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Unveiling a precision large-x gluon PDF

The gluon PDF at medium to large x plays a leading role in many BSM scenarios

(gluino pair production, Kaluza-Klein graviton production, resonances in the m;; spectrum, ..

)

Usual constraints come from inclusive top and jet cross sections (Tevatron and LHC)
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[PRL 109 (2012) 132001] [JHEP 1301 (2013) 1380]
[PRL110(2013) 252004] (publicly available)
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complete NNLO QCD corrections
[PRL 110 (2013) 162003] [,JHEP 1401 (2014) 110]
[PRL118(2017)072002] (not yet publicly available)

Dedicated phenomenological studies [JHEP 1307 (2013) 167] [JHEP 1410 (2014) 145]
Data on inclusive top and jet production are routinely included in global PDF fits
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A new ingredient: ¢t differential distributions (¢ + jets)
Complete NNLO QCD corrections for stable top quarks, with scale optimization
[ |

Precise data from ATLAS and CMS at /s = 8 TeV, with a full breakdown of systematics
[ |

Dataset Niat Kinematics Dataset Ngat Kinematics
ATLAS do /dpk- 8 0 < pf < 500 GeV CMS do /dpt 8 0 < pl < 500 GeV
ATLAS do/d|yt | 5 0 < |ye| < 2.5 CMS do /dy; 10 —25 <y <2.5
ATLAS do /d|y, ;| 5 0 < |yl < 2.5 CMS do/dy,; 10 —2.5 < y;7 < 2.5
ATLAS do /dm,; 7 345 < mu; < 1600 GeV  CMS do/dm,; 7 345 < my; < 1600 GeV
ATLAS (1/0)do /dp}y 8 0 < pk < 500 GeV CMS (1/0)do /dp} 8 0 < pl < 500 GeV
ATLAS (1/o0)do/d|yt| 5 0 < |yt| < 2.5 CMS (1/c)do/dyy 10 —25 <yt <25
ATLAS (1/c)do/d|y:z] 5 0 < |yszl < 2.5 CMS (1/c)do /dy; 10 —2.5 <y <25
ATLAS (1/0)do/dm,; 7 345 < mu; < 1600 GeV  CMS (1/0)do/dm,; 7 345 < myu; < 1600 GeV

Normalised and absolute data is provided for ATLAS
CMS provides normalised data; absolute data reconstructed from inclusive cross section
(If normalised distributions are included in a fit, the corresponding total cross section is included)
Correlations among different distributions not provided
(Only one distribution per experiment can be included in a fit, avoid multiple counting)

Are the various datasets compatible? What is the level of PDF constraint?
Is normalising beneficial? Which combination of distributions is the best?
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PDF sensitivity to tt differential distributions

Plot correlation coefficients of PDFs with absolute ¢¢ differential distributions
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PDF sensitivity to t¢ differential distributions

Plot correlation coefficients of PDFs with absolute ¢¢ differential distributions
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Theory configuration: NLO/NNLO computation

At NLO, use interpolated partonic cross section tables (APPLgrid/FK tables)
Matrix elements: (Sherpa x Openloops) via MCgrids
Stong coupling: set as per PDF set, e.g. as(Mz) = 0.118 (NNPDF), as(Mz) = 0.113 (ABM)

Top mass: set as per PDG average, my = 173.3 GeV (m; sensitivity in [ 1)
variation below 6%o for y; and y;; distributions, up to 4% close to threshold for pf. and m,;
upon Amy =1 GeV

Choice of dynamical scales: set as per | 1

1 2 T2
Y, Y M #R:ﬂF:Z(\/m%+P§~ +\/m?+ptT)
t 1 2 t 2 i
j UR = UF = > mj +pp” as average over t/t

At NNLO, a full computation remains prohibitively expensive for inclusion in a PDF fit

