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What is interesting in heavy quark (HQ) production?

Mme, Mp, My > Aqcp provides a hard scale
> pQCD benchmark (LO, NLO, aNNLO, NNLO...)
Different HQ masses (1.3...170 GeV)

» different impact of radiative corrections and
non-perturbative effects

> me ~ 1.3 GeV: fragmentation effects are important

> m; =~ 170 GeV: excellent test of pQCD convergence

Probe of proton structure, e.g. gg — tt, gs — Wc etc.
Production sensitive to s and HQ masses

> extraction of fundamental SM parameters
May provide insight into possible new physics
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Combined HERA charm and beauty data [Eur. Phys. J. C78 (2018) 473]
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Charm production at LHC — gluon at low x — atmosphere v fluxes

X+g

(9+3g)/g

LHCb measured:

» charm 0 < pr <8GeV, 2 < y < 2.5[NPB871 (2013) 1]
> beauty 0 < pr < 40 GeV, 2 < y < 2.5 [JHEP 1308 (2013) 117]

First QCD analysis of these data: Eur. Phys. J. C75 (2015) 396
Improved gluon and sea-quark distributions up to x > 5 x 10—

(not covered by other experimental data)

» used in next paper to predict IceCube background for very
high energy cosmic v [JHEPO5 (2017) 004]
» further update with ALICE and new LHCb data [JHEP04

(2020) 118]

PROSA NLO FFNS fit
12=10 GeV?

[ HERADIS
HERA DIS + LHCb abs
20 HERA DIS + LHCb norm
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Charm production at LHC: dealing with large NLO scale variation
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@ Taking ratios of data — reducing scale uncertainties by one order of magnitude

@ Ratio to another kinematic region might be better than (traditional) ratio to another c.m.e.

@ This relies on assumption that scale unc. are correlated across different kinematic regions:

> can be tested e.g. by using another (dynamical) scale choice
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https://inspirehep.net/literature/1502095
https://inspirehep.net/literature/1767720

tt multi-differential measurements at LHC [CMS Coll. EPJ C80 (2020) 658]

Why measure tt production?

t

T R —

@ m; provides a hard scale
= ultimate probe of pQCD
(NLO, aNNLO, NNLO,; ...)

@ Produced mainly via gg
= constrain gluon PDF at high x

@ Production sensitive to as and mf"'e

@ May provide insight into possible new
physics

CMS 35.91b (13 TeV)
— LT LA B e S e
S 102k Dilepton, parton level B
5 ——  [Ermmn
-
S'a
© 10—3, . 4
—lo
4 Daa T
1074 — POWHEGV2 + PYTHIAS El
- - POWHEGV2 + HERWIG++
- -~ MG5_aMC@NLO + PYTHIA8 [FxFx]
T P R
L Stat ® Syst
> 12 |-
8 % r Stat
=
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pt [GeV]
Why measure 2D/3D?

@ Previous 1D measurements: overall good
agreement, but reveal some trends

@ 2D: study production dynamics in more detail
[EPIT77 2017 259

@ 3D: simultaneously constrain as, m?®, PDF
[EPITEO 20201 659
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Event selection and reconstruction

Follows 1D measurement:
@ Leptons:

- > 2isolated I£/F
v/ > pr > 20(25) GeV

/'/l' > |n <2.4

- @ Jets:

v

at least 2 jets
pr > 30 GeV
In| < 2.4

OU@E at least 1 b-tagged

t Kinematic reconstruction:
(1) Full reconstruction:

vyvyy

> reconstruct ¢,

+
+
W
" > use all constraints
," v (2) Loose reconstruction (NEW):
S » reconstruct tf

» m; constraints not used
—» essential for me'eextraction
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Kinematic reconstruction

@ Measured input:
leptons, jets, MET

,'m -m N @ Unknowns: p,, Pz (6)
‘s~ w Iv,? @ Constraints:
.-.:.,.-— >mhmi(2)
u |° > My, My (2)
b ¥ > (Pv +Pz)7 = MET (2)
']
. -
P Two variants:
W+ (1) Full reconstruction:

> reconstruct t, T
» use all constraints

(2) Loose reconstruction:

> reconstruct tt (4 unknowns)
> m; constraints not used
— reliable for My extraction

Side remark:

@ experimentally, it is easier to
measure tt rather than ¢ or ¢ (at
least in the dilepton channel)
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Overview of measured cross sections
TUnfold

t system

W detector resolution

_y

Fon---

unlolding

W statistical fluctuations ISR SR
ey Radiation
@ t production:

> [y(t),pr(t)]: most “simple”
@ f{t production:

> [M(t1),y(tt)]: most sensitive to PDFs (at LO xq o = 1/ @ei}’(ﬁ))
> [M(tt),pr(t1)]: sensitive to radiation
@ t, tt mixed:
> [M(tt).y(t)]: sensitive to PDFs
> [M(tt),A¢(t, t)]: sensitive to radiation
> [M(tt),An(t,t)]: shed further light on pr(t) problem
@ NEW ff production with extra jets:

| [I\Iﬁat1+ M(tt),y(tt)]: sensitive to as, mP*°and PDFs (nominal extraction)|

> [/\/Jf;t1 2T M(t1),y(tF)]: sensitive to as, mP®®and PDFs (cross check)
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Results: [N2'",M(tt),y(t)] compared to NLO pred. with diff. PDFs

jet
CMS 35.9 fb* (13 TeV)
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@ description depends on PDFs — data are sensitive to PDFs
@ all modern PDF sets considered
» best description given by ABMP16
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Results: [N2'",M(tt),y(t)] compared to NLO pred. with diff. o
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@ a; sensitivity comes from different N, bins

o Data, dof=23
NLO CT14
mP°=172.5 GeV

—a=0.118, x2=61
---04=0.113, X>=56
-- 04=0.123, X?>=87

@ further (indirect) sensitivity comes from [M(tt), y(tt)] via sensitivity to PDFs
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Results: [N2,'",M(tt),y(tf)] compared to NLO pred. with diff. mP*'®

jet
EMS 35.9 fb™ (13 TeV)
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@ m"® sensitivity comes from M(tt), mainly 1st bin

@ this method differs from extracting m?O'e from total ft x-section, and is similar to extracting
m§’°'e from ttj diff. x-section [EPJ C73 (2013) 2438, CMS-PAS-TOP-13-006, JHEP 1510 (2015) 121]
@ previous determination using this method: prelim. DO results [FERMILAB-CONF-16-383-PPD]
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Results: extraction of o from |

200

100

jet

CMS 359 fb (13 Tev)

N01+ M

(1), (t0)]

CMS

359fb a

3 TeV)

[N° “ M(ﬂ y(tD)], dof = 23, data and PDF unc.

L us(mz) + Aas(mz) PDF [szm] B
-©-0.1144 +- 0.0025 CT14 [ 30] a

—#-0.1200 +- 0.0015 HERAPDF20 [ 33]

- 0.1169 +- 0.0013 ABMP16 [ 26]

01+

N M), y(t)]

+ as(m ) with total unc.

— data unc.
— PDF unc.

—— punc.

I
m{® + 1 GeV unc.

Aas o0

4 good x? (dof = 23) ABMP16 0.
HERAPDF20 %1
CT14 E‘i
L i World average [PDG2018] o
L ‘ L L ‘ L L ‘ 1 L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L
0.11 0.12 0.13 0.09 0.1 0.11 0.12 0.13
(xs(mz) cxs(mz)
precise determination of as is possible using these data
significant dependence on PDF set observed (correlation between g and as)
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300

. . pole 0,1+ 7 3
Results: extraction of m;™™ from [N, ", M(tt),y(tt)]
CMS 35.9 fb (13 Tev) CMS 35.9 fb™ (13 TeV)
i [NJD = M(tt) y(tt)] dof= 23, data and PDF unc. i N N M),y )] |
m"® + Am{"® / GeV PDF [2,] ] - mP*"® with total unc.
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precise determination of mf°'e: better than world average (2019)
mild dependence on PDF set
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Simultaneous PDF + o + mP®®fit: results

@ followed standard approach: using HERA DIS data only, or HERA + tf data to demonstrate
added value from tf on PDF and as determination

@ using xFitter: open-source QCD fit framework [xfitter.org]

