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Overview

• Introduction  
- forward kinematics 

• Top-quark production  
- LHCb results  
- Central results 

• D-hadron production 
- Results from LHCb and impact on proton PDF  

• Concluding remarks
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g(p1) + g(p2) ! Q(p3) + Q̄(p4) +X
dominant subprocess at LHC

  : momentum fraction  
  : rapidity 
  : hadronic COM  
  : transverse mass
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LO PDF sampling occurs at

p1 =
p
S/2 (x1, 0, 0, x1)

heavy-quark pair production

Interesting (less well constrained) region for PDFs: 

Low-x, Low-Q Large-x, Large-Q
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 5

top-quark (pair) production - LHCb
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W� ! ff̄ 0
<latexit sha1_base64="A8zrXigVyaODcSXyft8ZPPhgn1A=">AAAB/3icbVC7TsMwFHXKq5RXgIGBxaJCYqFKERKwVWLpWCRCKzVp5bhOa9WPyHaQqigLv8LCAIiV32Djb3DbDNBypqNz7tW950QJo9p43rdTWlldW98ob1a2tnd299z9gwctU4WJjyWTqhMhTRgVxDfUMNJJFEE8YqQdjW+nfvuRKE2luDeThIQcDQWNKUbGSn33qN07D4yEcRAhBeNeFiSKcpL33apX82aAy6RekCoo0Oq7X8FA4pQTYTBDWnfrXmLCDClDMSN5JUg1SRAeoyHpWioQJzrMZgFyeGqVAYyl/UAKA2fq740Mca0nPLKTHJmRXvSm4n9eNzXxdZhRkaSGCDw/FKcM2sTTNuCAKoINm1iCsKL2V4hHSCFsbGcVW0J9MfIy8S9qNzXv7rLaaBZtlMExOAFnoA6uQAM0QQv4AIMcPINX8OY8OS/Ou/MxHy05xc4h+APn8weM4pX3</latexit><latexit sha1_base64="A8zrXigVyaODcSXyft8ZPPhgn1A=">AAAB/3icbVC7TsMwFHXKq5RXgIGBxaJCYqFKERKwVWLpWCRCKzVp5bhOa9WPyHaQqigLv8LCAIiV32Djb3DbDNBypqNz7tW950QJo9p43rdTWlldW98ob1a2tnd299z9gwctU4WJjyWTqhMhTRgVxDfUMNJJFEE8YqQdjW+nfvuRKE2luDeThIQcDQWNKUbGSn33qN07D4yEcRAhBeNeFiSKcpL33apX82aAy6RekCoo0Oq7X8FA4pQTYTBDWnfrXmLCDClDMSN5JUg1SRAeoyHpWioQJzrMZgFyeGqVAYyl/UAKA2fq740Mca0nPLKTHJmRXvSm4n9eNzXxdZhRkaSGCDw/FKcM2sTTNuCAKoINm1iCsKL2V4hHSCFsbGcVW0J9MfIy8S9qNzXv7rLaaBZtlMExOAFnoA6uQAM0QQv4AIMcPINX8OY8OS/Ou/MxHy05xc4h+APn8weM4pX3</latexit><latexit sha1_base64="A8zrXigVyaODcSXyft8ZPPhgn1A=">AAAB/3icbVC7TsMwFHXKq5RXgIGBxaJCYqFKERKwVWLpWCRCKzVp5bhOa9WPyHaQqigLv8LCAIiV32Djb3DbDNBypqNz7tW950QJo9p43rdTWlldW98ob1a2tnd299z9gwctU4WJjyWTqhMhTRgVxDfUMNJJFEE8YqQdjW+nfvuRKE2luDeThIQcDQWNKUbGSn33qN07D4yEcRAhBeNeFiSKcpL33apX82aAy6RekCoo0Oq7X8FA4pQTYTBDWnfrXmLCDClDMSN5JUg1SRAeoyHpWioQJzrMZgFyeGqVAYyl/UAKA2fq740Mca0nPLKTHJmRXvSm4n9eNzXxdZhRkaSGCDw/FKcM2sTTNuCAKoINm1iCsKL2V4hHSCFsbGcVW0J9MfIy8S9qNzXv7rLaaBZtlMExOAFnoA6uQAM0QQv4AIMcPINX8OY8OS/Ou/MxHy05xc4h+APn8weM4pX3</latexit>

