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Inputs to current global PDF fits

e W/Z Drell-Yan

* Jets

* Top-antitop

------- and combinations -- like ratios t-tbar/Z, or ratios at different c.m energies

Further ideas

* Boson+jet, boson pt

* Boson +heavy flavour

* Direct photon

* Open charm and beauty



Exp. (hs, Ref. Ndnt King Kina [(GeV) Theory
W, Z 2010 [49] 30 (30,/30) 0<|m| <32 Q= My Mz MCFM-+FEWZ
W, Z 2011 (*) [72] 34/ O0<|m| <23 Q= My Mz MCFM-+FEWZ
high-mass Y 2011 [50] 11 (5/5) 0<|mq <21 116 < My < 1500 MCFM+FEWZ
low-mass I 2011 (*) [77] 6 (4,/6) 0<|m <21 14 < My < 56 MCFM-+FEWZ
[Z pr T TeV {p‘?f,y;_r.:jl (*) [T8] 64 (39,39 0<|yz| =25 30 < p% < 300 HMCFM+NNLO
ATLAS £ pr 8 TeV (p{i My) (*) [71] 64 (44/44) 12 = My < 150 GeV 30 < p% < 000 HMCFM+NNLO
£ pr B TeV {p{.yﬂ (*) [71] 120 (48/48) 0.0 < |yz| < 2.4 30 = p‘}f < 150 MCFM+NNLO
T TeV jets 2010 [67] 00 (90,907 0< |yj'“| < 4.4 25 < pﬂ}fl < 1350 NLDjet++
2.76 TeV jots [58] 50 (50/59) 0 < |yi=t| < 4.4 20 = pJF“ < 200 NLDjet++
T TeV jets 2011 (*) [T6] 140 (31,/31) 0 < |yi=t| < 0.5 108 = pJF“ < 1760 NLDjet++
Tt [ L) [T4, T 3(3/3) - Q=my top++
(1 /o )dott) fue (*) [73] 10 (10/10) 0 < we| < 2.5 = my Sherpa+NNLO
W electron asy [52] 11 (11/11) 0<|ne| =24 = Mw MCFM-+FEWZ
W muon asy [53] 11 (11/11) 0= | <24 = Mw MCFM-+FEWZ
W + ¢ total [GO] 5 (5/0) 0<|m| <21 = Mw MCFM
W + ¢ ratio [GO] 5 (5/0) 0<|m| <21 = Mwr MCFM
2D DY 2011 7 TeV [54] 124 (BB/110) 0< || =22 20 < My < 200 MCFM+FEWZ
OMS [2D DY 2012 8§ TeV] [B4] 124 (108,/108) 0<|mu| <24 20 < My < 1200 MCFM-+FEWZ
W rap 8 TeV (*) [79] 23 (22/22) 0<|m| <23 Q= Mw HCFM+FEWZ
Z pr 8 TeV (*) [23] 50 (28,/28) 0.0<|yz| <186 30 < p% < 170 HMCFM+NNLO
T TeV jets 2011 [59] 133 (133,/133) 0= |yj'“| < 2.5 114 = pJF“ < 2116 NLDjet++
276 TeV jets (*) [=0] B1 (21/81) 0 < |yjet]| = 2.8 B0 < 3:9}5" < 57T NLOjet++
Tt [ L) [B2, B8] 3(3/3) - Q=my top++
(1o )do(tt) fug (*) [81] 10 (10/10) —2.1 <y < 2.1 Q= my Sherpa+NNLO
Z rapidity 940 pb [65] O (9/9) 20<=m <45 =Mz MCFM+FEWEZ
LHCh Z — ee rapidity 2 fb [56] 17 (17/17) 20=m <45 Q=Mz HCFM-+FEWZ
W, 2 —p 7 TeV (*) [85] 33 (33/29) 20<=m <45 Q= My Mgz MCFM+FEWEZ
W, Z — p 8 TeV (*) [86] 34 (34,/30) 20<=m <45 Q= My Mgz MCFM+FEWEZ



ATLAS inclusive W and Z

W,Z and Drell-Yan distributions

differential distributions

arXiv:1612.03016
Very high preC|S|on

E 45 T L I —— T - 3

= vr ATLAS . Z/y - I I ]

= - \s= 7 TeV,4.6fb 46 < m, < 66 GeV

D 4 Py >20GeV |

'8 o Inl<2.5 |

35— : ]

r#, . W ]

