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Reminder: factorization formalism

small distances

QPM: electro-production inclusive

structure function
ep scattering

F,(xQ)=Z_€* p (x)

p,(X) — parton probability distributions 0.~0.1
(PDFs)
QCD radiative corrections: s e

Mass singularity In(Q/m () appears for the (almost) massless partons, however, it can be

absorbed into PDFs = PDF evolution, better theoretical accuracy, scheme
dependence of PDFs and coefficient finctions (partonic c.s.)

State-of-art:
NNLQO Moch, Vermaseren Vogt NPB 688, 101 (2004); NPB 691, 129 (2004)

N3LO Moch etal. JHEP 1710, 041 (2017); Velizhanin hep-ph/1411.1331; Baikov, Chetyrkin NPPS 160, 76 (2006) )



Q*(GeV?)

Kinematic coverage

Global PDF fits

MMHT14 NNLO, Q? = 10 GeV?
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various PDFs’ combinations

Various processes provide constraints on



Comined Run I+II HERA data

H1 and ZEUS EPJC 75, 580 (2015
HERA I+II (NC, e*p) JCT75, 580 (2015)
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Contribution of c-quarks up to 30% at small x = accurate treatment is required



FFN and VFN schemes
o

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

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

et et (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,

NLO: Buza, Matiounine, Smith, van Neerven EPJC 1, 301 (1998)
1(2 ?”2,_ (2 ‘ ,U-z (28 11-2 (2
/15_}-) (:z_._ ‘”—_;) — aff 2)(7,) In? (R> + (LE—_J- 1)(:)ln (R> - a-_EJ- “}(z)

NNLO: log-terms; constant terms up to the gluonic one Bliimlein, et al., work in progress

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

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



Modeling NNLO FFN massive coetficients
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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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data/fit-1

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)

m (m )=1.2790.008 GeV

Kiihn, this conference

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 (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?INDP=60/47
m (pole)=1.275 GeV

NNLO
NNPDF3.0 JHEP 504, 040 (2015)

@ FONLL
X?INDP=54/37 NNLO

m (pole)=1.51 GeV, intrinsic (fitted) charm
¢ NNPDF3.1 hep-ph/1706.00428

FFNS works better, particularly at small Q
H1, ZEUS hep-ph/1804.01019



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)



DY data in the ABMP16 fit

sa, Bliimlein, Moch, Placakyté PRD 96, 014011 (2017)

3 In the forward region x, >> x,
e o
= e o(W") ~ u(x,) dbar (x )
T it o(W) ~d(x,) ubar(x )
it e 0(Z) ~ Q,’u(x,) ubar (x )+ Q_*d(x,) dbar(x )
E= : o(DIS) ~ g *u(x)) + g d(x)
-3 = - u 2 d 2
10 = LHC .
e Forward W&Z production probes small/large
i i x and is complementary to the DIS =
10 107! 1 good quark disentangling
2
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 Wby | Wouv | Wouv | Wouy | Wosev | W suy W™ > uv
Z-> Il Z-1T (asym) (asym) (asym) Z-utu Z - utu
Cut on the lepton Py | P!, > 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 11 22 10 13 3M33) ¢ 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)
CJI5 - - - - 20 29 - - -
CT14 42 - -b - = 34.7 - - =
HERAFitter - - - - 13 19 - - -
MMHTI16 39¢ - - 21 21 26 (43) 29 (59)
NNPDF3.1 29 o 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.




DYNNLO1.4 - FEWZ3.1

NNLO tools benchmarking

A‘;‘; DO (1.96 TeV, 9.7 fb™) 1412.2862

- AN
00014 = '
i o
i o
0.012 | NNLO B (.15
[ e NLO =
0.01 | >
i % 0.1
0.008 |- =
i =]
0.006 |
i 0.05
0.004 |-
0.002 | 0
0 -
E -0.05
0.002 |
-0.004 :_ \'\‘,1, "*-,___1 \“‘ -0.1
L L L | | L | L 1 l L 1 L . | L L . L | . L L | | L . L L |
0 0.5 1 1.5 2 2.5 3
e

Yannick Ulrich, Barchelor thesis, Univ. of Hamburg 2015

ATLAS (7 TeV, 4.6 fb™") 1612.03016

e FEWZ 3.1
® DYNNLO 1.4 :