•Reconstruct all decay products: probe larger-x, smaller bkg 

•Reconstruct all decay products: lower stats

pp ! `b +X
<latexit sha1_base64="816ZjGAvIQXGU0Rbv6k92NMx6lQ=">AAACCHicbVDLSsNAFJ3UV62vqEs3g0UQhJKKoO6KblxWMLbQhDKZ3rRDZ5IwMxFKyNaNv+LGhYpbP8Gdf+M0zUJbLwxz5px7uXNOkHCmtON8W5Wl5ZXVtep6bWNza3vH3t27V3EqKbg05rHsBkQBZxG4mmkO3UQCEQGHTjC+nuqdB5CKxdGdniTgCzKMWMgo0Ybq2zjzpMBJXl6ejrEHnBfPID/p4r5ddxpOUXgRNEtQR2W1+/aXN4hpKiDSlBOlek0n0X5GpGaUQ17zUgUJoWMyhJ6BERGg/KxwkuMjwwxwGEtzIo0L9vdERoRSExGYTkH0SM1rU/I/rZfq8MLPWJSkGiI6WxSmHBu/01jwgEmgmk8MIFQy81dMR0QSqk14NRNCc97yInBPG5cN5/as3roq06iiA3SIjlETnaMWukFt5CKKHtEzekVv1pP1Yr1bH7PWilXO7KM/ZX3+ADosmZQ=</latexit><latexit sha1_base64="816ZjGAvIQXGU0Rbv6k92NMx6lQ=">AAACCHicbVDLSsNAFJ3UV62vqEs3g0UQhJKKoO6KblxWMLbQhDKZ3rRDZ5IwMxFKyNaNv+LGhYpbP8Gdf+M0zUJbLwxz5px7uXNOkHCmtON8W5Wl5ZXVtep6bWNza3vH3t27V3EqKbg05rHsBkQBZxG4mmkO3UQCEQGHTjC+nuqdB5CKxdGdniTgCzKMWMgo0Ybq2zjzpMBJXl6ejrEHnBfPID/p4r5ddxpOUXgRNEtQR2W1+/aXN4hpKiDSlBOlek0n0X5GpGaUQ17zUgUJoWMyhJ6BERGg/KxwkuMjwwxwGEtzIo0L9vdERoRSExGYTkH0SM1rU/I/rZfq8MLPWJSkGiI6WxSmHBu/01jwgEmgmk8MIFQy81dMR0QSqk14NRNCc97yInBPG5cN5/as3roq06iiA3SIjlETnaMWukFt5CKKHtEzekVv1pP1Yr1bH7PWilXO7KM/ZX3+ADosmZQ=</latexit><latexit sha1_base64="816ZjGAvIQXGU0Rbv6k92NMx6lQ=">AAACCHicbVDLSsNAFJ3UV62vqEs3g0UQhJKKoO6KblxWMLbQhDKZ3rRDZ5IwMxFKyNaNv+LGhYpbP8Gdf+M0zUJbLwxz5px7uXNOkHCmtON8W5Wl5ZXVtep6bWNza3vH3t27V3EqKbg05rHsBkQBZxG4mmkO3UQCEQGHTjC+nuqdB5CKxdGdniTgCzKMWMgo0Ybq2zjzpMBJXl6ejrEHnBfPID/p4r5ddxpOUXgRNEtQR2W1+/aXN4hpKiDSlBOlek0n0X5GpGaUQ17zUgUJoWMyhJ6BERGg/KxwkuMjwwxwGEtzIo0L9vdERoRSExGYTkH0SM1rU/I/rZfq8MLPWJSkGiI6WxSmHBu/01jwgEmgmk8MIFQy81dMR0QSqk14NRNCc97yInBPG5cN5/as3roq06iiA3SIjlETnaMWukFt5CKKHtEzekVv1pP1Yr1bH7PWilXO7KM/ZX3+ADosmZQ=</latexit>

pp ! µ+e�b +X (+c.c.)
<latexit sha1_base64="L/Oh/XK1FL6XsAOl8zzYcHyKvdc=">AAACGnicbVDLTgIxFO3gC/E16tJNIzHBoJMZYqLuiG5cYiJCwgDplAINbWfSdkzIZP7Djb/ixoUad8aNf2OBWSh4muaenHNv2nuCiFGlXffbyi0tr6yu5dcLG5tb2zv27t69CmOJSR2HLJTNACnCqCB1TTUjzUgSxANGGsHoeuI3HohUNBR3ehyRNkcDQfsUI22krl1JfMlhlGbF1yH0edwpk87pVArSchP6J5MDS2XsYOe4axddx50CLhIvI0WQoda1P/1eiGNOhMYMKdXy3Ei3EyQ1xYykBT9WJEJ4hAakZahAnKh2Mt0thUdG6cF+KM0VGk7V3xMJ4kqNeWA6OdJDNe9NxP+8Vqz7F+2EiijWRODZQ/2YQZPAJCjYo5JgzcaGICyp+SvEQyQR1ibOggnBm195kdQrzqXj3p4Vq1dZGnlwAA5BCXjgHFTBDaiBOsDgETyDV/BmPVkv1rv1MWvNWdnMPvgD6+sHkM+evA==</latexit><latexit sha1_base64="L/Oh/XK1FL6XsAOl8zzYcHyKvdc=">AAACGnicbVDLTgIxFO3gC/E16tJNIzHBoJMZYqLuiG5cYiJCwgDplAINbWfSdkzIZP7Djb/ixoUad8aNf2OBWSh4muaenHNv2nuCiFGlXffbyi0tr6yu5dcLG5tb2zv27t69CmOJSR2HLJTNACnCqCB1TTUjzUgSxANGGsHoeuI3HohUNBR3ehyRNkcDQfsUI22krl1JfMlhlGbF1yH0edwpk87pVArSchP6J5MDS2XsYOe4axddx50CLhIvI0WQoda1P/1eiGNOhMYMKdXy3Ei3EyQ1xYykBT9WJEJ4hAakZahAnKh2Mt0thUdG6cF+KM0VGk7V3xMJ4kqNeWA6OdJDNe9NxP+8Vqz7F+2EiijWRODZQ/2YQZPAJCjYo5JgzcaGICyp+SvEQyQR1ibOggnBm195kdQrzqXj3p4Vq1dZGnlwAA5BCXjgHFTBDaiBOsDgETyDV/BmPVkv1rv1MWvNWdnMPvgD6+sHkM+evA==</latexit><latexit sha1_base64="L/Oh/XK1FL6XsAOl8zzYcHyKvdc=">AAACGnicbVDLTgIxFO3gC/E16tJNIzHBoJMZYqLuiG5cYiJCwgDplAINbWfSdkzIZP7Djb/ixoUad8aNf2OBWSh4muaenHNv2nuCiFGlXffbyi0tr6yu5dcLG5tb2zv27t69CmOJSR2HLJTNACnCqCB1TTUjzUgSxANGGsHoeuI3HohUNBR3ehyRNkcDQfsUI22krl1JfMlhlGbF1yH0edwpk87pVArSchP6J5MDS2XsYOe4axddx50CLhIvI0WQoda1P/1eiGNOhMYMKdXy3Ei3EyQ1xYykBT9WJEJ4hAakZahAnKh2Mt0thUdG6cF+KM0VGk7V3xMJ4kqNeWA6OdJDNe9NxP+8Vqz7F+2EiijWRODZQ/2YQZPAJCjYo5JgzcaGICyp+SvEQyQR1ibOggnBm195kdQrzqXj3p4Vq1dZGnlwAA5BCXjgHFTBDaiBOsDgETyDV/BmPVkv1rv1MWvNWdnMPvgD6+sHkM+evA==</latexit>

