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One of the main uncertainties in the prediction of the Higgs production cross section is due to
the gluon density. [...] Adopting a set of representative parton distributions [... ], we find a
variation of about 7% between the maximum and minimum values of the cross section for
Higgs masses above ~ 100 GeV.
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[Sven-Olaf Moch, "QCD evolution at 1% precision”, Budapest 2020|
Higgs cross section (2020)

¢ Cross section o(H) at NNLO with uncertainties: o(H) + Ao (PDF + a5)
for mp = 125.0 GeV at /s = 13 TeV with pugr, ur = my and nominal o

PDF sets a(H)NNLO [pb]
nominal ag(Mz)

ABMPI16 Alekhin, Bliimlein, S.M., Placakyte ‘17 40.20+0.63
CI15 Accardi, Brady, Melnitchouk et al. 16 42454173
CT18 Hou et al. 19 42,06 * I8
HERAPDF2.0 H1+Zeus Coll. 42,62+ 03
JR14 (dyn) Jimenez-Delgado, Reya 14 38.01+0.34
MMHT 14 Martin, Motylinski, Harland-Lang, Thorne ‘14 |42.36 * g:gg
NNPDF3.1 Ball et al. “17 42.98 +0.40
PDF4LHC15 Butterworth et al. 15 (42.42+0.78

¢ Large spread for predictions from different PDFs o(H) = 38.0...43.0 pb
¢ PDF and «; differences between sets amount to up to 12%

* significantly larger than residual theory uncertainty due to N*LO QCD
and NLO electroweak corrections
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Importance of gluon PDF for predicting pp — H

@ gg — H is the largest Higgs production channel at LHC

@ Parton distribution functions (PDFs) cannot be computed
perturbatively and must be extracted from data: ep DIS, DY etc.

@ Gluon PDF g is a challenge because it is not directly constrained by

DIS data (backbone of PDF fits)

> especially at large x
> in addition, g is strongly correlated with ag

@ Processes to constrain g:

» heavy-quark production: NNLO, but depend on mq
> jet production: larger NNLO scale choice

@ We focused on double-differential tf LHC data d?o/M(t1)y(t1):

» M(tt) provides sensitivity to m;
> y(tt) provides sensitivity to PDFs via relation to partonic
momentum fraction x: x; o = (M(tt)/\/s) exp [£y(t)]
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Theoretical calculations and scope of our work

@ NNLO calculations for total and fully differential {f (g7 subtraction) are publicly available with
MATRIX framework [Cammerar PROST 20T 5. 057507] [Caan el al JREP 07 20701 100

» fully differential NNLO calculations were also published in zmrmermes e sreroror7ro7y
[CHM], but no public code available

NNLO QCD NNPDF3.0
mE = 173.3GeV., e =y = Hrld
—— CHM

1001~ MATRIX ro = 0.0015

~—— MATRIX ry = 0.0005

NNLO QCD NNPDF3.0
1074 { mf°® =173.3GeV, y, =, = Hr/4
— cHm

6 | — MATRIXry=0.0015
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do/dM(tt) [pb/Gev~"]
do/dy(th) [pb]
Now o2

@ We have interfaced MATRIX {t to PineAPPL interpolation liorary: no NNLO/NLO K-factors
@ [Garzelli, Mazzitelli, Moch, Zenaiev JHEP 05 (2024) 321]: extraction of mf°'e from the total
and differential {f data using different PDF sets

@ [Alekhin, Garzelli, Moch, Zenaiev 240X 0000X, 1o appeat]: global PDF+a g+m; fit
within the ABMP16 framework

» using collider and fixed-target DIS, DY (see BACKUP), updated single top and tf data
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9 Tevatron combined 1.96 TeV (L < 88 f)
+ ATLAS combined diepton, I+jets* 5.02 TeV (L = 257 pb)

T T T
ATLAS+CMS Preliminary

Data used in this analysis

+ CMS combined e, I+jets 5,02 TeV (L = 27.4-302 pb”) LHCtopwG June 2023
v LHC combined ep 7 TeV (L=5b)  LHCIOpWG.
v LHC combined et 8 TeV/ (L =20 b) LHCIopWG.

[
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Inclusive tf cross section [pb]

[N
o,

B ¢.£.
S NNLOYNNLL, POFALHC21 (pp) £
NNLO+NNLL, NNPDF3.0 (pF)
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
M, = 1725 GeV, 0,(M,) = 0.118 = 0.001

1

Selection of data:
@ all LHC measurements of single t:
> 6 data points from LHCTopWG ‘ \ \
@ all LHC measurements of total o({t): z ‘ ° g B v
» 10 data points, including recently combined CMS+ATLAS cross section at 7 and 8 TeV
1 do(th)
o(ff) dO
> as function of M(tf) (if available, 2D M(tt) and y(tt))
> unfolded to parton level (no cuts on pr, y of leptons or jets): no LHCb data
> bin-by-bin correlations are available (no Tevatron data) _
> normalized cross sections (to avoid unknown correlation with total o(tt) and to reduce unknown
correlations between different data sets)

10

Lol

4

@ differential measurements which satisfy following criteria:

> for the moment only Run-2 2D data included in the PDF fit (besides the total tt x-section data)
1 do(tt)
o(tt) dO
Experiment decay channel dataset luminosity /s observable(s) n
CMS semileptonic ~ 2016-2018 137 fb~! 13 TeV  M(tt), [y(tf)| 34
CMS dileptonic 2016 359 b1 13 TeV M(t), |y(t)| 15
ATLAS semileptonic ~ 2015-2016 36 fb~! 13 TeV  M(t?), |y(t)| 19
ATLAS all-hadronic  2015-2016 36.1 fb~! 13 TeV  M(t?), [y(tf)| 10,
CMS Tileptonic 3012 0716 T 8 TeV M), )] 16
ATLAS semileptonic 2012 203 fb~' 8 TeV  M(t) 6
ATLAS dileptonic 2012 202 fb~' 8 TeV  M(t) 5
ATLAS dileptonic 2011 4.6 MY 7TTeV  M(tT) 4
ATLAS semileptonic 2011 4.6 ! 7TeV  M(tf) 4
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Kinematic region probed by tf and Higgs production

LO: x1.2 = (M(tT)/v/5) exp [£¥/(tF)]

0.45
—— oftf) total, VS =13 TeV
0.40 4 ——=- 250 < M(th) < 420 GeV, |y(th] <0.3
@ Double-differential tt @ 13 TeV probes ossd T i;g;%ﬁ’;“jgf;; oo ‘“‘“i‘tg‘z'sn
. — < < eV, 12< <2.
0.002 < x <0.7 .
0.301 -
> gg contributes ~ 90% g s i
3 0.2519 [
. . fal
@ Higgs production probes x ~ my/+/s ~ 0.01 £ 020 .
. . 7 a 7 1
which is well covered by {f data S P
0.151 1 1
@ Energy scales my anf m; are also similar 010 AN
. \
0.05 4
0.00 -
1073
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Example: | | vs NNLO predictions using different PDFs

[ |
250 < M(tt) < 420GeV| 420 < M(tt) < 520GeV| 520 < M(tt) < 620Ge 620<M(tf)<8006ev{ 800 <M(tf)<1000Ge] 1000 < M(tt) < 3500GeV
4 4 4 CMS 2108.02803 13TeV semileptonic
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@ Fixed mf°'e = 172.5 GeV (not always consistent with PDF sets), ur = us = Hr/4
@ Reported x? values with (and without) PDF uncertainties
@ 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)
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Example: | vs NNLO predictions using different mf’
[ |
250 < M(th) < 420GeV] 420 < M(th) < 520GeV] 520 < M(tE) < 620GeV] 620 < M(tE) < 800GeV] 800 < M(tF) < 1000Ge] 1000 < M(tF) < 3500Ge
109 4 4 4 4 CMS 2108.02803 13TeV semileptonic
NNLO ABMP16 11 = Hr/4
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Y/
@ NOTE: mP"®values on this plot are not the same as the ones obtained in ABMP16 fit
(mpole _

@ Low M(t1): strong dependence on m!

170.4 £ 1.2 GeV)

p°'ewa threshold effects

@ High M(t1): opposite dependence due to cross section normalization
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Example: | | vs NNLO predictions: scale variations
[ |
250 < M(tt) < 420GeV| 420 < M(tf) < 520GeV| 520 < M(tf) < 620GeV| 620 < M(tt) < BOOGeVI 800 < M(tf) < IOOOGeI 1000 < M(tt) < 3500GeV
10° 4 E E E CMS 2108.02803 13TeV semileptonic
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g€ Jooo 000, — oy
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© ABMP16, fixed m™® = 172.5 GeV
@ Scale variations < 1% at low M(tt) (largest cancellation), reach ~ 4% at high M(tt)
— these data are useful to provide constraints on m; and PDFs
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I |in ABMP16 PDF fit

CMS (Vs=13 TeV, 137 fb™), pp --> tiX --> ljetX) 2108.02803

i 250 <M,;<420 GeV | 420 <M,;<520 GeV

< -
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~ r L

haml [y

%

0.5 1 1.5 0.5 1 1.5

2 B 2 R
[yql [yl

S. Alekhin, M.V. Garzelli, S.-O. Moch, S. Zenaiev ABMPtt and impact on Higgs cross section 11/16


https://inspirehep.net/literature/1901295

my(m;) and o in ABMP16 PDF fit

pp > ttX @ Overall, good agreement between m;(m;)
ABMP16newti extracted from different data sets
~ @ Good agreement with ABMP16 fit and ~ 50%
reduced uncertainty on m¢(my)
ATLAS13G—=— @ ABMP16new: consistent with ABMP16, but

with extra iteration for DY data

@ Positive correlation between a.s and my(m;)
reduced with tf differential data

[ ATLAS13,,
r T T T T T T T T T T
L best fit ABMPtt fit —@—
Iy 170 1= ABMPtt fit at fixed ag(Mz) —@— |
L ABMP16new fit at fixed ag(Mz)
[ best fit ABMP16 fit —®
= CM513“ 168 [ ABMP16 fit at fixed ag(Mz) =
} % 166 - - % 1
r a
L :_ ]
[ £
F CMSs13;, —=— R T L é 4
L ] é
() = 160.6 £0°8 Gev ol é ]
b I
F mP®®  =170.24+0.7 GeV - L4
e b b b b e b b L 2

& |1 |

155 156 157 158 159 160 161 162 163 164 165 160 n
Ly

m(m,) (GeV)

0.114 0.115 0.116 0.117 0.118 0.119 0.12 0.121 0.122 0.123
as(Mz)
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Fitted gluon PDF

—

u=3 Gev u=100 GeV

- ~ 50
& 150 (I ABMP16new+ATLAS13+CMS13 S
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= letshad =
100 [SSST ABMPI6new+CMS13, =

