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• The ‘Post-Run I’ set from the 
MSTW, MMHT… group: 
MSHT20.

• Focus on including significant amount of new 
data, higher precision theory and on 
methodological improvements.
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• More recent major update: extended to (approximate) N3LO order.

• Will discuss here on a selection of follow up studies related to the high     
region, at both NNLO and aN3LO.

• Main Focus: analysis of jet and dijet data at NNLO and aN3LO - impact 
on PDFs and strong coupling determination.

2

<latexit sha1_base64="QlDqad8SIGsGZ8hoeAIWBrNWP4k=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr4OHgBePCZgHJEuYnXSSMbOzy8ysGJZ8gRcPinj1k7z5N06SPWhiQUNR1U13VxALro3rfju5ldW19Y38ZmFre2d3r7h/0NBRohjWWSQi1QqoRsEl1g03AluxQhoGApvB6HbqNx9RaR7JezOO0Q/pQPI+Z9RYqfbULZbcsjsDWSZeRkqQodotfnV6EUtClIYJqnXbc2Pjp1QZzgROCp1EY0zZiA6wbamkIWo/nR06ISdW6ZF+pGxJQ2bq74mUhlqPw8B2htQM9aI3Ff/z2onpX/spl3FiULL5on4iiInI9GvS4wqZEWNLKFPc3krYkCrKjM2mYEPwFl9eJo2zsndZvqidlyo3WRx5OIJjOAUPrqACd1CFOjBAeIZXeHMenBfn3fmYt+acbOYQ/sD5/AHnq40A</latexit>x

See my talk tomorrow!



Jets and Dijets in MSHT20
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Jets for PDF fits
• Jet production a key ingredient in modern PDF fits.

Figure 4: Typical kinematical coverage in the (x,Q2) plane for the datasets included in a global analysis, in this case
NNPDF3.1. For hadronic observables, leading order kinematics are assumed to map each data bin to a pair of (x,Q2)
values. The various datasets are clustered into families of related processes.

is mostly covered by the HERA collider structure functions as well as by some LHC data. The very small–x
region, below the coverage of the HERA data, x . 5 · 10�5, is only accessed via D meson production and
exclusive J/ production in the processes listed above.

In the rest of this section, we discuss in turn the various processes that can be used to constrain the parton
distributions in a global analysis, listed in Table 1. We restrict the discussion to theoretical calculations
based on fixed–order perturbative QCD, see Refs. [170–172] and [173] for studies of the impact of the PDF
fit of theory calculations based on all–order resummations of logarithmically enhanced terms at small-x and
large–x respectively.

3.2. Deep-inelastic scattering
PDF sensitivity

Before the establishment of QCD as the renormalizable quantum field theory of the strong interaction,
the results of DIS experiments were interpreted in the context of the so–called quark parton model. In this
model, the proton is composed of non–interacting, co–moving quarks, each of them carrying a given fraction
x of its total momentum. In this case the DIS structure functions have particularly simple expressions in
terms of the PDFs. Moreover, in this model the PDFs have a simple probabilistic interpretation, with qi(x)�x
giving the probability of finding a quark of flavour i inside the proton carrying a momentum fraction in
the range [x, x + �x]. The expressions of the DIS structure functions in the quark parton model therefore
provide a useful way to illustrate the PDF sensitivity of this process.
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• By pushing to larger jet       (dijet        ) go to larger    .

• Quark-initiated contribution tends to be better constrained        
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High p?, mjj
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• NNLO QCD (and NLO 
EW) theory available for both 
inclusive and dijet data.

• In addition, high precision 
LHC data available, spanning 
large range of kinematic space.

!
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Jets in MSHT20

Data set NLO NNLO
ATLAS W

+, W�, Z [119] 34.7/30 29.9/30
CMS W asym. pT > 35 GeV [155] 11.8/11 7.8/11
CMS asym. pT > 25, 30 GeV [156] 11.8/24 7.4/24
LHCb Z ! e

+
e
� [157] 14.1/9 22.7/9

LHCb W asym. pT > 20 GeV [158] 10.5/10 12.5/10
CMS Z ! e

+
e
� [159] 18.9/35 17.9/35

ATLAS High-mass Drell-Yan [160] 20.7/13 18.9/13
CMS double di↵. Drell-Yan [72] 222.2/132 144.5/132
Tevatron, ATLAS, CMS �tt̄ [93]- [94] 22.8/17 14.5/17
LHCb 2015 W , Z [95, 96] 114.4/67 99.4/67
LHCb 8 TeV Z ! ee [97] 39.0/17 26.2/17
CMS 8 TeV W [98] 23.2/22 12.7/22
ATLAS 7 TeV jets [18] 226.2/140 221.6/140
CMS 7 TeV W + c [99] 8.2/10 8.6/10
ATLAS 7 TeV high precision W , Z [20] 304.7/61 116.6/61
CMS 7 TeV jets [100] 200.6/158 175.8/158
CMS 8 TeV jets [101] 285.7/174 261.3/174
CMS 2.76 TeV jet [107] 124.2/81 102.9/81
ATLAS 8 TeV Z pT [75] 235.0/104 188.5/104
ATLAS 8 TeV single di↵ tt̄ [102] 39.1/25 25.6/25
ATLAS 8 TeV single di↵ tt̄ dilepton [103] 4.7/5 3.4/5
CMS 8 TeV double di↵erential tt̄ [105] 32.8/15 22.5/15
CMS 8 TeV single di↵erential tt̄ [108] 12.9/9 13.2/9
ATLAS 8 TeV High-mass Drell-Yan [73] 85.8/48 56.7/48
ATLAS 8 TeV W [106] 84.6/22 57.4/22
ATLAS 8 TeV W + jets [104] 33.9/30 18.1/30
ATLAS 8 TeV double di↵erential Z [74] 157.4/59 85.6/59
Total 5822.0/4363 5121.9/4363

Table 7: The values of �2/Npts. for the LHC data sets included in the global fit and the overall global
fit �2/N at NLO and NNLO. The corresponding values for the non-LHC data sets are shown in Table 6,
and the total value corresponds to the sum over both tables.
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• Range of inclusive 
LHC jet data fit:

• PDF impact tied up 
with other high    gluon 
sensitive data….
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� [159] 18.9/35 17.9/35

ATLAS High-mass Drell-Yan [160] 20.7/13 18.9/13
CMS double di↵. Drell-Yan [72] 222.2/132 144.5/132
Tevatron, ATLAS, CMS �tt̄ [93]- [94] 22.8/17 14.5/17
LHCb 2015 W , Z [95, 96] 114.4/67 99.4/67
LHCb 8 TeV Z ! ee [97] 39.0/17 26.2/17
CMS 8 TeV W [98] 23.2/22 12.7/22
ATLAS 7 TeV jets [18] 226.2/140 221.6/140
CMS 7 TeV W + c [99] 8.2/10 8.6/10
ATLAS 7 TeV high precision W , Z [20] 304.7/61 116.6/61
CMS 7 TeV jets [100] 200.6/158 175.8/158
CMS 8 TeV jets [101] 285.7/174 261.3/174
CMS 2.76 TeV jet [107] 124.2/81 102.9/81
ATLAS 8 TeV Z pT [75] 235.0/104 188.5/104
ATLAS 8 TeV single di↵ tt̄ [102] 39.1/25 25.6/25
ATLAS 8 TeV single di↵ tt̄ dilepton [103] 4.7/5 3.4/5
CMS 8 TeV double di↵erential tt̄ [105] 32.8/15 22.5/15
CMS 8 TeV single di↵erential tt̄ [108] 12.9/9 13.2/9
ATLAS 8 TeV High-mass Drell-Yan [73] 85.8/48 56.7/48
ATLAS 8 TeV W [106] 84.6/22 57.4/22
ATLAS 8 TeV W + jets [104] 33.9/30 18.1/30
ATLAS 8 TeV double di↵erential Z [74] 157.4/59 85.6/59
Total 5822.0/4363 5121.9/4363

Table 7: The values of �2/Npts. for the LHC data sets included in the global fit and the overall global
fit �2/N at NLO and NNLO. The corresponding values for the non-LHC data sets are shown in Table 6,
and the total value corresponds to the sum over both tables.
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<latexit sha1_base64="aLmw6kAKRItvXUmYIrqBUuWSRzM="></latexit>

NNLO, �2/Npt

5

• Fit quality acceptable. N.B. For ATLAS data smooth decorrelation of 
systematic errors applied.



MSHT20 updates: Jet data

★ CMS 2.76 TeV:   81 points — 5.43           — 

• Focussing on Run-I data (i.e. current PDF fits):

• Inclusive jets:
<latexit sha1_base64="VCBeqEH3VbrtHI0GyAS2DSmlQEQ=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwY0hiaCu4KLhxWcE+oI1lMp20Q2eSODMplJDvcONCEbd+jDv/xklbQUUPXDiccy/33uPHjEplWR9GYWV1bX2juFna2t7Z3SvvH7RllAhMWjhikej6SBJGQ9JSVDHSjQVB3Gek40+ucr8zJULSKLxVs5h4HI1CGlCMlJa8tC84jP3sLj2zs0G5YpkX9arjVqFlWlbNduycODX33IW2VnJUwBLNQfm9P4xwwkmoMENS9mwrVl6KhKKYkazUTySJEZ6gEelpGiJOpJfOj87giVaGMIiErlDBufp9IkVcyhn3dSdHaix/e7n4l9dLVFD3UhrGiSIhXiwKEgZVBPME4JAKghWbaYKwoPpWiMdIIKx0TiUdwten8H/Sdky7ajo3bqVxuYyjCI7AMTgFNqiBBrgGTdACGNyDB/AEno2p8Wi8GK+L1oKxnDkEP2C8fQLDxZIY</latexit>

pb�1 <latexit sha1_base64="c3iOuW3cwmrg3jzhSDaqhzx7pL4=">AAACBHicdVDLSgMxFM3UV62vqstugkVwIcO01Fahi4ILXVawD+iUkklv29DMTEgyQhm6cOOvuHGhiFs/wp1/Y6YPUNEDl3s4516SezzBmdKO82mlVlbX1jfSm5mt7Z3dvez+QVOFkaTQoCEPZdsjCjgLoKGZ5tAWEojvcWh548vEb92BVCwMbvVEQNcnw4ANGCXaSL1srlKqip4rQApcxWcXRfc0dqWPr6A57WXzjl12EmDHLi1JcU4K9qw7ebRAvZf9cPshjXwINOVEqU7BEbobE6kZ5TDNuJECQeiYDKFjaEB8UN14dsQUHxuljwehNBVoPFO/b8TEV2rie2bSJ3qkfnuJ+JfXifTgvBuzQEQaAjp/aBBxrEOcJIL7TALVfGIIoZKZv2I6IpJQbXLLmBCWl+L/SbNoF8p28aaUr1UXcaRRDh2hE1RAFVRD16iOGoiie/SIntGL9WA9Wa/W23w0ZS12DtEPWO9fzqOWSA==</latexit>