Kagan, Kamenik, Perez, Stone - arXiv: 1103.3747
RG - arXiv: 1311.1810, 1409.8631
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<latexit sha1_base64="816ZjGAvIQXGU0Rbv6k92NMx6lQ=">AAACCHicbVDLSsNAFJ3UV62vqEs3g0UQhJKKoO6KblxWMLbQhDKZ3rRDZ5IwMxFKyNaNv+LGhYpbP8Gdf+M0zUJbLwxz5px7uXNOkHCmtON8W5Wl5ZXVtep6bWNza3vH3t27V3EqKbg05rHsBkQBZxG4mmkO3UQCEQGHTjC+nuqdB5CKxdGdniTgCzKMWMgo0Ybq2zjzpMBJXl6ejrEHnBfPID/p4r5ddxpOUXgRNEtQR2W1+/aXN4hpKiDSlBOlek0n0X5GpGaUQ17zUgUJoWMyhJ6BERGg/KxwkuMjwwxwGEtzIo0L9vdERoRSExGYTkH0SM1rU/I/rZfq8MLPWJSkGiI6WxSmHBu/01jwgEmgmk8MIFQy81dMR0QSqk14NRNCc97yInBPG5cN5/as3roq06iiA3SIjlETnaMWukFt5CKKHtEzekVv1pP1Yr1bH7PWilXO7KM/ZX3+ADosmZQ=</latexit><latexit sha1_base64="816ZjGAvIQXGU0Rbv6k92NMx6lQ=">AAACCHicbVDLSsNAFJ3UV62vqEs3g0UQhJKKoO6KblxWMLbQhDKZ3rRDZ5IwMxFKyNaNv+LGhYpbP8Gdf+M0zUJbLwxz5px7uXNOkHCmtON8W5Wl5ZXVtep6bWNza3vH3t27V3EqKbg05rHsBkQBZxG4mmkO3UQCEQGHTjC+nuqdB5CKxdGdniTgCzKMWMgo0Ybq2zjzpMBJXl6ejrEHnBfPID/p4r5ddxpOUXgRNEtQR2W1+/aXN4hpKiDSlBOlek0n0X5GpGaUQ17zUgUJoWMyhJ6BERGg/KxwkuMjwwxwGEtzIo0L9vdERoRSExGYTkH0SM1rU/I/rZfq8MLPWJSkGiI6WxSmHBu/01jwgEmgmk8MIFQy81dMR0QSqk14NRNCc97yInBPG5cN5/as3roq06iiA3SIjlETnaMWukFt5CKKHtEzekVv1pP1Yr1bH7PWilXO7KM/ZX3+ADosmZQ=</latexit><latexit sha1_base64="816ZjGAvIQXGU0Rbv6k92NMx6lQ=">AAACCHicbVDLSsNAFJ3UV62vqEs3g0UQhJKKoO6KblxWMLbQhDKZ3rRDZ5IwMxFKyNaNv+LGhYpbP8Gdf+M0zUJbLwxz5px7uXNOkHCmtON8W5Wl5ZXVtep6bWNza3vH3t27V3EqKbg05rHsBkQBZxG4mmkO3UQCEQGHTjC+nuqdB5CKxdGdniTgCzKMWMgo0Ybq2zjzpMBJXl6ejrEHnBfPID/p4r5ddxpOUXgRNEtQR2W1+/aXN4hpKiDSlBOlek0n0X5GpGaUQ17zUgUJoWMyhJ6BERGg/KxwkuMjwwxwGEtzIo0L9vdERoRSExGYTkH0SM1rU/I/rZfq8MLPWJSkGiI6WxSmHBu/01jwgEmgmk8MIFQy81dMR0QSqk14NRNCc97yInBPG5cN5/as3roq06iiA3SIjlETnaMWukFt5CKKHtEzekVv1pP1Yr1bH7PWilXO7KM/ZX3+ADosmZQ=</latexit>
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LHCb collaboration - arXiv: 1506.00903