% et %
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20 F
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B
g \ 6;%2;;‘;1?00 GeV?
Significant reduction of the gluon PDF uncertainty once f» [ eome
differential ¢t data are included G, 4. — NNPDFa0
ER

The fitted gluon PDF is consistent with ABMP16 and differs w.r.t

to other global fits at large x

Fitted cug(Mz) = 0.1150 £ 0.0009 in ABMPtt vs fixed

ag(Mz) = 0.118 in other fits

we have confirmed ABMP16 gluon and ag with new data

S. Alekhin, M.V. Garzelli, S.-O. Moch, S. Zenaiev
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Higgs cross section with ABMPit (contribution from Goutam Das)

PDF Name N2LO N3LO N4LOsv
ABMPI16 (45.4+4.6)°07 [ (49.6£2.6)°0F | (50.8£1.9)70%
ABMPtt (45.054.6)0¢ | (492+£2.6)707 | (504+1.9)703

CTI8NNLO (47450715 | (520£2.9)715 [ (534x2.1)713

MMHT2014nnlo68cl @1.7x5.10)708 | (523£2.9)07 | (53.8+£2.2)™07
MSHT20nnlo_as118 (47.4%5. 1)7% (52.0+2. 9)*32 (53.4+2. 1)*{:2
NNPDF40_nnlo_as 01180 | (47.8+5.1)703 | (524£2.9)703 | (53.8+£2.2)03
PDF4LHC21 40 (47.6x5.1)70% | (523£2.9)707 | (53.7+x2. 2)*“9
MSHT20an3lo_as 118 (45.0£4.8)708 [ (49428707 | (50.7£2.0)702

Table 1: Higgs cross-section along with the absolute error obtained from seven-point scale varia-

tion around (ug¢, <) =

TeV, og from LHAPDF (NNLO value).

(1,1)my as well as intrinsic PDF uncertainty using LHAPDF. /S =

iVVV

N4LOsv: soft virtual ggF corrections at 4 loops
N3LO: effective theory for m; > my

N2LO: full theory for my < my
apparent convergence of perturbative series

(further details and predictions with 1./2 in BACKUP)

@ N4LOsv estimates missing higher-order corrections: 2%

@ Larger differences originate from PDF and ag sets:
> 7% (1995) — 12% (2020) — 7% (2024)

@ Expect smaller effect of NNLO—N3LO PDFs (talk by
Sven-Olaf Moch)

@ Progress with other channels and EW corr. is also important: e.g.
approximate NNLO for tH |

S. Alekhin, M.V. Garzelli, S.-O. Moch, S. Zenaiev
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NLO PDFs
A # NNLO PDFs
§ aNLO (1, + K,
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NLO NNLO
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NLO
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Some reasons for 7% difference

@ Heavy-flavor PDF evolution and heavy flavour scheme for DIS
[ ]

» fixed-flavour number scheme in ABMP fits is accurate to
NNLO for light and heavy quark production (exact or to
the best available approximation) and works very well
for HERA kinematics

» CT, MSHT and NNPDF fits use different variable-flavour
number schemes which miss some NNLO corrections
for heavy quark production and have further theoretical
uncertainties = very relevant for LHC phenomenology

@ Higher-twist (HT) corrections for DIS
[ ]

> ABMPtt/ABMP16 fits HT terms
» other fits apply cuts to reduce HT: not sufficient

@ Correlation between gluon PDF, ag and my:

» fully accounted for in ABMPtt/ABMP16
> «ag and m; are fixed in other fits

@ These issues need to be solved independently of
switching to N3LO evolution

S. Alekhin, M.V. Garzelli, S.-O. Moch, S. Zenaiev ABMPtt and impact on Higgs cross section

Ag(x) (%)
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Summary and outlook

20.0 T 102
ABMP16_5_nnlo i : ABMP16_5_nnlo
17.5{ — ABMPtt_5_nnlo i i —— ABMPtt_5_nnlo
--- CT18NNLO i --- CT18NNLO
150~ MSHT20mnlo_as118 i ! —-- MSHT20nnlo_as118
-=- NNPDF40_nnlo_as_01180_hessian ! i -~ NNPDF40_nnlo_as_01180_hessian

Ag [%]

107t T T
10° 1073 1072 107t
x

107 10-2 10-1

@ ABMPtt NNLO fit includes new data on differential tf, total {f and single t production

@ PDFs, ag and m;(m;) are consistent with ABMP16 NNLO

@ Uncertainty on gluon PDF reduced by up to a factor of 2 w.r.t ABMP16

@ ag(Mz) =0.1150 + 0.0009 remains almost unchanged, but less correlated with m;(m;)

@ ABMPtt done at exact NNLO for {f (no K factors etc.)

@ Predicted total Higgs x-section differs by 7% w.r.t most recent CT, MSHT, NNPDF (NNLO)

» might be even larger difference for differential Higgs x-sections

@ ABMPit will appear soon [arXiv:240X.XXXXX] together with LHAPDF tables

(ABMPtt_5_nnlo, ABMPtt_4_nnlo, ABMPtt_3_nnlo)
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Higgs cross section with 1/2

PDF Name N2LO N3LO N4LOsv
ABMPI16 (49.9+£4.6)7 0% | (51.2+£1.6)00 | (51.3+£1.7)°07
ABMPtt (49.6+£4.6)"07 | (50.8+1.6)"0% | (50.9+1.7)70%

CT18NNLO (523+£5.1)" 15 | (53.8+1.9)7)3 | (53.9+2.0)"17
MMHT2014nnlo68cl (528+5.1)" 00 | (542+1.977 | (543+2.1)"7]
MSHT20nnlo_as118 (525+£5.1)708 | (53.9+£1.9)705 | (54.0+2.1)708