74 < p? < 592GeV

★ CMS 7 TeV:   158 points — 5.0           — 

<latexit sha1_base64="FLRP1dlAKXalla6kbx+8YqigSVs=">AAAB/HicdZDLSgMxFIYz9VbrbbRLN8EiuHHIVKsuuii4cVnBXqAdSibNtKGZC0lGGKb1Vdy4UMStD+LOtzHTTkFFDyT8fP855OR3I86kQujTKKysrq1vFDdLW9s7u3vm/kFbhrEgtEVCHoquiyXlLKAtxRSn3UhQ7LucdtzJdeZ37qmQLAzuVBJRx8ejgHmMYKXRwCwjC8E6nCZTfVet2umZhQZmBVk1lBXU9lLkxM5JBeTVHJgf/WFIYp8GinAsZc9GkXJSLBQjnM5K/VjSCJMJHtGelgH2qXTS+fIzeKzJEHqh0CdQcE6/T6TYlzLxXd3pYzWWv70M/uX1YuVdOSkLoljRgCwe8mIOVQizJOCQCUoUT7TARDC9KyRjLDBROq+SDmH5U/i/aFct+8Kq3p5XGvU8jiI4BEfgBNjgEjTADWiCFiAgAY/gGbwYD8aT8Wq8LVoLRj5TBj/KeP8C+XORvg==</latexit>

0.0 < |y| < 2.5� 3.0

<latexit sha1_base64="69Xj8O2R/eFDZbYcOYxdMo4bcew=">AAACB3icdZDLSgMxFIYzXmu9VV0KEiyCCxnSUlsXXRRc6LKCvUCnlEx62oZmZkKSEcrQnRtfxY0LRdz6Cu58G9MbqOiBkI//P4fk/L4UXBtCPp2l5ZXVtfXURnpza3tnN7O3X9dRrBjUWCQi1fSpBsFDqBluBDSlAhr4Ahr+8HLiN+5AaR6Ft2YkoR3Qfsh7nFFjpU7mqFTAZSw7ngQlLeXPCfHOEk8F+Arq404mS9wimRQmbmEB+Rnk3OlNsmhe1U7mw+tGLA4gNExQrVs5Ik07ocpwJmCc9mINkrIh7UPLYkgD0O1kuscYn1ili3uRsic0eKp+n0hooPUo8G1nQM1A//Ym4l9eKza9i3bCQxkbCNnsoV4ssInwJBTc5QqYESMLlClu/4rZgCrKjI0ubUNYbIr/h3rezRXd/E0hWynP40ihQ3SMTlEOlVAFXaMqqiGG7tEjekYvzoPz5Lw6b7PWJWc+c4B+lPP+BehKls0=</latexit>

74 < p? < 2500GeV

★ CMS 8 TeV:   174 points — 19.7           — 

<latexit sha1_base64="qqw2ZYjfC9Rau99BU0OFHjUhFsM=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwY0hiaCu4KLhxWcE+oI1lMp20Q2eSODMplJDvcONCEbd+jDv/xklbQUUPXDiccy/33uPHjEplWR9GYWV1bX2juFna2t7Z3SvvH7RllAhMWjhikej6SBJGQ9JSVDHSjQVB3Gek40+ucr8zJULSKLxVs5h4HI1CGlCMlJa8tC84DPzsLj2zs0G5YpkX9arjVqFlWlbNduycODX33IW2VnJUwBLNQfm9P4xwwkmoMENS9mwrVl6KhKKYkazUTySJEZ6gEelpGiJOpJfOj87giVaGMIiErlDBufp9IkVcyhn3dSdHaix/e7n4l9dLVFD3UhrGiSIhXiwKEgZVBPME4JAKghWbaYKwoPpWiMdIIKx0TiUdwten8H/Sdky7ajo3bqVxuYyjCI7AMTgFNqiBBrgGTdACGNyDB/AEno2p8Wi8GK+L1oKxnDkEP2C8fQK0V5IO</latexit>

fb�1

<latexit sha1_base64="qqw2ZYjfC9Rau99BU0OFHjUhFsM=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwY0hiaCu4KLhxWcE+oI1lMp20Q2eSODMplJDvcONCEbd+jDv/xklbQUUPXDiccy/33uPHjEplWR9GYWV1bX2juFna2t7Z3SvvH7RllAhMWjhikej6SBJGQ9JSVDHSjQVB3Gek40+ucr8zJULSKLxVs5h4HI1CGlCMlJa8tC84DPzsLj2zs0G5YpkX9arjVqFlWlbNduycODX33IW2VnJUwBLNQfm9P4xwwkmoMENS9mwrVl6KhKKYkazUTySJEZ6gEelpGiJOpJfOj87giVaGMIiErlDBufp9IkVcyhn3dSdHaix/e7n4l9dLVFD3UhrGiSIhXiwKEgZVBPME4JAKghWbaYKwoPpWiMdIIKx0TiUdwten8H/Sdky7ajo3bqVxuYyjCI7AMTgFNqiBBrgGTdACGNyDB/AEno2p8Wi8GK+L1oKxnDkEP2C8fQK0V5IO</latexit>

fb�1 <latexit sha1_base64="wh5g9yZQLbAjex3pRsiV81ZNn4Q=">AAACCHicdZDLSgMxFIYz3q23UZcuDBbBhQyZWqqLLgQXuqxgq9AZSiY91WBmJiQZoQxduvFV3LhQxK2P4M63MdMLqOiBkI//P4fk/JEUXBtCPp2p6ZnZufmFxdLS8srqmru+0dJpphg0WSpSdRVRDYIn0DTcCLiSCmgcCbiMbk8K//IOlOZpcmH6EsKYXie8xxk1Vuq42zWC61h2AglKWvIPCMHBfh6oGJ9Ca9Bxy8SrkaIw8aoTqIzA94Y3KaNxNTruR9BNWRZDYpigWrd9Ik2YU2U4EzAoBZkGSdktvYa2xYTGoMN8uMgA71qli3upsicxeKh+n8hprHU/jmxnTM2N/u0V4l9eOzO9ozDnicwMJGz0UC8T2KS4SAV3uQJmRN8CZYrbv2J2QxVlxmZXsiFMNsX/Q6vi+TWvcl4tH9fHcSygLbSD9pCPDtExOkMN1EQM3aNH9IxenAfnyXl13katU854ZhP9KOf9Czellu8=</latexit>

60 < p? < 1300GeV

★ ATLAS 7 TeV:   140 points — 4.5           — 
<latexit sha1_base64="77GM3BUnNfDVJe6hcVilSE0JVt0=">AAACCXicdZDLSgMxFIYz9VbrrerSTbAILmTIlFJddFFwocsK9gKdUjLpaRuamQlJRihDt258FTcuFHHrG7jzbUxvoKIHQj7+/xyS8wdScG0I+XQyK6tr6xvZzdzW9s7uXn7/oKHjRDGos1jEqhVQDYJHUDfcCGhJBTQMBDSD0eXUb96B0jyObs1YQiekg4j3OaPGSt089gjBFSy7vgQlLRWJFfyz1FchvoLGpJsvELdMpoWJW1pCcQ6eO7tJAS2q1s1/+L2YJSFEhgmqddsj0nRSqgxnAiY5P9EgKRvRAbQtRjQE3Ulnm0zwiVV6uB8reyKDZ+r3iZSGWo/DwHaG1Az1b28q/uW1E9O/6KQ8komBiM0f6icCmxhPY8E9roAZMbZAmeL2r5gNqaLM2PByNoTlpvh/aBRdr+wWb0qFamURRxYdoWN0ijx0jqroGtVQHTF0jx7RM3pxHpwn59V5m7dmnMXMIfpRzvsXoCiXIg==</latexit>

100 < p? < 2000GeV
<latexit sha1_base64="qqw2ZYjfC9Rau99BU0OFHjUhFsM=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwY0hiaCu4KLhxWcE+oI1lMp20Q2eSODMplJDvcONCEbd+jDv/xklbQUUPXDiccy/33uPHjEplWR9GYWV1bX2juFna2t7Z3SvvH7RllAhMWjhikej6SBJGQ9JSVDHSjQVB3Gek40+ucr8zJULSKLxVs5h4HI1CGlCMlJa8tC84DPzsLj2zs0G5YpkX9arjVqFlWlbNduycODX33IW2VnJUwBLNQfm9P4xwwkmoMENS9mwrVl6KhKKYkazUTySJEZ6gEelpGiJOpJfOj87giVaGMIiErlDBufp9IkVcyhn3dSdHaix/e7n4l9dLVFD3UhrGiSIhXiwKEgZVBPME4JAKghWbaYKwoPpWiMdIIKx0TiUdwten8H/Sdky7ajo3bqVxuYyjCI7AMTgFNqiBBrgGTdACGNyDB/AEno2p8Wi8GK+L1oKxnDkEP2C8fQK0V5IO</latexit>

fb�1

★ ATLAS 8 TeV:   171 points — 20.2           — 
<latexit sha1_base64="qqw2ZYjfC9Rau99BU0OFHjUhFsM=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwY0hiaCu4KLhxWcE+oI1lMp20Q2eSODMplJDvcONCEbd+jDv/xklbQUUPXDiccy/33uPHjEplWR9GYWV1bX2juFna2t7Z3SvvH7RllAhMWjhikej6SBJGQ9JSVDHSjQVB3Gek40+ucr8zJULSKLxVs5h4HI1CGlCMlJa8tC84DPzsLj2zs0G5YpkX9arjVqFlWlbNduycODX33IW2VnJUwBLNQfm9P4xwwkmoMENS9mwrVl6KhKKYkazUTySJEZ6gEelpGiJOpJfOj87giVaGMIiErlDBufp9IkVcyhn3dSdHaix/e7n4l9dLVFD3UhrGiSIhXiwKEgZVBPME4JAKghWbaYKwoPpWiMdIIKx0TiUdwten8H/Sdky7ajo3bqVxuYyjCI7AMTgFNqiBBrgGTdACGNyDB/AEno2p8Wi8GK+L1oKxnDkEP2C8fQK0V5IO</latexit>

fb�1 <latexit sha1_base64="byV30M2zWAUTkiiN2wg/NlobN/4=">AAACCHicdZDLSgMxFIYzXmu9VV26MFgEFzKkpbYuuii40GUFe4FOKZn0tA3NzIQkI5ShSze+ihsXirj1Edz5NqY3UNEDIR//fw7J+X0puDaEfDpLyyura+upjfTm1vbObmZvv66jWDGosUhEqulTDYKHUDPcCGhKBTTwBTT84eXEb9yB0jwKb81IQjug/ZD3OKPGSp3MUYngMpYdT4KSlvLnhHhnOPFUgK+gPu5kssQtkklh4hYWkJ9Bzp3eJIvmVe1kPrxuxOIAQsME1bqVI9K0E6oMZwLGaS/WICkb0j60LIY0AN1OpouM8YlVurgXKXtCg6fq94mEBlqPAt92BtQM9G9vIv7ltWLTu2gnPJSxgZDNHurFApsIT1LBXa6AGTGyQJni9q+YDaiizNjs0jaExab4f6jn3VzRzd8UspXyPI4UOkTH6BTlUAlV0DWqohpi6B49omf04jw4T86r8zZrXXLmMwfoRznvXz5GlvM=</latexit>

70 < p? < 2500GeV

724 points in total, v.s. ~ 4500 in global MSHT fit (inc.).!
<latexit sha1_base64="iL0QbFwpJq5JNTK0x4mhnUTHifo=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4KokWH7uiG5cV7APSUCbTSTt0MhNmbpQS+hluXCji1q9x5984SYOo9cCFwzn3cu89QcyZBsf5tEpLyyura+X1ysbm1vZOdXevo2WiCG0TyaXqBVhTzgRtAwNOe7GiOAo47QaT68zv3lOlmRR3MI2pH+GRYCEjGIzk9RUbjQErJR8G1ZpTd3LYi8QtSA0VaA2qH/2hJElEBRCOtfZcJwY/xQoY4XRW6SeaxphM8Ih6hgocUe2n+ckz+8goQzuUypQAO1d/TqQ40noaBaYzwjDWf71M/M/zEggv/JSJOAEqyHxRmHAbpJ39bw+ZogT41BBMFDO32mSMFSZgUqrkIVxmOPt+eZF0Turuab1x26g1r4o4yugAHaJj5KJz1EQ3qIXaiCCJHtEzerHAerJerbd5a8kqZvbRL1jvX9vVkcU=</latexit>

• We take the larger of the jet radii available in both cases, 
i.e. R=0.6/0.7.