�(top)[7 TeV] = 259± 53(stat)± 38(sys) fb

�(top)[8 TeV] = 289± 43(stat)± 46(sys) fb
<latexit sha1_base64="VDCQOv43KiI6S83oZT5XJLRcFl0="></latexit><latexit sha1_base64="VDCQOv43KiI6S83oZT5XJLRcFl0="></latexit><latexit sha1_base64="VDCQOv43KiI6S83oZT5XJLRcFl0="></latexit>

Observation of forward top quark (ttbar and single-top) production

pµT > 25 GeV, 2.0(2.2) < ⌘µ(b) < 4.5(4.2), 50 < pbT < 100 GeV...
<latexit sha1_base64="apVDVHB1pYcBX+UBanI9r3Kr8yM="></latexit><latexit sha1_base64="apVDVHB1pYcBX+UBanI9r3Kr8yM="></latexit><latexit sha1_base64="apVDVHB1pYcBX+UBanI9r3Kr8yM="></latexit>

{\rm~GeV} 



pp ! µ+e�b +X (+c.c.)
<latexit sha1_base64="L/Oh/XK1FL6XsAOl8zzYcHyKvdc=">AAACGnicbVDLTgIxFO3gC/E16tJNIzHBoJMZYqLuiG5cYiJCwgDplAINbWfSdkzIZP7Djb/ixoUad8aNf2OBWSh4muaenHNv2nuCiFGlXffbyi0tr6yu5dcLG5tb2zv27t69CmOJSR2HLJTNACnCqCB1TTUjzUgSxANGGsHoeuI3HohUNBR3ehyRNkcDQfsUI22krl1JfMlhlGbF1yH0edwpk87pVArSchP6J5MDS2XsYOe4axddx50CLhIvI0WQoda1P/1eiGNOhMYMKdXy3Ei3EyQ1xYykBT9WJEJ4hAakZahAnKh2Mt0thUdG6cF+KM0VGk7V3xMJ4kqNeWA6OdJDNe9NxP+8Vqz7F+2EiijWRODZQ/2YQZPAJCjYo5JgzcaGICyp+SvEQyQR1ibOggnBm195kdQrzqXj3p4Vq1dZGnlwAA5BCXjgHFTBDaiBOsDgETyDV/BmPVkv1rv1MWvNWdnMPvgD6+sHkM+evA==</latexit><latexit sha1_base64="L/Oh/XK1FL6XsAOl8zzYcHyKvdc=">AAACGnicbVDLTgIxFO3gC/E16tJNIzHBoJMZYqLuiG5cYiJCwgDplAINbWfSdkzIZP7Djb/ixoUad8aNf2OBWSh4muaenHNv2nuCiFGlXffbyi0tr6yu5dcLG5tb2zv27t69CmOJSR2HLJTNACnCqCB1TTUjzUgSxANGGsHoeuI3HohUNBR3ehyRNkcDQfsUI22krl1JfMlhlGbF1yH0edwpk87pVArSchP6J5MDS2XsYOe4axddx50CLhIvI0WQoda1P/1eiGNOhMYMKdXy3Ei3EyQ1xYykBT9WJEJ4hAakZahAnKh2Mt0thUdG6cF+KM0VGk7V3xMJ4kqNeWA6OdJDNe9NxP+8Vqz7F+2EiijWRODZQ/2YQZPAJCjYo5JgzcaGICyp+SvEQyQR1ibOggnBm195kdQrzqXj3p4Vq1dZGnlwAA5BCXjgHFTBDaiBOsDgETyDV/BmPVkv1rv1MWvNWdnMPvgD6+sHkM+evA==</latexit><latexit sha1_base64="L/Oh/XK1FL6XsAOl8zzYcHyKvdc=">AAACGnicbVDLTgIxFO3gC/E16tJNIzHBoJMZYqLuiG5cYiJCwgDplAINbWfSdkzIZP7Djb/ixoUad8aNf2OBWSh4muaenHNv2nuCiFGlXffbyi0tr6yu5dcLG5tb2zv27t69CmOJSR2HLJTNACnCqCB1TTUjzUgSxANGGsHoeuI3HohUNBR3ehyRNkcDQfsUI22krl1JfMlhlGbF1yH0edwpk87pVArSchP6J5MDS2XsYOe4axddx50CLhIvI0WQoda1P/1eiGNOhMYMKdXy3Ei3EyQ1xYykBT9WJEJ4hAakZahAnKh2Mt0thUdG6cF+KM0VGk7V3xMJ4kqNeWA6OdJDNe9NxP+8Vqz7F+2EiijWRODZQ/2YQZPAJCjYo5JgzcaGICyp+SvEQyQR1ibOggnBm195kdQrzqXj3p4Vq1dZGnlwAA5BCXjgHFTBDaiBOsDgETyDV/BmPVkv1rv1MWvNWdnMPvgD6+sHkM+evA==</latexit>
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LHCb collaboration - arXiv: 1803.05188

