Modern trends 1n PDFs’ determination
S.Alekhin (Univ. of Hamburg & IHEP Protvino)

@ Factorization and scheme dependence: FFNS and (G)MFNS
@ Recent data: HERA, Tevatron and LHC: DIS and Drell-Yan complementarity
@ Heavy-quark masses: cross-check of the factorization anstaz

e Interplay of a_and t-quark mass: vacuum stability

@ Intrinsic charm

LHC days in Belarus, Minsk, 26 Feb 2018



Theory reminder: factorization

small distances

QPM: electro-production inclusive

structure function
ep scattering

F,(xQ)=Z_€* p (x)

pq(x) — parton probability distributions
(PDFSs)

QCD radiative corrections: P P, e
soft collinear virtual

G

Mass singularity appears for the massless partons,
Mass singularity|  however, it can be absorbed into PDFs = PDF evolution

Better theoretical accuracy / Scheme dependence of PDFs

State-of-art:

NNLQO Moch, Vermaseren Vogt NPB 688, 101 (2004); NPB 691, 129 (2004)

N3LO  Moch et al. hep-ph/1707.08315; Velizhanin hep-ph/1411.1331; Baikov, Chetyrkin NPPS 160, 76 (2006)
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Kinematic coverage

Global PDF fits
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various PDFs’ combinations

Various processes provide constraints on



QCD:

DATA:

Anatomy of PDF fit (ABMP16)

NNLO evolution
NNLO massless DIS and DY coefficient functions
NLO+ massive DIS coefficient functions (FFN scheme)
— NLO + NNLO(approx.) corrections for NC
— NNLO CC at Q>> m_

— running mass
NNLO exclusive DY (FEWZ 3.1)
NNLO inclusive ttbar production ( pole / running mass )
Relaxed form of (dbar-ubar) at small x

DIS NC/CC inclusive (HERA I+l added)

DIS NC charm production (HERA)

DIS CC charm production (HERA, NOMAD, CHORUS, NuTeV/CCFR)
fixed-target DY

LHC DY distributions (ATLAS, CMS, LHCD)

t-quark data from the LHC and Tevatron

deuteron data are excluded

Power corrections:

sa, Bliimlein, Moch, Placakyté PRD 96, 014011 (2017)
target mass effects

dynamical twist-4 terms



Heavy-quark electro-production with FFN and VEN

@ Only 3 light flavors appear in the initial state

@ The dominant mechanism is photon-gluon fusion
@ The coefficient functions are known up to the NLO

Witten NPB 104, 445 (1976)
Laenen, Riemersma, Smith, van Neerven NPB 392, 162 (1993)

@ Involved high-order calculations:
— NNLO terms due to threshold resummation

Laenen, Moch PRD 59, 034027 (1999)
Lo Presti, Kawamura, Lo Presti, Moch, Vogt NPB 864, 399 (2012)
sa, Moch, Bliimlein PRD 96, 014011 (2017)

— limited set of the NNLO Mellin moments

Ablinger at al. NPB 844, 26 (2011)
Bierenbaum, Bliimlein, Klein NPB 829, 417 (2009)

Ablinger et al. NPB 890, 48 (2014)

e At large Q the leading-order coefficient - In(Q/m )
and may be quite big despite the suppression by factor of

a and should be resummed
s Shifman, Vainstein, Zakharov NPB 136, 157 (1978)
— a motivation to derive the VFN scheme matched to

the FFNS (ACOT...., RT..., FONLL....)
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FFN and VFN schemes
o

Collins, Tung NPB 278, 934 (1986)
--------------------- = : ® !

H:3™ = a,(Np)4,)  Asymptotic 3-flavor coefficient function

o Ay (Z%) = ay(:)In (,f%) Massive operator matrix elements (OMES)
e = ”z)[‘,_.%)(%f) %G (Nf__!_[_z)] ) Matching condition for the heavy-quark PDFs

F 2™ = rzi:rr:‘:r.m(:r._;;.g)

g,

Buza, Matiounine, Smith, van Neerven EPJC 1, 301 (1998)
NLO
A2 | 2 ﬁ = a®?(2)In? ﬁ +a?V(2)In i +a29(2)
TR 2 LR m3 e m; A
NNLO Bliimlein, et al., work in progress

e The VFN scheme works well at > m_(W,Z,t-quark production,....)

¢ Problematic for DIS = additional modeling of power-like terms required
(ACOT, BMSN, FONLL, RT....)



Modeling NNLO massive coefficients
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Combination of the threshold corrections (small s), high-energy limit (small x), and the
NNLO massive OMEs (large Q?) Kawamura, Lo Presti, Moch, Vogt NPB 864, 399 (2012)
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Recent progress in massive DIS coefficients
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Update with the pure singlet massive OMEs — improved theoretical uncertainties

sa, Moch, Bliimlein PRD 96, 014011 (2017)
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Comined Run I+II HERA data

H1 and ZEUS
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@ 0(DIS) ~ g *u(x) + g,*d(x)+ g_*s(x) = poor
separation of the quark species

@ The deuteron fixed-target data
(SLAC, BCDMS NMS) are needed to
disentangle d- and u-distributions
by using transmutation u<d



Forward DY kinematics at Tevatron and the LHC

. 2 e Tevatron
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In the forward region x, >> x_
o(W") ~ u(x,) dbar (x,)
o(W) ~ d(x,) ubar(x )
0(Z) ~ Q,°u(x,) ubar (x )+ Q_*d(x,) dbar(x )
o(DIS) ~ g “u(x,) + g, *d(x,)
Forward W&Z production probes small/large

X and is complementary to the DIS =
good quark disentangling

D0(1.96 TeV, 9.7 fb™)

e Fully differential kinematics; existing NNLO
codes, DYNNLO and FEWZ requre huge
computing resources to achieve the promille
accuracy required

¢ DYNNLO-FEWZ difference not fully resolved

Salam ATLAS SM workshop 2014

6(AY

0.015

0.01

0.005

0

-0.005

-0.01

-0.015

Yannick Ulrich, Barchelor thesis, Univ. of Hamburg 2015 -0.02

FEWZ3.1

Se e } """