<latexit sha1_base64="H5cKzE35AQq7mNIIQ3oWwOonc3I=">AAACEHicdVDLSgMxFM3UV62vqks3wSK6qpMifYCLghuXFewDOrVk0rQNTWZCkhHK0E9w46+4caGIW5fu/Bsz7QgqeiBw7jn3cnOPLznTxnU/nMzS8srqWnY9t7G5tb2T391r6TBShDZJyEPV8bGmnAW0aZjhtCMVxcLntO1PLhK/fUuVZmFwbaaS9gQeBWzICDZW6uePY08JOJjdlDzNRgKfprXse5IqCdNy2s8X3KLrugghmBBUKbuW1GrVEqpClFgWBZCi0c+/e4OQRIIGhnCsdRe50vRirAwjnM5yXqSpxGSCR7RraYAF1b14ftAMHlllAIehsi8wcK5+n4ix0HoqfNspsBnr314i/uV1IzOs9mIWyMjQgCwWDSMOTQiTdOCAKUoMn1qCiWL2r5CMscLE2AxzNoSvS+H/pFUqonKxdHVWqJ+ncWTBATgEJwCBCqiDS9AATUDAHXgAT+DZuXcenRfnddGacdKZffADztsn/fGdNA==</latexit>

d2�/dp?dy
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• Dijets:

★ ATLAS 7 TeV:   90 points — 4.5           — 
<latexit sha1_base64="qqw2ZYjfC9Rau99BU0OFHjUhFsM=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwY0hiaCu4KLhxWcE+oI1lMp20Q2eSODMplJDvcONCEbd+jDv/xklbQUUPXDiccy/33uPHjEplWR9GYWV1bX2juFna2t7Z3SvvH7RllAhMWjhikej6SBJGQ9JSVDHSjQVB3Gek40+ucr8zJULSKLxVs5h4HI1CGlCMlJa8tC84DPzsLj2zs0G5YpkX9arjVqFlWlbNduycODX33IW2VnJUwBLNQfm9P4xwwkmoMENS9mwrVl6KhKKYkazUTySJEZ6gEelpGiJOpJfOj87giVaGMIiErlDBufp9IkVcyhn3dSdHaix/e7n4l9dLVFD3UhrGiSIhXiwKEgZVBPME4JAKghWbaYKwoPpWiMdIIKx0TiUdwten8H/Sdky7ajo3bqVxuYyjCI7AMTgFNqiBBrgGTdACGNyDB/AEno2p8Wi8GK+L1oKxnDkEP2C8fQK0V5IO</latexit>

fb�1

• Again take the larger of the jet radii available in both cases, 
i.e. R=0.6/0.7.

★ CMS 7 TeV:   54 points — 5.0           — 

★ CMS 8 TeV:   122 points — 19.7           — 

<latexit sha1_base64="M37KeWctFGC7AhGkuC5xm4yh0Q8=">AAACCHicdZDLSgMxFIYz9VbrbdSlC4NFcCFDOtTqoouCG5cVeoN2GDJp2qZNZoYkI5ShSze+ihsXirj1Edz5NqY3UNEDIR//fw7J+YOYM6UR+rQyK6tr6xvZzdzW9s7unr1/0FBRIgmtk4hHshVgRTkLaV0zzWkrlhSLgNNmMLqe+s07KhWLwpoex9QTuB+yHiNYG8m3j5HjlmAZCj8dDicGLhxU7JynHSlgjTYmvp1HTglNCyKnuAR3DgVndqM8WFTVtz863YgkgoaacKxUu4Bi7aVYakY4neQ6iaIxJiPcp22DIRZUeelskQk8NUoX9iJpTqjhTP0+kWKh1FgEplNgPVC/van4l9dOdO/KS1kYJ5qGZP5QL+FQR3CaCuwySYnmYwOYSGb+CskAS0y0yS5nQlhuCv+HhusUSo57W8xXyos4suAInIAzUACXoAJuQBXUAQH34BE8gxfrwXqyXq23eWvGWswcgh9lvX8BPWqW9Q==</latexit>

0.26 < mjj < 5.04TeV

<latexit sha1_base64="RPIJoy39mGprJO81Ct0g20vPY/0="></latexit>

d2�/dmjjd|y⇤|

<latexit sha1_base64="VLn/PuVpjj04I2o+zGw8OnfGUd0="></latexit>

d2�/dmjjd|ymax|

<latexit sha1_base64="rPhnsXEGns8OojdIzLFcHFGhPoA="></latexit>

d3�/dp?,avgdybdy
⇤

<latexit sha1_base64="qqw2ZYjfC9Rau99BU0OFHjUhFsM=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwY0hiaCu4KLhxWcE+oI1lMp20Q2eSODMplJDvcONCEbd+jDv/xklbQUUPXDiccy/33uPHjEplWR9GYWV1bX2juFna2t7Z3SvvH7RllAhMWjhikej6SBJGQ9JSVDHSjQVB3Gek40+ucr8zJULSKLxVs5h4HI1CGlCMlJa8tC84DPzsLj2zs0G5YpkX9arjVqFlWlbNduycODX33IW2VnJUwBLNQfm9P4xwwkmoMENS9mwrVl6KhKKYkazUTySJEZ6gEelpGiJOpJfOj87giVaGMIiErlDBufp9IkVcyhn3dSdHaix/e7n4l9dLVFD3UhrGiSIhXiwKEgZVBPME4JAKghWbaYKwoPpWiMdIIKx0TiUdwten8H/Sdky7ajo3bqVxuYyjCI7AMTgFNqiBBrgGTdACGNyDB/AEno2p8Wi8GK+L1oKxnDkEP2C8fQK0V5IO</latexit>

fb�1

<latexit sha1_base64="qqw2ZYjfC9Rau99BU0OFHjUhFsM=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwY0hiaCu4KLhxWcE+oI1lMp20Q2eSODMplJDvcONCEbd+jDv/xklbQUUPXDiccy/33uPHjEplWR9GYWV1bX2juFna2t7Z3SvvH7RllAhMWjhikej6SBJGQ9JSVDHSjQVB3Gek40+ucr8zJULSKLxVs5h4HI1CGlCMlJa8tC84DPzsLj2zs0G5YpkX9arjVqFlWlbNduycODX33IW2VnJUwBLNQfm9P4xwwkmoMENS9mwrVl6KhKKYkazUTySJEZ6gEelpGiJOpJfOj87giVaGMIiErlDBufp9IkVcyhn3dSdHaix/e7n4l9dLVFD3UhrGiSIhXiwKEgZVBPME4JAKghWbaYKwoPpWiMdIIKx0TiUdwten8H/Sdky7ajo3bqVxuYyjCI7AMTgFNqiBBrgGTdACGNyDB/AEno2p8Wi8GK+L1oKxnDkEP2C8fQK0V5IO</latexit>

fb�1

<latexit sha1_base64="94Cz1bS9H7MjvLfZXmIc8PCUvak=">AAACCHicdZDLSgMxFIYzXmu9jbp0YbAILmSYDmPtoouCG5cVeoNOKZk006ZNZoYkI5Rhlm58FTcuFHHrI7jzbUxvoKIHQj7+/xyS8/sxo1LZ9qexsrq2vrGZ28pv7+zu7ZsHh00ZJQKTBo5YJNo+koTRkDQUVYy0Y0EQ9xlp+ePrqd+6I0LSKKyrSUy6HA1CGlCMlJZ65oltOZewAnkvHY0yDa7llr2L1BMc1kkz65kF2yrZ04K25S7BmUPRmt12ASyq1jM/vH6EE05ChRmSslO0Y9VNkVAUM5LlvUSSGOExGpCOxhBxIrvpbJEMnmmlD4NI6BMqOFO/T6SISznhvu7kSA3lb28q/uV1EhWUuykN40SREM8fChIGVQSnqcA+FQQrNtGAsKD6rxAPkUBY6ezyOoTlpvB/aDpWsWQ5t26hWlnEkQPH4BScgyK4AlVwA2qgATC4B4/gGbwYD8aT8Wq8zVtXjMXMEfhRxvsXRrWW+w==</latexit>

0.25 < mjj < 4.48TeV

<latexit sha1_base64="Z2vf2nYaqg4DVfsLN7ozOgayCAI="></latexit>

143 < p?,avg < 1638GeV

266 points in total, v.s. ~ 4000 in global MSHT fit (inc.).!
<latexit sha1_base64="iL0QbFwpJq5JNTK0x4mhnUTHifo=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4KokWH7uiG5cV7APSUCbTSTt0MhNmbpQS+hluXCji1q9x5984SYOo9cCFwzn3cu89QcyZBsf5tEpLyyura+X1ysbm1vZOdXevo2WiCG0TyaXqBVhTzgRtAwNOe7GiOAo47QaT68zv3lOlmRR3MI2pH+GRYCEjGIzk9RUbjQErJR8G1ZpTd3LYi8QtSA0VaA2qH/2hJElEBRCOtfZcJwY/xQoY4XRW6SeaxphM8Ih6hgocUe2n+ckz+8goQzuUypQAO1d/TqQ40noaBaYzwjDWf71M/M/zEggv/JSJOAEqyHxRmHAbpJ39bw+ZogT41BBMFDO32mSMFSZgUqrkIVxmOPt+eZF0Turuab1x26g1r4o4yugAHaJj5KJz1EQ3qIXaiCCJHtEzerHAerJerbd5a8kqZvbRL1jvX9vVkcU=</latexit>
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• CMS 8 TeV data the only cases where this is triple differential. Only 
case where LO kinematics specified       higher impact (backup).<latexit sha1_base64="t5hQwC9H3ozDcdsqdzIgCXLGqt0=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF49V7Ae0oWy2m3bpJht2J0oJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqGZVqxptMSaU7ATVcipg3UaDknURzGgWSt4PxzcxvP3JthIofcJJwP6LDWISCUbRSt3cvhiOkWqunfrniVt05yCrxclKBHI1++as3UCyNeIxMUmO6npugn1GNgkk+LfVSwxPKxnTIu5bGNOLGz+YnT8mZVQYkVNpWjGSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzEScp8pgtFoWpJKjI7H8yEJozlBNLKNPC3krYiGrK0KZUsiF4yy+vktZF1atVL+8uK/VaHkcRTuAUzsGDK6jDLTSgCQwUPMMrvDnovDjvzseiteDkM8fwB87nD5BtkWo=</latexit>)



Fit Quality
• Consider impact of both inclusive or dijet data at NNLO and aN3LO in 
the MSHT20 fit.

