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Main Goals

@ Deal with the heavy-flavor in the General-Mass Variable-Flavor-Number Scheme
@ Moving towards to the (N)NLO QCD calculations
@ Simplify the implementation with the PDF subtraction formalism
Z+ Q(Q = ¢,b) production at the LHC to probe the heavy-flavor (¢,b) PDFs
@ Heavy-flavor in global QCD/PDF analyses
@ QCD dynamics at small and large =
o Non-perturbative (intrinsic) charm/bottom component of the proton

Already been done for the inclusive charm (210s.03741.2100.10905.2203.05000) and bottom (220306207 Thesis] production.
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Z + () production

1.2
o The Z+ @ production probes both small and S
large z Z 1.1
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@ LHCb configuration 3 < yz <4 10710710 10 x 10 02 05 09
-4
o Small pp(<mqg) = z~107"% The small- and large-z uncertainty gets wide.
o Large pp(>40 GeV) = z>0.3. The CT18 gluon PDF por210053

Also see the PDF4LHC21 combination [2203.0ss506)
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https://arxiv.org/abs/1912.10053
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The importance of the Z + () production

@ Modern PDF analyses extend on wide range of collision energies. Sensitive to mass effects, e.g.,
phase space suppression, large radiative corrections to collinear Q () production. Magnitude
comparable to NNLO and N3LO corrections.

o Natural to evaluate all fitted cross sections in a GMVFN scheme, which assumes that the number of
(nearly) massless quark flavors varies with energy, and at the same time includes dependence on
heavy-quark masses in relevant kinematical regions.

o Z+b(b) are dominant backgrounds for
o SM Z+(H — bb)
e SUSY Higgs + b-quark
o New generation Q - Z+5b
@ Probing this regime (and beyond, at future facilities) helps us shed light on the (intrinsic) heavy-flavor
content of the proton, and on small-z dynamics.
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LHC measurements: 7 +b

Precise measurements Z + b/ c-jets available from the ATLAS, CMS and LHCb collaborations
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Z + c to probe the HF content of the proton

= 0.1 T T T " t|
r == sta ]
\N" L LHCb [ stat t ]
S 0.08 stat@syst ]
S L V5= 13TeV ]
N .
© L i
0.04—
[ NLOSM ]
I e PDF4LHCI5-No IC ¢ g
0.02F~ 4 \NPDF 3.0-1C allowed ]
[ 4 CTL44BHPS (a)ic = 1% ]
1 Il 1 Il
% 25 3 35 1

[LHCb 13 TeV, 2109.08084]

o N N PDF [Nature 2022 2208.08372, 2311.00743]

o CT18 FC [2211.01387]

Q

2 3

doldp. [pb/GeV]

=l

B

T T = T 1
S F 3
ATLAS B N Daia 3 102 ATLAS ) W pa -
fs-13TeV, 1401 MGSMG-PyE FiF 5FS (NLO) 5 . F [s-13Tev. 1401 MESMC-Pyé FaF 7S (NLO)
Z(—l)+ =1 cjet o 10 Z(=0) + =1 cet =
Sherpa 575 (NLO) L E Sherpa §FS (NLO) 3
o E
S 1
102 'é
107 -
. E RO 3
10 N
e . -t 3
3 10 e
, 10° ' I
e ShEIPA 5FS (NLO} e MGEMCo % 15 "——e— Shema 5FS INLO) s MG3MC.-Py FiFx 575 INLO).
S Q N N\
g .
e g S R |
7 05 ]
......... e n———— s
prs po— 215 s e +
8 ke N
R oo SO0 3 I = —teeaen N
= S ERY —
, \ . \
890 20 30 40 107 20 10° 30 40 50 107 2 10°
pr(Z) [GeV] Leading c-jet Py [Gev]

[ATLAS 13 TeV, 2403.15093]

6/15


https://arxiv.org/abs/2109.08084
https://arxiv.org/abs/2208.08372
https://arxiv.org/abs/2311.00743
https://arxiv.org/abs/2211.01387
https://arxiv.org/abs/2403.15093

GMVFN schemes in a nutshell

Heavy-flavor production dynamics is nontrivial due to the interplay of massless and massive schemes which
are different ways of organizing the perturbation series
@ Massive Scheme (Fixed-Flavor-Number Scheme): final-state HQ with p7r < mg
o No heavy-quark PDF in the proton. Heavy flavors generated as massive final states.

e mg is an infrared cut-off.
o Power terms pQT/mQQ are correctly accounted for in the perturbative series

® Massless Scheme (Zero-mass): pr > mg 2 my

o Log terms o log™ (p%/m%) that spoil the convergence of the fixed-order expansion.

e Heavy quark is considered essentially massless and enters also the running of .

o Need to resum these logs with DGLAP: initial-state logs resummed into a heavy-quark PDF, final-state
logs resumed into a fragmentation function (FF).

o Composite Scheme (General-Mass Variable-Flavor-Number Scheme): the key mass dependence and
efficiently resum collinear logs, so that they combine the FFN and ZM schemes together
e a correct treatment of heavy flavors in DIS and pp
e accurate predictions of key scattering rates at the LHC,
o global analyses to determine proton PDFs
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Main idea for S-ACOT-MPS (massive phase space)

ACOT =FC+FE —Sub
@ Flavor Creation: full mass dependence
o Flavor Excitation: approximate mass dependence
@ Subtraction: well defined at the quark mass threshold, to avoid the double counting
FE and Subtraction can be facilitated by introducing residual PDFs:

Jo=Ya ¥ AGjelh, 8lo=fo-Jo.
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Theoretical framework for Z + ()

The differential cross section for partonic scattering i +j — Z 4+ @ + X can be written as

2 ;|2
do = GZJ <J"AavaQ2;2;2)IJ§7as7Nf>

where the factorization gives

Nyt 1 A
Gy = L [ 484 [ a8fss6a: 0 im ( Fo-22 ) s @)

And the perturbative expansion leads to
Gij(za,78) = Z sz (za,7B)
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k=1,2---): Operator Matrix Elements

(
Fs(6) = 858(1-&)+ X A Ahg(§) = 2Py (&) n(u? /m) for g+ QQ
k=1
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Cancellation pattern at the lowest mandatory order
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Subtracted and Residual PDFs are provided in the form of LHAPDF grids [Heprorg
Applicable for HQ related phenomenology.
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The inclusive-b production .
Matrix Elements taken from MCFM [1900.00117]
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Thesis
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Cancellation pattern at NLO Matrix EIements taken from NLOX [1s05.01353]
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. . PDF subtraction at NLO
Cancellation becomes more involved <) o @
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Application to the 7 + b production
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The HQ mass m; dependence is minimal
7 12
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Concluding remarks

o We applied the S-ACOT-MPS at NLO to Z + @ production at the LHC

@ S-ACOT-MPS developed at NLO: used to describe Z 4 () production differentially
@ Technically accessible towards NNLO

@ Direct access to ¢/b-PDF: constraining the heavy-flavor PDFs.

@ Residual/Subtraction PDFs are provided in the form of LHAPDF grids peprose to allow users for
multiple heavy-flavor phenomenology

@ The GMVFN schemes in (N)NLO QCD calculations is simplified with the PDF subtraction formalism
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