NNPDF40.nnlo_as 01180 | (52.9£5.1)703 | (54.3+£1.9)703 | (544+2.1)"53
PDF4LHC21_40 (527+£5.1)709 | (541+1.9)700 | (542+2.1)707
MSHT20an3lo_as118 (493+£4.8)"07 | (51.1£1.8)7 % | (51.2+£2.0)7))

Table 2: Higgs cross-section along with the absolute error obtained from seven-point scale varia-
tion around (ug¢, ) = (1/2,1)my as well as intrinsic PDF uncertainty using LHAPDF. /S =
TeV, oy from LHAPDF (NNLO value).
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Higgs cross section details [Goutam Das]

We keep the setting same as the Higgs paper: k, = 1/25000 ~ l/(41t)4, K4 804 = 65 £65.

The predictions for the ggF cross sections at the collision energy of 14 TeV use a Higgs mass
my = 125 GeV, an on-shell top quark mass m; = 172.5 GeV, ngp= 5 active quark flavors and the
PDF sets ABMP16 [?] and MMHT2014 [?] using the Lhapdf [?] interface. The PDF sets and as
well as the value of the strong coupling constant 0,5 corresponding to the respective PDF set are
taken order-independent at NNLO throughout. The prefactor C(u3) in Eq. (??) is improved with
the full top-mass dependence of the Born cross section. The results up to N3LO are computed
with the program iHixs [?] which directly provides the cross sections in this rescaled effective field
theory.

The central scale choices up® = up¢ = my and up® = my/2,up¢ = my. For VS = 14 TeV,
my¢ = 125 GeV, the central scale up = my,, and including the PDF uncertainties at N3LO.
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ABMPtt vs ABMP16
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Data in ABMP16 fit [Alekhin et al., arXiv:1701:05838] (1)

‘ Experiment

[ Process [Reference[NDP)

2]

ft and single top LHC data have been
updated to latest LHCTOPWG:

Inclusive tf cross section [pb]

T T T
9 Tevatron combined 1.96 TeV (L= 881
4 ATLAS combined diepton,4jets* 5,02 Tev
N v

LHC combined & B Tev

(M diepton, +jts 136 TeV (L= 1215

presminary

(a7
1S combnad e o 5.0 Tov L - 430355 | LHCIOPWG  une 2023
CHC combined o TV (L2510, whciopwe

) uicopwe

T T T
ATLAS+CMS Preliminary

10

NNLOSNNLL, PDFALHC2 (pp)
=== NNLO+NNLL. NNPDF3.0 (o)
Caakon, Fiedier, Milov, PRL 110 (2013) 252004,

DIS

HERA I+11 epoetx | @ |1es|isio
etpoVx

BCDMS wp—p'X | 1611 | 351|411

NMC wp—ptX | 1601 | 245|343

SLAC-4%a cpoex | (34062 | 38 | 59

SLAC-49b epoex | B4R | 154 171

SLAC-87 epoex | 3462 | 109 | 103

SLAC-89b Repoex | (560621 | 90 | 79

DIS heavy-quark production

HERA I+11 epseteX | 63 | 52| 62

HI epoebx | 151 |12 5

ZEUS epoetbx | [16] | 17 ] 16

CCFR Spowex | 64 |89 |62

CHORUS yp—uteX | (81 | 6 |76

NOMAD ypopteX | (TN | 48 | 59

NuTeV Voprex | 6@ |89 | a9

DY

FNAL-605 pCu—p'p x| (67 | 119] 165

FNAL-366 ppoppx | (681 | 39 | 53

pD—ppX

Top-quark production

ATLAS, CMS pp—taX | 2732 10 |23

CDF&DO potX | 53 | 2 |11
pp— 19X

ATLAS, CMS pp—ix | (33452 | 23 | 13

CDF&D@ pp— 1iX 3 |1 o2
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My = 1725 GeV, oM,
L I

)=0118 + 0001
b I

2 4 6

8 10 12
Vs [Tev]

ATLAS+CMS Preliminary
LHCtopwG

V5=7TeV, m = 172.5 GeV.
NNLO (JHEP 02 (2021) 040),
PDFALHC2L
scale uncertainty
scale 0 PDF O dg uncertainty

ATLAS, L =459 1b"

nd —tHet—— 682+ 8+ 1pb

PRD 90 (2014) 112006

CMS, L =1.17 - 1.56 fb*

JHEP 12 (2012) 035

LHCtOp WG, LHC combined |

e
JIHEP 05 (2019) 088

November 2023

total stat

O chaaner  (StaL) £ (syst) * (lumi))

67.2£37+46+15pb

675£24+50+11pb

I
70
Or.cnanner [PD]

PRI R S
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Data in ABMP16 fit [Alekhin et al., arXiv:1701:05838] (2)

Experiment ATLAS CMS DO LHCb
Vs (TeV) 7 13 7 8 1.96 7 8
Final states WSy | Wooly | Wouty | Wop'y | Woopty | Whoe'y | Wop'y | Zoete | Wty
W-olv | Wby | Wouy | Wouy | Wouy | Woeyv | Wouy W= -y
ZoFE | Zorr (asym) (asym) (asym) Z -t Z ot
Cut on thRlepton Py Pl >20 GeV| P4 >25 GeV| P} > 25 GeV| P} > 25 GeV | P} > 25 GeV| P§ > 25 GeV | P > 20 GeV | P4, > 20 GeV| P} > 20 GeV
Luminosity (1/fb) 0.035 0.081 4.7 18.8 73 9.7 1 2 29
Reference 1661 261 241 221 211
NDP 30 6 11 13 31 17
present analysis ¢ 31.0 9.2 22.4 16.5 17.6 19.0 45.1 21.7
- - - - 20 29 - - -
42 - - - - 347 - - -
X JR14 8] - - - - - - - - -
HERAFitter - - - - 13 19 - - -
MMHT14 [9] 39 - - - 21 - - - -
NNPDF3.0 [10] 354 - 18.9 - - - - - -

“ The ABMI2 [I] analysis has used older data sets from CMS and LHCb.
? For the statistically less significant data with the cut of Pi.>35GeV the value of ¥* = 12.1 was obtained.