NLO-NNLO

.
-
.
+ Y

0.5 1

|

2.5 3

10



0.15

o
I

0.05

do/dn, (pb) / FEWZ3.1 - 1
o

1
=
o
o

|
=

-0.15

-FEWZ3.1

i

A

0002

Most recent DY 1nputs

LHCb

0.05

LU AR
Pi>20 GeV

IIIIIIIIII

W > pn'v

Pi>20 GeV

0.04

-FEWZ3.1

0.03

u

A

0.02

S

IR ETA RN RN RN A RNRNANRENY ERRNE RN FREY

1
i
i
i
]
]
i
]
e i
I
I
-,
\.
D
-
-
TT T

]
S
\-
—t—— 5
L~ — »
y
-/.
./
——H
|
I
I
"
TT

e 8 Tev, 2 fb” (1511.08039)
= 7 Tev, 1 fb! (1505.07024)

b ——

:IIIIIIIIIIII

ABMP15
- ABMI2

YRIE

present analysis
IIIIIIIIIIIII L1l L1l Ll

-0.01

-0.02

-0.03

-0.04

225 25 275 3 325 35 375 4 425

s
=
]
@

|

m 8 TeV.18.8 fb™' (1603.01803)
e 7 TeV.,4.7 fb' (1312.6283)

T

0.25 0.5 0.75 1 1.25

2 2.25

-0.05

2.29 29 279 3 320 35 378 4 425

Ny

LHCb

0

m 8§ TeV, 2" (1511.08039)

L
e 7TeV, 1’ (1505.07024) Pi>20 GeV

‘ﬁiﬁmﬁ'}}/'/4‘1%“{&'%;“'%-%’

| ABMP15
—r—s—e— ABMI12

1#1 q |

present analysis

225 25 275 3 325 35 375 4 4.25 4.5

Ny

Filtering of the LHCb data has been

performed:

—abump at 7 Tev and Y=3.275

(not confirmed by the LHCDb data at 8 TeV)
—and excess at 8 TeV and Y=2.125

(not confirmed by the CMS data at 8 TeV)

The CMS data at 8 TeV are much smoother
than the ones at 7 TeV:
X°=17/22 versus 22/11
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[d(x,1) - u(X,) /[d(X,1)+ u(x,w)]
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Impact of the W-, Z-data in ABMP16 fit
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W-, Z-data really control quark disentangling at small x

A.Glazov, this meeting
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SeaQuest (FNAL-E906) prospects

n?=29 Gev?
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@ E906 confirms the E866 results at x ~0.1 and continues o
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The quantum corrections due to the self-energy loop
Integrals receive contribution down to scale of O(/\QCD)

— sensitivity to the high order corrections, particularly

Running mass in DIS

The pole mass is defined for the free (unobserved) quarks as a the QCD

Lagrangian parameter and is commonly used in the QCD calculations

L
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HERA I+II (ep --> e charm X)
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m (m )=1.246£0.023 (h.0.) GeV NNLO

Kiyo, Mishima, Sumino PLB 752, 122 (2016)

HERA charm data and mc(mc)

H1/ZEUS ZPC 73, 2311 (2013)

X?/INDP=66/52

m _(m )=1.252+0.018(exp.)-0.01(th.) GeV
ABMP16

m _(m )=1.24+0.03(exp.) GeV ABM12

m (pole)~1.9 GeV (NNLO)
Marquard et al. PRL 114, 142002 (2015)

@ RT optimal
X?/INDP=82/52
m (pole)=1.25 GeV

NNLO

MMHT14 EPJC 75, 204 (2015)

@ S-ACOT-Y
X?INDP=59/47
m (pole)=1.3 GeV

NNLO
CT14 PRD 93, 033006 (2016)

@ FONLL
X?/NDP=60/47
mc(pole):1.275 GeV

NNLO

NNPDF3.0 JHEP 504, 040 (2015)

@ FONLL
X?/INDP=54/37 NNLO

m (pole)=1.51 GeYV, intrinsic charm included
NNPDF3.1 hep-ph/1706.00428

Accardi, et al. EPJC 76, 471 (2016) 15



c-quark mass 1n the CMVEN schemes

The values of pole mass m_used by different groups and preferred by the
PDF fits are systematically lower than the PDG value

H1 and ZEUS  '°F
| FEES | R e e
750 ¥ Charm + HERA-I inclusive ) iy
[i RT standard 1= 1.3 Z
------- RT optimised 2 8 E
o e ACOT-full A =12
= -iimim S-ACOT-y T i
700 (- il S €
L opt ‘." - !
I * MC .‘..‘ i = 1.0t
i / 0.9}
650 o ats . ; : . :
0.0 005 010 045 :020: 025 030
A
mc(mc):1.19+0.08-0.15 GeV ACOT....
600 - RIS R Gao, Guzzi, Nadolsky EPJC 73, 2541 (2013)
L e 1 L m (m )=1.34+0.04-0.01 GeV FONLL
H1/ZEUS PLB 718,550 2012) M. [GeV] Bertone et. al JHEP 1608, 050 (2016)

Wide spread of the m_obtained in different version of the GMVFN schemes -
guantitative illustration of the GMVFNS uncertainties
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t-quark production

ATLAS, dilepton + b-jet(s)
[PLB 761, 136 (2016)]
CMS, dilepton + b-jet(s)
[CMS-PAS-TOP-16-005]
CMS, dilepton + jets
[PRL 116, 052002 (2016)]
CMS, lepton + jets
[CMS-PAS-TOP-15-005]
CMS, all-jets
[CMS-PAS-TOP-16-013]
ATLAS, dilepton + b-jet(s)
[EPJC 74, 3109 (2014)]
CMS, dilepton + jets
[JHEP 08, 029 (2016)]
ATLAS, lepton + jets
[PRD 91, 112013 (2015)]
CMS, lepton + jets
[arXiv:1602.09024]

CMS, lepton + T --> hadrons
[PLB 739, 23 (2014)]

CMS, all-jets

[EPJC 76, 128 (2016)]
ATLAS, dilepton + b-jet(s)
[EPJC 74, 3109 (2014)]

ATLAS, dilepton + jets
[PRD 91, 052005 (2015)]
CMS, dilepton + jets
[JHEP 08, 029 (2016)]
ATLAS, lepton + jets
[arXiv:1602.09024]