Expect at least 20 times more data… work on systematics               
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Figure 3: The b-jet (left) ⌘ and (right) pT distribution in data compared to the expected
contributions. The tt signal yield is determined to be the number of selected events minus the
sum of the expected backgrounds. The multiboson background is determined to be negligible.
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Figure 4: The combined invariant mass of the muon, electron and b-jet in data compared to the
expected contributions. The tt signal yield is determined to be the number of selected events
minus the sum of the expected backgrounds. The multiboson background is determined to be
negligible.

e�ciency to reconstruct and tag the jet are given by "jet and "tag respectively, and the
e�ciency of the additional selection requirements is given by "sel.

The e�ciencies to reconstruct, identify, and trigger the muon candidate are determined
from simulation, where the simulated Pythia8 sample is weighted in the muon pT and
⌘ to match NLO predictions from aMC@NLO. Additionally, corrections are applied
as a function of the muon pT and ⌘ to account for observed di↵erences in the e�ciency
between data and simulation. The corrections are obtained using a tag-and-probe method
on Z ! µ+µ� events, where one of the muons, the tag, is required to have triggered the
event and be fully reconstructed and identified, and a probe is selected that represents the
other muon and acts as an unbiased estimator of the e�ciency, using similar techniques
as those used in Ref. [29]. In the case of the reconstruction e�ciency, the probe is a track
reconstructed using the muon stations and information from tracking detectors not used in
the primary track reconstruction algorithms. For the identification e�ciency, the probe is a
fully reconstructed particle with no identification requirements applied, and for the trigger

6

50 100 150 200
 [fb]ebX)µ→t t→(ppσ

5000 10000 15000
 [fb])tt→(ppσ

LHCb
 = 13 TeVs

data
POWHEG
aMC@NLO
MCFM

Figure 5: Graphical comparison of the measured cross-sections with the predictions from the
aMC@NLO, POWHEG and MCFM generators. For the data, the inner error band represents
the statistical uncertainty, and the outer the total, while for the theoretical predictions, the
inner band represents the scale uncertainty and the outer represents the total. The prediction is
shown (above) for the muon, electron and jet fiducial, and (below) for the top quark fiducial
region.

capabilities of the LHCb detector in future upgrades [31, 32], measurements in the µeb
final state will no longer be statistically limited, and have the potential to achieve the
highest precision on the measurement of the tt production cross-section at LHCb.
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Figure 7: Same as Fig. 5 for the top quark rapidity distribution yt.
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Figure 14: The gluon PDF from the HERA-only fits corresponding to the same input combinations of
LHC top-quark data, both at the level of absolute (left) and of normalized distributions (right).

values for the ATLAS and CMS absolute (normalized) distributions are 1.99 and 2.60 (2.96 and
3.56) respectively, to be compared with 0.73 and 0.82 (1.46 and 1.57) in the HERA-only fits.
This increase in the �

2 is also pronounced for the mtt̄ distribution, where in the global fits the
values of the �2 for the ATLAS and CMS data are 4.02 and 5.11 (2.98 and 7.27) for the absolute
(normalized) distributions, while we found 1.53 and 1.73 (3.03 and 6.26) in the HERA-only
fits. For the normalized mtt̄ distributions instead, the �

2 is equally poor in the global and in
the HERA-only fits. When the ATLAS and CMS data are included separately in the fit, the
�
2 values exhibit a significant reduction, though they do not turn out to be as good as in the

corresponding HERA-only case (see appendix A). This behaviour might be related to a residual
tension between some top-quark pair distributions and other experiments included in the global
fit, as we will discuss further in appendix B.

The results for the impact on the large-x gluon of adding top-quark pair di↵erential data in
the global fits are shown in Figs. 15-16. Similarly to the case of the HERA-only fits, we find
that the four di↵erential distributions, as well as the total cross-section data, have a similar pull
on the central value of large-x gluon. Reassuringly, this trend is shared in both absolute and
normalized distributions: for x

⇠
> 0.2, the LHC top data prefers a softer gluon as compared to
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PDF fit - HERA + top quark rapidity distributions
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(In)consistency of ATLAS and CMS rapidity distributions: 
 
 
 
LHCb can provide forward data for               as well as

Dataset PDF set �2 Dataset PDF set �2

ATLAS d�/dptT CMS d�/dptT
NNPDF3.0 0.84 (0.66) NNPDF3.0 1.24 (0.91)
CT14 0.76 (0.42) CT14 1.67 (1.77)
MMHT14 0.63 (0.44) MMHT14 1.54 (1.47)
HERA2.0 1.13 (1.69) HERA2.0 0.69 (0.34)
ABM12 6.23 (1.94) ABM12 12.5 (3.00)