TABLE VI: Compilation of precise data on W- and Z-boson production in pp and pj collisions and the x? values obtained for these data sets in different
PDF analyses using their individual definitions of y2. The NNLO fit results are quoted as a default, while the NLO values are given for the CJ15 [6] and
HERAFitter PDFs. Missing table entries indicate that the respective data sets have not been used in the analysis.
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Experiment| Data set | Vs (TeV)‘Reference|NDP ¥’
I | II | IO
ATLAS ATLAS 13jes 13 [25] 19 |34.2|127.2] -
ATLAS 13444 13 [26] 10 |[11.8)12.1| —
CMS CMS 13y 13 [24] 15 |21.1| - |199
CMS 13, 13 [22] 34 1422 - |40.8

I: both ATLAS and CMS
II: only ATLAS
lll: only CMS

— Overall good description of data by NNLO theoretical predictions, but some tension
between ATLAS and CMS differential {f data is noticeable

S. Alekhin, M.V. Garzelli, S.-O. Moch, S. Zenaiev
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Other {t differential data in ABMP16 PDF fit

ATLAS (Vs=13 TeV, 36 fb™, pp --> tiX --> ljetX) 1908.07305

[1/o d*(e)/d(ly /d(M,)] / MATRIX - 1

ATLAS (Vs=13 TeV, 36 fb™, pp --> tiX

[V/o (o)

/d(M,)] / MATRIX - 1

05 <ygl<tt

0 50 1000 1500 0

M; (GeV)

o w0 1sw
M; (GeV)
--> hadronsX) 2006.09274

0.<M< 700 (GeY)
ABMPI6new+ATL

hs13,,,

o ATLASS,,

700 <M< 970 GeV)

970 <M<3000 (Ge)

Iyl

an

Ival

S. Alekhin, M.V. Garzelli, S.-O. Moch, S. Zenaiev

CMS (Vs=13 TeV, 36 fb”, pp --> tiX --> I'TX) 1904.05237

[RERS 300 <M, <400 GeV | 400 <M, <500 GeV/

o1 | £

/MATRIX - 1

ABMPI6new+CMS13, £
s £ . CMs3, E
TN T

E 500 <M,<650 GeV - 650 <M, <1500 GeV

Tk b
o TR
— all data are in good agreement with NNLO

theoretical predictions and put significant
constraints on the PDFs
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o(tt) and single t in ABMP16 PDF fit

tX

(t+ X

ATLAS, eyt
[PLB 848,138376 (2024)]

CMS, eu&eepup&lepton jets
[JHEP 08, 204 (2023)]

ATLAS, lepton jets

[PLB 810, 135797 (2020)]
ATLAS, e
L _e—
[JHEP 07, 141 (2023)] :
CMS, lepton jets
——

[PRD 104, 092013 (2021)]

CMS, en

[EPJC 79,368 (2019)]
LHC, combined
[JHEP 07, 213 (2023)]
LHC, combined
[JHEP 07, 213 (2023)]

o

Tevatron

[ ATLAS, t-channel
[ATLAS-CONF-2023-f 026]

[ CMS, t-channel
[PLB 800, 135042 (2020)]

[ ATLAS&CMS, t-channel
[JHEP 05, 088 (2019)]

[ ATLAS&CMS, t-channel
[JHEP 05, 088 (2019)]

[ CDF&DO, t-channel

O Tevatron

4 LHC Vs=7 TeV

e LHC Vs=13 TeV

ATLAS, eu&ee&qip&lepton jets [PRL 115, 152003 (2015)] ;
[JHEP 06, 138 (2023)]
CMS, ep&lepton jets
[ e [ CDF&DO, s-channel
HED b4 144 202 [PRL 115, 152003 2015)]  ©
CDF&DO, combined
[PRD 89, 072001 (2014)]
0.3 02 o1 0 o 02 03 08 06 4 03 0 o2 ha ve s 1
data(c)/Fasttop-1 data(c)/Hathor-1
@ good description of total {f and single t data
@ single t data provide additional constraint on m; (less correlated with g and ag)
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o(tt) vs NNLO predictions using different PDFs

o(tt) [pb]

Ratio

S. Alekhin, M.V. Garzelli, S.-O. Moch, S. Zenaiev

V5 =5.02 TeV VS=7.0 TeV VS=8.0 TeV VS=13.0 TeV VS=13.6 TeV
103 4 1 1 1 p
—=e—— -
X120 ~ 0.1 X1,2 ~ 0.04
102 4 ] ] ] o(tt)
= NNLO mpet¢=172.5 GeV = Hr/4
—— ABMP16 x3:13(51
s Rcii 29§
T MsHT20 ¥I1(92
—— NNPDF40 ¥2=9(9)
1.21 p b
11 ? ]
: 5 = 4
e ¥ ¢ 4
0.9 1 1 170 ATLAS 2303.15340
¥ ATLAS 2006.13076
0.89¢ Ms 2112.00114 | T 1 1 A oms 1812.10505 | O CMS 2303.10680
¥ ATLAS 2207.01354 | O ATLAS+CMS 2205.1383|| O ATLAS+CMS 2205.1383 41 CMS 2108.02803 ¥ 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 me'e