Jet fit:

Dijet fit:

Npts NNLO aN
3
LO

ATLAS 7 TeV jets 140 1.54 1.44

CMS 7 TeV jets 158 1.29 1.31

ATLAS 8 TeV jets 171 1.96 1.82

CMS 8 TeV jets 174 1.83 1.82

Total Jets 643 1.67 1.61

Table 1: �
2
breakdown for global fits at NNLO and aN

3
LO including jet and dijet data, as described in the

text. Datasets that are fit are shown in bold, while �
2
comparisons for datasets not included in the fit are not.

The �
2
per point is shown in brackets.

Npts NNLO aN
3
LO

ATLAS 7 TeV dijets 90 1.06 1.12

CMS 7 TeV dijets 54 1.43 1.39

CMS 8 TeV dijets 122 1.05 0.82

Total Dijets 266 1.13 1.04

Table 2: �
2
breakdown for global fits at NNLO and aN

3
LO including jet and dijet data, as described in the

text. Datasets that are fit are shown in bold, while �
2
comparisons for datasets not included in the fit are not.

The �
2
per point is shown in brackets.
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Npts NNLO aN
3
LO

ATLAS Z p? 104 1.89 1.02

Di↵. top 54 1.10 1.06

7 + 8 TeV dijets 266 [1.30] [1.08]

Table 3: �
2
breakdown for global fits at NNLO and aN

3
LO including jet and dijet data, as described in the

text. Datasets that are fit are shown in bold, while �
2
comparisons for datasets not included in the fit are not.

The �
2
per point is shown in brackets.

1

★ NNLO: Fit quality to dijet data very good (1.13), clearly worse for jets (1.67).

★ aN3LO: Some improvement in both cases (1.04, 1.63 for jets, dijets) but 
inclusive jet remains a rather bad fit!

Dijets Jets
*NB we use stat. correlations here. Not included by other groups, and leads to deterioration in fit quality.

*

NB: smooth decorrelation 
of systematics applied for 
ATLAS inclusive jet data.

All results preliminary
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• What about interplay with other gluon sensitive data?

Jet fit: Dijet fit:

Dijets Jets

★ Jet data: no signs of significant inconsistency in fit vs. prediction though 
some difference in pull implied.

★ NNLO: Fit quality to top (          ) data better in jet (dijet) fit. Latter 
particularly  notable       overall tension less in dijet fit. 

★ aN3LO: tensions reduced in all cases. No clear difference between jet/dijets.
★ (Not shown) - fit quality to other data in global fit v. similar.

<latexit sha1_base64="LyBfV6mCHTF27XlFrG28lCU5Rt4=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4kJIUUU9S8OKxgv3AJJTNdtIu3WyW3Y1QQn+GFw+KePXXePPfuG1z0NYHA4/3ZpiZF0nOtHHdb2dldW19Y7O0Vd7e2d3brxwctnWaKQotmvJUdSOigTMBLcMMh65UQJKIQyca3U79zhMozVLxYMYSwoQMBIsZJcZK/mNwjmUvkKBkr1J1a+4MeJl4BamiAs1e5SvopzRLQBjKida+50oT5kQZRjlMykGmQRI6IgPwLRUkAR3ms5Mn+NQqfRynypYweKb+nshJovU4iWxnQsxQL3pT8T/Pz0x8HeZMyMyAoPNFccaxSfH0f9xnCqjhY0sIVczeiumQKEKNTalsQ/AWX14m7XrNu6zV7y+qjZsijhI6RifoDHnoCjXQHWqiFqIoRc/oFb05xnlx3p2PeeuKU8wcoT9wPn8AmiGQzw==</latexit>

Z p?
<latexit sha1_base64="Hixo8HSyHyFdnDxjE5iKL5SELL0=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6l9Uz+/OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5QJkXY=</latexit>)

With some preference for aN3LO

Npts NNLO aN
3
LO

ATLAS 7 TeV jets 140 1.54 1.46

CMS 7 TeV jets 158 1.29 1.32

ATLAS 8 TeV jets 171 1.96 1.90

CMS 8 TeV jets 174 1.83 1.80

Total Jets 643 1.67 1.63

Table 1: �
2
breakdown for global fits at NNLO and aN

3
LO including jet and dijet data, as described in the

text. Datasets that are fit are shown in bold, while �
2
comparisons for datasets not included in the fit are not.

The �
2
per point is shown in brackets.
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2
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Figure 2: The calculated EW K-factors, corresponding to a selection of the CMS 8 TeV inclusive jet [?] and dijet [?]

data.

Npts NNLO aN
3
LO

ATLAS Z p? 104 1.66 1.05

Di↵. top 54 1.26 1.09

7 + 8 TeV jets 643 [1.75] [1.65]

7 + 8 TeV dijets 266 1.13 1.04

Table 1: �
2
breakdown for global fits at NNLO and aN

3
LO including jet and dijet data, as described in the

text. Datasets that are fit are shown in bold, while �
2
comparisons for datasets not included in the fit are not.

The �
2
per point is shown in brackets.

logarithmic e↵ect that becomes more significant at larger jet p? and dijet mjj . Photon–initiated
production is not included in these, but as discussed in [?] these are negligible for jet production.
The EW K-factors corresponding to a representative selection of the CMS 8 TeV inclusive jet [?]
and dijet [?] data are shown in Fig. 2. We can see that in one bin these are as large as ⇠ 10�20%
at larger values of the kinematic variable, pj? or pav? in this case, but that for other rapidity bins
they are significantly smaller. The magnitude of the EW corrections is moderately larger for
the inclusive case, although not significantly so.

2.2 Fit quality

2.3 Impact on PDFs

3 ATLAS 8 TeV Z p? data: a reassessment

Acknowledgements

We thank the NNPDF collaboration and Emmanuele Nocera in particular for providing NLO
theory grids for certain jet and dijet datasets. We thank Alex Huss for providing NNLO K-

3



Impact of EW corrections
<latexit sha1_base64="LDHKaSE+Q3CAdU2Nvi9X/17Kl3A="></latexit>

�2 (no EW) ! �2 (EW) : 1.57 ! 1.67
Jet fit:

NNLO:

aN3LO:

Dijet fit:
<latexit sha1_base64="TykcjvbKM/akIZG2fQ6II0tVn3o="></latexit>

�2 (no EW) ! �2 (EW) : 1.37 ! 1.13
<latexit sha1_base64="ej0E/UKjxgMtjNfcVSGKBvbnNr8="></latexit>

�2 (no EW) ! �2 (EW) : 1.27 ! 1.04

NNLO:

aN3LO:

★ Significant improvement in dijet fit upon including EW corrections. 
However trend is opposite for inclusive jets (!). Given these are there:

Dijets Jets

indeed even absent EW correction dijet fit quality is better.

★ Remains true at aN3LO. Deterioration in fit quality for no EW fit somewhat 
improved but not entirely          not true that freedom in aN3LO K-factors 
can (fully) absorb other theoretical deficiencies.

<latexit sha1_base64="+UEgk5NU29p5aTzmCIhgV6JBK2k=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF49V7AekoWy2m3bpJht2J0op/RlePCji1V/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqGZVpxptMSaU7ITVcioQ3UaDknVRzGoeSt8PRzcxvP3JthEoecJzyIKaDRESCUbSS370XgyFSrdVTr1xxq+4cZJV4OalAjkav/NXtK5bFPEEmqTG+56YYTKhGwSSflrqZ4SllIzrgvqUJjbkJJvOTp+TMKn0SKW0rQTJXf09MaGzMOA5tZ0xxaJa9mfif52cYXQcTkaQZ8oQtFkWZJKjI7H/SF5ozlGNLKNPC3krYkGrK0KZUsiF4yy+vktZF1bus1u5qlXo9j6MIJ3AK5+DBFdThFhrQBAYKnuEV3hx0Xpx352PRWnDymWP4A+fzB5NvkXQ=</latexit>)

<latexit sha1_base64="rgCT5iIKoP1jjr24+bSmrJJj3p4="></latexit>

�2 (no EW) ! �2 (EW): 1.59 ! 1.63

10 Impact on PDFs small: Backup



Inclusive Jets: scale choice
• Default inclusive fits taken with                scale choice. However some 
indication that                 may be preferable.

J. Currie et al., 
JHEP 10 (2018) 155

<latexit sha1_base64="glaki332PhJ8S8AuRw0TavyXeeM=">AAAB9HicbVBNSwMxEJ2tX7V+VT16WSyCp7Irol6EghePFewHdNeSTbNtbJKNSbZQlv4OLx4U8eqP8ea/MW33oK0PBh7vzTAzL5KMauN5305hZXVtfaO4Wdra3tndK+8fNHWSKkwaOGGJakdIE0YFaRhqGGlLRRCPGGlFw5up3xoRpWki7s1YkpCjvqAxxchYKQx4ei27gSRKPjx2yxWv6s3gLhM/JxXIUe+Wv4JeglNOhMEMad3xPWnCDClDMSOTUpBqIhEeoj7pWCoQJzrMZkdP3BOr9Nw4UbaEcWfq74kMca3HPLKdHJmBXvSm4n9eJzXxVZhRIVNDBJ4vilPmmsSdJuD2qCLYsLElCCtqb3XxACmEjc2pZEPwF19eJs2zqn9RPb87r9RqeRxFOIJjOAUfLqEGt1CHBmB4gmd4hTdn5Lw4787HvLXg5DOH8AfO5w/Yy5Io</latexit>