CMS 35.9 fb™ (13 TeV)
—~ T T T T T T T T T T T T
o CMS , , @ 0.2 300<M(t) 400<M(fH) 500<M(ff) 300<M(f)) 400<M(ff) 500<M(ff)
X ) %‘ <400GeV <500GeV <1500GeV' <400GeV <500GeV <1500Gev | o Data, dof=23
©1.2-xg(x) uf =30000 GeV“ NLO B N =0 N =0 N=0 N0 N0 N0
w ° b
FC_J HERA 5018 7
| ZZJ HERA +1t = —NLO fit, x?=20
L il 0.1]
1z A
i 0 0.05 good fit!
] e e T T T
o 14
0.8 ‘ ‘ ] goAgliﬁ i e TR B oy ¥
107 10 10 1 06
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1 2
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as(Mz) = 0.1135 + 0.0016(fit) % 9992 (mod) *% 999 (par) %901 (scale) = 0.11357% %2 (total)

m® = 170.5 £ 0.7(fit) %, (mod) ¥4 (par) *93, (scale) GeV = 170.5 + 0.8(total) GeV

— two SM parameters are simultaneously determined from these data to high precision with only
weak correlation between them (p = 0.3) + constraints on PDFs
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xfitter.org

Simultaneous PDF + o5 +

mP"fit: correlation
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@ For the first time studied correlations of m',’o'e, as and PDFs

@ | Jand [
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https://www.desy.de/news/news_search/index_eng.html?openDirectAnchor=1729&two_columns=1
http://cms.cern/news/three-questions-top-quark-can-answer

Pheno analysis of LHC it data at NNLO [MATRIX+PineAPPL+xFitter]
(Garzelli, Mazzitelli, Moch, Zenaiev, work in progress)

@ NNLO calculations (g7 subtraction) for fully differential tf are ublicly available with MATRIX
framework [Catani, Devoto, Grazzini, Kallweit, Mazzitelli Phys.Rev.D 99 (2019) 5, 051501;
JHEP 07 (2019) 100]

» fully differential NNLO calculations were also published in JHEP 04 (2017) 071
[Czakon, Heymes, Mitov], but no public code available
@ Private version of MATRIX:
> interfaced to PineAPPL [Carrazza at al., JHEP 12 (2020) 108] to produce PDF
interpolation grids further used in xFitter https://gitlab.com/fitters/xfitter
* reproduce NNLO calculations using any PDF and/or varied i, pf in ~ seconds
» Improved technical performance for ¢t to achiev Acy; = 0.5%0
* skip calculation of identical things (tailored for tt)
* adapted to DESY cluster + fixes related to memory and disk space usage etc.
@ Runs with mP* values 165-177.5 GeV with step of 2.5 GeV and Ao ; = 0.5%
> =~ 60000 x 6 = 360000 CPU hours (40 years)
» for differential distributions, numerical uncertainties in bins are ~ 0.5%
» this is not negligible compared to data precision
— 1% is included as theory uncertainty in x2 calculation
@ Differential distributions obtained with fixed ryy; = 0.0015 (g7 subtraction)
» verified vs. JHEP 07 (2019) 100: agreement within 1%
» checked distributions with rc,s = 0.0005 (slower convergence) for o(tt): < 1%
» checked extrapolation to rey = 0 for o(ft): < 1%

@ =y = Hr /4, Hr = \/m,? + P2(t) + \/mtz + p2(t), varied by factor 2 (0.5 < pir/pr < 2)

S. Zenaiev Precision QCD with heavy quark production 17/32



https://gitlab.com/fitters/xfitter

XFitter [nttps://xfitter.org] [https://gitlab.com/fitters/xfitter]

XFitter oReEEBS

Welcome to xFitter (former HERAFitter)

Proton parton distribution functions (PDF) are essential for precision physics at the LHC and other hadron coliders. The determination of the PDFS is a complex endeavor involving several physics process. The main process is the
Iepton proton deep-inelastic scattering (DIS), with data collected by the HERA ep collider covering a large inematic phase space needed to extract PDFs. Further processes (fixed target DIS, ppbar collisions etc.) provide addiional
constraining powers for flavour separation. In particular, the precise measurements obtained or to come from LHC will continue to improve the knowledge of the PDF.

The xFitter project is an open source QCD fit framework ready to extract PDFS and assess the impact of new data. The framework includes modules allowing for a various theoretical and metnodological options, capable to fit a large
number of relevant data sets from HERA, Tevatron and LHC. This framework is already used in many analyses at the LHC.

Downloads of xFitter software package

Al the xFitier releases can be accessed HERE ineluding ‘7° 2.2.0 FutureFreeze release
Al the former (HERAFitter) releases can be accessed ® HERE.
Description:  np/anvorg/abs/1410 4412

| xFitter Meetings

3l @xFitter Workshop at CERN 2-5 May 2023

User's Meetings: meetings to enhance communication between users and developers (open access)
Developer's Meeting: technical weekly meetings to ensure communication among developers (restricted access)
Steering Group's Meeting (restricted access)

| xFitter representation

' @snowmass contrubution
List of resuts
List of collected taks

| pers Info i to P

+ Intemal Developments

| organisation

+ Release coordinator/Librarian (revision of the release candidates): Sasha Glazov, Qleksandr Zenaev
+ DESYIT Contact: Yves kemp

| setting help

%' See our help forum
In case of questions or problems, please post a message there (requires a google account) or send it via email Elxitter-users@googlegroups.com (no account required)
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xFitter [xfitter.org] [gitlab.com/fitters/xfitter]

@ xFitter (HERAfitter before 2015) is a unique open-source QCD fit framework:

extract PDFs and theory parameters

assess impact of new data

check consistency of experimental data

test different theoretical assumptions

...any exercise which involves data vs. theory

vVvyVvyYyy

@ Itis widely used by LHC experiments and theorists ( > 100 publications)

@ Why is xFitter unique and so nice?
Because it is fully modular. E.g., hadron interactions are realized as

v

PDF parametrisation at starting scale: it is enough to type your favourite formulas

PDF decomposition: construct valence, sea and gluon, apply sum rules (automatic
integration)

PDF evolution: interfaced various codes (QCDNUM, OPENQCDRAD, APFEL, LHAPDF);
one can easily interace a new code

hard scattering (“reaction”): again, supports various options:

* various HQ schemes for ep DIS

* some “simple” calculations, e.g. LO DY

* interfaced external packages, e.g. HATHOR (NNLO HQ total tf and single t
hadroproduction) and HVYQMNR (NLO HQ differential hadroproduction)

* but main emphasis is put on interfaces to fast intepolation tables, such as fastNLO,
ApplGrid, PineAppl: allows us to get recent higher-order calculations (e.g. MCFM,
MATRIX etc.) “for free”

> ...and one can mix all these ingredients freely
S. Zenaiev Precision QCD with heavy quark production 19/32
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xfitter.org
gitlab.com/fitters/xfitter

Selected studies by the xFitter team
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“A determination of m¢(m.) from HERA data using a matched heavy flavor scheme” [JHEP 1608 (2016)
“Probing the strange content of the proton with charm production in charged current at LHeC” [Eur. Phys.
“PDF Profiling Using the Forward-Backward Asymmetry in Neutral Current Drell-Yan Production” [JHEP
“Parton Distribution Functions of the Charged Pion Within The xFitter Framework” [Phys.Rev.D 102

“Exploring SMEFT Couplings Using the Forward-Backward Asymmetry in Neutral Current Drell-Yan
Production at the LHC” [work in progress,

work in progress
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https://indico.desy.de/event/34916/contributions/146953/

Data for pheno analysis (WIP)

Selection of data:

Inclusive tf cross section [pb]
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[+ cMS combined ey, I+jets 5.02 TeV (L = 27.4-302 pb”) LHCtopwe June 2023 _{
[ v LHC combined eu 7 Tev (=510 Lictopwc. ]
v LHC combined ey 8 TeV (L=20f6) LHCIopwG
3| m ATLAS ey 13 Tev(L=140f0)
10% 4 cusen1aTev (L= 359 1)
E 0 ATLAS kjels 13Tev (L=
[= & CMS IHjets 13 TeV (L = 137 fb)
[ o ATLASeu*136TeV (L=111%
[" o CMS dilepton, I+jets 13.6 TeV (L = 12 b”)
S 1000F q
«preliminary
10?7 900f
E -
= soof. R
B NNLO+NNLL, PDFALHC21 (pp) 3
NNLO+NNLL, NNPDF3.0 (pp) 7
10 Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 _
E My, = 1725 GeV, ,(M,) = 0.118 + 0.001 E|
EA | | I I 3
2 6 8 10 12 14
(s [TeV]

@ all measurements of total ¢t cross sections o (tt):
» 10 data points, including recent combined CMS+ATLAS cross section at 7 and 8 TeV

@ differential measurements

vyvyYyy

a(tt)

1

o(tt)y dO

do(tt)

Experiment decay channel dataset  luminosity
ATLAS & CMS  combined 2011 5T

ATLAS & CMS  combined 2012 20 fb~!

