predicted by convoluting massless channels with OMEs

» The power corrections can be added to any massless NNLO/N3LO prediction without double
counting issues, giving a GM-VFNS prediction for bbH at inclusive and differential level

For the bottom quark, the power corrections are small, around < 1% . They matter only at low
Higgs transverse momentum and at large rapidity separations between the Higgs boson and
the quarks.

Outlooks: application to other QQ+ processes and bbH comparison with other GM-VFNS

Thank you for Your attentlon!
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Fully-integrated combinations

e Santander matching
Harlander, Kramer, Schumacher [1112.3478]

» ad-hoc combination as weighted average
* no longer in use by LHCHWG

0|
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Fully-integrated combinations

e Santander matching
Harlander, Kramer, Schumacher [1112.3478]

» ad-hoc combination as weighted average

* no longer in use by LHCHWG

 FONLL matching

Forte, Napoletano, Ubiali
[1508.01529, 1607.00389]

 alternative implementation used to cross-checks
* now applied @ N3LO>FS + NLO*S

Duhr, Dulat, Hirschi, Mistlberger [2004.04752]

« NLO+NNLLpart+y,y, matching

Bonvini, Papanastasiou, Tackmann
[1508.03288, 1605.01733]

e cross-section grids available
 current bbH reference prediction of the LHCHWG

C. Biello, Backup slides
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LHCHWG [Report 4]
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LHC HIGGS XS WG 2016

10 g E
1 s Santander E
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Matching at differential level

The matching of the 5FS and 4FS has been performed only at a fully inclusive level for bbH.
We want to develop a fully differential matching of the flavour schemes: we are investigating two schemes!

Power-Correction Isolation scheme
based on Gauld [2107.01226]

+O(my,)

extracted
———p from4FS

NS

o

CB, Gauld, Sankar, Wiesemann,
Zanderighi [in progress]
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sACOT scheme

based on Aivazis, Collins, Olness, Tung (ACOT) [9312319]

AN

first orders
. of bPDF

NN

——- H

o

CB, Gauld, Guzzi, Nadolsky, Sankar,
Wiesemann, Xie, Zanderighi [in progress]



v~ Y ailogimy ()~ f,® 0B, sACOT scheme

o) | e
The difference gives exactly , in
fruncated i) the missing tower of logs in DN THT s
b-poF 4FS! J J S";‘mamd
\N\*\"’
- ~allogimy, ~ f,' ®0;®f," 3 Y e
NNy e
n
Sl'njle,. §
SPI'-H-'U!

CB, Gauld, Guzzi, Nadolsky, Sankar, Wiesemann, Xie, Zanderighi [in progress]
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v~ Y ailogimy ()~ f,® 0B, sACOT scheme

I et
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truncated () the missing tovvger of logs i% it A e
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* L L L L I L
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150 E 77“_:__1_;7 R
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100 £ ]
b
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Z 1.2 [ e e
— 1 = P et
) —_—h  + N -
Z 0.6 [
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CB, Gauld, Guzzi, Nadolsky, Sankar, Wiesemann, Xie, Zanderighi [in progress]
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v~ Y ailogimy ()~ f,® 0B, sACOT scheme
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CB, Gauld, Guzzi, Nadolsky, Sankar, Wiesemann, Xie, Zanderighi [in progress]

C. Biello, Backup slides Max-Planck Institute for Physics



—EHC—
Higgs

Historical LO comparisons: addendum Werking Group

Large differences in the predictions were first observed at the leading order: the effect of collinear
resummation is extremely large.

2.5 T
- 14 TeV pp

” L ur = my = 100 GeV

For = my/4, FO computations in the different schemes
become compatible. It turned out that the collinear logs have a
small effect at this scale.

Focusing on the 5FS predictions, if we add the logarithmic
corrections from bg — bh to bb — h and also the log-enhanced

terms from gg — bbH, the effect is small for y,, = my; /4.

o (pb)

0.0 [ 1 1 1 1 L1
0.1 0.5 1 2

pE/my,

The improvement of the compatibility opens the possibility of matching together the predictions
at least at the inclusive level (Santander matching, FONLL, NLO+NNLLpart+ybyt)
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—EHC—

Differences between schemes Working Group

A lot of progress in understanding the origin of the differences has been made in the past
years. The predictions can be merged into a consistent picture by considering two main

results.