µ = pj?
<latexit sha1_base64="LWXmE5mJnCiZ7DKsOogGCkSNOM4=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsyIqBuh4KbLCvYBnWHIpJk2NMmEJKOUsZ/ixoUibv0Sd/6NaTsLbT1w4XDOvdx7TywZ1cbzvp3S2vrG5lZ5u7Kzu7d/4FYPOzrNFCZtnLJU9WKkCaOCtA01jPSkIojHjHTj8e3M7z4QpWkq7s1EkpCjoaAJxchYKXKrAc9ughEyeXMaBZIoGbk1r+7NAVeJX5AaKNCK3K9gkOKME2EwQ1r3fU+aMEfKUMzItBJkmkiEx2hI+pYKxIkO8/npU3hqlQFMUmVLGDhXf0/kiGs94bHt5MiM9LI3E//z+plJrsOcCpkZIvBiUZIxaFI4ywEOqCLYsIklCCtqb4V4hBTCxqZVsSH4yy+vks553b+sX9xd1BqNIo4yOAYn4Az44Ao0QBO0QBtg8AiewSt4c56cF+fd+Vi0lpxi5gj8gfP5A3OIlCI=</latexit>

µ = Ĥ?
<latexit sha1_base64="K/yhZe3KMeaCQVATxnHVI27PXdY=">AAACCnicdVDLSgMxFM3UV62vqks30SK4KpNS+lgIBTddVrAP6AxDJs20oZmZkGSEMnTtxl9x40IRt36BO//GTFtBRQ9cOJxzL/fe4wvOlLbtDyu3tr6xuZXfLuzs7u0fFA+PeipOJKFdEvNYDnysKGcR7WqmOR0ISXHoc9r3p1eZ37+lUrE4utEzQd0QjyMWMIK1kbziqTPBOm3PPUdQKeAldFQSegwKL2ULae4VS3bZtm2EEMwIqtdsQ5rNRgU1IMosgxJYoeMV351RTJKQRppwrNQQ2UK7KZaaEU7nBSdRVGAyxWM6NDTCIVVuunhlDs+NMoJBLE1FGi7U7xMpDpWahb7pDLGeqN9eJv7lDRMdNNyURSLRNCLLRUHCoY5hlgscMUmJ5jNDMJHM3ArJBEtMtEmvYEL4+hT+T3qVMqqVq9fVUqu1iiMPTsAZuAAI1EELtEEHdAEBd+ABPIFn6956tF6s12VrzlrNHIMfsN4+AYs7mtY=</latexit>

Ĥ? =
X

i

pi?

• What does global fit say?

NNLO:

aN3LO:

<latexit sha1_base64="LWXmE5mJnCiZ7DKsOogGCkSNOM4=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsyIqBuh4KbLCvYBnWHIpJk2NMmEJKOUsZ/ixoUibv0Sd/6NaTsLbT1w4XDOvdx7TywZ1cbzvp3S2vrG5lZ5u7Kzu7d/4FYPOzrNFCZtnLJU9WKkCaOCtA01jPSkIojHjHTj8e3M7z4QpWkq7s1EkpCjoaAJxchYKXKrAc9ughEyeXMaBZIoGbk1r+7NAVeJX5AaKNCK3K9gkOKME2EwQ1r3fU+aMEfKUMzItBJkmkiEx2hI+pYKxIkO8/npU3hqlQFMUmVLGDhXf0/kiGs94bHt5MiM9LI3E//z+plJrsOcCpkZIvBiUZIxaFI4ywEOqCLYsIklCCtqb4V4hBTCxqZVsSH4yy+vks553b+sX9xd1BqNIo4yOAYn4Az44Ao0QBO0QBtg8AiewSt4c56cF+fd+Vi0lpxi5gj8gfP5A3OIlCI=</latexit>

µ = Ĥ?

Scale choice does not appear to play significant role at NNLO 
and beyond.

!
<latexit sha1_base64="iL0QbFwpJq5JNTK0x4mhnUTHifo=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4KokWH7uiG5cV7APSUCbTSTt0MhNmbpQS+hluXCji1q9x5984SYOo9cCFwzn3cu89QcyZBsf5tEpLyyura+X1ysbm1vZOdXevo2WiCG0TyaXqBVhTzgRtAwNOe7GiOAo47QaT68zv3lOlmRR3MI2pH+GRYCEjGIzk9RUbjQErJR8G1ZpTd3LYi8QtSA0VaA2qH/2hJElEBRCOtfZcJwY/xQoY4XRW6SeaxphM8Ih6hgocUe2n+ckz+8goQzuUypQAO1d/TqQ40noaBaYzwjDWf71M/M/zEggv/JSJOAEqyHxRmHAbpJ39bw+ZogT41BBMFDO32mSMFSZgUqrkIVxmOPt+eZF0Turuab1x26g1r4o4yugAHaJj5KJz1EQ3qIXaiCCJHtEzerHAerJerbd5a8kqZvbRL1jvX9vVkcU=</latexit>

<latexit sha1_base64="pRu8CAIZv+nQu6zJ1Qf1dMwEP7s="></latexit>

�
2(pj?) ! �

2(Ĥ?) : 1.58 ! 1.60

NLO:

★ NLO fit quality better with                  but difference marginal at NNLO/
aN3LO.

★ Trend for improved description with order not present with                 . 
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11 Impact on PDFs small: Backup
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Taking step back: pQCD working?
•Worth taking a look at NLO fit quality…

Jets fit:

Dijets fit:

Not a typo!
★ Clear trend in both cases for QCD corrections to improve fit quality. 

pQCD working as it should!
★ Improvement in CMS 8 TeV dijets particularly remarkable. Clear need 

for NNLO QCD at high precision + multi-differential LHC. In more 
detail… See also: ATLAS high 

precision W,Z

Figure 2: The calculated EW K-factors, corresponding to a selection of the CMS 8 TeV inclusive jet [7] and

dijet [14] data.

Npts NLO NNLO aN
3
LO

ATLAS 7 TeV jets 140 1.61 1.54 1.46

CMS 7 TeV jets 158 1.37 1.29 1.32

ATLAS 8 TeV jets 171 2.24 1.96 1.90

CMS 8 TeV jets 174 1.66 1.83 1.80

Total Jets 643 1.73 1.67 1.63

Table 1: �
2
breakdown for global fits at NNLO and aN

3
LO including jet and dijet data, as described in the

text. Datasets that are fit are shown in bold, while �
2
comparisons for datasets not included in the fit are not.

The �
2
per point is shown in brackets.

logarithmic e↵ect that becomes more significant at larger jet p? and dijet mjj . Photon–initiated
production is not included in these, but as discussed in [23] these are negligible for jet production.
The EW K-factors corresponding to a representative selection of the CMS 8 TeV inclusive jet [7]
and dijet [14] data are shown in Fig. 2. We can see that in one bin these are as large as ⇠ 10�20%
at larger values of the kinematic variable, pj? or pav? in this case, but that for other rapidity bins
they are significantly smaller. The magnitude of the EW corrections is moderately larger for
the inclusive case, although not significantly so.

3

Npts NLO NNLO aN
3
LO

ATLAS 7 TeV dijets 90 1.12 1.06 1.12

CMS 7 TeV dijets 54 1.70 1.43 1.39

CMS 8 TeV dijets 122 5.27 1.05 0.82

Total Dijets 266 3.14 1.13 1.04

Table 2: �
2
breakdown for global fits at NNLO and aN

3
LO including jet and dijet data, as described in the

text. Datasets that are fit are shown in bold, while �
2
comparisons for datasets not included in the fit are not.

The �
2
per point is shown in brackets.

Npts NNLO inc. jets aN
3
LO inc. jets NNLO dijets aN

3
LO dijets

ATLAS 7 TeV jets [5] 140 215.2 (1.54) 203.7 (1.46) 229.8 (1.64) 216.1 (1.54)

CMS 7 TeV jets [6] 158 203.8 (1.29) 208.8 (1.32) 243.4 (1.54) 211.1 (1.34)

ATLAS 8 TeV jets [8] 171 336.6 (1.96) 325.5 (1.90) 328.1 (1.92) 332.3 (1.94)

CMS 8 TeV jets [7] 174 318.6 (1.83) 313.8 (1.80) 321.6 (1.85) 301.9 (1.74)

Total (jets) 643 1074.2 (1.67) 1051.2 (1.63) 1122.9 (1.75) 1061.4 (1.65)

ATLAS 7 TeV dijets [13] 90 98.5 (1.09) 101.6 (1.13) 95.0 (1.06) 101.1 (1.12)
CMS 7 TeV dijets [9] 54 88.3 (1.62) 79.5 (1.47) 77.1 (1.43) 75.3 (1.39)
CMS 8 TeV dijets [14] 122 158.0 (1.30) 112.1 (0.92) 128.5 (1.05) 99.5 (0.82)

Total (dijets) 266 344.8 (1.30) 293.2 (1.10) 300.6 (1.13) 275.9 (1.04)
CMS 2.76 TeV jets [24] 81 99.9 (1.25) 111.1 (1.37) 107.0 (1.32) 106.9 (1.32)

ATLAS Z p? [25] 104 196.6 (1.89) 106.6 (1.03) 172.3 (1.66) 108.7 (1.05)
Di↵erential tt [26–29] 54 59.4 (1.10) 57.3 (1.06) 57.4 (1.26) 58.7 (1.09)

Total [�
2
/Npt] 5529.6/4534 (1.22) 5326.6/4534 (1.17) 4755.0/4147 (1.15) 4529.2/4157 (1.09)

Table 3: �
2
breakdown for global fits at NNLO and aN

3
LO including jet and dijet data, as described in the

text. Datasets that are fit are shown in bold, while �
2
comparisons for datasets not included in the fit are not.

The �
2
per point is shown in brackets.

NNLO aN
3
LO

Npts µ = p
j
? µ = HT µ = p

j
? µ = HT

ATLAS 7 TeV jets [5] 140 216.4 (1.55) 188.9 (1.35) 203.3 (1.45) 183.9 (1.31)

CMS 7 TeV jets [6] 118 120.7 (1.02) 146.8 (1.24) 117.7 (1.00) 128.1 (1.09)

ATLAS 8 TeV jets [8] 171 332.5 (1.94) 319.2 (1.87) 321.4 (1.88) 295.6 (1.73)

CMS 8 TeV jets [7] 174 318.8 (1.83) 338.6 (1.95) 312.8 (1.80) 358.8 (2.06)

Total (jets) 603 988.4 (1.64) 993.5 (1.65) 955.2 (1.58) 966.4 (1.60)

Total 4534 5441.4 (1.20) 5447.0 (1.20) 5230.1 (1.15) 5233.1 (1.15)

Table 4: �
2
breakdown for global fits at NNLO and aN

3
LO including jet data, with two choices of jet scale. For

the CMS 7 TeV data, NNLO K-factors for µ = HT are only available for the more limited jet p? region as in the

earlier analysis [9], and hence a p
j
? > 114 GeV is imposed here, and for a direct comparison in the µ = p

j
? case

in this table (but not elsewhere).