F +‘¢¢ %4# ¥ v% 5 ]

3 - -

[ e Data ]

25 « pewnz -

L & CTi4 7

[ O HERAPDF2.0 E

C ¢ JR14 .y —

C ncorr. uncertainty i

F A MMHT2014 . d

o I Total uncertainty O, _|

1.5 > NNPDF? o luminosity excluded (+ 1.8%) *

by PSS S N S T N N S T N PR T
© = —————— -
£ 1.05¢ 3 : e
e ¥ :

F
[=]
@
=
'_

| ATLAS
- 1s=7TeV, 461"

[=2]
a
[=]

doid| [pb]

: A
6001‘ _ iﬁw

=

=

550
- + +
L o Daa W™ > |
500 * Asmiz Py, >25 GeV
& CT14 p,, >25GeV
| O HERAPDF2.0 m; > 40 GeV
L ¢ JRi4
L —— Uncorr. uncertainty
450 L A MMHT2014 0 Total uncertainty
| 4 NNPDF3.0

\\\Awwwwl\

luminosity excluded (i 1 B/)

T R

IJI‘\I\\ILIII

1.05:—1"‘1"

lY’.

i

b AL
o.QQMMMfMF —m wwm T

Theory/Data

0 05 1 1.5

2

'25

fn

o W: Total (0.6-1.0%), multijet background (0.3-0.7%)
o / Central: Total (0.4%), reconstruction efficiency (0.2-0.3%)
@ / Forward: Total (2.3%), identification efficiency (1.5%)

@ 1.8% luminosity uncertainty
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It reduces the
uncertainties on the
strange sea- as well as
pulling up its absolute
value at low-x.

It also reduces valence
uncertainties




NNLO, Q = 100 GeV (s +3)/(@+d) (NNLO), Q2 =1.9GeV?2
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NNPDF and MMHT both see larger strangeness when using ATLAS W,Z data

ATLAS precision W,Z data are compatible with earlier CMS 7 and 8 TeV W data

arXIV: 1312.6283,1603.01803

There is mild tension with CMS 7 TeV double differential Drell-Yan Z/y* (arxiv:1310.7291)—

BUT these data are also compatible with a higher than conventional strangeness fraction-
NNPDF 3.1 collider PDFs use HERA+ CMS, ATLAS LHCb and Tevatron data to obtain strange to light quark
ratio, Rs=0.82+0. 18 at x=0.023, Q2=2 GeV?, where conventional values have been Rs~0.5

CAN one improve in future?— maybe at high rapidity

ATLAS peak W,Z data has already reached systematic uncertainties of ~¥0.5%, experimental
improvement unlikely and this is already challenging NNLO calculations-need beyond fixed
order when data are cut in pt?

Furthermore, the reach to lower x at 13,14,27 TeV brings more theoretical challenges- need

for In(1/x) resummation- see arXIV:1710.05935 c




ATLAS 8 TeV high-mass Drell-Yan and the photon PDF arXiv:1606.01736
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LHCb W,Z data probe a different kinematic region to both lower and higher-x values
Their impact is mostly seen on high-x quarks. Low-x can present theoretical challenges

MNMNPDF3. 1 NNLO, Q=100 GeV

Parton momentum fraction x

Off-peak Drell-Yan can still improve both statistically and 5 B8
systematically- and there is greater reach to low and high-x 1os
from HE running 5
BUT low-mass brings the low-x theory challenges-In(1/x) 2095

resummation etc e
This also affects the LHCb data, NOTE the low- and high-x R
regions are of course coupled- both come from high rapidity
High-mass requires good understanding of the NLO-EW
corrections and photon PDF (considerable recent progress)




Jet distributions

197 fb~1 (8 TeV)
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o Strong improvement of gluon distribution, precise o extraction:
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o Ratios 2.76/8, 7/8 available: partial
reduction of uncertainties

Ratios of 2.76 and 7 TeV data were
already used by ATLAS: arXiv:1304.4739

(scale)



New ATLAS jet production data at 8 and 13 TeV (Older at 7 TeV, inclusive dijet,trijet)
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State of the art prediction only just becomes NNLO- many studies still at NLO

Large x2 when fitting different rapidity bins simultaneously for all inclusive jet samples at NLO.
This has been found both by ATLAS and by global fitters

Much work on considering realistic de-correlations for 2-point systematics and on alternative
scale variations choices and one still obtains x2/ndp ~ 260/159.