ATLAS d�/dyt CMS d�/dyt
NNPDF3.0 0.73 (0.28) NNPDF3.0 3.04 (1.05)
CT14 1.28 (0.20) CT14 2.23 (1.47)
MMHT14 1.36 (0.29) MMHT14 2.12 (0.98)
HERA2.0 0.72 (0.99) HERA2.0 3.65 (1.49)
ABM12 5.32 (1.45) ABM12 22.1 (9.78)

ATLAS d�/dytt̄ CMS d�/dytt̄
NNPDF3.0 0.84 (0.21) NNPDF3.0 0.99 (0.74)
CT14 2.69 (0.19) CT14 1.88 (1.67)
MMHT14 2.36 (0.29) MMHT14 2.27 (1.52)
HERA2.0 0.53 (0.74) HERA2.0 1.02 (0.78)
ABM12 4.04 (1.05) ABM12 18.0 (5.48)

ATLAS d�/dmtt̄ CMS d�/dmtt̄

NNPDF3.0 0.77 (0.38) NNPDF3.0 5.73 (4.36)
CT14 0.61 (0.19) CT14 7.28 (6.06)
MMHT14 0.58 (0.24) MMHT14 7.32 (5.74)
HERA2.0 1.40 (1.30) HERA2.0 3.32 (1.49)
ABM12 5.72 (3.81) ABM12 5.23 (3.22)

Table 3: The �
2 values for absolute distributions in top-quark pair production from ATLAS and CMS

for di↵erent NNLO PDF sets. The first number is the �
2 from the full covariance matrix, Eq. (5), while

the value in parenthesis is obtained by adding in quadrature statistical and systematic errors.

in Tables 3 and 4. In order to facilitate the comparison with Figs. 5-12, we also indicate in
parenthesis the �

2 values computed neglecting bin-by-bin correlations. As expected, the �
2

reduces substantially if experimental correlations are not accounted for.
At the level of absolute distributions, Table 3, we find that for NNPDF3.0 there is good

agreement (�2
' 1) for all ATLAS distributions, while the agreement is poorer for the CMS

distributions except for ytt̄ and p
t
T . A similar agreement between data and NNLO theory is

found for HERAPDF2.0. The same trend is also partly shared by CT14 and MMHT14, though
these two sets lead to a somewhat worse description of the ATLAS and CMS ytt̄ distributions
as compared to NNPDF3.0 and HERAPDF2.0. On the other hand, for ABM12 one finds a
significantly worse �2, which reflects the fact that their predictions tend to undershoot the LHC
data, as observed in Figs. 5-11. Concerning the top-quark transverse momentum p

t
T absolute

distributions, NNLO theory provides good description of both ATLAS and CMS data for all
PDF sets except for ABM12.

Moving to normalized distributions, Table 4, one finds �
2 values that are in general higher

than those from the absolute case. In the case of the ptT distribution, the agreement between nor-
malized data and theory is generally poor for all PDF sets and for both ATLAS and CMS, except
for HERAPDF2.0 in the former case. For the normalized yt and ytt̄ distributions, HERAPDF2.0
provides a reasonable description except for the CMS yt distribution, where one finds �

2
' 5.

None of the other NNLO sets achieves a satisfactory description of these two distributions.
Concerning the normalized invariant massmtt̄ distribution, there is a stark di↵erence between

the comparisons of the ATLAS and the CMS measurements with theory. In the former case,
NNPDF3.0, CT14 and MMHT14 lead to a good �

2, while for the latter the same PDF sets
lead to a much worse �

2. For this distribution, HERAPDF2.0 provides a poor description of
both ATLAS and CMS data, while ABM12 can successfully describe the CMS data at the price
of a very poor �

2 to the ATLAS measurements. Therefore, it seems not possible to achieve a
simultaneous satisfactory description of both the ATLAS and CMS normalizedmtt̄ distributions.
As we will show in the next section, the same conclusions hold after the PDF fit.
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• Measurements performed at 3 CoM Energies (5, 7, 13 TeV) 
• 8 bins within                      , 5 bins within                        (40 total)

 14

pp ! D +X
D0, D+, Ds, D

⇤+ (+c.c.)

What exactly is measured?

2.0 < yD < 4.5pDT < 8.0 GeV

d2�

dpDT dyD
=

1

�pDT �yD
· Ni(D ! f + c.c.)

✏i(D ! f)B(D ! f)Lint

Number of events

efficiency to 
measure f

branching 
fraction to f

hardware 
efficiency

lumi

bins

In total approximately 480 data points
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Figure 2: Charm quark rapidity distributions at
p
S = 13 TeV.

at 13 TeV, and possibly be sensitive to the (mostly gluon) PDF in regions where it is
not yet well constrained by data. In the rest of the paper we analyse more quantitatively
these statements, focusing on the potential of the LHCb and, partly, ALICE experiments
to combine results from the forthcoming 13 TeV runs and previous 7 or 8 TeV runs. As
part of this work, we also update to 13 TeV the complete predictions for absolute cross
sections presented in Ref. [28]. We refer to this work for the detailed description of the
general framework of our calculations, and for references to the earlier literature.