NNLO aN
3
LO

Npts Default No EW. Default No EW

ATLAS 7 TeV jets [5] 140 215.2 (1.54) 207.6 (1.48) 203.7 (1.46) 203.5 (1.45)

CMS 7 TeV jets [6] 158 203.8 (1.29) 195.8 (1.24) 208.8 (1.32) 207.2 (1.31)

ATLAS 8 TeV jets [8] 171 336.6 (1.96) 343.8 (2.01) 325.5 (1.90) 330.7 (1.92)

CMS 8 TeV jets [7] 174 318.6 (1.83) 263.8 (1.52) 313.8 (1.80) 277.9 (1.60)

Total (jets) 643 1074.2 (1.67) 1011.0 (1.57) 1051.2 (1.63) 1019.3 (1.59)

Total 4534 5529.6 (1.22) 5461.4 (1.20) 5313.8 (1.17) 5292.3 (1.17)

Table 5: �
2
breakdown for global fits at NNLO and aN

3
LO including jet data, with and without EW corrections

included.

NNLO aN
3
LO

Npts Default No EW. Default No EW

ATLAS 7 TeV dijets [13] 90 95.0 (1.06) 120.7 (1.34) 101.1 (1.12) 127.3 (1.41)

CMS 7 TeV dijets [9] 54 77.1 (1.43) 85.8 (1.59) 75.3 (1.39) 83.9 (1.55)

CMS 8 TeV dijets [14] 122 128.5 (1.05) 157.5 (1.29) 99.5 (0.82) 126.6 (1.04)

Total (dijets) 266 300.6 (1.13) 364 (1.37) 275.9 (1.04) 337.8 (1.27)

Total 4147 4755.0 (1.15) 4818.8 (1.16) 4529.2 (1.09) 4592.8 (1.11)

Table 6: �
2
breakdown for global fits at NNLO and aN

3
LO including dijet data, with and without EW corrections

included.
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• No clear, by eye, trend for better description at NNLO, aN3LO.

• However this is before shifting by correlated systematics.

stat + sys
stat alone
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• Impact on shape of distributions in 3D kinematic space and interplay with 
correlated systematics drives this.

• However some clue from looking at K-factors:
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NLO

★ NNLO corrections reasonable large, in particular in some regions of 
phase space.

★ Also shown are the aN3LO K-factors preferred by the fit: nice trend for 
perturbative stability, in line with lower orders.
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Figure 24: K-factor expansion up to aN3LO shown for the CMS 7 TeV jets dataset (R = 0.7) [101].
The K-factors shown here are absolute i.e. all with respect to LO (KN

m
LO/LO

8 m 2 {1, 2, 3}).

69

★ Similar stability in inclusive jet case, but overall smaller K-factors.
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PDFs: dijets vs. Jets

★ Focus on gluon: largest 
expected impact.
★ Overall consistency 
between two cases…
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★ But some difference in pull 
observed between jets/dijets 
at NNLO.
★ At aN3LO pulls rather 
similar.
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★ Clear reduction in 
uncertainty in both cases and 
at both orders.

★ Marginally more significant 
for dijets.
★ Slightly less significant at 
aN3LO.
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• Jets: At higher     clear 
difference between pulls of 
ATLAS and CMS (also seen 
in MSHT20).

• Final result compromise 
between these.
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• Dijets: consistency between 
CMS and ATLAS, but latter 
has very little impact alone.

• Again CMS 8 TeV driving 
fit.

• Similar story at NNLO 
(not shown).
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Consistency within datasets

• 7 & 8 TeV data ~ consistent 
pulls inclusive jets.

• Similar for NNLO (not 
shown).

• 7 & 8 TeV data consistent 
for dijets, but this is due to 
broader result.

• All dijet fits completely 
driven by CMS 8 TeV data

• Similar for NNLO (not 
shown).
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PDFs: EW corrections/scale choice
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★Impact of these on gluon 
small, though not completely 
negligible.
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Strong Coupling Determination
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Strong Coupling Determination
• In MSHT fit have freedom to determine              as a free parameter in the 
fit. Jet/Dijet data sensitive to this        see how these affect extracted value.

• As always, expect strong correlations between this and gluon PDF.

• Start with jet data. Local         from minimum:
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Figure 9: The ��
2
= �

2 � �
2
0 for (top) the LHC jet and dijet datasets and (bottom) the global fit quality, in the

corresponding fits, for different values of ↵S(MZ).

Figure 10: The same global ��
2
= �

2 � �
2
0 in Fig. 9, for different values of ↵S(MZ), but now with all NNLO

(aN3LO) results shown in the left (right) plots.
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★ However tolerance 
criteria gives                        
i.e. ~ consistent with world 
average.

<latexit sha1_base64="Nbc3XrfsmravmxlSWObyasa9Dp8=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahbkJS6mNZdONGqGgf2MQwmU7boTNJmJkIJRTc+CtuXCji1p9w5984bbPQ1gMXDufcy733BDGjUtn2t5FbWFxaXsmvFtbWNza3zO2dhowSgUkdRywSrQBJwmhI6ooqRlqxIIgHjDSDwcXYbz4QIWkU3qphTDyOeiHtUoyUlnxzz0Us7iP/pnTl392Xj6ArKYe25TgV3yzalj0BnCdORoogQ803v9xOhBNOQoUZkrLt2LHyUiQUxYyMCm4iSYzwAPVIW9MQcSK9dPLDCB5qpQO7kdAVKjhRf0+kiEs55IHu5Ej15aw3Fv/z2onqnnkpDeNEkRBPF3UTBlUEx4HADhUEKzbUBGFB9a0Q95FAWOnYCjoEZ/bledIoW86JdXxdKVbPszjyYB8cgBJwwCmogktQA3WAwSN4Bq/gzXgyXox342PamjOymV3wB8bnD5S6lY0=</latexit>

↵S(M
2
Z) ⇠ 0.114

preferred at both orders.

★ Low central value of 
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• What about dijets?
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Figure 9: The ��
2
= �

2 � �
2
0 for (top) the LHC jet and dijet datasets and (bottom) the global fit quality, in the

corresponding fits, for different values of ↵S(MZ).

Figure 10: The same global ��
2
= �

2 � �
2
0 in Fig. 9, for different values of ↵S(MZ), but now with all NNLO

(aN3LO) results shown in the left (right) plots.
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★ NNLO: ★ aN3LO:
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 Rather broad minima, but some difference in trends between orders.

• At aN3LO possibility for strong (anti)-correlation between fitted K-factors 
and strong coupling. 
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KN3LO• Fixing              shows 
this - best fit moves and 
minima steeper.

• However all consistent 
within ~        (using 
tolerance criteria).
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• So far have shown the local        deviations. However the relevant quantity 
for strong coupling determination is the global deviation.
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Figure 9: The ��
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0 for (top) the LHC jet and dijet datasets and (bottom) the global fit quality, in the

corresponding fits, for different values of ↵S(MZ).
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0 in Fig. 9, for different values of ↵S(MZ), but now with all NNLO

(aN3LO) results shown in the left (right) plots.
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★ NNLO: some (mild) tension in preferred values of               : dijet value 
somewhat higher. Though both consistent with world average.
★ aN3LO: greater consistency, and all with world average. Again see the 
aN3LO fit relieving tensions.
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• In summary:

★ At NNLO clear difference in preferred               between jets and dijets. 
For global fit quality:

Jets:
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Full error analysis not yet done, but very roughly expect                                 
i.e.            different, and both consistent with world average.
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★ At aN3LO mild tension resolved and again consistent with world average:
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Summary and conclusions

The strong-coupling constant is a keystone of QCD, improving its knowledge 

has far-reaching implications in the quest for new phenomena

A large variety of as(mZ) determinations are currently being pursued, leading to 

a much improved overall understanding of QCD. Some of these determinations 

have prospects to reach 0.1% uncertainty in the near future

Several recent determinations at the LHC have reached percent-level 

uncertainty and begin to have an impact on the PDG world average

Most problematic issue in considering LHC determinations as “clean” 

measurements of �s(mZ) is related to PDFs. Most precise LHC determinations 

would clearly benefit from significant advancements in the understanding of the 

gluon PDF, may be possible in the near future with N3LO PDF fits

�s(mZ) ⇥�s(mZ) Rel. Unc.

ATLAS ATEEC 0.1185 0.0021 1.7%

CMS inclusive jets 0.1166 0.0016 1.4%

CMS dijets 0.1201 0.0020 1.7%

ATLAS Z pT 0.1183 0.0009 0.7%

Stefano Camarda 28

Summary and conclusions

The strong-coupling constant is a keystone of QCD, improving its knowledge 

has far-reaching implications in the quest for new phenomena

A large variety of as(mZ) determinations are currently being pursued, leading to 

a much improved overall understanding of QCD. Some of these determinations 

have prospects to reach 0.1% uncertainty in the near future

Several recent determinations at the LHC have reached percent-level 

uncertainty and begin to have an impact on the PDG world average

Most problematic issue in considering LHC determinations as “clean” 

measurements of �s(mZ) is related to PDFs. Most precise LHC determinations 

would clearly benefit from significant advancements in the understanding of the 

gluon PDF, may be possible in the near future with N3LO PDF fits

�s(mZ) ⇥�s(mZ) Rel. Unc.

ATLAS ATEEC 0.1185 0.0021 1.7%

CMS inclusive jets 0.1166 0.0016 1.4%

CMS dijets 0.1201 0.0020 1.7%

ATLAS Z pT 0.1183 0.0009 0.7%

• NNLO trend consistent with S. 
Carmada’s talk (but dijets@ 13 TeV) 
and NLO analyses (dijets@ 8 TeV)

• But lower value preferred for 
recent NNLO 8 TeV analysis:

D. Britzger, et al. – EPS-HEP23 17α
s
 from jet production

Summary
Fast Interpolation grids with NNLOJET

● fastNLO and APPLgrids were generated in NNLO 
with NNLOJET

● Grids for jet production are publicly available 

αs from CMS 8TeV dijet cross sections

Dijet production at LHC

● NNLO determination using ATLAS and CMS 
dijet data at √s = 7, 8 and 13 TeV

● grids and evaluation including full-colour correction in prep.

D. Britzger, EPS-HEP 2023

S. Carmada, this workshop

CMS, Eur.Phys.J.C 77 (2017) 11, 746, JHEP 03 (2017) 156,  Eur.Phys.J.C 75 (2015) 6, 288 
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ATLAS        data: a closer 
look
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• ATLAS            (more properly 
dilepton        ) data presented 
double differentially in 
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ATLAS, G. Aad et al., Eur. Phys. J. C 76, 291 (2016) 
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Figure 6: The Born-level distributions of (1/�) d�/dp``T for the combination of the electron-pair and muon-pair
channels, shown in six m`` regions for |y`` | < 2.4. The central panel of each plot shows the ratios of the values from
the individual channels to the combined values, where the error bars on the individual-channel measurements rep-
resent the total uncertainty uncorrelated between bins. The light-blue band represents the data statistical uncertainty
on the combined value and the dark-blue band represents the total uncertainty (statistical and systematic). The �2

per degree of freedom is given. The lower panel of each plot shows the pull, defined as the di↵erence between the
electron-pair and muon-pair values divided by the uncertainty on that di↵erence.
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Figure 6: The Born-level distributions of (1/�) d�/dp``T for the combination of the electron-pair and muon-pair
channels, shown in six m`` regions for |y`` | < 2.4. The central panel of each plot shows the ratios of the values from
the individual channels to the combined values, where the error bars on the individual-channel measurements rep-
resent the total uncertainty uncorrelated between bins. The light-blue band represents the data statistical uncertainty
on the combined value and the dark-blue band represents the total uncertainty (statistical and systematic). The �2

per degree of freedom is given. The lower panel of each plot shows the pull, defined as the di↵erence between the
electron-pair and muon-pair values divided by the uncertainty on that di↵erence.
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• Treatment of this dataset rather different between groups.