Use of bin-by-bin K-factors (C-factors) computed with identical settings as for NLO
B &NNLO g »NNLO
~ 4NLO g £NNLO
Total cross sections computed using top++ [ ] at NNLO

integration of differential distributions with dynamical scales in close agreement with
NNLO-+NNLL top++ (~ 2% higher than NNLO top++), but inconsequential for this study
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Theory configuration: NNLO C-factors
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C-factors are stable under
variation of applied PDF

ph distribution:
from 9% (low p%) to close
to unity (ph ~ 500 GeV)

myz distribution:
from 5% (low my;) to
12% (me > 1 TeV)

~

y¢ and y,z distributions:
around 6%-9%, almost
flat in the data region
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Data/Theory comparison: p.
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PDF set  ATLAS do/dpl. CMS do/dph. ATLAS (1/0)do/dph. CMS (1/0)do /dph.
NNPDF3.0 0.84 (0.66) 1.24 (0.91) 3.13 (0.94) 2.03 (0.51)
MMHT14 0.63 (0.44) 1.54 (1.47) 2.23 (0.54) 3.15 (0.77)
CT14 0.76 (0.42) 1.67 (1.77) 2.33 (0.62) 2.88 (0.70)
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Data/Theory comparison: my;

1.4 Fdo/dmg; [pb/GeV] NNPDF3.0 0.006 [ (1/0)do/dmg [1/GeV] ~ NNPDF3.0
MMHT14 (D MMHT14
1.2 CT14 0.005 CT14
CMS —— - MS —x—
1 ATLAS —o— ATLAS —=—
NNLO theory 0.004 NNLO theory
0.8
0.003
0.6 % ES
0.002
0.4
5= T
02 0.001
i —
0 ey W S— 0 —————
1.5 £Ratio to NNPDF3.0 1.5 £ Ratio to NNPDF3.0
1.4

1.3
1.2
1.1

1

0.9
0.8
0.7
0.6
8RB 38 8 8 8 8RB 8 8 8 8
mg [GeV] mg [GeV]
PDF set  ATLAS do/dm,;; CMS do/dmz ATLAS (1/o0)do/dm,;y CMS (1/c)do/dm,g
NNPDF3.0 0.77 (0.38) 5.73 (4.36) 1.57 (0.10) 10.6 (3.87)
MMHT14 0.58 (0.24) 7.32 (5.74) 1.01 (0.05) 13.5 (4.93)
CT14 0.61 (0.19) 7.28 (6.06) 1.09 (0.05) 13.5 (4.82)
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Data/Theory comparison:
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Data/Theory comparison: ;7
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PDF set  ATLAS do/dy,; CMS do/dy,z ATLAS (1/0)do/dysz CMS (1/0)do/dy.¢

NNPDF3.0  0.84 (0.21) 0.99 (0.74) 3.59 (1.48) 1.17 (0.75)
MMHT14 2.36 (0.29) 2.27 (1.52) 15.6 (5.49) 3.33 (2.10)
CcT14 2.69 (0.19) 1.88 (1.67) 12.7 (5.26) 2.53 (1.51)
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Including tt distributions in a fit: fit settings

Qualitative tension between CMS and ATLAS data, use fits to investigate quantitatively
Fits are performed in the NNPDF3 framework, with perturbative charm

Dataset Fit ID
1 2 3 4 5 6 7 8 9 10

Baseline + g d d v ddddd d

ATLAS do /dpl [

ATLAS do /dyt a

ATLAS do /dy.; a

ATLAS do/dmz @

ATLAS (1/0)do /dph a

ATLAS (1/o0)do/dy¢ a
ATLAS (1/c)do/dy.z a
ATLAS (1/o0)do/dmg a
ATLAS of a 4 d d d

CMS do /dpt a

CMS do/dyy a

CMS do /dy.; a

CMS do /dm,¢ a

CMS (1/0)do/dpk. a

CMS (1/0)do/dyt a

CMS (1/o)do/dy;z a
CMS (1/o)do/dmyz ad
CMS oy a 4 d d d

Baseline 1: HERA-only (legacy combinations of inclusive and charm measurements)
Baseline 2: Global (same dataset as NNPDF3.0 without jet data)
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NNLO HERA-only fit quality: x?/Nga