ATLAS dileptonic, semileptonic 257 pb~!

CMS dileptonic 302 pb~!

ATLAS dileptonic 140 b1

ATLAS semileptonic 139 fb~!

CMS dileptonic 35.9 b1

CMS semileptonic 2016-2018 137 fb~!

ATLAS dileptonic 2022 11.3 fb~!

CMS dileptonic, semileptonic 2022 12170 13.6 TeV

S. Zenaiev

which satisfy following criteria:

as function of M(tt) (if available, 2D M(tt) and y(tt))

at parton level (no cuts on pr, y of leptons or jets)

normalized cross sections (to avoid unknown correlation with total o (tt))
bin-by-bin correlations are available

1 do(tt)
o(tt) dO

Experiment decay channel dataset  luminosity /s observable(s) n
CMS semileptonic  2016-2018 137 fb T M(tD), [y(t5)] 34
CMS dileptonic 2016 35.9 b=t M(t), [y(fD)] 15
semileptonic  2015-2016 36 fb" M(t0), [y(t5)] 19

all-hadronic  2015-2016 36.1 fb~! M(t0), [y(t5)] 10

dileptonic 2012 19.7 b1 M(t), |y(t8)| 15
semileptonic 2012 20.3 fb! M(t) 6

dileptonic 2012 ! M(t) 5

ATLAS dileptonic 2011 4.6 fb~! M(tt) 4
ATLAS semileptonic 2011 4.6 fb! M(tt) 4
21/32
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o(tt) vs NNLO predictions using different PDFs (WIP)

104 4

102 4

VS =5.02 TeV JVs=7.0 Tev Vvs=8.0 Tev i Vs5=13.0 Tev i Vs=13.6 Tev
o(tt)
NNLO mPo®=172.5 GeV u=Hq/4
—ABMP16 x2-13(51
J J J CT18 x2=11 292
—— MNSHT20  ¥2=11(23
e — NNPDF40 ¥?=9(9)
.24 g E
Q
1 5 —t—
Tl 9 ¢
91 1 1 1 & ATLAS 2303.15340
V ATLAS 2006.13076
8770 Ms 2112.09114 ] 1 1 A cMs 1812.10505 ] & CMS 2303.10680
V ATLAS 2207.01354 O ATLAS+CMS 2205.1383| O ATLAS+CMS 2205.1383 41 CMS 2168.02803 V  ATLAS-CONF-2023-006
|

@ Fixed mP®® = 172.5 GeV, ur = s = Hr /4

@ Reported x? values with (and without) PDF uncertainties

@ All PDF sets describe data reasonably well (depends on m?

ole

, as)

@ Sensitivity to PDFs reduces with increasing +/s (lower x probed)

S. Zenaiev

Precision QCD with heavy quark production

22/32



o(tt) vs NNLO predictions using different mP'® (WIP)

@ Change of m™® by 1 GeV — change of o(ff) by ~ 3%

@ Preferable m?°'e ~ 170-172.5 GeV (depends on PDF and ag)

S. Zenaiev

Precision QCD with heavy quark production

4 4 = = ~ =
10 52502 Tev VS=7.0 Tev V5=80 Tev VS=13.0 TeV VS=136 TeV
103 E| E E E AvA -
O of(tf)
o NNLO ABMP16 yi=Hr/d
s — mPe =172 Kooy X=
10° 4 1 1 1 E“f—uo 0GeV 2 11
o v —— mPe =175.0GeV x2=29
1.2 + 1 1 1 1
1) % , ¢ , . o 4 ]
P9 n
1.0 Y
0.9 1 1 170 ATLAS 2303.15340
¥ ATLAS 2006.13076
0.81 ¢ CMS 2112.09114 1 1 71 A (CMS 1812.10505 1 & (MS 2303.10680
V ATLAS 2207.01354 Q ATLAS+CMS 2205.1383] O ATLAS+CMS 2205.1383] 41 CMS 2108.02803 V  ATLAS-CONF-2023-006
)
@ ABMP16, fixed ur — iy = Hr /4
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o(tt) vs NNLO predictions with scale variations (WIP)

L | V5=5.02 Tev V5=7.0 TeV V5=8.0 TeV V§=13.0 TeV V5=13.6 TeV
103 4 E E 4 ]
O ey — ]
=
o
o of(t)
= pole
= NNLO ABMP16 my —170 0 GeV u=Hyr/4
5 102 B 4 E — u,—lou. ur= 1.0u x2=11
r=0.5u, pr=1.0u x2=13
— ,—2 Ou Hr=1.0u ¥2=10
prm O—— — u,=1 Ou, Hr=0.5u ¥3=11
— Tosh it i
fir =200, pf=210u =11
1.10 4 1 1 1 1
1.05 1 + 1 1 l 1
3 i I ro) Av2 T
+ 1.00
©
E i [ S I
0.95 1 1 7 1 & ATLAS 2303.15340 | | T
YV  ATLAS 2006.13076
0.901 ¢ (Ms 2112.09114 | T 1 1 A cMs 1812.1055 | © CMS 2303.10680
YV ATLAS 2207.01354 O ATLAS+CMS 2205.1383) O ATLAS+CMS 2205.1383| <1 CMS 2108.02803 YV ATLAS-CONF-2023-006
i

@ ABMP16, fixed mP®® = 172.5 GeV

@ Scale variations "% :

> larger than data uncertainty (best data uncertainty +1.9%)
> limit precision of mP®® extraction to 1 GeV
» can be reduced by using e.g. MS mass m;(m;) EPJ C74 (2014) 3167, JHEP04 (2021) 043

S. Zenaiev
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CMS 2108.02803 vs NNLO predictions using different PDFs (WIP)

1/o do/d|y(tD)|

Ratio

1.0

0.8

0.6

250 < M(tt) < 420GeV]

420 < M(tt) < 520Ge'

520 < M(tt) < 620Ge

620 < M(tf) < 800GeV] 800 < M(tf) < 1000Ge] 1000 < M(th) < 3500GeV

0 © 0 0 of=F=
=

10° 4 CMS 2108.02803 13TeV semileptonic
NNLO mP°®=172.5 GeV u=Hq/4
— ABMP16 yi=29 29)
c ¥4
— MSHI20  ¥2=39(129
s o'a’c‘uqol_o— OO-OLOQQL— NNPDF2@ %2=57(89)
o] 7 7 O.O'OIOIU _""-0'\_5,_EU=
O
1.4
1.2

et

0 1 2 0

T T

0 1 2 0

@ Fixed mP®® = 172.5 GeV, yur = ps = Hr /4

@ Reported x? values with (and without) PDF uncertainties

.0 0.5 1.0
Iy(tD)]

@ All PDF sets describe data reasonably well, with best description by ABMP16
» CT18, MSHT20 and NNPDF40 show clear trend w.r.t data at high y(tf) (large x)
@ This is most precise currently available data set with finest bins

S. Zenaiev
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CMS 2108.02803 vs NNLO predictions using different PDFs (WIP)

1/o do/d|y(tD)|

Ratio

109 4

1014

1072 4

250 < M(tt) < 420GeV]

420 < M(tt) < 520Ge'

520 < M(tt) < 620Ge

620 < M(tf) < 800GeV] 800 < M(tf) < 1000Ge] 1000 < M(t) < 3500
CMS 2108.02803 13TeV semileptonic
NNLO ABMPIG i = Hr/4

=172.5GeV ){2 20

=170.0GeV )( 2=35

=175.0GeV x?=64

— m}

on/s
Mole

eV

00000 o

@ ABMP16, fixed pur = pur = Hr /4

@ Low M(tt): strong dependence on mf®®via threshold effects

@ High M(tt): opposite dependence due to cross section normalization
@ Preferable mf°'e ~

S. Zenaiev

172 GeV

Precision QCD with heavy quark production

0.5 1.0

Iy(tD)]
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CMS 2108.02803 vs NNLO predictions using different PDFs (WIP)