BUT NNLO can describe the data better?....



There is progress on the NNLO corrections- scale choice matters.
P_et as the scale choice and larger cone size R=0.6, gives the most compatible results

NLO/Data vs NNLO/Data
@ NNLO (n = p'ft) describes the data within uncertainties

e exceptat |y| - igh-
@ NNLO (1 = pr™") overestimates the measured cross-section
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Can one improve in future ?
There is concern about data consistency in jets, both between rapidity bins within ATLAS
and between ATLAS and CMS, for which more data is always helpful.
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Since jet data do not suffer from lack of statistics this points up the fact that it is data
systematic uncertainties which really matter. More data always helps us to improve
systematics but it is not easy to quantify this.

NNLO calculations have already improved the description of data, experimentalists would like
clarity on scale choice
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Top distributions

CMS have recently (arXiv:1703.01630) presented double differential top distributions in mass
and rapidity of the t-tbar pair
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When input to a PDF fit these double differential is much more constraining than the single

BUT analysis can only be done at NLO presently since there are no predictions at NNLO for the
double differential distributions

CMS top data at 5 TeV (27pb-1) are also coming CMS —PAS TOP-16-023
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NNLO predictions are now available for ATLAS (1511.04716) and CMS (1505.04480) 8 TeV lepton +jets
single differential distributions (arXiv: 1611.08609 and 1704.08551). EW corrections arXiv:1705.04105.
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There are several distributions that
constrain the high-x gluon:

mass t-tbar, rapidity t-tbar, rapidity-top
and pt-top

Both normalised and absolute spectra
have been compared to various PDFs

There are some issues:

1. The CMS and ATLAS data are not
always consistent with each other
for the same spectra- and nor are
their uncertainty estimates

2. Within the experiments the
different spectra are not
consistent with each other E.g---
for ATLAS M-tt wants a harder
gluon, Y-tt wants a softer gluon
CMS data gives similar
inconsistencies

3. To fit more than one spectrum at
a time one needs statistical

correlation matrices
12
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Simultaneous analyses of different data sets:
ATLAS measurement of inclusive t-tbar to Z cross-sections at 7, 8 and 13 TeV

(arXiv:1612.03636) With accounting for correlations between them
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[ [ZZ]HERA + CMS jets 8 TeV } i
12| EZJHERA+CMSW 8 Tev + - Can one improve in future?
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We can have more clever ideas like taking ratios of
different quantities
And ratios of different CM energies
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Boson (W,Z or y) +heavy flavour distributions
Measurement of associated Z + charm production [CMS-PAS-SMP-15-009]

@ Measurement at 8 TeV, L — 19.7 fb~!
@ Cross section of Z + ¢ and ratio Z + ¢/Z + b as function of pr

e Important for searches beyond SM, sensitive to possible intrinsic charm

CMS Preliminary 197" (fs=8TeV) CMS Preliminary 19.7 " (Vs =8 TeV)
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Z +c data is not yet very discriminating

There is also VERY RECENTLY y+c/b — ATLAS arXIV:1710.0 0560 which favours a 5-flavour
scheme vas 4-flavour. However it is not discriminating against different intrinsic charm models,
see back-up 15



Measurements of W+c¢ from ATLAS and CMS

arXiv: 1402 6263
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Boson (W,Z) +jets distributions

There are now NNLO predictions for Z +jets, Zpt and
W+jets arXIV: 1607.01749, 1605.04295

There is new data— and more in the pipeline.

The data on Zpt or ZO* is very accurate —and have

stimulated these developments, which even aim to
cover quite low pt — impact on fits is not large so far
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The data on Z+jets and W+jets is much less
accurate and can improve in future
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Direct photon production

(1] [ T T T s [ T T R ]
S [ ATLAS 1F NLO QCD (JETPHOX): w:f
S [ 1s=13TeV,3.21" 1t == MMHT2014

S [ --luminosity uncertainty 1[ e CT14 ]
D o 1 NNPDF3.0 y
l,_ | 1LC T 1 4

and 13 TeV arXiv: 1701.06882

_ wa | ]  Direct photon data were abandoned in PDF
oo *DAA(TI08) [ oDat(06<I<137) 1] fits more than 15 years ago due to lack of

: 1 71 theoretical understanding. It has now been
([ =Data (1.56<n'l<1.81) {pobaa(181<hi23n) 1 aaplished that at collider energies these

1 datacan give useful information on the gluon
] Studies at NLO have been done, but there are
now NNLO predictions arXiv: 1701.06882

4 _ﬂ»_% There is new data at 8 TeV arXiV:1704.03839
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Summary: where can we improve in future?