ATLAS, lepton + jets, b --> pvX
[ATLAS-CONF-2012-131]

ATLAS, lepton + T --> hadrons
[PRD 92, 0702005 (2015)]

CMS, lepton + T --> hadrons
[PRD 85, 112007 (2012)]

ATLAS, jets + T --> hadrons
[EPJC 73, 2328 (2013)]

CMS, jets + 1 --> hadrons
[EPJC 74, 2386 (2013)]

ATLAS, all-jets

Tevatron

LHC Vs=7 TeV

-

LHC Vs=8 TeV

LHC Vs=13 TeV

[ATLAS-CONF-2012-031]

CMS, all-jets

[JHEP 05, 065 (2013)]
CMS, ep
[CMS-PAS-TOP-16-015]

CDF&IN, combined
[PRD 89, 072001 (2014)]

1 I 1 1 1 T 1 1

-1

=08 —0.6 —0.4

=0.2

0.4 06 08 1
data/Hathor-1

o(t/t X)

-1

ATLAS, X, t-channel e P
[ATLAS-CONF-2015-079] e
ATLAS, tX, t-channel .
e

[ATLAS-CONF-2015-079] :
CMS, tX, t-channel

e
[CMS-PAS-TOP-16-003] i
CMS, tX, t-channel .
[CMS-PAS-TOP-16-003] it
ATLAS, (t + )X, t-channel :
[arXiv: 1411.7627] v © Tevatron
CMS, X, t-channel e s+ LHCs=7 TeV
[JHEP 06, 090 (2014)] . ‘ e

; v LHC vs=8 TeV
CMS, tX, t-channel _“_: _ E
[JHEP 06, 090 (2014)] . e LHC Vs=13 TeV
ATLAS, iX, t-channel :
[PRD 90, 112006 (2014)] Bt
ATLAS, tX, t-channel 5
[PRD 90, 112006 (2014)] i
CMS, (t+ DX, t-channel i A:—
[JHEP 12, 035 (2012)] :
CDF&D0, (t + t)X, t-channel .
[PRL 115, 152003 (2015)] —O
CDF&DO, (t + t)X, s-channel e
[PRL 115, 152003 (2015)] =
11 1 I L1 1 I L1 1 I 11 1 I L1 1 ! 11 1 I 11 1 I L1 1 I 1 1 1 I 11 1
-0.8 -0.6 -0.4 -0.2 0 0.2 04 0B O8 1
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m(m,) (GeV)

my = 129.6GeV + 1.8x
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m(m )=160.9+1.1(exp.) GeV

Electroweak vacuum stability
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o, (n=5,M,)

m (pole)=170.4+1.2(exp.) GeV
a_(M,)=0.1147(8) NNLO

™ ~173.34 Ge‘»’]_“ﬁx{ vy~ (Mz)-0.1184)

0.0007

GeV 0.3 GeV,

Buttazzo et al., JHEP 12, 089 (2013)

i [ ] ] e i, [ et |l i | ] el
Higgs self coupling A(u,)

m,, = 125.09 + 0.24 GeV

mPo =170.4 £ 1.2 GeV

o, (M) = 0.1147 +0.0008

]

e

IIIIIIIIIIIIIIIIIIII“

i

10" 10° 10%  10'®

b, (GeV)

Mr. Khniehl, Pikelner, Veretin CPC 206, 84 (2016)

Vacuum stability is quite sensitive to the t-quark mass, stability
IS provided up to Plank-mass scale
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Intrinsic charm i1n the CT and NNPDF fits

10 do/dp? (pb/GeV) - 107 do/dp7 (Pb/GeV) -
102 LHC 8 TeV — 0= LHC 8 TeV E
10°F .- ] 10 o
E —— CT14nnlo & — NNPDF3 1
107 ;— o BHPS2 10 — CTi4nnbo E
[t e YN
s s SOYSIRE e = NNPDF3IC(noEMC) =
1 g_ B9 ~T14nnlo PDF unc : i 8— .CT1 4nnlo PDF unc _
1.6 Ratio to CT14nnlo~""" e 12: Ratio to NNPDF3 ]
1.45 il O o I e
{ DT TR 12 sigiarpEanll |
I prm——— . . :
100 200 300 400 500 600

0 100 200 300 400 500 600 0

P2 (GeV) pr (GeV)

Hou et al. hep-ph/1707.00657

@ The intrinsic-charm (IC) component is evolved starting from the small scale with
the collinear DGLAP

@ The value of m (pole)=1.31 (CT) and 1.51(NNPDF) GeV is used

@ Several IC shapes are considered by CT: BHPS, SEA,...; free form by NNPDF

@ An agreement with the Z+charm LHC data might be improved

NNPDF hep-ph/1706.00428 19



4. recent developments

l'leW/On gOi l'lg glObal a na lyseS Hobbs, INT workshop, Seattle 12017

* NNPDF3: not anchored to specific parametrizations/models

see: Ball et al. Eur. Phys. J. C76 (2016) no.11, 647

* included EMC: il

NNPDF3 NLO. m_~=1.47 GeV, Q=1.65 GeV

(z)1c = 0.7+ 0.3% at Q ~ 1.5 =
GeV . i

— drove a very hard ¢(x) = ¢(x) o d ) o |
distribution g " _
* peaked at = ~ 0.5 Lo _

* AND, required a negative IC

component to describe EMC F$°!

complementary analyses for possible intrinsic bottom

see: Lyonnet et al. JHEPO7 (2015) 141.

— would be negligible based on the analysis presented here...
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Intrinsic charm: pitfalls

@ No mass singularities for massive partons = collinear QCD evolution does not work

@ The mass singularities ~In(u/m ) appear at p>m_and the evolution restores. New

charm(bottom) quark distribution may be introduced, however, extrapolation to
smaller scales is still problematic

@ Intrinsic charm is often introduced within the VFN framework = interplay with the
“standard” VFN modeling of power-like terms

@ Original formulation of the intrinsic charm implies its power-like behavior;

a . Brodsky, Peterson, Sakai PRD 23, 2745 (1981)

(a) (b)

FIG. 7. (a) Example with contribution to the deep-
inelastic structure functions from an extrinsic quark g;
(b) from an intrinsic quark ¢q.

strong constraint on such terms was obtained from analysis of the EMC data on

c h arm p rOd uction Jimenez-Delgado, Hobbs, Londergan, Melnitchouk PRL 114, 082002 (2015)
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Summary

@ We have steady improvement in disentangling quark distributions at
small at large x due to complementary of the DIS and (forward) Drell-Yan data

@ The HERA inclusive and semi-inclusive data allow to distinguish between
the FFN and VFN factoriazation schemes in description of DIS.
The FFN scheme provides nice agreement with existing DIS data and

m _(m )=1.252+0.018(exp.)-0.01(th.) GeV,

which is in agreement with other precision determinations.