250 < M(th) < 420GeV] 420 < M(th) < 520GeV| 520 < M(th) < 620GeV| 620 < M(tD) < 800GeV| 800 < M(th) < 10006e] 1000 < M(tE) < 35006V
10° 4 E E E CMS 2108.02803 13TeV semileptonic
_ NNLO ABMP16 mPo€=172.5 GeV u=Hq/4
T o oo = e
= O O ’
= o 101
5 10714 Lo, . , s} 1000 o
k) 19
2 o
— 10—2 d 4 4
e
1.075 E E E E E
1.050 «% E E
1.025 + % E E
(=}
- —
= 1.000 }
o
0.975 1 + 1
0.950 E E
0.925 1 1 1 1 | 1
T T T T T T T T T } T T
0 1 2 0 1 2 0 1 2 0 1 2 0 1 2 0.0 0.5 1.0

ly(tb)]
© ABMP16, fixed m™® = 172.5 GeV

@ Scale variations < 1% at low M(ft) (largest cancellation), reach ~ 4% at high M(tt)
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Extraction of mP®"®(work in progress)

>

—— ABMP16  mP®=171.7 £0.3GeV
— (T18 mPe'e =171.8 + 0.3GeV
1000 - —— MSHT20  mP°*®=171.9 + 0.3GeV
—— NNPDF40 mP°*® =172.2 = 0.2GeV
800
600
400 N
b
200 A
168 170 172 174 176
mPe[GeV]

1000 -

800 -

600 -

200 -

Hr=1.0u,
Hr=0.5u,
Hr=2.0,
Hr=1.0u,
Hr=1.0u,
Hr=0.5u,
Hr=2.0u,

ABMP16

Hr=1.0u
Me=1.0u
Hr=1.0u
Mr=0.5u
HF=2.0u
M= 0.5u
Mf=2.0u

mP° =171.7 £ 0.3GeV
mP°'e =171.6 + 0.3GeV
mPe'® =171.6 + 0.3GeV
mP' =171.7 +0.3GeV
mPo =171.7 +0.3GeV
mP°'€ =171.6 +0.3GeV
mP°'€ =171.6 +0.3GeV

168

170

172

T T
174 176

mf°e[GeV]

@ Experimental, PDF and numerical theory uncertainties are included in x?2

@ Scale theory variations are not included in x2 but they are done explicitly (offset method)

(typically amount to +0.2 GeV)

S. Zenaiev
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Extraction of mP®®: differential Run 1, Run 2 (WIP)

Run 1 differential

Run 2 differential

- +@ Total unc. “Total unc.
CMS 1703.01630 8TeV dileptonic —Dat —Dat
ABMP16 —— ata unc. CMS 1904.05237 13TeV dileptonic ata unc.
CcT18 —PDF unc. —PDF unc.
—— ABMP16 ——
MSHT20 — —Scale unc. —Scale unc.
NNPDF40 I—— CT18 —
MSHT20 ——
ATLAS 1407.0371 7TeV semileptonic
ABMP16 NNPDF40 ——
CT18 —
eSS e <e— CMS 2108.02803 13TeV semileptonic
- ABMP16 ——
ATLAS 1511.04716 8TeV semileptonic cT18
ABMP16 =
CT18 [ - MSHT20 e ]
MSHT20 ——— NNPDF40 —.—
NNPDF40 —_——
ABMPléTLAS 1607.07281 7TeV dileptonic ATLAS 1908.07305 13TeV semileptonic
CT18 —— ABMP16 ——
MSHT20 —_—— cT18 ——
NNPDF40 V————et
MSHT20 —a—
ATLAS 1607.067281 8TeV dileptonic NNPDF40 ——
ABMP16 —_——
CT18 —_—
MSHT20 e CMS+ATLAS Run2 differential
NNPDF40 ————r ABMP16 ——
CMS+ATLAS Runl differential cTi8 —
ABMP16 —— MSHT20 .@,
CT18 —.—
MSHT20 —— NNPDF48 ==
NNPDF46 ——
pole _
PDG2022 mE®* =172.5+0.7 Gev o PDG2022 m{*®=172.5+0.7 GeV —e—
166 168 170 172 174 166 168 170 172 174

mPoe[GeV]
S. Zenaiev

mPoe[GeV]

Precision QCD with heavy quark production

29/32



Extraction of mP®®: dilepton vs semileptonic, ATLAS vs CMS (WIP)

CMS 1703.01630 — ATLAS 1407.0371 —_——
ATLAS 1607.07281 —_—— ATLAS 1511.04716 ——
ATLAS 1607.07281 —_—— ATLAS 1607.07281 —_——
CMS 1904.05237 — ATLAS 1607.07281 —_——
dileptonic combined —— ATLAS 1908.07305 ——
semileptonic combined —e— ATLAS combined ——
ATLAS 1407.0371 —_————— CMS combined —e—
ATLAS 1511.04716 —— CMS 1703.01630 ——
CMS 2108.02803 —— CMS 1904.05237 ——
ATLAS 1908.07305 —— CMS 2108.02803 ——
PDG2022 mfo/s=l72,510,7 GeV —— PDG2022 mfa/s=l72,510,7 GeV ——

T T T T T T T T T T

166 168 170 172 174 166 168 170 172 174

mfa/e[GeV] mf"/e[GeV]
S. Zenaiev Precision QCD with heavy quark production 30/32



Extraction of mP®"®: summary (work in progress)

CMS+ATLAS Runl differential " Total unc.
—Data unc.
2$T:16 '=g=’ — PDF unc.
‘="9'=' —Scale unc.
MSHT20 ‘=§=' :
NNPDF40 ;=’=. g
CMS+ATLAS Run2 differential
ABMP16 »a:,
CT18 ’#F‘
MSHT20 »?
NNPDF40 ’?
CMS+ATLAS Runl,2 total
ABNMP16 e———— =
cris =
HSHT20 e
NNPDF40 'j‘

CMS+ATLAS all
(mP°'® +exp +PDF +u)/GeV

CT18 171.75+0.21+0.16 *3:92

NNPDF40 172.24 +0.22 +0.08 +334

ABMP16 171.70+0.22+0.14+§% Lol

-
MSHT20  171.91+0.21+0.15+39% b
=

PDG2022 mf“’e =172.5%£0.7 GeV ——
T T T T T
166 168 170 172 174
me/E[GeV]
S. Zenaiev

@ Extracted m™"®values with precision +0.3 GeV
are consistent with PDG value 172.5 4+ 0.7 GeV
> data uncertainty ~ 0.2 GeV

> PDF uncertainty ~ 0.1 GeV
> NNLO scale uncertainty ~ 0.2 GeV

@ Significant dependence on PDFs (~ 0.5 GeV):

> different mf"'eused in different PDFs
> PDFs, m?®, o, should be determined
simultaneously
@ For CMS 1904.05237, NNLO results are
consistent with published results obtained at NLO

> good convergence of perturbative series
@ Larger sensitivity comes from differential data

» 2D differential x-sections in M(tt), y(tt)
constrain m?"‘e, PDFs and (indirectly) a:s

> ideally, 3D cross section in M(tt), y(tt) and
number of extra jets constrain ag directly,
but NNLO not yet available for tt +jets

@ Possible effects from Coulomb and soft-gluon
resummation near the tf production threshold are
neglected: might be up to 1 GeV
[CMS Coll. EPJ C80 (2020) 658; Kiyo, Kuhn, Moch, Steinhauser, Uwer
EPJ C60 (2009) 375; Makela, Hoang, Lipka, Moch 2301.03546]
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Summary

Many phenomenological applications of precision QCD with HQ:
@ mc¢, my extraction from HERA (ep) data + constraints on PDFs
> high-precision final HERA data are in some tension with NLO and NNLO
@ ¢ and bb production at LHC (pp): application for astrophysics
» really need NNLO differential calculations (publicly available only for ft)
@ (t production at LHC (pp): precise determination of mf°'e+ constraints on PDFs and ag

> alot of experimental data available: looking forward for ATLAS and CMS combination
of differential tf measurements
» staying tuned for Run-3 data
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BACKUP

S. Zenaiev Precision QCD with heavy quark production 33/32



PROSA PDFs and atmospheric v fluxes [JHEP 1705 (2017) 004]

Atmospheric v are background for astrophysical v:

Production of atmospheric v:
@ cosmic rays (CR) + atmospheric nuclei
— light and heavy hadrons — conventional and prompt v fluxes

@ spectra of conventional and prompt v fluxes are different because of different
hadroproduction cross sections and decay properties

@ LHCb heavy-quark data improve predictions of prompt v flux

S. Zenaiev Precision QCD with heavy quark production
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PROSA PDFs and atmospheric v fluxes [JHEP 1705 (2017) 004]

(GeVBcm2stsrt)