Dataset Fit ID one distribution
1 2 3 4 5 6 7 8 9 10 at a time

ATLAS do’/dp% 230 248 0.73 3.16 3.46 204 134 328 4.83 289 0.44
ATLAS do/dy¢ 0.82 1.14 121 1.06 0.75 1.04 131 059 0.75 0.74 0.47
ATLAS do/dyz 1.12 1.90 240 2.83 0.45 443 196 1.83 0.40 1.49 0.43
ATLAS do/dm; 427 293 241 281 433 153 270 283 4.37 5.09 0.39
ATLAS (l/J)do'/dp%w 3.47 260 380 292 315 391 1.46 331 398 4.01 0.60
ATLAS (1/0)do/dy; 121 6.07 332 595 134 224 427 148 158 161 0.75
ATLAS (1/0)do/dy,;y 3.11 128 509 834 0.72 7.04 495 360 0.53 260 0.45
ATLAS (1/0)do/dm,; 814 3.07 6.53 494 542 205 644 561 440 3.03 0.55
ATLAS o¢ 3.88 0.35 338 063 1.58 1.29 0.87 0.37 0.42 0.66

CMS do'/dpgw 2.04 229 0.82 329 299 152 144 281 416 232 0.82
CMS do /dyt 3.38 248 291 1.75 351 347 232 3.03 348 481 1.30
CMS do/dy,¢ 1.00 158 229 1.68 1.08 3.05 151 1.34 1.07 1.85 0.74
CMS do/dmz 3.96 5.85 4.81 4.70 4.23 1.73 4.46 423 471 3.74 1.28
CMS (1/0)do/dph 278 486 178 523 405 284 1.57 469 529 3.40 0.85
CMS (1/0)do/dyt 573 315 410 235 504 488 313 1.94 460 6.71 1.70
CMS (1/0)do/dy,; 1.68 227 262 211 1.40 342 178 1.49 1.20 1.98 0.75
CMS (1/o)do/dm,; 530 103 7.83 824 7.06 271 7.45 7.41 806 6.26 0.92
CMS o5 6.95 1.04 6.17 159 3.24 275 1.02 1.09 1.17 1.64

TOTAL 1.18 1.18 1.17 119 1.18 1.19 1.18 1.20 1.18 1.22

Overall satisfactory description of most of the fitted differential distributions

worst fit in the case of top rapidity and top-pair mass distributions

Disagreement from a tension between ATLAS and CMS data rather than from theory
inconsistency resolved by examining fits in which ATLAS and CMS data are included separately

The overall quality of the fit does not deteriorate upon the inclusion of ¢t data
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NNLO global fit quality: x%/Ngat

Dataset Fit ID one distribution no fixed-target
1 2 3 4 5 6 7 8 9 10 at a time DIS