@ The values
aS(MZ):O.1147(8)

m(m)=160.9+1.1 GeV / m (pole)=170.4+1.2 GeV

obtained simultaneously with the PDFs provide vacuum stability up to
the Plank-mass scale

@ Intrinsic charm provides a new window for phenomenology, however, solid
theoretical footing is still needed
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Strange sea from the vN DIS

LO NLO

d,s C

Two decay modes of c-quark are used: hadronic (emulsion experiments) and
semi-leptonic (electronic experiments)

CCFR-NLO

06

'
a ] T 0.10
3 ] X :
..‘_‘: 04 = :
o 1
= : . 005 |-
0.2 =
: | : OIOO [T SRR W S U - ) - LI
0.0 . T * : ¥ 0.01 0.05 0.1 0.5
0.01 0.05 0.1 0.5

x
Fig. 4. The strange quark distribution zs(x, p? = 4.0GeV? /c?) determined

at next-to-leading order (described in section 4.1) and leading order. The
band around the NLO curve indicates the +1¢ uncertainty in the distribu-

tion CCFR ZPC 65, 189 (1995)

Fig. 3. The quark sea distribution zg(x, u* = 4.0 GeV?/c?) determined at
next-to-leading order and leading order

Primary source for the strange sea was for a long time neutrino-induced charm production
measured by CCFR/NuTeV at Fermilab preferring a suppression of ~0.5 w.r.t. non-strange sea
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NuTeV/CCFR data in the PDF fit framework

Vv
- 2 =
= Gt —e e, i gl £0 1Y B ) . N T V
3 lrremian T x=0.021 ;iﬁﬁi’f PRl |
= @ CCFR and NuTeV are in a good
i o Bidisg ? (.057 i3 fﬁ-ﬁj&%ﬂ}zm 0.042 agreement
= ; } *‘}Hﬁﬂ :
il g iagfitest* 0.10 i, "uh 0.07 @ Charge asymmetry in the strange
15 S {% iﬂ { sea is consistent with O within
05 (17 =eemeehis i fyly 0.1 uncertainties
: sa, Kulagin, Petti PLB 675, 433 (2009)
o 0.33 + ssigapii gt 021 i i,
0
1 10 167 9 10 10°
Q* (GeV?) 0% (GeV?)
] - . 0.7 i :
f,r[ s(x, =)+ 5(x,u°)]dx — X(s+s)/2
_._, 0 0.6 - - - kx(u+d
K, LU;]' = U] : kx(u+d)/2
i =S 0.5
f xla(x, =)+ d(x, u=))dx 2
0 0.4
, ./ — thisfit+ 1o
Integral suppression factor 03 S SRRt alodh fred)
K (20 GeV®)=0.62+0.04 is obtained ,, | - CTEQ6 0>
§ 0.1 0.2 0.3 04
) Q% (GeV?) X
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data/fit-1
o

|
o
w»

0.5

-0.5 F

0.5

-0.5

HERA bottom data and mb(mb)

o
T

HERA (ep --> e beauty X)
- Q%= 5GeV: F Q%=6.5GeV® F Q=12 GeV? F Q*=25GeV?
= ! H * B - B
: i - iﬁ 8 : %i
= m o - $l+ E *
E ® ZEUS E E E
LMMMMMM'_MML'MM
- Q°=30GeV® F Q°=60GeV*: [ Q*= SOIGeVZ — Q%=160 GeV>
E 'I' - | . § T
ii T ; T
- B - TR - R - i
— Q%=200 GeV? [ Q?=600 GeV® [ Q*=650 GeV> [ Q*=2000 GeV>
E $ $ - { B Ji B ]
i - e - i - FE
10 *10°21072 10 210" 10~ 1010 > 10 - 100 18~
X X X X

ZEUS JHEP 1409, 127 (2014)

X2/NDP=16/17

H1 EPJC 65, 89 (2010)

X2/NDP=5/12

m_(m )=3.83+0.12(exp.)-0.1(th.) GeV
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NOMAD charm data

iss “=3 GeV’ nf=3 NOMAD NPB 876, 339 (2013)
= 60 |-
34 I NuTeV/CCFR @ The data on ratio 2p/incl. CC ratio
o | with the 2p statistics of 15000 events (much
| bigger than in earlier CCFR and NuTeV samples).

e Systematics, nuclear corrections, etc. cancel in
the ratio

@ Pull down strange quarks at x>0.1 with a
sizable uncertainty reduction

gt
N NuTeV/CCFR + NOMAD
Pl —~ 012
ik ]| i k| i i P E I ® FNAL-E-531
10~ 10 2 10 ! e 0.11 [ N ABMiz © CHORUS
The semi-leptonic branching ratio Bu is a botffeneck o1 |
0.09

— weighted average of the charmed-hadron rates s

0.07
— h h — [
B,(E)=2 I"(E )B" = a/(1+b/E ) 006 | 1
h H 0.05 |
— fitted simultaneously with the PDFs, etc. using e s
the constraint from the emulsion data gt e et e e
0.03

0 20 40 60 80 100 120 140 160 180 200
E, (GeV) 5y



Impact of NOMAD data

ey

S 150

. 3 CTi14

< - ———1 MMHTI14
100 |- [Tl NNPDF3.1

50

0
-50 |-
-100 |- e VN=pceX \
(NOMAD)
-150
| | i |
0 0.1 0.2 0.3 04 0.5 0.6 0.7

@ Evident room for the PDF improvement by adding NOMAD data to various PDF fits

@ Big spread in the predictions = PDF4LHC averaging provides inefficient estimate 26



NNLO DY corrections 1n the fit

The existing NNLO codes (DYNNLO, FEWZ) are quite time-consuming —
fast tools are employed (FASTNLO, Applgrid,.....)