E3 dN/dE

PROSA (v, + anti-vy) flux

T T T T T
T T T
O\ "\ 4 prompt PROSA s
RN N\ IceCube v events conventional Honda 2015
< > 4 N\ total (PROSA + Honda 2015)
\, = : NN N\ » 10k { IceCube atmo nu upper limit 90% C.L. = |
X \ N\ 3 { IceCube data +—e—i
z f
©
o
=3
s 1 } } * E
o
o
2
. c
prompt v flux with PROSA PDHF PR 1
scale + Mgpam + PDF uncertainty w
total scale uncertainty [~
total PDF uncertainty
) total Mgy Uncertainty || 0.01 100000 0 107
10° 10t 108 10° 107 108 Deposited EM-Equivalent Energy in Detector ( GeV )

E (GeV)

@ Uncertainties for prompt v flux are dominated by NLO scale uncertainties
@ PDF uncertainties are under control owing to LHCb data in PROSA fit
@ Predictions for the number of prompt, conventional and total expected atmospheric neutrino

events for the IceCube 988-day HESE analysis, as compared to the IceCube lepton data

@ IceCube upper limit lies well inside PROSA uncertainty band at high E,

— LHC data on hadroproduction and their interpretation are of crucial importance for

astrophysical measurements

— astrophysical measurements provide complementary information about charm

hadroproduction and proton structure
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Parton distribution functions (PDFs)

e(k)

pQCD

D
i‘\ non pQCD

aiE p)

PDF

P(p)

non pQCD

o = PDF  ME ® FF

DBEABOBOD00
E

Atlas and M8

Atlaec and CMS rapidity plateau
DO CentraleFwd. Jets
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LR e e R e B R R

Measure o, calculate ME = determine PDF and/or FF
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Parton distribution functions (PDFs)

1) © acias sna e
. E [ Atlac and cMS rapidity plateau
D“,?; B2 DO CentralsPwd. Jets I/‘
; ES3 CDF/D0 Central Jets vy
pQCD 10t =
|||5_r S
E A
Iu":r ==
_._% =
¥ hon pQCD 10 XE
9E&p) 4
PDF |||-‘;—
P(p) " E
non pQCD 1 ;— " | =
: : Hmxumn|m'!'m'mmnuw-" ulllil'
o :PDF®ME®FF 10 3 -;.|”‘ ul P EEPEPTI ENEOR | e

o] s 3 3 3 3 ]
10 10 10 10 10 |

Measure o, calculate ME = determine PDF and/or FF
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Kinematic distributions

CMS Preliminary 35.9 fb™ (13 TeV) ~ CMS Preliminary 35.9 fb (13 TeV, CMS Preliminary 35.9 fb™ (13 TeV)
E ¢ Data o E 80000 7] ¢ Data
© 40000F sx | Wisignal =4 Mt signal
2 other 5 £ 60000 f other
2 = BNonid @ 2 40000 W Non-f
E 20000 = _| syst. unc. ¥Syst. unc. E Syst. unc.
20000y
g 12 ° o
T 1 kS T
© 08 By T8 « Y
200 400 600 -2 -1 0 1 2 500 1000 1500

P, () [GeV] y() M(t) [GeV]
- 1000 CMS Preliminary 35.9 fb™ (13 TeV, « CMS Preliminary 35.9 fb* (13 TeV) CMS Preliminary 359 fb?(13 Te
31 o + Data S t Data + Data
= S Wisigna o Wi signal | MW signal
N Wti other $ 20000 ~{ [t other Tt other
12 - > > > >
§ 50000 |ENond WNon-t Non-
5 = Nsyst. unc. Nsystunc. [ N syst. unc.
2 2 2
T s T
14 @ 14

200 400 600 _ 0 2 4 6 8
p,(t) [GeV] y(t) Nige

@ tt signal MC: POWHEGV2 + PYTHIA8
@ Overall good description of data within uncertainties
@ Central MC predictions for pr(t), pr(tt), M(tt), Nj are softer than data
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Results: 2D x-sections [y(t),p7(t)]

CMS Preliminary '

35.9 fb™ (13 TeV)
R

o LI T T
% 0.00<y(t)<0.35 0.35<y(t)<0.85 0.85<y(t)<1.45 1.45<y(t)<2.50
S]
'~ 0.0015
s
o
3 g
S 0.001f
o
-
0.0005
T 7 }
s l2r 2 [
A Pt T SRy
0.8 u f ¥ f 4
200 400 200 400 200 400
p_(1) [GeV]

@ '‘POW-PYT and ‘FXFX-PYT predict softer pr(t) in entire y(t) range
@ better description by ‘POW-HER’

S. Zenaiev

Precision QCD with heavy quark production

¢ Data, dof=15

— POW+PYT, x2=57

-= POW+HER, x2=18

== EXFX+PYT, X2=35

1] Pow+PYT unc.
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Results: 2D cross sections [M(tt),07(t)]

1o do/dp_(t) [GeVY

Ratio

0.004

0.003

0.002

CMS Preliminary
300<M(tT)<450GeV
=33

0.001

450<M(tH<600GeV

35.9 fb™ (13 TeV)
T T T T

600<M(t))<1500GeV

©

200 400

200 400

400
P, (1) [GeV]

200

@ bad description by all MC, strongest disagreement for ‘POW-PYT’
@ ‘POW-HER’ describes pr(t) in entire y(t) range, but predicts too hard pr(t) at high M(tt)
» can be observed only in 2D measurement

S. Zenaiev

Precision QCD with heavy quark production

¢ Data, dof=8
— POW+PYT, x2=76

-- POW+HER, x?=34

== FXFX+PYT, x2=67

KJpow+pYT unc.
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Results: 3D cross sections [NO;' 2", M(t),y(t)]

jet
CMS Prehmmary 359fb (lSTeV)
T T T T T T T
2 0.2} 300meyT 400<m® s06<mi® | soomd] a00md ] s00<m@®T s00<m] 400<men ] s00<mc § Data, dof=35
z <400GeV | <500GeV [<1500GeV | <400Gev | <500Gev k1500Gev | <400GeV | <500GeV k1500Gev
2 _ ~ ~ ~ — POW+PYT, x?=50
B Ne=0 | N=OR No=0|  Ne=af  Ng=zf o Ng=r| o Nt N1 N
o 0.15¢ --- POW+HER, x?=66
o
- B - FXFX+PYT, X2=63
0.1 POW+PYT unc.
0.05f -
L ! L ! L ! L !
o L 1
21 N——
a4
0. )
0. N N
12 12
y(tt)

@ ‘POW-HER'’ predicts too high cross section at Nie; > 1
@ ‘FXFX-PYT describes worse M(tt) at Nig, = 1
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Results: summary of comparison to MC models

CMS Preliminary 35.9 fb (13 TeV)
s E ® POW+PYT |3
2 C A B POW+HER | ]
s - om - ' o A FXEX+PYT |-
E - .
3 [ ]
2107 A [ =
S ]
= C o
g L ° ]
be °
> - A .
S -2
3107 3
© E 3
? - .
2 C ]
- A .
N i
3 . u
% Vo, gy Mgy, M / e //Vzef
) (@) (@) M) () Mty Mty A
> ) I)y() ’)J/(zt)/ 1)4,,(,0] 1)4@’11)] .p )ty O.p ()]u M(zr) y(,[)] (n)ym)]

@ none of central MC predictions is able to describe all distributions, in particular
[M(tt), An(t, D)), [M(tt), pr(1)]
@ overall, best description is provided by ‘POW-PYT’ and ‘POW-HER’:
» ‘POW-HER'’ describes better distributions probing pr(t)
> ‘POW-PYT describes better distributions probing N and radiation
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NLO calculations

@ NLO predictions for inclusive tt, tt + 1 jet and tt + 2 jets are computed and compared to
data using MadGraph5_aMC@NLO + aMCfast + ApplGrid + xFitter:

> [NOFM(tE), y(tt)] with 2 Ni bins:

Jet
* oNLO(Np = 0) = oNLO(¢7) — oNLO(1E + 1jet)
* oNO(N > 0) = oNLO(ﬁ-s— 1jet)
> [NV, M(t), y(£D)] with 3 Ny, bins:
* oNLO(Np = 0) = oNLO(¢7) — oNO( 1t + 1jet)
* aNLO(NJel 1) = oMO(tf + 1jet) — oNO(f + 2jets)
* UNLO(NN[ > 1) = oNO( £t + 2jets)
@ = pr = H'/2,H' =37, my ; where the sum runs over all final-state partons (t, fand up
to three light partons in the tt + 2 jets calculations) and mr = /m? 4 pZT. Uncertainties:

> ur, pug are varied by factor 2 (6 variations in total)
> alternative functional form p, = ps = H/2, H = 3~; mr j with the sum runs over t and [

oo

— — —

o mf"'e =172.5 £ 1 GeV (sometimes 45 GeV for presentation purposes)

@ PDFs and a5 from several groups via LHAPDF, as + 0.001 for uncertainties (sometimes
40.005 for presentation purposes)

@ multiplied with non-perturbative corrections (< 5%) from parton to particle jet level
(BACKUP)
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Data and theory uncertainties [N, ©,M(tt),y(t1)]

Uncertainty [%]

Uncertainty [%]

[
o o

—Total [~6.0%] © CT14 [~2.19%] © w2

jet

[~3.1%] 4 0g £ .005 [~3.5%] 7 m, £ 1 GeV [~2.4%]
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—Total [~7.0%] © CT14 [~2.2%] © w2

>
& HH‘HH‘HH‘?’W\ MDH‘\FH HH‘HH
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M(tD), y

[~3.9%] 4 0g £ .005 [~4.0%] 7 m, £ 1 GeV [~2 4%)
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S. Zenaiev

10 12 14 16

22 24 26 28 3092§2 34 36
Bin [N} ' M(®) y()]

Precision QCD with heavy quark production

@ Bins are grouped for

y(tt), M(tt) and Nig
(separated by different
vertical lines)

NLO scale uncertainties
are comparable to PDF,
as and Mr uncertainties

— data can constrain
PDF, as and My

Scale uncertainties are
considerably smaller for

[N M(t),y (D))

— [N M),y (tD)]
is used for cross check

only
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Data interpretation

Data interpretation consists of two parts:

(1) comparison theory vs data using external PDF sets:

» extracting as keeping m‘t""efixed
> extracting mP®°keeping s fixed

(2) simultaneous fit of PDFs, as and mf"'eusing ft and HERA DIS:
—s this presents fully consistent extraction of as, mf’°'eand PDFs

— important as exercise to understand new tt data, providing baseline for future global fits
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Ratio
oo kP

Results: [N2'",M(tt),y(t)] compared to NLO pred. with diff. PDFs

jet
CMS Prehmmary 35 9 fb (13 TeV)
— — .
0.2 300<M(tt)' 400<M(ﬁ) 500<M(tl) 300<M(tf) 400<M(tt) 500<M(ﬁ) ¢ Data, dof=23
<400GeV <500GeV <1500GeV <400GeV <500GeV <1500GeV NLO
JE‘ =0 let =0 JE‘ =0 Nle‘>0 NJE‘>0 Nle‘>0 mf°‘e:172.5 Gev
0.15

— CT14, x2=61(32)

1/o do/dy(tf)

== MMHT14, x2=51(38)

== NNPDF31, x?=41(39)

= HERAPDF, x2=36(35)

= ABMP16, X2=27(27)
JR14, X2=34(34)

==+ CJ15, x2=35(31)

ﬁ? ; S S ' S T ] X = X i erune)

Do D

@ description depends on PDFs — data are sensitive to PDFs
@ all modern PDF sets considered
» best description given by ABMP16
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Results: |

0,1+
Niet

,M(tt),y(tt)] compared to NLO pred. with diff. o

CMS Preliminary

35.9 fb™ (13 TeV)

500<M(® ] ¢ Data, dof=23
<1500GeV NLO CT14
fer mP°=172.5 GeV
—0,4=0.118, x?=61
--0g=0.113, X2=56
-- 0g=0.123, X2=87

— T T T 71 AL T 71
£ 0.2r 300<M(ff) 1 400<M(th) 500<M(t) 300<M(th) 400<M(ff)
% <400GeV <500GeV <1500GeV <400GeV <500GeV |..
5 Ng=0 N=0 § N=0 N0 N0 N, >0
o 0.15F
=

0.1; %

0.05F ™

2 3
o

14 % %. : A | A | el [ [
o .
T 12 _%__ § 208 2 0.
04 ] prrssranannanmtrsse lanannenms

0.8 j %

0.6 , , .

1 2 1 2 1 2

@ a; sensitivity comes from different N, bins

@ further (indirect) sensitivity comes from [M(tt), y(tt)] via sensitivity to PDFs

S.

Zenaiev

Precision QCD with heavy quark production
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Re

1/o da/dy(tf)

Ratio

. 0,1+ 7 . f pole
sults: [N ,M(tt),y(tt)] compared to NLO pred. with diff. m
CMS Prel|m|nary 359fb (13 TeV)
0.21 300<M( ) 1 400<M( ) |500<M|(ﬁ) |300<M|(ﬁ) 00<M ﬁ) 500<M ﬁ) é Data, dof=23
<400GeV <500GeV <1500GeV <400GeV <500GeV [T <1500GeV | NiocT14
1e| K ]el N]e|>0 Njel>0 N]el>0 ag =0.118, mpole
0.15f
— 1725 GeV, x2=61
---167.5 GeV, x?=87
0.1+ -=177.5 GeV, x?=144
0.05}-.
N o
1 4 § §| } | | | | ! | | | | |
ST .
L2 ey e T
1] L2 T T >
0.8 [ § L B
0.6 . .
1 2 1 2 1 2 1 2 1 2 1 2
y(th)

@ M sensitivity comes from M(tt), mainly 1st bin

@ this method differs from extracting mP®® from total ff x-section, and is similar to extracting
m§’°'e from t1j diff. x-section [EPJ C73 (2013) 2438, CMS-PAS-TOP-13-006, JHEP 1510 (2015) 121]

@ previous determination using this method: prelim. DO results [FERMILAB-CONF-16-383-PPD]

S. Zenaiev Precision QCD with heavy quark production 47/32



Cross checks

Cross checks of as and mP®®extraction
(all results in backup):

(]
(]
(]
-
—

using [N&;" 27 M(18), (1))

using single-differential Ni,, M(tt) or y(tt) cross sections
using [pr(tt), M(tt), y(tt)] cross sections with 2 pr(tt) bins
using unnormalised cross sections

consistent results obtained in all cross checks

in this analysis, observables (+ (f" ) have been chosen to have
maximum sensitivity to aco paramaters and minimum
experimental and scale uncertainties

S. Zenaiev Precision QCD with heavy quark production

CMS Preliminary 35.9 b (13 Tev)
o AL

N M),y (@)

- a,(M,) with total unc NO" 1+

— data unc.

— PDF unc.

— pune.

—m, +1GeVunc.

ABMP16 b
HERAPDF20 b
cT14 r==n

World average [PDG2018] o
e e b b b |
0.09 0.1 011 012 0.13
uS(MZ)
CMS Preliminary 35.9 fb* (13 TeV)
IN MED y(D) ‘ ‘ 0.1 2‘
e a,(M,) with total unc N et
—— data unc
— PDF unc.
— uunc

—m, £1GeVunc

ABMP16 o
HERAPDF20

cT14 fv==nl
World average [PDG2018] o

P S E R R N R I
0.09 0.1 0.11 0.12 0.13
uS(MZ)
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Simultaneous PDF + o + mP®"®fit: Impact on PDFs

PDFs (o, in HERA-only fit set to s = 0.1135 - 0.0016)

CMS Preliminary CMS Preliminary CMS Preliminary CMS Preliminary
R T T R T T H T T 5 T T
212k xuw 12 =30000 Gev? NLO - R12- xdx) 12 = 30000 GeV? NLO | - £1.2-xg(x) 12 = 30000 GeV? NLO -4 K12k xsx) 1? = 30000 GeV? NLO) ~
F T Hera E] T Hera 2 | Hera S LT Hera
2 HERA + 1T J 72 HERA + 1T ZZ2 HERA + 1T Z2 HERA + 1T
1Z2= ﬁ( 1
os- (] 1 o8 0.8, b
Y ‘ ‘ ‘ 9. ‘
107 10 10" 1 107 10 10" 1107 107 10" 1
x x x
Relative PDF uncertainties
CMS Preliminary CMS Preliminary CMS Preliminary CMS Preliminary
= T T < T T @ T T W T T
1;1.27 xu,(x) ? = 30000 GeV? NLO 1 X12F  xd(x) HZ = 30000 GeV? NLO | A §1_2— xg(x) H2=30000 GeV? NLO, H1.2-XE(x) W = 30000 GeV? NLO| A
E 5
5 CJ HERA £ CJ HERA ° 1 HERA © LT HERA
L 7 HERA +t 2 HERA + 1t 2 HERA + 1t
12 A 1 A 1

o8- Uv‘ ‘ 4 os- dv‘ ‘ 1 o g 4 o8- Y g
10° 102 10" 1 107 102 10" 1 107 10? 10" 1 10° 107 10" 1

— reduced g uncertainty at high x
— smaller impact on other distributions
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Simultaneous PDF + o + m',°°'efit: correlation between o, and gluon

CMS Preliminary CMS Preliminary
I I I

s R Al R e e
> 8 - 4
: — HERA S| - HERA 1
> o
_ o _
80 —o— HERA +1t S I —— HERA + 1t b
1" - -
= 1ol x=001
60— § 5 |
< L
40~ L 1
[ x=0.10(x5) ]
20— y. L ]
o ! ol b bl i L
0105 011 0115 012 0125 013 0105 011 0115 012 0125 013
a M) a,M)

Adding {t data:

@ constrain as (left)

@ reduce correlation between as and gluon (g) (right)
» weak correlation (as,Mr) — weak correlation (g,Mr)
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TOP-18-004 checks

CMs

35.9 b (13 TeV)
T

NG M(D.y (0]

—s— m{™* with total unc.
—— dataunc. 0,1
—— PDF unc. [I\ljet
—— wunc.