ATLAS da/dpéa 237 230 1.99 236 224 223 209 218 234 224

ATLAS do/dyt 093 080 0.74 1.09 076 0.76 0.86 0.69 0.76 0.66

ATLAS do/dy; 244 203 196 259 132 232 211 174 126 1.80

ATLAS do/dmg 427 447 468 4.14 492 4.02 434 479 498 4.99

ATLAS (l/a)do'/dpl} 293 397 329 436 522 435 296 426 492 568 2.38 0.79

ATLAS (1/0)do/dyt 5.00 3.17 247 6.36 155 293 394 1.68 145 1.10 1.11

ATLAS (1/o0)do/dy;y 9.69 559 589 895 268 573 6.73 357 217 3.73 1.12

ATLAS (1/o0)do/dm,z 2.30 280 3.31 267 3.96 421 3.09 368 3.77 298 1.88 0.61

ATLAS ot 0.12 0.10 0.21 0.10 0.10 0.12 0.36 0.29 0.26 0.10

CMs drr/dpaw 350 346 260 350 3.03 3.00 285 3.11 3.24 292

CMS do /dy¢ 348 3.71 405 2.66 418 3.49 3.38 4.23 4.43 499

CMS do/dys5 136 1.13 1.00 1.32 0.89 0.86 1.00 1.01 1.04 1.24

CMS do /dmz 7.07 6.27 579 6.33 5.09 511 6.00 537 521 431

CMS (1/o)da/dp§~ 431 400 339 428 365 359 3.56 357 3.73 3.48 3.03 0.90

CMS (1/o)do/dy¢ 366 4.10 445 310 4.98 4.06 365 4.76 5.13 6.09 1.66

CMS (1/0)do/dyf 159 120 1.06 1.73 094 101 120 099 1.05 1.32 0.93

CMS (1/o)do/dmz 12.0 108 9.81 11.1 872 872 103 9.15 897 7.27 4.12 1.01

CMS ot 0.10 0.05 0.26 0.19 032 0.21 0.11 0.10 0.15 0.35

TOTAL 120 1.19 120 120 119 121 120 121 120 121

Overall data

Clear tensions between ATLAS and CMS data and the rest of the dataset

description significantly worse than in HERA-only fits

inconsistency resolved in fits to individual ATLAS/CMS distributions, no fixed-target DIS data

The overall quality of the fit does not deteriorate upon the inclusion of tf data
tt data has not enough weight to result in a deterioration in fit quality to the data in tension
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Impact of tt distributions on the gluon PDF at large x

9(x.Q) 0.6 o4(x.Q) HERA-only Global
- FIT1— FIT1—
100 :Q=100 GeV 0.55 ;Q=100 GeV FIT2 FIT2
05 FIT3 —— FIT3 ——
FIT 4 FIT 4
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neRaely  cbbd
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FIT3 — FIT3 0.25 FIT opt
0.1 FIT4 FIT4
FIT5 FIT5 02
FIT6 - FIT6 - 0.15
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FIT9 --——-  FIT9 -
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X X
Fair degree of consistency in the impact of various distributions on the gluon PDF
HERA-only fit (red): ¢t data prefers a harder gluon w.r.t. to the baseline (solid red)
Global fit (green): tf data prefers a softer gluon w.r.t. to the baseline (solid green)
Nice convergence/consistency check

Largest constraining power on the gluon PDF uncertainty in the global fit
There exists an optimal combination of ¢t data that maximises this effect (bold dashed green)
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Impact of tt distributions on the gluon PDF at large x
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Significant reduction in
the gluon uncertainty
at large =

Affected kinematic region
as expected from the
correlation coefficients
(01 <2<50.7)

Gluon remarkably
consistent in the fit across
the choice of distributions

Normalised distributions
appear to lead to a greater
reduction of uncertainties

Almost negligible impact
of total inclusive cross
sections (in green)
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Procedural suggestion
OBSERVATIONAL FACTS
Impact of data on PDF central values appears relatively insensitive of distribution choice
all distributions are equal in the pool on the gluon PDF central value
While some distributions exhibit tensions, some appear perfectly compatible
select distributions whose inclusion in the global fit leads to x2/Nga; ~ 1
Normalised distributions + total cross sections exhibit the largest constraining power
they lead to the largest reduction of the gluon PDF uncertainties
Different distributions have their largest impact on a slightly different region of x
choose different distributions from ATLAS and CMS in order to maximise the kinematic coverage
Rapidity distributions have the weakest dependence on the value of m;
and on potential BSM contaminations (kinematic suppression of heavy resonances)

OUR RECOMMENDATION FOR INCLUDING 8 TEV (+JETS ¢t DISTRIBUTIONS IN A FIT
the normalized top rapidity distribution (1/0)do/dy: from ATLAS
the normalized top-pair rapidity distribution (1/0)do/dy;; from CMS
the corresponding total cross section o,z from ATLAS and CMS