— the corrections for certain basis of PDFs are stored in the grid

— the fitted PDFs are expanded over the basis

— the NNLO c.s. in the PDF fit is calculated as a combination of
expansion coefficients with the pre-prepared grids

The general PDF basis is not necessary since the PDFs are already constrained
by the data, which do not require involved computations - use as a PDF basis
the eigenvalue PDF sets obtained in the earlier version of the fit

P, + AP_— vector of PDF parameters with errors obtained in the earlier fit

E — error matrix
P — current value of the PDF parameters in the fit

— store the DY NNLO c.s. for all PDF sets defined by the eigenvectors of E
— the variation of the fitted PDF parameters (P — P ) is transformed into this

eigenvector basis

— the NNLO c.s. in the PDF fit is calculated as a combination of transformed (P - P )

with the stored eigenvector values
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-0.04

-0.06

-0.08

-0.1

DY at large rapidity

DO (1.96 TeV)

e W->e'v(97m") = W ->pu'v73m)
P¢>25 GeV Pi>25 GeV
P)>25 GeV P)>25 GeV ]

ABM12
present analysis
————— CT14

----- MMHT

0.5 1 1.5 2 2.5

sa, Bliimlein, Moch, Placakyté, hep-ph/1508.07923

0.02

-0.02

-0.04

-0.06

LHCb (7 TeV, 1 fb'h

P!>20 GeV

225 2.5 275 3 325 3.5 375 4 425 45
Ny

@ The data can be evidently used for consolidation of the PDFs, however, unification of the

theoretical accuracy is also needed

Interpolation of accurate

ABM CT

NNLO grid (a la FASTNLO)

NNLL (ResBos)

NNLO K-factor

MMHT NNPDF

NLO + NLO +

NNLO C-factors

(y-dependent
K-factors)



DY data selection in the ABMP16 fit

Experiment ATLAS CMS D@ LHCb
Vs (TeV) 7 13 7 8 1.96 7 8
Final states Wty | Wty | Wrouty | Wiouty | Whouty | Wroety | Wouty | Z—oete Wt - uty
W™ -1y W olly | Wouyv | Wouv | Wouv| Woev | Wouy W™ > uv
Z-> Il Z-1T (asym) (asym) (asym) Z-utu Z - utu
Cut on the lepton Py |Pi. > 20 GeV | P%. > 25 GeV | P} > 25 GeV | P} > 25 GeV | P} > 25 GeV | PS. > 25 GeV | Py > 20 GeV | P4, > 20 GeV | P > 20 GeV
Luminosity (1/fb) 0.035 0.081 4.7 18.8 73 9.7 1 2 2.9
NDP 30 6 IE1 22 10 13 3E3H? 17 32(34)
ABMP16 31.0 9.2 224 16.5 17.6 19.0 45.1(54.4) 21.7 40.0(59.2)
CclJ15 - - - - 20 29 - - -
CT14 42 - -b - - 34.7 - - -
HERAFitter - - - - 13 19 - - -
MMHTI16 29 - - 21 21 26 (43) 29 (59)
NNPDF3.1 29 - 19 - 16 35 (59) 19 47)

4 The values of NDP and y? correspond to the unfiltered samples.

b For the statistically less significant data with the cut of P‘; > 35 GeV the value of y* = 12.1 was obtained.
¢ The value obtained in MMHT 14 fit. DO (1.96 TeV, 9.7 fb™)

e
&

= present analysis

AY . FEWZ 3.1
e e
g R

@ Many early low-statistical Tevatron and LHC
data are not included into the fit 002

@ The DO sample for the charge-lepton asymmetry
Is preferred as compared to the W-asymmetry:

smaller sensitivity to the modeling details; might 0.04 W ety {
even introduce a bias due to data sets’ discrepancy sl iyl f
-0.08 .
0.5 1 1.5 2 25 3

sa, Bliimlein, Moch, Placakyté PRD 94, 114038 (2016) T
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Comparison of various PDF fits

N=4, u=2 GeV N=4, u=2 GeV

~ 0.3 = 1.2 _
% I > |
ha EZZA e = EZZ2 cT14 :
' 5 e
X 02+ s 1 | NIN3. S
|3 = ].
w I~ S

] T ~ _” _” MMHTI14 f

0.1 - _ — — - MMHT4 Ui :

0.6

0 B e S \\\»—
0.4
0.1 F
; 0.2 |
02 | ABMP16 . i ==
03 - - . . 01 02 03 04 05 06 07 08 09
10 10 10 10 10 x

X
@ Relaxed form of the sea iso-spin asymmetry I(x) at small x; Regge-like behaviour is
recovered only at x~10°; at large x it is still defined by the phase-space constraint

@ Big spread between different PDF sets, up to factor of 30 at large x — poor control of
the BSM effects without constraints from the DY data

@ Good constraint on the d/u ratio w/o deuteron data — independent extraction of the
deuteron corrections Accardi, Brady, Melnitchouk, Owens, Sato PRD 93, 114017 (2016)
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Factorization scheme benchmarking

S £F
Q: 1.25

= 1

~ [

he

1.15 |

1.1 [

H1 and ZEUS

@ Data allow to discriminate factorization
schemes

@ FFN scheme works very well in case of
correct setting (running mass definition

0 ACOTNLO, F; O(a) 4 and correct value of m ) - no traces of
B A FONLL-B NLO, FLO(CLS) A RTOPT NLO,FLO(C@ blg Iogs due tO resummation
1.05 [ @ FF3BNLO,F, O(c) © FF3ANLO,F, O(c})
1 :I L1 11 I | I I T I T I | I L i 0 1 111191 I Lo 1 11 1111 ! IIIIIIIII I I-
5 10 15 20 25
H1 and ZEUS EPJC 75, 580 (2015) (:llzni“/(j‘,ev2
Zmin | Zmex | @oun (BeV) | Q.. (CeV) | Ax? (DIS) | N7 | Ax® (HERA.) | N°*
i-10~" 1 3 10" T2 2036 77.1 A2
4-10"" 0.1 3 105 571 1065 GT.5 4005
4-10—2 | 0.01 3 105 11.9 4929 17.8 22
4.10—" 1 1) 105 53.6 2109 TG.4 3T
4.10—" 1 1K) 10" 01.4 G2() a7.7 412
4.10"" (.1 10) 10® 84.9 AR 674 235()
4:10" (.1 1M 10" 87.7 321 87.1 297