—— @, +0.001 unc.

ABMP16
HERAPDF20
cT14

" M(ED).y (1))

- G4

NG M0, y(0]

—e— m{™* with total unc.
— dataunc. [NO )1
—— PDF unc. Jet
—— punc.

— o, +0.001 unc.

ABMP16
HERAPDF20
cT14

[M(tD)]
—s— m{™* with total unc.
—— dataunc.

— PDFunc.

—— punc.

—— @, +0.001 unc.

ABMP16
HERAPDF20
cT14

World average [PDG2018]
PR R

144

25 M(TT),y(tT)]

- @4 4

.

|
165 170

5
m" [GeV]

S. Zenaiev

Precision QCD with heavy quark production

DESY 2018 summer school, L. Materne, bachelor thesis
“Differential Top-Pair Production Cross Section with the CMS
Detector - Optimization of Measurement Information”,
Karlsruher Institut fir Technologie (KIT), Bachelorarbeit,
2018 [ETP-Bachelor-KA/2018-11]

[N, M),y (0]
—e— mf*" with full unc

CT14 TUnfold —

binning: 264 x 24 — —— data unc.
— PDF unc.
—— o, unc.

max scale unc.

CT14 folding R
binning: 24 x 24 S
CT14 folding

binning: 264 x 264

PDG average

1 ‘ L1 ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1111 ‘ L1l
168 169 170 171 172 173 174 175 176
m™" in GeV
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m; dependence of measured cross sections

CMS 35.9 fb (13 TeV)

— T T T T T T T T T T T T T T T T T T T T T
?; 0.2 300<M(fh) T 400<M(f}) 500<M(t) 300<M(th) a00<M(f) .. 500<M(th) ] ° Data, m'°=172.5 GeV
= <400GeV <500GeV <1500GeV <400GeV <500GeV | ! <1500GeV | = Data, m\'°=167.5 GeV
B N, =0 N, =0 *_ Nj=0 Np>0 Ne0 [B™1 Ne0 | & pata, m¥®=177.5 Gev
© 0.15+ i
o NLO CT14 ag=0.118
2
A — mP®=172.5 Gev

0.1k == mP*=167.5 GeV

i.,#_'# —= mP*=177.5 Gev
1
0.05f=-
Y
) \ M| M| M| M M

g 1
=
S ﬁt -
x 1 LAL = i

0.8 i

0.6 A

1 2 1 2 1 2 1 2 1 2 1

2
ly ()
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Observation of suppressed A) — [K*7~|ppK~ decay and measurement
of its CP asymmetry [LHCb Coll., Phys. Rev. D104 (2021) 112008]

@ Few studies of beauty baryon decays to final states involving a single open-charm meson

b c b u

U(V L]“
w " W ¢
Ap - Ap s

FAV ~ [V Vi3 2 — T SUP ~ |V Va2 —

u u u u
p P

d d d d

@ We studied singly- and doubly-Cabibbo-suppressed /12 — [KT7~]ppK~ decays:
» A — [K~ 7 ]ppK™ ~ |Vgp V5|2 is relatively favoured (FAV)
> Ag — [Ktn 1ppK— ~ |V VE|? is relatively suppressed (SUP): not yet observed
(FAV and SUP are defined by the relative charges of K from D and K from Ag)
12
% ~ 7.4
@ The suppressed decay receives contributions from Ag — [Kt7~ | popK~ and
Ag — [K*w*]ﬁopK*, leading to interference between them, CP violation and ~ sensitivity
[ADS method, PRL 78 (1997) 3257, PRD 63 (2001) 036005]
@ Goals of this analysis:
> observation of suppressed decay /\g — [KTn~ppK~
» measurement of ratio R and asymmetry A in full phase space and restricted region
M?(pK—) < 5 GeV? with enhanced ~ sensitivity
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Observation of suppressed A) — [K*7~|ppK~ decay and measurement
of its CP asymmetry [LHCb Coll., Phys. Rev. D104 (2021) 112008]

@ BDT selection (TMVA), simultaneous unbinned ML fit (RooFit) of favoured and suppressed
decays (taking into account several partially reconstructed decays)

(\IA 300 £ T T T T NA [ T T T T ]

8 [ LHCb —— Doala 2 100 LHCb —e—Daa ]

> Foofbt R A -DpKT {1 > Foofet L A - DpK™ 1

D 250k Combinatorial § @ [ Combinatorial ]

= FAV - .Dpk ] = gof SU P e A L D'PK™ ]

Te) F = - DpK~ o) r i

= 200p ~meopr 1 T | + ]
r A - Dpr ] 60 7]

% 150 2~ DK ?é [ L

) F 1] © W

S 100} 38 ]

& I, & [

o 50/ B 20f b
o - ; r > "' e et

TR

e, Pt L L K i BT ik
5(‘)100 5500 5600 5700 5800 5900 &00 5500 5600 5700 5800 5900

M(DpK") [MeV/c?] M(DpK") [MeV/c?]

@ first observation of suppressed decay /\g — (Ktn~)ppK~ (241 4 22 events)

o r=4

A K~ nt]ppK™)
B(A—[K+m—]ppK—)

=7.14 £ 0.79(stat.) 7923 (syst.) [consistent with Rpreq ~ 7.4]

0y_ 7%
@ A= M = 0.119 + 0.088(stat.) %92 (syst.) [consistent with 0, but larger data
Nsup(Ap)+Nsup(Ap) '
sample is expected to be collected soon, and this mode will contribute to v determination]
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Introduction

@ Few studies of beauty baryon decays to final states involving a single open-charm meson exist

A% — [K—nt]ppr— A% — [K=n+]ppK~ [1st observation]
Phys, Rev. D89 (2014) 032001 Phys, Rev. D89 (2014) 032001
- T 0 T
8()0: LHCb AV— Dpr signal 80 LHCb AV— DK~ signall

700F

Combinatorial
-~ Partially rec.

600F
500f
400F
300
200F ..
100

Candidates / (10 MeV/c?)

Combinatorial
-- Partially rec.

Candidates / (10 MeV/c?)

E ) SRS h
59100 5500 5600 5700 5800 5900
M (D°pr) [MeV/c?]

59100 5500 5600 5700 5800 3900
M (DpK") [MeV/c?]