Selection minimises Balanced against

tension between ATLAS/CMS optimal fit quality
tension with existing data PDF constraining power
sensitivity to m;/BSM contaminations varied kinematic coverage
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Our optimal fit: phenomenological implications

NNLO, global fits, LHC 13 TeV NNLO, global fits, LHC 13 TeV

1 T 0.14f; :
. Baseline = Baseline
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21 % + top-quark differential g_:’ . ) )
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Significant reduction of gg luminosity uncertainties at Mx > O(1) TeV
e.g., at Mx ~ 2 TeV, uncertainties decrease from 13% to 5%

Impact of t£ differential data similar to that of jet data
though jet data analysed neglecting NNLO QCD corrections in the matrix element

A precision determination of the gluon PDF at large x is now possible at NNLO
the situation should only improve thanks to the recent NNLO jet calculation

tt differential distributions are included in the forthcoming NNPDF3.1 PDF release
[ ]
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Summary and final remarks
A new landscape
A combination of theoretical and experimental advances are shedding light on the gluon

Precise constraints on the large-z gluon PDF are now available at NNLO
from LHC top-pair differential data and inclusive jet data

Including LHC 8 TeV top-pair differential distributions in a fit

tension between ATLAS and CMS data, especially for the m,; distributions
tension between ATLAS/CMS data and fixed-target inclusive DIS data
however, the data shows an excellent consistency in the pull upon gluon PDF
reduction in uncertainties is comparable to the constraining power of inclusive jets
inclusion of rapidity distributions minimises dependence on m; and BSM resonances
tt data provides PDFs for precise predictions of (B)SM processes at large Mx
tt data are an essential ingredient in a next generation of global PDF sets

Outlook

estimate of the correlations among different distributions and between ATLAS and CMS
availability of measurements at 13 TeV (increased statistics and kinematic range)
computation of NNLO corrections for top quark differential distributions with top decays
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Data/Theory comparison: p.

2.1 fdo/dp'; [pb/GeV] NNPDF3.0 &=ss3 0.008 £(1/c)do/dp': [1/GeV] NNPDF3.0 =55
HERAPDF2.0 HERAPDF2.0
ABM12 0.007 = ABM12
CMS —— CMS ——
ATLAS —=— 0.006 ATLA: o
NNLO theory 0.005 —p NNLO theory
0.004 =
0.003
2n
0.002
== 0.001 —_—
———
0 o e
Ratio to NNPDF3.0 1.3 FRatio to NNPDF3.0
1.2
11
1 t —«.:.L.«
0.9 i =
¥ 0.8
b
0.7 R i 0.7
o 99 29 2 9 o =) o o 99 9 o o o o o
83 B3 S @& A« S S 33 B & ® « S S
S 2 & & o < I} R S < )
Pt [GeV] ot [GeV]

PDF set  ATLAS do/dpl. CMS do/dph. ATLAS (1/0)do/dph. CMS (1/0)do /dph.

NNPDF3.0  0.84 (0.66) 1.24 (0.91) 3.13 (0.94) 2.03 (0.51)
HERA2.0 1.13 (1.69) 0.69 (0.84) 5.19 (1.73) 1.12 (0.33)
ABM12 6.23 (1.94) 12.5 (3.00) 14.0 (4.90) 2.80 (0.80)
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Data/Theory comparison: my;