“We conclude that the FFN fit is actually based on a less precise theory, in that it does not include full
resummation of the contribution of heavy quarks to perturbative PDF evolution, and thus provides a less

NNPDF PLB 723, 330(2013)

accurate description of the data”



theory accuracy

y>/NDP for

PDF sets mg [GeV] |m, renorm. | theory method 2 )
e Mo (F< scheme) for heavy quark |HERA data [127]] with
= DIS Wilson coeft. [xFitter [128, IE‘A]

ABMI2[2]“ 1.24 + 003IMS m.(m.)| FFNS (nf =3) | NNLOgpprox 65/52 66/52
CI15[1] 1.3 mPe SACOT [122] NLO 117/52 117/52
CTI4 [3] %

(NLO) 1.3 mPe SACOT(y) [123] NLO 51/47 70/47

(NNLO) 1.3 mPe SACOT(y) [123] NLO 64/47 130/47
HERAPDF2.0 [4]

(NLO) 1.47 mPe RT optimal [125] NLO 67/52 67/52

(NNLO) 1.43 mP™®  |RT optimal [125] NLO 62/52 62/52
IR14 [5] ¢ 13 |MS m.(m.)| FENS (n; =3) NNLOgprox 62/52 62/52
MMHT 14 [6]

(NLO) 1.4 mP™  |RT optimal [125] NLO 72/52 78/52

(NNLO) 1.4 mPe RT optimal [125] NLO 71/52 83/52
NNPDF3.0 [7]

(NLO) 1.275 mre FONLL-B [124] NLO 58/52 60/52

(NNLO) LT3 mPe FONLL-C [124] NLO 67/52 69/52
PDF4LHCI15 [8] ¢ - - FONLL-B [124] - 58/52 64/52

- - RT optimal [125] - 71/52 75/52
- - SACOT(y) [123] - 51/47 T6/47

_pa—

No advantage of the GMVFN schemes: the VFN x? values are 2" ¢t Rep-p/I603.0506

systematically bigger than the FFN ones



Charm quark mass and the Higgs cross section

MMHT

¢ “Tuning” Charm mass m. parameter effects the Higgs cross section

® linearriseino(H) = 40.5...42.6 pb for m = 1.15...1.55 GeV with
MMHT14 PDFs Martin, Motylinski, Harland-Lang, Thorne ‘15

mi*® [GeV]|ay(Mz) |*/NDP o (HNNLO [pb) o (HYNNLO [pb]
(best fit) |(HERA data on o) |best fit a(M7) as(Mz)=0.118
1.15 0.1164 78/52 40.48 (42.05)
2 0.1166 76/52 40.74 (42.11)
1.25 0.1167 (75/52) (40.89] (42.17)
1.3 0.1169 76/52 41.16 (42.25)
1.35 0.1171 78/52 4141 (42.30)
1.4 0.1172 41.56 (42.36)
1.45 0.1173 88/52 41.75 (42.45)
1.5 0.1173 96/52 41.81 (42.51)
1.55 0.1175 105/52 42.08 (42.58)




Test fit (the PDF shape comparison)

u=3 GeV, N,=3 u=3 GeV, N,=3
0.5

1.2

0.8

0.6

ABMP16 nominal

[S(6L)+ S(X) )/ [u(x,1)+ d(x,11)]

0.4

[d(x,10) - u(X,)/[d(X,1)+ u(x,u)]

[~ "] ABMPI6 test (ABMP16 shape)

0.2
ABMP16 test (epWZ shape)
0 -0.3
3 ) 1 : 2 1
10 10 10 10 . 10 10

X X

The data used in test fit: collider data discarded and replaced by the deuteron ones
(fit is consistent with the nominal ABMP16 at x>0.01)  sa, Kulagin, Petti hep-ph/1704.00204

The strange sea is enhanced for the epWZ shape despite the ATLAS data are not used.
However, the dimuon data description is not deteriorated: x°=167 versus 161 for
the ABMP shape = enhancement is achieved by the price of the d-quark sea suppression

sa, Bliimlein, Caminada, Lipka, Lohwasser,

Moch, Petti, Placakyté PRD 91, 094002 (2015)
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Constraints on strange sea

u=3 GeV, N

=
=)

~ 100 [ =
§ : 5 1.2 B
& 80, =) B
=& i +
X 60 | =3 1
n — e
. 40 | =
i = 0.8
20 =<
,,,,,,,,,,,,,,,,,, =
A
bt
=%
o
N’
2,

N
r

" ABMPI16, no Z-data

-40 | ABMP16

_ -] + ATLAS (Z,7 TeV,2011)
-60 — NuTeV/CCFR data excluded 02 | =~ or + LHCb (Z> "1, 8 TeV)
-80 ~~1 NuTeV/CCFR, CHORUS and

I NOMAD data excluded C 0 . Sl . S
-100 - 3 2 P E ]

-4 -3 -2 -1

10 10 10 10 10 10 19 X
X

@ Uncertainty of ~5% is achieved at x around 0.1

@ NuTeV/CCFR data play no essential role - impact of the nuclear corrections is
greatly reduced (NOMAD and CHORUS give the ratio CC/incl.)
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Effective nuclear correction

1.004 |

1.002 |

0.998

0.996 |
0.994
0.992
0.99 |
0.988 |

0.986 |

NOMAD

-- CHORUS

iy T i | | S L |
25 50 75 100 125

; i T | Fy L ) ! !
150 175 200 225 250
E, (GeV)
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CHORUS charm data

u=3 GeV, n=

B NuTeV/CCFR

40 |

L IR R RO B S
,,,,,,,, NuTeV/CCFR + CHORUS
-60 |-
107 10 2 107!