, as)

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

ABMPtt and impact on Higgs cross section
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o(tf) vs NNLO predictions using different mP°'®

S. Alekhin, M.V. Garzelli, S.-O. Moch, S. Zenaiev

.81

, [ Vs=502Tev V5=7.0 TeV V5=8.0 TeV V5=13.0 TeV V5 =13.6 TeV
1074 ] ] Lo v A - —
O
O
107 4 1 1 1 o(td)
O v NNLO ABMPIG = Hr/4
] i’l e~ 172 ey x:=13
o€ =170.0GeV x2=11
o m""’e—us 0GeV x2=29
1) % , ¢ , . Lo 4 ,
. b

¢ (MS 2112.09114
V ATLAS 2207.01354

Q ATLAS+CMS 2205.1383

Q  ATLAS+CMS 2205.1383

ATLAS 2303.15340
ATLAS 2006.13076
CMS 1812.10505
CMS 2108.602803

T ><tO

1 & Ms 2303.10680
V  ATLAS-CONF-2023-006
i

@ ABMP16, fixed

= pf = Hr/4

@ Change of m?°'e by 1 GeV — change of o({f) by ~ 3%

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

ABMPtt and impact on Higgs cross section
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o(tt) vs NNLO predictions with scale variations

L | vs=5.02 Tev Vs=7.0 TeV V5 =8.0 TeV V5 =13.0 TeV V5 =13.6 TeV
103 4 E 1 J ,
O e — ]
9
o
- o of(t)
T pole _
= NNLO ABMP16 my 170 0 GeV u=Hr/4
5 102 g 4 E — u,—l o, ur= 1.0u x2=11
r=0.30, ur=1.0u ¥3=13
o o] — , ZOu Hr=1.0u ¥2=10
— pr=1.0u, pr=0.5u ¥3=11
— Tosh it i
fir =200, pf=210u =11
1.10 g E J ,
1.05 A g + 1 J i
2 . ! 5
+ 1.00
©
o T bs JF (L |
0.957 1 1 1 & ATLAS 2303.15340 | [ T
V ATLAS 2006.13076
0.904 ¢ ms 2112.09114 | 1 1 A cMs 1812.1055 | O (CMs 2303.10680
V ATLAS 2207.01354 O ATLAS+CMS 2205.1383| O ATLAS+CMS 2205.1383 <1 CMS 2108.02803 V  ATLAS-CONF-2023-006
]

@ ABMP16, fixed mP®® = 172.5 GeV

@ Scale variations 3%

S. Alekhin, M.V. Garzelli, S.-O. Moch, S. Zenaiev

—5%"

> 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
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Extraction of mP®"®: summary

@ Total unc.

—Data unc.
— PDF unc.

ATLAS+CMS Runl differential

ABHP16 =F~Scale unc.
CT18 ==
MSHT20 ‘=9=1
NNPDF40 *
ATLAS+CMS Run2 differential
ABMP16 »a:p
CT18 ==
MSHT20 ‘=§=’
NNPDF40 »;:Q:‘
ATLAS+CMS Runl,2 total
ABIIPLE re———— =y
cTi8 jem————
HsHT20 —
NNPDF40 »ﬁc

ATLAS+CMS all

164

S. Alekhin, M.V. Garzelli, S.-O. Moch, S. Zenaiev

ABMP16 171.54 +0.24 +0.157393 L

CT18 171.59+0.22 +0.18 *3%2 oy

MSHT20 171.79+0.22+0.16 3% b

NNPDF40 172.15+0.23 +0.08 ¥J33 i

PDG2022 mf?®=172.5+0.7 GeV —e—
T T T T T
166 168 170 172 174

mf"/s[GeV]

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‘t""e, PDFs and (indirectly) a.s

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

Possible effects from Coulomb and soft-gluon
resummation near the {f production threshold are
neglected: might be ~ 1 GeV?

[CMS Coll. EPJ C80 (2020) 658; Kiyo, Kuhn, Moch, Steinhauser, Uwer
EPJ C60 (2009) 375; Makela, Hoang, Lipka, Moch 2301.03546]