]

[fyd1]

P,'r>20 GeV

66 <M, <116 GeV
n,,1<2.5

2.5 <In,l<4.9

0 0.5 1 15 2 2.5 3 kA

T.Ill

DYNNLO-FEWZ difference not fully understood; further benchmarking is needed

Walker, this conference
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Impact of the W-, Z-data

u=3 GeV, N;=3

0.4 |

[ ABMP16, no W,Z-data
0.3 | ABMP16, no W-data
ABMP16, no Z-data

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

[s(X,10)+ S(X,W) 1/[u(x,1)+ d(X,L1)]

u=3 GeV, N;=3

-
&)

-y

=
%

&
&

W ABMP16, no W,Z-data
=" "] ABMP16, no W-data

&
=

0.2 | ~~~~~| ABMP16, no Z-data
0 L ! Lol . ! Lol
-3 2 -1
10 10 10

W-, Z-data really control quark disentangling at small x
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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~0.1

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

® ?

13



NOMAD charm data

n=3 GeVv, n=3

P NuTeV/CCFR

7 T

NuTeV/CCFR + NOMAD

60 |

BiiEn ey TuTTEiE |

1
J s, 1)+ 50 p)1dx
K.i‘ (ru?- ) = ul L]

[ i, 2) +dx, 2 dx
0

Integral suppression factor
K (20 GeV*)=0.62+0.04 is obtained

NOMAD NPB 876, 339 (2013)

@ The data on ratio 2p/incl. CC ratio
with the 2 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

Effective nuclear correction

NOMAD
CLELL o ) ] S St g i o CHORUS
0.992
0.99
0.988 |-
0.986 |-

E, (GeV) 14



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.‘[:;) ’

15



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)
16



E&66 data in the test fit

FNAL-E866

data/fit-1

=]

o
[y
I

0.1 -

a0

-0.1 -

0.1 B

0 ABMP shape
-~~~ epWZ shape

2 iy .
) i . = | l

0.05 0.1 0.15 0.2 0.25 0.3
XZ:MuuN s exp(x;)

sa, Bliimlein, Moch PLB 777, 134 (2018)

The E866 data on p/d DY cross sections are sensitive to the iso-spin sea asymmetry

The epWZ shape does not allow to accommodate E866 data: x°/NDP=96/39 versus 49/39

for the ABMP shape;, the errors in epWZ predictions are suppressed at small x, evidently due
to over-constrained PDF shape at small x

17



SeaQuest (FNAL-E906) prospects

® SeaQuest

A EB66

¥  NA5S1
Systematic

)| —— CTi0lo

Preliminary
FY 2015 Data

IIII| TTTNRITIT

~ 03 02 03 0A O 06
Bjorken x

0=

+ E866 data is for Q* = 54 GeV?/c?
+ SeaQuest data has Q* around 29 GeV?/c?
- This differnce should not be significant
» Systematic uncertainty from target contamination and PDF uncertainty

+ Interesting disagreement with E866 at high x

Bryan Kerns APS April Meeting 2016

University of Illinois, Urbana-Champaign

CLOSEX

@ E906 confirms the E866 results at x ~0.1 and continues
the positive trend in the sea iso-spin asymmetry at larger x

@ The existing PDF sets can be consolidated with the E906 data

@ HERMES/COMPASS data confirm the strangeness suppression =

Borsa, Sassot, Stratmann hep-ph/1708.01630

d/u

0 B3 CTu4
C—— MMHTI4
-0.5 NNPDF3.1
i ABMP16
1.5
29 01 02 03 04 05 06 07
X
2 2
nw=29 GeV
.= 100 _
= | |
80 | NNPDF3.1 ‘ ‘
" | ‘ il
20 |
0 ——
-20 | 1 |
|| [
-40 ‘l ‘ | ‘
= I AR
i |
W |
01 02 03 04 05 06 07 08

%0



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 using flexible PDF shape

e FEWZ predictions with CJ15 PDFs miss data at large x ?

n=3 GeV DO (1.96 TeV, 9.7 fb™)