CHORUS data pull strangeness up, however
the statistical significance of the effect is poor

sa, Blimlein, Caminada, Lipka, Lohwasser,
Moch, Petti, Placakyte hep-ph/1404.6469

Emulsion data on charm/CC ratio with the
charmed hadron vertex measured
CHORUS NJP 13, 093002 (2011)

— full phase space measurements

— NO sensitivity to B”

— low statistics (2013 events)

0.12

e CHORUS

Gcharm/ GCC

0.1 |
0.08

0.06 |

0.04
[ NuTeV/CCFR + CHORUS + NOMAD

0.02 NuTeV/CCFR + CHORUS

IR N Y T TN 1O | OO OO | ol P I
80 100 120 140 160 180
E, (GeV)
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do/dn, (pb)

60

55

50

45

40

35

30

25

20

CMS W+charm data

CMS (7 TeV, 5 1/fb)

e (Wre)+ (W)
P,},>35 GeV

ABM12

NuTeV/CCFR + CMS

CHORUS + CMS %

o(W* e)/o(W ¢

0.5 1 1.5

_—
]

1.15
1.1
1.05
1
0.95
0.9
0.85
0.8
0.75
0.7

0.65

CMS Collaboration JHEP 02, 013 (2014)

e (W'e)/ (W o)
P,i,>35 GeV

0.5 1 1.5 2

@ CMS data go above the NuTeV/CCFR by 1o; little impact on the strange sea

@ The charge asymmetry is in a good agreement with the charge-symmetric strange sea

@ Good agreement with the CHORUS data
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ATLAS strange enhancement

2 2
W=20 GeV?, N =5

S 1.60 ATLAS Q%*=1.9 GeV?
N ATLAS-epWZ16
r§' 1.5F _Egrtlﬁgarng&unc.
Bt il '
o 1.4F
+ 3
K 1
1.3
1.2F
1.1F
1
0.9f
F L L 1 1 L L1 II
107 102 10"
X

ATLAS arXiv:1612.03016

The epWZ16 strange-sea determined from

[s(X,L)+ s(X,0) ]/ [u(x,u)+ d(x,u)]

analysis of the combined HERA-ATLAS data

IS enhanced as compared to other (earlier)

determinations

g
=

=
8

&
% -

&
=)

0.4 |

s EE
107 107 10~

X

ABM strange sea determination is in particular
based on the dimuon neutrino-nucleon DIS
production (NuTeV/CCFR and NOMAD) that
gives a strange sea suppression ~0.5 at x~0.2

e Disentangling d- and s- contribution?
e Impact of the nuclear corrections?

® ?
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2

Qo

ATLAS W+charm data

ATLAS arXiv:1402.6263

ATLAS (7 TeV, 4.6 1/ THh)

;— - W oojiet ;— - Woe-jet

= Pl=20 GeW = Pl=20 GeV

E EEE ABn2 E

E_ CHORUS + CMS §_

E - - --- CHORUS + CMS + ATLAS E

E....l....l....l....l....I....I....I.....I....I.....E.....I.....I....I....l....l.....l....l....I....I....

o o.25 o5 O.75 1 1.25 1.5 1.75 > 225 .25 0.5 oO.7S 1 1.25 1.5 1.75 2 2.25
m y

- - WYD" - - WD

C Pl1>20 GeV = Pl=>20 GeV

- - s ABM12

2 3 CHORUS + CMS

— - - ---- - CHORUS + CMS + ATLAS

:lIl!IlIIIIlllIIIIJI.IIlIIIIIIlIllEIIlI!lIIIIJIIIlI:IIIlIIIIIIIIIIIlIIIIIllIIIIIIIIIIIIIIIIIIJIIIIIII

o .25 0.5 0.75 1 1.2%5 1.5 1.7 2 2.25 Q.25 0.5 .75 1 1.25 1.5 1.75 2 2.25

. L'y m

- - W'D™ - - WD

- Pl>20 GeV — Pl>20 GeV

i { - I ABM12

- 2 CHORUS + CMS

2 - ---—-- CHORUS + CMS + ATLAS

_IIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIQIII_IIIIIIIIIIIIIIIIIIPIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

o 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25

n, ™
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Impact of ATLAS data with flexible PDF shape

K (1°=20 GeV?)

HERA+ATLAS 0.81(18)
HERA+ATLAS+ES66 0.72(8)
ABMP16(incl. NOMAD) 0.66(3)

K_Is integral strange sea suppression factor:

|
[ Al sCx, %) + 5(x, 1?) ] x

MUJ:J' = U]
f xlit(x, 12 + d(x, ) )d x

0

@ For the flexible PDF shape the strangeness is in a broad agreement with the one extracted

from the dimuon data

[S(X,L)+ S(X,0)]/[u(x,i)+ d(x,1)]

u=3 GeV, N=3

2.5

ABMP16

[Z———"~1 ATLAS(2016)

L] ATLAS(2016)+E866

-2
10

@ The E866 data are consistent with the ATLAS(2016) set: x*/NDP=48/39 and 40/34,
respectlvely. sa, Bliimlein, Moch hep-ph/1708.01067
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1

3 i 4 1
(d-7)(z,Q3) = A(L — 2)oeet229(1 + YL a,Ty(1 - 207)), ~ QCP@LHC2018
x(d — @) (NNLO), Q2 = 10* GeV? N=4, u=2 GeV
0.04 . . — 0.3
Standard i \? £ 4 EE=—1 cT14
0.03 Chebyshev = 02 \
S A= | NN3.0
0.02 0.1 :_ = MMHT14

0.01 e

0 F™

—0.01
.0001

P . . . i .
Thorne, this conference 10> 107 10 102 10" -

no. points | NLO Xp,( ;| o Xfmw NNLO Xf)'r'ﬁd NNLO X?u:w .11!5[_.1:, ,uﬁ } = H_.;[__l.', !uﬁ } . .ﬂusl_l. ""_1-.)« " Y

a,7 Tevatron +CMS+ATLAS 18 19.6 205 14.7 155

LHCo7TeVW + Z 3 50.1 45.4 37.1 36.7 _ 4 - h P

LHCH8 TeV 1V + 2 U 70 5.9 76.1 672 xdg(x,py) = dy(x, puj =A (1~ s asFastn),

LHCb 8TeV e 17 374 334 30.0 278 T R

CMS8TeV W 22 326 18.6 57.6 294

CMS7TeVW +¢ 10 8.5 10.0 87 8.0 (the same applies for CT14)