• Fit quality v. poor in default NNLO fit, with dramatic improvement at aN3LO 
(1.86 vs. 1.04), and highly sensitive to other data in fit (jets vs. dijets).

• Reduced tension at 
aN3LO also backed up 
by L2 sensitivities 
(reduced scale).
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Z p?
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NNLO aN3LO



• First step: consider impact of raising        cut.
<latexit sha1_base64="JnBe6kUp3NNyvSNG9PWxnWhUWZM=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHgxWMF+wFNLJvtpF262Sy7G6GE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvkpxp43nfTmltfWNzq7xd2dnd2z+oHh61dZopii2a8lR1I6KRM4EtwwzHrlRIkohjJxrfzvzOEyrNUvFgJhLDhAwFixklxkqB7AcSlXzMOZ/2qzWv7s3hrhK/IDUo0OxXv4JBSrMEhaGcaN3zPWnCnCjDKMdpJcg0SkLHZIg9SwVJUIf5/Oape2aVgRunypYw7lz9PZGTROtJEtnOhJiRXvZm4n9eLzPxTZgzITODgi4WxRl3TerOAnAHTCE1fGIJoYrZW106IopQY2Oq2BD85ZdXSfui7l/VL+8va41GEUcZTuAUzsGHa2jAHTShBRQkPMMrvDmZ8+K8Ox+L1pJTzBzDHzifP5C8kgk=</latexit>

pll?
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�2/Npts

• Fit quality improves slowly as amount of data is reduced. 

• Effect larger at NNLO, but fit quality always worse vs. aN3LO.

PreliminaryWorth revisiting, and considering impact of data selection/
treatment.

!
<latexit sha1_base64="iL0QbFwpJq5JNTK0x4mhnUTHifo=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4KokWH7uiG5cV7APSUCbTSTt0MhNmbpQS+hluXCji1q9x5984SYOo9cCFwzn3cu89QcyZBsf5tEpLyyura+X1ysbm1vZOdXevo2WiCG0TyaXqBVhTzgRtAwNOe7GiOAo47QaT68zv3lOlmRR3MI2pH+GRYCEjGIzk9RUbjQErJR8G1ZpTd3LYi8QtSA0VaA2qH/2hJElEBRCOtfZcJwY/xQoY4XRW6SeaxphM8Ih6hgocUe2n+ckz+8goQzuUypQAO1d/TqQ40noaBaYzwjDWf71M/M/zEggv/JSJOAEqyHxRmHAbpJ39bw+ZogT41BBMFDO32mSMFSZgUqrkIVxmOPt+eZF0Turuab1x26g1r4o4yugAHaJj5KJz1EQ3qIXaiCCJHtEzerHAerJerbd5a8kqZvbRL1jvX9vVkcU=</latexit>
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What about PDFs?



• Raising       cut 
trends smoothly to 
no         gluon, i.e. no 
obvious sign of any 
issue with a 
particular region…
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pll?

• Next steps: impact of         
selection, interplay with 
other datasets…

NNLO

aN3LO
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Z p?
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noZp?

• Reduced 
sensitivity to        
data at aN3LO clear 
from reduced impact 
of changing cut. 
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Impact of SeaQuest data
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9. Backup Slides

New data - Seaquest (NNLO)
Seaquest (E906) fixed target DY data - sensitivity to high x q, q̄:
∆ ‡D/‡H ≥ 1 + d̄/ū. Direct measurement of d̄/ū at high x .
Various models for d̄/ū at high x : Pauli blocking, pion cloud, etc.
Previous questions of NuSea (E866) data preferring d̄ < ū at x ¥ 0.4.
Clearly raises high x d̄/ū. Tension with NuSea which pulls it down.

Dataset Npts MSHT20 New
Seaquest 6 - 8.2
NuSea 15 9.8 19.0

Total (without
Seaquest or NuSea) 4348 5102.3 5112.1

NuSea ‰2/Npts: 0.65 æ 1.27,
when Seaquest added.

Rest of data also worsens in ‰2 by 9 points, with 4.5 in E866 absolute
DY (rather than ratio), 4.4 in NMC n/p, 4.3 in DØ W asymmetry.

Thomas Cridge MSHT20aN3LO Review 21st March 2023 21 / 29

Preliminary!
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9. Backup Slides

MSHT20aN3LO PDFs - Seaquest
At aN3LO, the d̄ become negative above x ≥ 0.5 with a minimum at
x ≥ 0.6. Nonetheless remains positive within uncertainties.
Like at NNLO, adding the Seaquest data raises the d̄/ū.

Adding Seaquest ∆ NNLO and aN3LO d̄ , ū again very similar.
E�ect on fit quality of adding Seaquest similar to NNLO, �‰2 = +6 in
rest of data, NuSea ‰2/N doubles from ≥ 0.6 to ≥ 1.3.
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E�ect on fit quality of adding Seaquest similar to NNLO, �‰2 = +6 in
rest of data, NuSea ‰2/N doubles from ≥ 0.6 to ≥ 1.3.
Thomas Cridge MSHT20aN3LO Review 21st March 2023 23 / 29

Preliminary!

9. Backup Slides

MSHT20aN3LO PDFs - Seaquest
At aN3LO, the d̄ become negative above x ≥ 0.5 with a minimum at
x ≥ 0.6. Nonetheless remains positive within uncertainties.
Like at NNLO, adding the Seaquest data raises the d̄/ū.
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E�ect on fit quality of adding Seaquest similar to NNLO, �‰2 = +6 in
rest of data, NuSea ‰2/N doubles from ≥ 0.6 to ≥ 1.3.
Thomas Cridge MSHT20aN3LO Review 21st March 2023 23 / 29

Preliminary!

aN3LO w SQ

aN3LO w/o SQ
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Thank you for listening!
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Summary
★MSHT group busy working on range of follow up studies, making use of 

NNLO and new aN3LO machinery.
★  Jets/Dijets:

• Jet fit quality relatively poor, remains so in aN3LO fit.

• Dijet fit quality good, and with improvement at aN3LO in line 
with expectations.

• Scale choice does not play big role in inclusive, EW corrections 
make fit quality worse (!).

★All indicates that dijet data may be preferable.
★Extraction of strong coupling: mild tension between jets and dijets at 

NNLO, relieved at aN3LO. All consistent with world average.
★Working ongoing to understand these questions, and connected ones related 

to high     (         , Seaquest) at NNLO and aN3LO.<latexit sha1_base64="jqylwcxBagMhesCQ8VFOWEkScmo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOknjQU=</latexit>x
<latexit sha1_base64="LyBfV6mCHTF27XlFrG28lCU5Rt4=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4kJIUUU9S8OKxgv3AJJTNdtIu3WyW3Y1QQn+GFw+KePXXePPfuG1z0NYHA4/3ZpiZF0nOtHHdb2dldW19Y7O0Vd7e2d3brxwctnWaKQotmvJUdSOigTMBLcMMh65UQJKIQyca3U79zhMozVLxYMYSwoQMBIsZJcZK/mNwjmUvkKBkr1J1a+4MeJl4BamiAs1e5SvopzRLQBjKida+50oT5kQZRjlMykGmQRI6IgPwLRUkAR3ms5Mn+NQqfRynypYweKb+nshJovU4iWxnQsxQL3pT8T/Pz0x8HeZMyMyAoPNFccaxSfH0f9xnCqjhY0sIVczeiumQKEKNTalsQ/AWX14m7XrNu6zV7y+qjZsijhI6RifoDHnoCjXQHWqiFqIoRc/oFb05xnlx3p2PeeuKU8wcoT9wPn8AmiGQzw==</latexit>

Z p?
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Jet Kinematics: Inclusive

•  Large-x gluon constrained by three independent processes  
•  Consistent picture and uncertainty reduction

g

q jet

Zg

g

t

tb

g

g

Jet

q

IMPACT OF THE LHC DATA - GLUON PDF

7

INCLUSIVE JETS TOP PAIR Z PT

NNPDF collaboration, arXiv:1706.00428

Example 1 - The Gluon

M. Ubiali, Higgs Coupling 2019

• Impact of most recent LHC data (red     blue) significant, with percent level 
uncertainties across wide range of     .x

<latexit sha1_base64="Dnha3CfhWSm59XbqyAfzDz2XMI0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8S8OIxAfOAZAmzk95kzOzsMjMrhpAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781iMqzWN5b8YJ+hEdSB5yRo2V6k+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+ZTjPw=</latexit>

!
<latexit sha1_base64="VzC1yPJkhQ/iSn97dFCEosqUJs0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWeuhh3C9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+6pScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw2s/EypJkSu2WBSmkmBMZn+TgdCcoZxYQpkW9lbCRlRThjadkg3BW355lbRqVe+iWru/rNRv8jiKcAKncA4eXEEd7qABTWAwhGd4hTdHOi/Ou/OxaC04+cwx/IHz+QNfA43X</latexit>
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M. Ubiali, Higgs Coupling 2019

Confronting Precise Data

• LHC data playing increasingly important role in PDF fits. 
Basic motivation: 

� High precision, multi-differential data.
� High precision theory: NNLO QCD ‘standard’.

High precision PDF determination.!
<latexit sha1_base64="iL0QbFwpJq5JNTK0x4mhnUTHifo=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4KokWH7uiG5cV7APSUCbTSTt0MhNmbpQS+hluXCji1q9x5984SYOo9cCFwzn3cu89QcyZBsf5tEpLyyura+X1ysbm1vZOdXevo2WiCG0TyaXqBVhTzgRtAwNOe7GiOAo47QaT68zv3lOlmRR3MI2pH+GRYCEjGIzk9RUbjQErJR8G1ZpTd3LYi8QtSA0VaA2qH/2hJElEBRCOtfZcJwY/xQoY4XRW6SeaxphM8Ih6hgocUe2n+ckz+8goQzuUypQAO1d/TqQ40noaBaYzwjDWf71M/M/zEggv/JSJOAEqyHxRmHAbpJ39bw+ZogT41BBMFDO32mSMFSZgUqrkIVxmOPt+eZF0Turuab1x26g1r4o4yugAHaJj5KJz1EQ3qIXaiCCJHtEzerHAerJerbd5a8kqZvbRL1jvX9vVkcU=</latexit>

• However in a number of cases we are seeing difficulty in confronting 
such high precision data in PDF fits.

• Occurs in three ‘textbook’ LHC processes for PDF determination:

18

• Inclusive jets measured in terms of jet       and     .