ABMPtt and impact on Higgs cross section 29/16



Extraction of mP®*®: differential Run 1, Run 2

Run 1 differential Run 2 differential

. @ Total unc. “Total unc.
2D Ms 1703.01630 8TeV dileptonic o o ot
ABMP16 —— ata unc. 2D CMS 1904.05237 13TeV dileptonic ata unc.
T1 —PDF unc —PDF unc
118 —— : ABMP16 —— :
MSHT20 e ] —Scale unc. —Scale unc.
NNPDF40 —— { CT18 ——
MSHT20 —_——
ATLAS 1407.0371 7TeV semileptonic
ABMP16 NNPDF40 ——
CT18
',jﬁﬂ;ﬁ?w 2D (Ms 2108.62803 13TeV semileptonic
ABMP16 —a—
ATLAS 1511.04716 8TeV semileptonic cT18
ABMP16 —— ==
cT18 ——pr— MSHT20 ==
MSHT20 — NNPDF40
NNPDF40 —— o=
ABMPIQTLAS 1607.07281 7TeV dileptonic 2D ATLAS 1908.07305 13TeV semileptonic
cT18 . i ABMP16 ——
MSHT20 ——— CT18 ——
NNPDF46 —_—t MSHT20 ——
ATLAS 1607.07281 8TeV dileptonic NNPDF40 ——
ABMP16 e p——i
CT18 —_——
MSHT20 e a— ATLAS+CMS Run2 differential
NNPDF40 —— ABMP16 -
ATLAS+CMS Runl differential CT18 ==
é?"{lglﬁ MSHT20 -l
MSHT20 —— NNPDF40 -
NNPDF40 ——
pole _
PDG2022 ME® =172.5+0.7 Gev o PDG2022 mf°=172.5+0.7 GeV —e—
164 166 168 170 172 174 164 166 168 170 172 174
mPoe[GeV] mPoe[GeV]
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Extraction of m?°'e: dilepton vs semileptonic, ATLAS vs CMS

CMS 1763.01630 — ATLAS 1407.0371 —_——
ATLAS 1607.07281 — ATLAS 1511.04716 ——
ATLAS 1607.07281 —_—— ATLAS 1607.07281 —_——
CMS 1904.05237 — ATLAS 1607.07281 —_———
dile,ptunlc combined
(mf®® +exp *=PDF *pu)/GeV
= 170.73+0.48+0.07 %39} +—e— ATLAS 1908.07305
ATLA/S combined
N iy X (mP°'® +exp +PDF +u)/GeV
semileptonic combined —e— . 0.03
(M9 exp £PDF = 1)/GeV = 172.63+0.48+0.12+333
= 17220+0.36+0.10 397
CMS combined
ATLAS 1407.0371 —_———— (mf""c +exp *=PDF +u)/GeV —e—
= 171.10 +0.36 + 0.09 *$19
ATLAS 1511.04716 —— CMS 1763.01630 ——
CMS 2108.02803 —— CMS 1904.05237 ——
ATLAS 1908.07305 —— CMS 2168.02803
PDG2022 m{"’le=l72.510.7 GeV —— PDG2022 m{""e=172.510.7 GeV
T T T T T T T T
164 166 168 170 174 164 166 168 170 174
m:wle[GeV] m{""e[GeV]
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Data vs NNLO predictions using different PDFs

300 < M(tf) < 400GeV 400 < M(tf) < 500GeV 500 < M(tf) < 650GeV 650 < M(tf) < 15006eV
CMS 1904.05237 13TeV dileptonic
1094 ] , NNLO mP°'®=172.5 GeV u=Hq/4
z —ABMB16 xi=21(21
£ cris ’ ¥2=78(23
= — WMoHT20  ¥2=31(38
S —— NRPDFA0 ¥2=35(26
~
S
©
o
3 o
0] ] ] | I B
o
1.4 1 1 1
1.2 + + + ] ] ]
o + I:
1.0 ——— IS
© T ——— .J_—t=0=l—¢—' ?—Q—'T
>4 + @ ¢ ¢>
0.8 1 1 1
0.6 1 1 1

0.6 0.5 1.6 1.5 2.6 0.6 6.5 1.0 1.5 2.6 6.6 6.5 1.0 1.5 2.0 0.00 0.25 0.50 0.75 1.00
Iy(tb)]
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Data vs NNLO predictions using different PDFs

1072 4 0.00 < |y(tf)| <0.50 { 0.50 <|y(th]| <1.10 { L10<|y(th| <1.70 4 170 <|y(tD] <2.50
T
3
© 1073 4 E E
s
T 1074 E ; ;
S ATLAS 1908.07305 13TeV semileptonic
° NNLO mP°€ =172.5 GeV u=Hq/4
N MP16  x2=11(15
—

— Al

C
— M
—— NI

= 2[15
13

-
IS
L

Ratio
- -
(<] N
—O0—
—o—
T
&
|
B
—q
—O0—
L - |

=]
©
s
L

500 1000 1500 500 1000 1500 500 1000 1500 350 400 450 500
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Data vs NNLO predictions using different PDFs

0 < M(tt) < 700GeV 700 < M(tt) < 970GeV 1 970 < M(tf) < 3000GeV
ATLAS 2006.09274 13TeV all-hadronic
NNLO mP°'®=172.5 GeV u=H/4

MB16  x2=12(12

T 10° 4 E — 8 22
B — MshI20  ¥2=17(19
<2 —— NNPDF40 X*=15(15
~
(o)
h=}
5 107 E E
= <]
—_—
[
1.4 E ,
1.2 1 g

I

0.6 1 1

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0 0.0 0.2 0.4 0.6
Iy(tD)]
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Variation of r cut, validation vs JHEP 04 (2017) 071 by Czakon et al. [CHM]

o NNLO QCD NNPDF3.0
- M = 173.3GeV, ;= pr =/ m? + pE. 12
1 — o,
5 100 cum Good agreement < 1%
8 MATRIX ro =0.0015
810 —— MATRIX r = 0.0005
3 NNLO QCD NNPDF3.0
£ 10 pole ==
10 H M =173.3GeV, = 1, = Hrld
g 3 — cHM
® 107 106 MATRIX rp = 0.0015
—— MATRIX r = 0.0005
1.02 102
101 101
: 2 o e HEL
5 10015 5100 — = H U —
0.99 099
0.98 0.98
500 1000 1500 2000 2500 500 1000 5000
pritay) [GeV] M(th) [Gev]
500 600
500
— 400 _
i 3 400
330 < 300
s NNLO QCD NNPDF3.0 3 NNLO QCD NNPDF3.0
) oo - 3
5 5004 ME*=173.3GeV, =i, = Hrld S 200
— CcHM
MATRIX 1o = 0.0015 100 MATRIX 1o = 0.0015
1009 MATRIX ro = 0.0005 —— MATRIX rp = 0.0005
1.02 102
101 101
) 2 _,_L,—f_l__‘_,—'_]
£ 1.00 5 1.00
2 2
0.99 0.99
0.98 0.98
0.0 05 10 15 20 25 0.0 05 10 15 20 25
yita) yit)
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r cut variation in bins of TOP-20-001