D0 ¢ asymmetry 13 22 21.5 213 29

fotal 3738/3405 4375.9 4336.1 3768.0 3739.3

The sum of x*/NDP for the DY data by LHCB, CMS, and DO from the table:

184/119 (MMHT16) 171/119 (ABMP16, no filtering), account of

other DY data increases the difference
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Sea quark 1so-spin asvmmetrv

u=3 GeV
— 0.15
: 3
0,06 [ £
B o H\ + 0.1
004 F /' 3
I 2 0.05
a0 F >
E w0
- W Z-0.05
002 B = [EZZ—=1] NNPDF3.1
' AR 10 03111 A 0 1111 S B 0 1) e 01 TTT.[TS{:
4 3 ) i chi
e ey | 1 ]
10 10 10

CT10 JRO9 MSTWO8 NNPDF2.3

sa, Bliimlein, Moch PRD 89, 054028 (2014)

@ At x~0.1 the sea quark iso-spin asymmetry is controlled by the fixed-target DY data (E-866),

weak constraint from the DIS (NMC)

@ At x<0.01 Regge-like constraint like x®, with a close to the meson trajectory intercept; the
“unbiased” NNPDF fit follows the same trend

Onset of the Regge asymptotics is out of control
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ATLAS W&Z at 13 TeV

—
ATLAS
13 TeV, 81 pb™
Ry w =old /o

P data + total uncertainty
data * stat. uncertainty

ATLAS, hep-ex/1603.09222

T | T L] L I T T L
ATLAS
13 TeV, 81 pb™
— ~fid fid
Ryz = oy / o7

Il data + total uncertainty
data + stat. uncertainty

I |
A ABM12 A ABM12
v CTi4nnlo v CTi4nnlo =
m NNPDF3.0 m NNPDF3.0
® MMHT14nnlo68CL ® MMHT14nnlo68CL
A ATLAS-epWZ12nnlo A ATLAS-epWZ12nnlo
0 HERAPDF2.0nnlo 0 HERAPDF2.0nnlo —
e AR SR SRS IS T R R el B | I ! Ly L
ATLAS (13 TeV, 81 pb™) 1603.09222 L. ?,ds o/ ;f?ds
* ABM12 L a DYNNLO
= ABMP15 = =
+ present analysis =
FEWZ
III|III|III|III|IIIIII|IIII|III|III I [ IIIIIII
L2 122 1.24 1.26 1,28 1.5 -1:32 9.8 10 10.2 104 106 10.8
fid = fid fid
Ow./Ow. GWJGZ

Data are well accommodated into the fit x*>/NDP=9/6
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Comparison with lattice results
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Details of the epWZ and ABMP16 fits

epWZ16 ABMP16

Data HERA, ATLAS W&Z HERA, LHC and Tevatron W&Z,
fixed-target DIS and charm production,
fixed-target DY, ....

PDF shape

.U!\.-{_Lp%) 2z A”u 1_8.,{] i 1_-}(‘,‘ (1+ E”-- II}‘ . 2, hq‘u +f5¢fd (1- Fa Py tn
xdy {:.\‘.,uﬁ) = Ag xBav (] - Xq(X. 1) = N} 1)’
U_l{_l.#‘:)) = ‘-'11{1 [1 — 1} .\._q_y(.f,ﬂﬁ.} il .4 (1 i \,'h " _c: ! |l.|-

.\'J{_.t.pﬁ'} — XJ\ (1 -x)%2, ¥ e Pulx)

xe(x, p!‘:,'} = Ag(1l-
.\‘g{’.l‘.,uﬁ) = Ag gl (1—1) -—4 5 k(l— 1) L,

.1‘3{:.1‘.,&15,) = A_;.\. o I —.\)

15 free parameters 25 free parameters

ABMP16 PDFs are selected more flexible in order to accommodate more data as
compared to the EpWZ16 fit, which was evolved form the HERA data analysis

Pp(x) = (1+y-1,pln .r'}{l + -}q_;;.t+-}f"-_._;;.r2 + '}"."r.p.‘[:;) ’
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Implication for(of) the single-top production

1 I I 1 1 1 I 1 I I I :I 1 | I 1 I T T T I T T T I T T : l T T T

ATLAS at 7 TeV ' CMS at 8 TeV ¢

arXiv:1406.7844 : arXiv:1403.7366 :

this work o this work s

ABM12 . ABM12 .

CT14 E CT14 ;

CT10 | CT10 i

MMHT i MMHT i

NN30 | NN30 i

] ] I | ] | I ] ] ] l EI ] ] I ] I : I I I ' I ' I I I : I I ' '

r T : e 1.4 1.6 1.8 2 2.2

R, = 6/c; (t-ch.)

Rt = Gt/ G; (t'Ch-) sa, Bliimlein, Moch, Placéakyté hep-ph/1508.07923
@ ATLAS and CMS data on the ratio t/tbar are in a good agreement
@ The predictions driven by the froward DY data are in a good agreement with the

single-top data (N.B.: ABM12 is based on the deuteron data — consistent deuteron
correction was used) talks by Petti at DIS2016

Single-top production discriminate available PDF sets and can serve as a
standard candle process 49



o(t)/o(t)

24

2.2

Single-top: ¢.m.s. energy dependence

The errors in ATLAS data are
much smaller: prefect cancellation
of the errors in ratio

c/ABMP16 - 1

0.3

0.2

0.1

-0.1

-0.2

0.2

0.1 |-

-0.1

-0.2

-0.3

""""
-----------

The trend in ATLAS data is
different for t and tbar samples

50



0.8

0.7

CJ15 results on the d/u ratio

Accardi, Brady, Melnitchouk, Owens, Sato PRD 93, 114017 (2016)

@ NLO PDF fit including Tevatron data on W-asymmetry
@ value of d/u~0.07 at large x is obtained

e NLO FEWZ predictions with CJ15 PDFs miss data (limitation of the K-factor
approach used by CJ15?)

u=3 Gev DO (1.96 TeV, 9.7 fb™)
— 0.05
BN AkP 6
[——""""] PDFsfitted to W-asymmetry E 0.04
-
CJ15 &
e S 0.03 pp->W<e'v>X

T ¥ | HHIII l
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