2 General considerations

The strong scale dependence in charm and bottom pair production is mostly the conse-
quence of the large corrections [34–36] at the next-to-leading-order (NLO), and possibly
beyond. This is due in part to the intrinsically large value of ↵S(µ) at the relevant scales
µ ⇠ mQ, and in part to the emergence of new processes at O(↵3

S). The large uncertainty
can be mitigated in the regime of pT � mQ, where the dominant higher-order contribu-
tions have a universal logarithmic behaviour that allows for their resummation [37]. At
lower pT values, where we can only rely on the fixed-order NLO QCD calculation,4 the
scale dependence reaches values in the range of ⇠ 100% in the case of the charm quark,
and of ⇠ 50% for the bottom quark. This situation is shown in more detail in Figures 2

4NNLO results for heavy-quark pair production are in principle known [38]. In practice, their use is
limited today to the case of the heavy top quark, due to the intrinsic instability of the numerical evaluations
for masses in the few-GeV range. The extension of the NNLO results to this light mass range will therefore
require future dedicated numerical studies by the authors of the original NNLO calculations.

3

taken from arXiv 1507.06197

�̂ij(�,m, µF ) =
↵2
s(µR)

m2
Q

⇣
�(0)
ij + ↵s(µR)

h
�(1)
ij + �(1)

ij (µF , µR)
i
+ ...

⌘

Scale uncertainties at low energy scales overwhelming

µ ⇠
q
m2

Q + p2T,Q ⇠ 2.2GeV ↵s(2.2GeV) ⇠ 0.3
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Measurements performed double differentially in       and       .     

Measurements performed at multiple hadronic CoM values

pDT yD

N ij
X =

d2�(X TeV)

dyDi d(pDT )j

�
d2�(X TeV)

dyDrefd(p
D
T )j

Rij
13/X =

d2�(13 TeV)

dyDi d(pDT )j

�
d2�(X TeV)

dyDi d(pDT )j

x1,(2) =
mTp
S

⇣
e(�)y3 + e(�)y4

⌘

Hadronic CoM Energy
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Measurements performed double differentially in       and       .     

Measurements performed at multiple hadronic CoM values

pDT yD

N ij
X =

d2�(X TeV)

dyDi d(pDT )j

�
d2�(X TeV)

dyDrefd(p
D
T )j

Rij
13/X =

d2�(13 TeV)

dyDi d(pDT )j

�
d2�(X TeV)

dyDi d(pDT )j

pros: theoretical (and experimental) uncertainties highly correlated 
 
cons: PDF uncertainties also correlated (lose sensitivity to PDFs)
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taken from arXiv 1507.06197

Ratio of cross-sections 
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Figure 7: Ratio of charm quark rapidity distributions in pp collisions at
p
S = 13 TeV

and
p
S = 7 TeV collisions in the LHC.

Figure 8: Ratio of bottom quark rapidity distributions in pp collisions at
p
S = 13 TeV

and
p
S = 7 TeV collisions in the LHC.
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taken from arXiv 1507.06197

Ratio of cross-sections 
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Figure 7: Ratio of charm quark rapidity distributions in pp collisions at
p
S = 13 TeV

and
p
S = 7 TeV collisions in the LHC.

Figure 8: Ratio of bottom quark rapidity distributions in pp collisions at
p
S = 13 TeV

and
p
S = 7 TeV collisions in the LHC.
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Prompt charm production at 13 TeV (and 13/7 ratio), arXiv:1510.01707  

Prompt charm production at 5 TeV (and 13/5 ratio), arXiv:1610.02230 

Prompt charm production at 7 TeV, arXiv:1302.2864 

Prompt B production at 13 TeV (and 13/7 ratio), arXiv:1612.05150 

Prompt B production at 7 TeV, arXiv:1306.3663
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Summary of LHCb data
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NLO analysis, HERA + LHCb B/D 7 TeV data, arXiv:1503.04581 

NNPDF3.0 NLO Global fit + LHCb D 7 TeV data, arXiv:1506.08025 
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Analyses of absolute D cross section data, arXiv:1705.08845
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Ne↵(Ndat) = 426(103)

Ne↵(Ndat) = 422(101)

Ne↵(Ndat) = 637(85)
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2

these observables. The ratio measurements, R13/7 and
R13/5, are available for y

D ∈ [2.0, 4.5] in five bins and for
pDT ∈ [0, 8] GeV in eight bins. The 5 TeV and 13 TeV
absolute cross section measurements extend to higher pDT
values, however these additional points are excluded from
the fit since they might be affected by large logarithmic
contributions [22]. In this way, data in a fixed kinematic
region is included either through cross-section ratios or
normalized cross-sections. The reference rapidity bin in
the normalized distributions N ij