=
S BN AKP
0.8
[———"""] PDFsfitted to W-asymmetry
L CJ15

o
=
T

data-FEWZ 3.1
=
3

pp->W<e'v>X

S
S

iy Y | HHIII
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DO (1.96 TeV, 9.7 tb™)

=
=
wn

g,om i
e s "
Elo.os
=
-«
0.02
0.01 ||
Rl
l | l IR i
-0.01
i 0.5 1 1.5 2 2.5 3I
= s |
DO (1-96 Tev’ 9.7 fb_l)
0.08
B ABMPI5

AV .FEWZ 3.1
= s
4 b4

0.02
0
-0.02
-0.04 [ W e'y {
P1>25 GeV {
-0.06 P{>25 GeV
-0.08 .
0.5 1 1.5 2 2.5 3

Mw
W-asymmetry data go lower that

predictions based on the e-asymmetry

CJ15 shape, u=3 GeV
0.9 r

d/u

0.8 | W-asymmetry, LO
\ W-asymmetry, NLO

0.7 | e-asymmetry, NLO

0.6 |
05 |
04 |
0.3 |
02 |
01| Preliminary P

01 02 03 04 05 06 07 08 09

@ Account of the NNLO corrections moves
large-x d/u downwards

@ e-asymmetry data prefer even lower d/u

¢ agreement with AKP results at large x;

further comparison of deuteron correction
IS underway

20
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Inclusive jets

Impact of jets in DIS

Dijets

H1 HERA Il phase space

H1 HERA-II phase space

oA 16<02<226ev2

v\ 7<P;<11GeV

16 < 02 <22 GeV2

‘ 7 <(P;)<11GeV

—_
[4)]

—_
o

400 < Q% < 700 GeV?
30 < PT < 50 GeV

400 < Q% < 700 GeV? |

30 <(P;) <50 GeV
—NNLO - -NLO - LO

., B=NNLO u_ variation (0.5.2)’

" H1and NNLOJE T

0.2 05 2 4
A / Q2+F’.2|.

a (M )=1142(28) (NNLO)

0.010,_=20 GeV)

Xg(x

H1 EPJC 77,791 (2017)

T

PDF+a fit

| Correlation of o (m,) and gluon density
| JH1PDF2017 -- Fit without jet data

NNPDF3.1
L .
a by
i - + d
68% C.L. of
[E H1 anld NNLOJET Hlessian errors
0.11 0.12
og(m,)
o, determinations in NNLO H1ans NNLOJET
ABM ———
ABMP —e—i
BBG —
HERAPDF2.0Jets ¢ NLO} .
JR .
NNPDF —e—i
MMHT -

Pre-average DIS pogle) ————

H1PDF2017 —— -
HidJets (i>2m,) —e—
H1iJets (i>28Gev) ———i
H1idets (i>42Gev) ———————
World average poaie ——
1 1 [ 1 1 1 L | 1 1 1 L | 1 1 J
0.11 0.115 0.12
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Jets 1n proton-(anti)proton collisions

Problem of scale choice:

Gehrmann-de Ridder, this conference

ABMp;gT14 HE’?ApMMHTgAg}’?DFQ :

H1 H1
ZEUS % ZEUS
w
«~ STAR S STAR
3 3
& CDF - CDF
a Z
DO E DO
>
ATLAS W ATLAS
CMS CMS
ABrym CTy, HER, M N,
PDF set Brizger et al., hep-ph/1712.00480
ATLAS ATLAS, 0,5 | ATLAS, 044 CMS

R=04[350.8 (333.7)

183.1 (170.7)

128.4 (122.2)

R=05

101.7 (163.4)

R =0.6 | 304.0 (264.0)

178.8 (148.9)

128.9 (115.7)

R=10F

200.1 (175.2)

i Gluon (NNLO), Q2 = 104 GeV?