@ In this analysis we study even further suppressed Ag — [KT7~|ppK~ decay:

> A9 o [K— 7t ]ppK™ ~
> A0 — [K*n|ppK— ~

S. Zenaiev

| Vep Vis|? is relatively favoured (FAV)

Precision QCD with heavy quark production

| Vb V)2 is relatively suppressed (SUP): not yet observed
(FAV and SUP are defined by the relative charges of K from D and K from Ag)
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Analysis goals and strategy

b c b u
DY Do

w w

0 0
Ay S g Ay s

FAV ~ | Voo Vi [? < " SUP ~ | Vi Va2 < '

u u u u

d > d d d
P =7 [~ 70
@ The suppressed decay receives contributions from Ag — [Kt7~]popK~ and
A% — [K+7~]5pK ™, leading to interference between them, CP violation and -y sensitivity
[ADS method, PRL 78 (1997) 3257, PRD 63 (2001) 036005]
Goals of this analysis:
> observation of suppressed decay /\g — [KTn~]ppK~
B(A—[K~ 7 ]ppK ™)
B(A)—[K+tm—]ppK—)
B(AY—[Kt 7w~ |ppK ™) —B(A)—[K~n1ppKT)
B(AY—[K+m—]ppK—)+B(AJ—[K— 7+]ppK+)
» measure R and A in restricted region M?(pK~) < 5 GeV? with enhanced ~ sensitivity
Similar to previous analysis:
> study of Ag — Dph, Ag — Ach [Phys. Rev. D89 (2014) 032001, LHCb-ANA-2012-096]
» AmAn Ag — Dpm~ [JHEP 1705 (2017) 030, LHCb-ANA-2015-072]
All analysis ingredients (selection, fits etc.) developed without using suppressed data events
S. Zenaiev Precision QCD with heavy quark production 56/32
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BDT selection (TMVA)
@ Using ROOT TMVA BDT (adaptive boosting with default settings), 16 variables (distributions in backup):

Variable | A9 o «p Kp b K
X2 of DTF x
X2 of vertex X X
pT asymmetry in cone of 1.5 X » checked also MLP method: similar
c significance X X results
P x2 x x
Arﬁéﬁﬁ X X N X > checked separate training in Runt
p o « « « « and Run2: similar results

@ Training samples:
> signal: MC A) — (K™ ") popK ™
> background: DATA A mass sidebands 5300 < M < 5400 || 5900 < M < 6000 MeV
@ Choosing working point (cut on BDT classifier):
> optimise significance (S/+/'S + B) for suppressed decay, assuming R = FAV/SUP = 7.4
— expecting suppressed signal ~ 200 + 20 (S/v/S + B ~ 10, or 10% stat. unc.)

[_TMVA overtraining check for ifier: BDT | [ Cut efficiencies and optimal cut value |

TMVA
x 24 T — T —— — Signal efficiency — === Signal purity
3 2 Signal (fest sample) «signal (rainingsample) 3|7 Sonalefficency T Signal efficiency*purity
> 22 Background (test sample) | | « Background (training sample) 5 . Background efficiency siis+B .
hd F —
= imov test: signal probability = 0.672 (0.341) ? 1 10 é
£ E 5 F B S
= E S I -
- > L -8 5
G o8f )< o =
2 b 7
S [ .
= =6
E osf -

0.4 £

t /

02 : g -2 back 2
F TSTRE maximu sr@é\ PRI

[ 952 when cutting &t 0.43 el

S 0 = 0
04 06 08 -08 -06 -04 -02 0 02 04 06 08
BDT response Cut value applied on BDT output

0.2
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Final selection

Further cuts applied to suppress charmless background Ag — ph~hth—:
@ significance of D decay time > 2.5
@ |M([K~]p) — m(D)| < 15 MeV

A(DpK) AJ(D*pK)
M(DpK) aftfH;nal selection (FAV) DpK) after final selection (SUP)
g [ \ T o 9 2 70l \ ‘/\d’(D‘pK) ‘ ST
@ 250 FAV ] @ f b@ SU P ]
[ ] 60— -
200~ a - sof- E
: =p(DpK) 1 i ]
E i
E E 30: é
lOOj ] ]
g ] 20 -
50ff 4 E
L ] 10 E
FAO( P py =0/ f
’AH(D‘p”\)’T”(\D RK)\ ! \ Jix10° 0 Hﬂlﬁxm3

5.4 55 56 5.7 5.8 5.9
M(DpK) (MeV/c?

Lo

5.4 55 56 57 5.8 5.9 6
M(DpK) (MeV/c?)

No Eg — DpK(n), /\g — D(*) prr expected in the suppressed decay (totally negligible)
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Dalitz plot: favoured decay

Dt "LHob gzooéLH‘cs Bk
S 1 180F E
812 & 1000 [
=10/ & 10- ff
Y S 120F }—:
S g 100 } =
=z o g 807 }#}H E
E 5 60 t E
4 S 40F t
' O o {3*
o 20F PEXSSTL
L Il L L 1.1 ot L
10 15 20 25 2 3 4
M%(Dp) [GeV?/cY] M(DK") [GeV/cF]
ggk/\c(égbuﬂ T rf gl‘mgl‘-@a‘uy ———— A
B3 1 @ 120F 3
O 3500 4 udc 1 07} + uds 1
33007+ 3 gof + E
S 250} { S eop } ﬂh 1
goo EE B
© 150} 12 o H%% b E
S0 4 189 Pl Bty
O 50F g, 1 O 2 *ﬁﬁ E
0 1 B i e e PO oLt I 1 LT
3 4 5 1 2 3
M(Dp) [GeV/c?] M (pK") [GeV/c?]
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Dalitz plot: suppressed decay

2 ,L:@N‘Og)‘ RN
S |

2 4 - H Jf%#ﬁ%%ﬁ#}} P
) 10 lli,lZ(Dpz;o[csevzz}—;fl] ’ MoK [Gevic]
AT L
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Efficiency correction and measurement of R and A in full phase space

@ Efficiency includes reconstruction, selection and kinematic acceptance

@ Relative efficiency is determined across the Dalitz plot variables (with D° and Ag masses
constrained), assuming unpolarised A%, and parametrised using kernel-based PDF (Meerkat)

» overall, relative efficiency is flat, varying within 0.7-1.2

@ s-weights from invariant mass fits and efficiency corrections are 5 1

B(A—[K~ 7 1ppK ™) 40.43 ;;12
» R= W =7.14 4 0.79(stat.) " 35 (syst.) :
- A= 7’”5”?““) Nour®s) _ 119 4 0.088(stat.) *% %24 (syst.)

Nsup(A9)+Nsup(A))

I B e e s B LA B e L0

Md eﬁicienéy

=
kS
T

1.4

M(pK) [GeV/c?]
i
T

=
S

o
P T
M(pK) [GeVe/c*)

®
-
5

P P I N B
8 10 12 14 16 lB 20 22 24 2

T R B ]
M2(Dp) [GeV?/c’] 8 10 12 14 16 13 20 22 24
©p 1 M?(Dp) [Gev*/c‘]
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Measurement of R and A in restricted phase space M?(pK) < 5 GeV?

@ sensitivity to CP-violation requires interference between amplitudes involving intermediate
DO and D° mesons in a region of the Dalitz plot

@ M2(pK) < 5 GeV? is chosen which contains the observed A(1520) contribution, and
balances sensitivity and statistics
@ the same measurement procedure is used, except
» BDT is trained in the M?(pK) < 5 GeV? region
» another parametrised PDF (bifurcated Gaus + CB) for A9 — D*DK is used (backup)

< T oo iedot A2 - DpK =664 .35 © T T e T
% 150 o Viddof conbinao = 1000+ 152 3
— e Yieldof =) - DpK =430+ 24 -
A I g R ) ) S
s T = - ol Vg D o - 2; i, 1 7
{K‘} - A DK Yieldof AL . D'prr = {Ké
S 100 < o St oo 1600 41 29 207 —] 3
E " E 20 i
S S
50 10
0 ok
s 4F = s 4F =
€ 2f E e 2E E
el . P [ | T P A a PO | | I T ST T P TR A
_g LELLE i [ | "F ¥ LR B _g_r- o |r||l-|-l- -'--rl .
-4E . . 5 -4E . . =
54 5500 5600 5700 5800 5900 5400 5500 5600 5700 5800 5900
M(DpK') [MeV/c] M(DpK) [Mev/ic]

R = 8.55 + 1.47(stat.) "33 (syst.)

A =0.01 £ 0.16(stat.) *9.92° (syst.)
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Systematic uncertainties in full phase space: summary

R A

Central value 7.14 0.119
Central value w/o efficiency correction | 5.97 0.101
Statistical uncertainty +0.79 +0.088
Systematic uncertainties

ft model Y

efficiency corrections 02 oo

PID am som

charmless background +0.08

double misID background +0.005

single misID background +0.001

LO TOS trigger efficiency +0.03 +0.001

A9 production asymmetry +0.015

p detection asymmetry +0.015

7 detection asymmetry +0.005
Total systematic uncertainty t%ﬂ“sgé t%ﬁ%zzé
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Systematic uncertainties in restricted phase space: summary

Rye (pK—)<5GeV2/c4 AMZ(pK*)<5 GeV2/ct

Central value 8.55 0.007
Statistical uncertainty +1.47 +0.158
Systematic uncertainties
fit model iy oo
efficiency corrections o2 oo
PID 5% 5002
charmless background +0.10

double misID background | +0.006
single misID background +0.001

LO TOS trigger efficiency +0.03 +0.001
Ag production asymmetry +0.015
p detection asymmetry +0.015
7 detection asymmetry +0.005
Total systematic uncertainty | 933 oo

S. Zenaiev Precision QCD with heavy quark production 64/32



	Appendix