* W,Z and Drell-Yan distributions — sensitivity to valence quarks, strangeness, photon PDF
ATLAS peak W,Z data has already reached systematic uncertainties of ~0.5%, experimental
improvement unlikely and this is already challenging NNLO calculations

The reach to lower x at 13,14,27TeV brings more theoretical challenges- need for In(1/x)
resummation- see arXI1V:1710.05935

Off-peak Drell-Yan can still improve BUT low-mass brings the same low-x challenges.

This also affects the LHCb data

And high-mass requires good understanding of the NLO-EW corrections and photon PDF

* Inclusive, di-jet and tri-jet distributions------ sensitivity to gluon

Already challenging theoretical understanding -NNLO is needed but scale choice is still an issue
* Top-antitop distributions —sensitivity to gluon

NNLO calculations already required, data can also improve (data consistency?)

Combinations of types of data and different beam energies —accounting for their correlations-
can help

For all of these below: precision of the data can improve
* W/Z +jets ----—-- sensitivity to gluon- so far limited, can improve
* W,Z/y +heavy flavour -sensitivity to strangeness and intrinsic charm- can improve

* Direct photon------- sensitivity to gluon—studies needed
19
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(s+3)/(U+d)(x,Q7)
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ATLAS new W,Z data are compatible with earlier CMS 7 and 8 TeV W data
There is mild tension with CMS 7 TeV double differential Drell-Yan— these data also
favour a higher than conventional strangeness fraction.

PDF set R.(0.023.2 GeV?) | R,(0.013, M32)
NNPDF3.0 0.4740.09 0.7940.04
NNPDF3.1 0.6140.14 0.8340.06
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ATLAS W, Z 2011 xFitter (Ref. [72]) 1.1370h 1,05 +0.64

Collider data means CMS ATLAS and Tevatron data-

1 1.1
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There is also 13 TeV data from 2015/2016

W/Z ratios are lower than most predictions — as you would expect if more strangeness is
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There is also CMS 8 TeV Z/y* double differential
Drell-Yan data (arXiv:1412.1115). However these

data have very poor x2/ndp~3.3 These data do not

have a big pull on PDF fits
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Gluon including ATLAS jet data at NLO and NNLO MMHT 7 TeV study-gives slightly
softer high-x gluon

0 Gluon (NLO), percentage difference at Q2 = 104 GeV? 10 Gluon (NNLQ), percentage difference at Q? = 10* GeV?
MMHT2014 + HERA IT — __-': MMHT2014 + HERA IT ——
_ MMHT (ATLAS jets) 5 MMHT (ATLAS jets) - - -
MMHT (ATLAS jets 21,62) - - - I | MMHT (ATLAS jets 21,62) —
MMHT (no ATLAS jets) e,
0 e L o === e beats e
-5 -5l
:\
_6[] PR | N | PR | M 1A 11% _aﬂn Ll P | T | e Al
20001 0.001 0.01 0.1 0001 0.001 0.01 0.1
£ €

The effect on the best fit gluon is noticeable, but within (or at boundary)
of uncertainties. Softer at very high z.

Adding jet data to HERAPDF2.0 shows great consistency between the jets (apart from CMS 7 TeV)
ATLAS jets in this figure is 7 TeV inclusive
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These spectra cannot be fitted at the same time because a statistical covariance matrix does

not exist— although the systematic shift information IS provided

NNPDF have made fits and concluded that not only do CMs and ATLAS not agree so well but
that also WITHIN an experiment the different spectra do not agree so well.

The chose to fit y_t from ATLAS and y_tt from CMS
When they do this they do NOT describe the other spectra very well
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arXiV:1710.09560 ATLAS y+c and y+b at 8 TeV
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Boson (W,Z) +jets distributions

There are now NNLO predictions for Z +jets, Zpt and
W+jets arXIV: 1607.01749, 1605.04295
There is new data— and more in the pipeline
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Open charm and beauty production from LHCb added to HERA data
arXiv:1503.04581

Improves uncertainty on low-x gluon.
But this is a theoretically contentious region

PROSA NLO FFNS fit
12=10 GeV’
[ HERA DIS

HERA DIS + LHCb abs
— HERA DIS + LHCb norm
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