MMHT (no jets) —
10 + LHC —
Tevatron ——

- Tevatron + LHC ——

Fotat bl datate b Lttt b bttt b L S

Thorne DIS2018

PDF set

Error de-correlation
reduces X°

Jet radius sensitivity: Moch, this conference

Tevatron and LHC data pull gluon in different directions
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Impact of t-quark data

ATLAS, dilepton + b-jet(s)
[PLB 761, 136 (2016)]

CMS, dilepton + b-jet(s)
[arXiv:1611.04040]
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
[JTHEP 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 --> puvX
[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 + T --> hadrons
[EPJC 74, 2386 (2013)]

ATLAS, all-jets

o(ttX)

-
.-

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, eu
[CMS-PAS-TOP-16-015]

CDF&DO, combined
[PRD 89, 072001 (2014)]
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160

159
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. NLO
o[L__]NNLO

0.112 0.114 0.116

NNLO, global fits, LHC

0.118 0.

sa, Bliimlein, Moch hep-ph/1803.07537

12 0.122 0.124
o (n.=5.M..)

13 TeV

1.2

LI L1

—
iy
o

y

—_—
—h

LI 111

% + top-quark differential

LA B R |

—
o
(3]

IIII1

=
©
o

Gluon - Gluon Luminosit

o
[{e]

1II|IIII|IIII|II

0.85

AR |

L 1 i 1 L L

(=]
]

-1

=08 =0.6

-0.4

=02 " © 0.2

04 Oe 0.8

3
M, (GeV ) '°

1 Czakon et al., JHEP 1704, 044 (2017)

data/Hathor-1

fastNLO
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Summary and outlook

@ Steady improvement in the quark PDFs’ determination due to DY LHC data
— disentangling d- and u-quark distributions at small x
— improvement in the large-x d- and u-quark distributions: impact of the

forward LHC and Tevatron data; no enhancement in d/u at large x is
observed

— somewhat enhanced strange distribution at small x, however,
the large-x enhancement reported by ATLAS seems to be an artifact
of the PDF shape used
@ The HERA inclusive and semi-inclusive data allow to distinguish between
the FFN and VFN factorization schemes in DIS. The FFN scheme provides
nice agreement with existing data and

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

in a good agreement with other determinations.

@ Jet and t-quark data are emerging at NNLO fits due to fast progress of the
the computational tools.
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EXTRAS



The ABMP16 fit ingredients

QCD:
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
DATA:
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
Power corrections:
target mass effects

) . sa, Bliimlein, Moch, Placakyté PRD 96, 014011 (2017)
dynamical twist-4 terms
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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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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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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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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)




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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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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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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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

0.35 : 1 1 1 | I I | | 1 I | 1 :
03 E (xV(u°)) at u°=4GeV? =
- ; A :
025 [ ] % ﬁ ? qa@ =
C I ¢ m

Q2 niEn =
o Hi T .- &
e ETMCn=2 =

~ E *ABMP16 ETMC n=2+1+1 :
005 EF 0CT14 OMMHT14 aNNPDF3.0
O : | | | | I | | | | I | | :

o

0.05 0.1
2
mZ (GeV?)



m(m,) (GeV)

my = 129.6GeV + 1.8x

167

166

165

164

163

162

161

160

159

158

157

m(m )=160.9+1.1(exp.) GeV

Electroweak vacuum stability

0.9

s

0.08
0.06

0.04
0.02

|

-0.02

0.112 0.113

0.114 0.115 0.116 0.117 0.118 0.119 0.12
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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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

P —mqg — X(p,myg)

.-)_, 42
pe=myg

at the production threshold

0.6
0.5
0.4
0.3
0:2
0.1

0

1
4

Fuu FF + Z q(iD —mq)q

flavors

v, iy ST

Q 0.95 -

0.90

q 0.85 |

0.80 -

075 /1

running mass

v(as)m(p)

T

T T L] T ] T L] L]

[
charm (ABKM_3 NNLO) LO
=10 GeVz, X = 10_3

Q% +4mg2 NNLO

Lz |

approx

T

2 ()
p=——miu) =
dp?

T : : I 1 I 1 1 1 1 I L I 1 I I ] L :
—: 0.6 F F,°™™ (ABKM_3 NNLO) LO E
E 05 EQf=10GoV , x=10" =

- E 1P =Q%+4m2 NNLO,_,ox
- 03 F =
= 02 F =
= 01 [ -

1 : O : 1 1 I 1 1 1 1 I L 1 1 1 I [ ] L :

1 1.5
pole mass m_ (GeV)

15

running mass m_(m,) (GeV)

sa, Moch PLB 699, 345 (2011)
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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 i