• Schematically, LO relationship to high    parton:

<latexit sha1_base64="lGg8VbcC0jED7NfcwPDMpFFEHa0="></latexit>

x =
p?p
s
(eyj + eyj0 )

<latexit sha1_base64="mSp0q4XF4aHGDSRestqZhqrq6ZA="></latexit>

Observed Jet j (yj > 0)

<latexit sha1_base64="DFmNr+pujbTgWryXc6XmWrBAe78=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUU8S8OIxAfOAZAmzk95kzOzsMjMrhpAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781iMqzWN5b8YJ+hEdSB5yRo2V6k+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe5flSv2iVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+dPjP8=</latexit>x

!
<latexit sha1_base64="iL0QbFwpJq5JNTK0x4mhnUTHifo=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4KokWH7uiG5cV7APSUCbTSTt0MhNmbpQS+hluXCji1q9x5984SYOo9cCFwzn3cu89QcyZBsf5tEpLyyura+X1ysbm1vZOdXevo2WiCG0TyaXqBVhTzgRtAwNOe7GiOAo47QaT68zv3lOlmRR3MI2pH+GRYCEjGIzk9RUbjQErJR8G1ZpTd3LYi8QtSA0VaA2qH/2hJElEBRCOtfZcJwY/xQoY4XRW6SeaxphM8Ih6hgocUe2n+ckz+8goQzuUypQAO1d/TqQ40noaBaYzwjDWf71M/M/zEggv/JSJOAEqyHxRmHAbpJ39bw+ZogT41BBMFDO32mSMFSZgUqrkIVxmOPt+eZF0Turuab1x26g1r4o4yugAHaJj5KJz1EQ3qIXaiCCJHtEzerHAerJerbd5a8kqZvbRL1jvX9vVkcU=</latexit>

Need 3 kinematic inputs to uniquely determine    .

<latexit sha1_base64="eMY4xk9acoGmAlqMHrh5wU4z8AA=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6kkCXjxGMA9IljA76U2GzM4OM7NCCPkILx4U8er3ePNvnCR70MSChqKqm+6uSAlurO9/e2vrG5tb24Wd4u7e/sFh6ei4adJMM2ywVKS6HVGDgktsWG4FtpVGmkQCW9Hobua3nlAbnspHO1YYJnQgecwZtU5qqV5XoVa9Utmv+HOQVRLkpAw56r3SV7efsixBaZmgxnQCX9lwQrXlTOC02M0MKspGdIAdRyVN0IST+blTcu6UPolT7UpaMld/T0xoYsw4iVxnQu3QLHsz8T+vk9n4JpxwqTKLki0WxZkgNiWz30mfa2RWjB2hTHN3K2FDqimzLqGiCyFYfnmVNKuV4KpSfbgs127zOApwCmdwAQFcQw3uoQ4NYDCCZ3iFN095L96797FoXfPymRP4A+/zB3Yvj6U=</latexit>p?
<latexit sha1_base64="+3KVqxeAdIV/7frOG5Eufp5p7SM=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9SQFLx4r2g9oQ9lsJ+3azSbsboRQ+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfTJagH9GB5CFn1FjpPus99kplt+LOQJaJl5My5Kj3Sl/dfszSCKVhgmrd8dzE+GOqDGcCJ8VuqjGhbEQH2LFU0gi1P56dOiGnVumTMFa2pCEz9ffEmEZaZ1FgOyNqhnrRm4r/eZ3UhFf+mMskNSjZfFGYCmJiMv2b9LlCZkRmCWWK21sJG1JFmbHpFG0I3uLLy6RZrXgXlerdebl2ncdRgGM4gTPw4BJqcAt1aACDATzDK7w5wnlx3p2PeeuKk88cwR84nz9ksI3d</latexit>yj

<latexit sha1_base64="DFmNr+pujbTgWryXc6XmWrBAe78=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUU8S8OIxAfOAZAmzk95kzOzsMjMrhpAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781iMqzWN5b8YJ+hEdSB5yRo2V6k+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe5flSv2iVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+dPjP8=</latexit>x

<latexit sha1_base64="rhCRYHX71NlleJIRvBLW8zrLdtk=">AAAB/3icdVA9SwNBEN3z2/gVFWxsFhOJVbi9QpNGAjZipWA0kBxxbzNJ1uztHbt7gXCm8K/YWChi69+w89+4pxFU9MHA470ZZuYFseDauO6bMzU9Mzs3v7CYW1peWV3Lr29c6ChRDOosEpFqBFSD4BLqhhsBjVgBDQMBl8HgKPMvh6A0j+S5GcXgh7QneZczaqzUzm9d1WUUaFBD6JTwCRhcvC4VcTtfcMuu6xJCcEbIwb5rSbVa8UgFk8yyKKAJTtv511YnYkkI0jBBtW4SNzZ+SpXhTMA410o0xJQNaA+alkoagvbTj/vHeNcqHdyNlC1p8If6fSKlodajMLCdITV9/dvLxL+8ZmK6FT/lMk4MSPa5qJsIbCKchYE7XAEzYmQJZYrbWzHrU0WZsZHlbAhfn+L/yYVXJvtl78wr1A4ncSygbbSD9hBBB6iGjtEpqiOGbtAdekCPzq1z7zw5z5+tU85kZhP9gPPyDvAplL4=</latexit>

‘Unobserved’ Jet j0

• Inclusive jets: effectively integrate over                     . 
<latexit sha1_base64="5VXjnvGD1Rl6O+jjOy00OkJ5Gh4=">AAACInicbVDLSgMxFM34tr6qLt0Ei+CqzIj42IjgxqWCVaFTh0x6p0YzMzG5Iy1hvsWNv+LGhaKuBD/GtHbh60DgcM69nJsTKykM+v67NzI6Nj4xOTVdmZmdm1+oLi6dmrzQHBo8l7k+j5kBKTJooEAJ50oDS2MJZ/H1Qd8/uwVtRJ6dYE9BK2WdTCSCM3RSVN3thh10dkrDRDNuVRQq0Kq0obnRaE1ZwoUNEbo4yLIa2qXtRVdlGVVrft0fgP4lwZDUyBBHUfU1bOe8SCFDLpkxzcBX2LJMo+ASykpYGFCMX7MONB3NWAqmZQexJV1zSpsmuXYvQzpQv29YlhrTS2M3mTK8NL+9vvif1yww2WlZkakCIeNfQUkhKea03xdtCw0cZc8RxrVwt1J+yVxV6FqtuBKC31/+S0436sFWfeN4s7a/N6xjiqyQVbJOArJN9skhOSINwskdeSBP5Nm79x69F+/ta3TEG+4skx/wPj4BPWynNQ==</latexit>

x & p?p
s
eyj

• So certainly sensitive to high     region, but washed out somewhat.<latexit sha1_base64="DFmNr+pujbTgWryXc6XmWrBAe78=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUU8S8OIxAfOAZAmzk95kzOzsMjMrhpAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781iMqzWN5b8YJ+hEdSB5yRo2V6k+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe5flSv2iVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+dPjP8=</latexit>x
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Jet Kinematics: Dijets
• For dijets, both jets measured. Same schematic LO relationship:

• Double differential measurements in terms of         and                  : not 
sufficient to uniquely pin down LO    .

• That is, some washing out (though precise effect depends on choice of    
variable).

• However, also possible to measure triple differentially - expect to 
provide stronger, more direct constraints.

<latexit sha1_base64="f9DaWZjSUk4OWa3a1kcatQ1JTDs=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6kkCXjxGMA9IljA7mU0mmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vf3tr6xubWdmGnuLu3f3BYOjpuGpVqQhtEcaXbETaUM0kblllO24mmWESctqLx3cxvPVFtmJKPdpLQUOCBZDEj2DqpKXrZaDTtlcp+xZ8DrZIgJ2XIUe+Vvrp9RVJBpSUcG9MJ/MSGGdaWEU6nxW5qaILJGA9ox1GJBTVhNr92is6d0kex0q6kRXP190SGhTETEblOge3QLHsz8T+vk9r4JsyYTFJLJVksilOOrEKz11GfaUosnziCiWbuVkSGWGNiXUBFF0Kw/PIqaVYrwVWl+nBZrt3mcRTgFM7gAgK4hhrcQx0aQGAEz/AKb57yXrx372PRuublMyfwB97nD97fj1E=</latexit>mjj

<latexit sha1_base64="0eEGO1Jsz6+PzWezSj06FP3uyhQ=">AAAB+HicbVDLSsNAFL3xWeujUZduBosgLmpSRF1JwY3LCvYBbQyT6aQdOpOEmYkYQ7/EjQtF3Pop7vwbp4+Fth64cDjnXu69J0g4U9pxvq2l5ZXVtfXCRnFza3unZO/uNVWcSkIbJOaxbAdYUc4i2tBMc9pOJMUi4LQVDK/HfuuBSsXi6E5nCfUE7kcsZARrI/l2Kbs/Oc38vCsFEvhx5Ntlp+JMgBaJOyNlmKHu21/dXkxSQSNNOFaq4zqJ9nIsNSOcjordVNEEkyHu046hERZUefnk8BE6MkoPhbE0FWk0UX9P5FgolYnAdAqsB2reG4v/eZ1Uh5dezqIk1TQi00VhypGO0TgF1GOSEs0zQzCRzNyKyABLTLTJqmhCcOdfXiTNasU9r1Rvz8q1q1kcBTiAQzgGFy6gBjdQhwYQSOEZXuHNerJerHfrY9q6ZM1m9uEPrM8fXJeS5Q==</latexit>

y⇤/ymax

<latexit sha1_base64="XsLAd3lc7p4/+lAi7fH990MtF70="></latexit>

x1,2 =
p?p
s

�
e±yj + e±yj0

�
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<latexit sha1_base64="DFmNr+pujbTgWryXc6XmWrBAe78=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUU8S8OIxAfOAZAmzk95kzOzsMjMrhpAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781iMqzWN5b8YJ+hEdSB5yRo2V6k+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe5flSv2iVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+dPjP8=</latexit>x
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Technical aside (1) - K-factors
• NNLO QCD corrections included via K-factors. MC uncertainties on 
these not negligible. 

• We argue better to fit these to smooth functions. Can impact on fit quality 
at the ~ 0.1-0.2 per point level, though PDFs very stable.

• Provides cleaner idea of improvements from NLO to NNLO etc. Find that 
interpretation can be washed out somewhat otherwise.
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Technical aside (2) - CMS 8 dijets
• Systematic uncertainties related to jet calibration correlated across 
kinematic (rapidity/     ) space. Shape of these indicates anti-correlation 
between certain regions. However hepdata entries entirely positive.
• Through discussion with CMS colleagues have changed sign to more 
‘natural’ (anti)-correlation.
• In the end this makes very little difference: improves      by ~ 1-2 points 
and gluon very stable. But more by chance than design.
• Detailed understanding/bookkeeping of systematic correlations key.

Appendix

Figure A.3: The relative size of the jet energy scale uncertainties for the sources SinglePionECAL,
SinglePionHCAL, and FlavorQCD are shown for all y

ú and yb bins.
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