1.4

g R CNY

1.2
b(z, 1)
1.1 F
T
0.9 t
0.8 |
0.7 |
0.6 | x=0.1 ——
x=0.01 -----
05 x=0.001 ------
x=0.0001 oo
0.4 L—0

10
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100 1000

At NLO, the resummation effects of collinear logs are
important only at high Bjorken-x

The possibly large ratios mé/mg are always
accompanied by universal phase space factors f

2 ~2
m
Mitf o B

In? > >
my my

i< my



o(mm) [pb]

NNLO
FONLL B ]

NLO

* 5F
o*JoNNLO
o
e

200

Forte,

C. Biello, Backup slides

400 600 800 1000

Napoletano, Ubiali [1607.00389]

Forte, Napoletano, Ubiali
[1508.01529, 1607.00389]

—EHC—

Working Group

The basic FONLL idea is to expand the 5FS computation (where the
logs are resummed with N¥LL accuracy) and replace them with their
massive-scheme counterparts (up to the N"LO level).

FONLL-B = NNLL + NLO,
After expressing both the 5FS and 4FS calculations in terms of the

same 5FS PDFs and strong couplings, we can consistently remove the
overlap,

FONLL _ _5FS AFS _  _4FS
o =0 + 0 6m,,—>0

As a validation, for high values of the Higgs mass oron;; = Ospg
while oy 1 is close to the 4FS prediction for soft Higgs.

FONLL has been applied at the differential level for Z production in
association with a bottom-flavour jet

FONLL __ 5FS 4FS 4FS
doPONL = oS + (daits - dal’s,

[Gauld, Gehrmann-De Ridder, Glover, Huss, Majer, 2005.03016]
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Matching of fixed-order calculation (4FS prediction) and the
resum result based on the m, < m, limit with 5-flavour
PDFs with a resummation scale y,,

6F0+res — o' + GFO _ O.resl B
Hp=HF

for the yb2 contributions.

One can easily add the y,y, contribution as a fixed-order
nonsingular term. These interference effects vanish to all

orders in the m;, — 0 limit.

Advantages.

Using the fact that b -PDF counts as a O(a,) term, it
contains the complete fixed-order results at each
perturbative order.

The explicit dependence on y;, enables the incorporation of
a resummation uncertainty estimation from the 5FS
prediction.
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Using the fact that b -PDF counts as a O(a,) term, it
contains the complete fixed-order results at each
perturbative order.

The explicit dependence on y;, enables the incorporation of
a resummation uncertainty estimation from the 5FS
prediction.



ﬁlﬂb
FONLL-C: a new accuracy with the matching ——cr

The N3LO contributions in the massless scheme are recently computed. Duhr, Dulat, Mistlberger [1904.09990]
This allows for an improvement in the matching, where all the NLO terms in the 4FS have a massless counterpart.

, ; Duhr, Dulat, Hirschi, Mistlberger [2004.04752]
b g b g B q B
| | b

H b b s ——
e , —
4FS - - LO NLO TR~y T LO-4 — NLO-4
----- NNLO-5 —— N3LO-5
5FS LO NLO NNLO N3LO
----- FONLL-A - FONLL-B
=04
& —— FONLL-C
5
oFONLL=B — SES(NNLO) + 6*FS(NLO) — a;gji JNLO) 03 -
LHC 13TeV
oFONLL=C — 5ES(NBL,0) 4+ 6¥S(NLO) — 6*F5 (NLO) 02 PPoH+X(BBH) e

mb—>0

pr=(my+2mp)/4

FONLL-C matching provides the first consistent matching at

@(%3)- The difference between FONLL-B and FONLL-C is not

negligible and acts as a negative effect, which reflects the 30 30 40 50 60 70 80 90 100 110 120
behaviour of the N3LO bottom-initiated corrections in 5FS. pr [GeV]
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bbH at the first order We first performed the sACOT matching at the first

order by combining:

do/dpr 4 [fb/GeV] bBH@LHC 13 TeV e Flavour Creation (obtained using a LOpg 4FS
[ T ILO F'E I generator)
60 F and E kot i i
0 F = e LO-FC ] * Flavour Excitation and corresponding subtraction
El R LO-Matched-sACOT (obtained by modifying an NLOpg 5FS generator
W0F : : : : E with standard and subtracted PDFs)
30 B | :
oEL L ; s :
g b 9 b
g b b
--- H = »———————- H
g b b
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