. [250 <M(th < 420Ge 420 < M(th) < 520GeY] 520 < M(th) < 620GeY 620 < M(tf) < 800GeY 800 < M(tH) < 1000Gq 1000 < M(tf) < 3500deV
10°4 1 1 1 NNLO QCD ABMP16
mP'® =172.5GeV, u, =y, = Hr/4
iy —— 1,=0.0015
2
= 10° 4 1 4 ro=0.0005
E
= -
3
2 —
o 104 4 4 4
1.015 g g
1.0104 g g
1.005 4 g g
°
% 1.000
o
0.995 1 g 4
0.990 g g
0.985 1 g g
0 1 2 0 1 2 0 1 2 0 1 2 0 1 2 0 1 2

S. Alekhin, M.V. Garzelli, S.-O. Moch, S. Zenaiev ABMPtt and impact on Higgs cross section 36/16



PineAppl vs MATRIX in bins of TOP-20-001 [ABMP16]

eV

. | 250 <m(th) < 420GeY 420 < M(th) < 520GeY 520 < M(tt) < 620Ge\ 620 < M(tf) < 800Ge\ 800 < M(th) < 1000Gq 1000 < M(th) < 35004
10°4 1 3 3 ] NNLO QCD ABMP16
mf°'€ = 172.5GeV, y, = i, = Hrl4
g —— MATRIX
; 105 4 4 4 4 94 PineAPPL
E
=
2
S}
3 1044 ] ] ] J ]
1.0075 4 1 1 1 1 1
1.0050 4 1 1 1 1 1
1.0025 4 1 1 B 4 1
°
3 1.0000
o
0.9975 1 1 1 1 1
0.9950 1 1 1 1 1
0.9925 1 1 1 1 1
0 1 2 0 1 2 0 1 2 0 1 2 0 1 2 0 1 2
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PineAppl vs MATRIX in bins of TOP-20-001 [CT18]

250 < M(tf) < 420Ge\| 420 < M(tf) < 520GeY 520 < M(tt) < 620GeY 620 < M(tt) < 800GeY 800 < M(tt) < 100064 1000 < M(tt) < 3500GeV
10° 4 1 k| k| ] NNLO QCD CT18
mP°'® =172.5GeV, y, = i, = Hrl4
3 —— MATRIX
= o5 ] ] ] ] ] PineAPPL
z
=
T
B
3
10* 4 E k| k| El k|
1.0075 4 1 1 1 1 1
1.0050 4 1 1 1 1 1
1.0025 4 1 1 q 4 q
2
3 1.0000
o
0.9975 4 1 1 1 1 1
0.9950 1 1 1 1 1
0.9925 4 1 1 1 1 1
0 1 2 0 1 2 0 1 2 0 1 2 0 1 2 0 1 2

@ grids were produced with ABMP16
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MATRIX vs HighTEA

FI"— 100 4
>
8
S 1072 4
=
g ___, | NNLO QCD NNPDF4.0
%’ 107" mpole = 172.5GeV, y, = i, = Hr/4
S X2/dof = 23/28
© 1076 { — HighTEA
—— MATRIX

1.15

1.10

1.05
o
3 o I T [
5 1.00 e —|—|_|

0.95 -

0.90 -

0.85 -

500 1000 5000

M(tt) [GeV]
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CMS TOP-18-004 3D {7 cross sections

Why study ¢t production?

t as
X1 Ep ﬁfn

Quooooooo — uuoouuooq
i s O o

@ 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 m?O'e

@ May provide insight into possible new
physics

Example:

CMS TOP-18-004 [EPJ C80 (2020) 7]

] NLO QCD [MadGraph5_aMC@NLO+

2 174+
o aMCfast+ApplGrid+xFitter]
2 —— HERA
:._1727 | 77 HERA + it
p=0ar;’ HERA + tf (with scale unc.)
e R HERA +1i, ag = ag(m O‘E)
“““ HERA + tf, mP*" = m”"“’(u )
170~ B s
- HERA +tf, xg = xg(ag)
=== HERA +tf, xg = xg(mp”)
T R R AR L World average
F ‘ o ‘ =01 ! !
o e X2 0001 (<021 fromvimem T _xz0001 (x02)
8 o = ]
<] 05085 L p=-0.25
@ x=001 e _._x=001
oy
2 8 [ p=-013 ]
— X=0.1(x9.8)
| 7 | | bl | . 4
0.112 0.114 0.116 0.118 170 172 174
as(m,) mf™* [Gev]

@ Simultaneous extraction of PDFs, a5, m?® using
normalised triple-differential cross sections at NLO

@ Extended to MS, MSR schemes in JHEP 04 (2021)
043 [Garzelli, Kemmler, Moch, Zenaiev]
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CMS TOP-18-004 checks
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m; dependence of measured cross sections [CMS TOP-18-004]
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