1.4 fdo/dmg; [pb/GeV] NNPDF3.0 0.006 £ (1/c)do/dmg [1/GeV] NNPDF3.0 &=
HERAPDF2.0 HERAPDF2.0
1.2 ABM12 0.005 ABM12
MS —x— . CMS ——
1 FF ATLAS +—e— ATLAS —=—
= NNLO theory 0.004 NNLO theory
0.8
0.003
0.6 % E5
04 % 0.002
02 0.001 -
=l —a
0 JR—— 0 ——
1.5 £Ratio to NNPDF3.0 1.5 £ Ratio to NNPDF3.0
1.4
13
1.2
1.1
1
0.9
0.8
0.7
0.6
o wooo o o o o
3 8RB 1B 3 3 3
mg [GeV] mg [GeV]
PDF set  ATLAS do/dm,;; CMS do/dmz ATLAS (1/o0)do/dm,;y CMS (1/c)do/dm,g
NNPDF3.0 0.77 (0.38) 5.73 (4.36) 1.57 (0.10) 10.6 (3.87)
HERA2.0 1.40 (1.30) 3.32 (1.49) 4.36 (0.30) 5.96 (2.28)
ABM12 5.72 (3.81) 5.23 (3.22) 21.1 (1.61) 1.24 (0.47)
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Data/Theory comparison: v,

140 fdo/dy; [pb] NNPDF3.0 0.45 £ (1/c)do/dy, NNPDF3.0 &=
NNLO theory HERAPDF2.0 NNLO theory HERAPDF2.0
120 ABM12 0.4 ABM12
ATLAS o 0.35 =T attae
100 0.3 e B

80 I‘?L%: 0.25 den e
60 @‘ﬁmm‘i% 0.2 e a

== 0.15
4 = 0.1
— e
20 0 b e 005 F I
1.3 ERatio to NNPDF3.0 1.3 ERatio to NNPDF3.0

0.7 SRR R
8 2¥33°3T2Q :
Yt Yt

PDF set ATLAS do/dy; CMS do/dy; ATLAS (1/0)do/dys CMS (1/0)do/dy

NNPDF3.0  0.73 (0.28) 3.04 (1.05) 4.06 (2.85) 3.29 (1.49)
HERA2.0 0.72 (0.99) 3.65 (1.49) 1.76 (1.62) 4.99 (2.29)
ABM12 5.32 (1.45) 22.1 (9.78) 7.09 (15.5) 17.7 (8.72)
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Data/Theory comparison: ;7

140 Fdo/dy;; [pb] NNPDF3.0 0.55 £ (1/0)do/dy; NNPDF3.0 £
NNLé‘t[ﬁe(]er HERAPDF2.0 0.5 ENNLO theory HERAPDF2.0
120 ABM12 i\ abm12
— 045 Em oM
% 4 ATLAS —— 04 __ ATLAS —=—
100 4 F=
0.35 i
80 03 =
0.25
60 ‘?}g 02 == e
40 = 0.15
0.1
20 0.05 == g
1.3 ERatio to NNPDF3.0 1.3 ERatio to NNPDF3.0

PDF set  ATLAS do/dy,; CMS do/dy,z ATLAS (1/0)do/dysz CMS (1/0)do/dy.¢

NNPDF3.0  0.84 (0.21) 0.99 (0.74) 3.59 (1.48) 1.17 (0.75)
HERA2.0 0.53 (0.74) 1.02 (0.78) 1.20 (0.60) 1.23 (0.73)
ABM12 4.04 (1.05) 18.0 (5.48) 20.2 (6.06) 8.26 (4.52)
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Data/Theory comparison: o'

éxp. data —=—

Ratio to NNPDF3.0 (o) o
1.2 F NNLO theory NNFRES.0 e
g CTi4 o
HERAPDF2.0
11F ABM{2 +-wees |

! [ I H , [ I
0.9 f i
0.8 | H Y Y 1

! ! ! ! ! !

CMS 7 TeV CMS 8 TeV CMS 13TeV  ATLAS7TeV  ATLAS8TeV ATLAS 13TeV

PDF set ATLAS o't CMS ott

NNPDF3.0 2.21 1.36
MMHT14 251 1.32
CT14 2.19 1.72
HERA2.0 0.74 0.21
ABM12 12.6 16.7
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Sensitivity of ¢t absolute distributions to m; (NLO)
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Phenomenological implications

NNLO, global fits, LHC 13 TeV NNLO, global fits, LHC 13 TeV
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Phenomenological implications
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