X in Eq. (1) is chosen to
be yDref ∈ [3.0, 3.5], as in [15], since we have verified that
this choice maximizes the cancellation of scale uncertain-
ties for the considered data. We restrict our analysis
to the {D0, D+, D+

s } final states, ignoring that of D+∗

which has an overlapping contribution with that of D0

and D+.
The theoretical predictions forD meson production are

computed at NLO+PS accuracy using POWHEG [23–25]
to match the fixed-order calculation [26] to the Pythia8

shower [27, 28] with the Monash 2013 tune [4]. The
POWHEG results have previously been shown to be con-
sistent [14, 29] with both the NLO+PS (a)MC@NLO [30,
31] method and the semi-analytic FONLL calculation [32,
33]. The NNPDF3.0 NLO set of parton distributions
with αs(mZ) = 0.118, Nf = 5 and Nrep = 1000 replicas
has been used, interfaced with LHAPDF6 [34]. The in-
ternal POWHEG routines have been modified to extract
αs from LHAPDF6, and the compensation terms [32] to
consistently match the Nf = 5 PDFs with the fixed-
order Nf = 3 calculation [26] are included. The cen-
tral value for the charm quark pole mass is taken to
be mc = 1.5 GeV, following the HXSWG recommenda-
tion [35], and the renormalization and factorization scales
are set equal to the heavy quark transverse mass in the
Born configuration, µ = µR = µF =

√
m2

c + p2T .
Other settings of the theory calculation, such as the

values for fragmentation fractions, are the same as those
in [14]. We have verified that the choice of Pythia8 tune
(comparing Monash 2013 with 4C or A14) as well as
the modelling of charm fragmentation (using for e.g. a
Peterson function with ϵD = 0.05 and varying ϵD by a
factor 2) on the observables of Eq. (1) leads in all cases
to variations that are negligible as compared to PDF un-
certainties.

The impact of the LHCb D meson data on the
NNPDF3.0 small-x gluon can be quantified using the
Bayesian reweighting technique [36, 37]. We have studied
separately the impact of the three data sets of normalized
distributions, N5, N7 and N13 and the two cross-section
ratios, R13/5 and R13/7, as well specific combinations
of these, always avoiding double counting. The exper-
imental bin-by-bin correlation matrices are included for
the cross-section ratios R13/X , while for the normalized
cross-section data the (cross-section level) bin-by-bin cor-
relations, which are only available for N5 and N13, are
not included.

We find that NLO theory describes successfully both
the cross-section ratios R13/7 and R13/5 as well as the
normalized cross section data at all three CoM energies.
To illustrate this agreement, we compute the χ2/Ndat

for each of the five datasets, for different combinations
of data used as input in the PDF fit. These results are
summarized in Table I, where the data that has been
included in each case are highlighted in boldface, and
the number in brackets indicates Ndat for each data set.
For example, the first row corresponds to the baseline
PDF set, the second row indicates the resultant χ2/Ndat

for each data set after the N5 data has been added to
NNPDF3.0, and so on.

N5(84) N7(79) N13(126) R13/5(107) R13/7(102)

1.97 1.21 2.36 1.36 0.80

0.86 0.72 1.14 1.35 0.81

1.31 0.91 1.58 1.36 0.82

0.74 0.66 1.01 1.38 0.80

1.08 0.81 1.27 1.29 0.80

1.53 0.99 1.73 1.30 0.81

1.07 0.81 1.34 1.35 0.81

0.82 0.70 1.07 1.35 0.81

0.84 0.71 1.10 1.36 0.81

TABLE I: The χ2/Ndat for the LHCb D meson measurements
considered, N5, N7, N13, R13/7 and R13/5, for various combi-
nations of input to the PDF fit (highlighted in boldface).

We find that the normalized distributions, N5, N7 and
N13, as well as the ratio R13/5, have a similar substan-
tial pull on the gluon, both for central values and for the
reduction of the PDF uncertainty. It is found that the
R13/7 ratio data has only a minor impact on the cen-
tral value and resultant uncertainty of the small-x gluon.
This can in part be understood due to the fact that this
data is less precise in comparison to the R13/5 data, and
additionally less sensitive to the rate of change of the
gluon PDF at low-x. We find it reassuring that includ-
ing each of the available LHCb data sets to NNPDF3.0,
one at a time, improves the description of all other data
sets. In Fig. 1 we show the 1-σ relative PDF uncertain-
ties for the gluon at Q2 = 4 GeV2 in NNPDF3.0 and
in the subsequent fits when the various LHCb D meson
data sets are included.
In the following we show results for two representative

combinations of the LHCb measurements, namely N7 +
R13/5 and N5+N7+N13. In Fig. 2 we compare the small-
x gluon in NNPDF3.0 with the resultant gluon in these
two cases, as well as the central value from the N5+R13/7

fit. The central value of the small-x gluon is consistent
for all three combinations, down to x ≃ 10−6, and, as
expected from Fig. 1, we observe a dramatic reduction of
the 1-σ PDF uncertainties. We have verified that these
updated results are consistent with our original study [14]

Observable Number of data points

�
2
/Ndat =

X

i,j

(Oi � Ti)�
�1
ij (Oj � Tj)
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Summary of D-hadron data

•The LHCb data leads to constraints: 
- theory predictions based on normalised NLO observables  
- very specific applications (neutrino astronomy)  

x ⇠ 10�6, Q ⇠ 3 GeV
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•Theoretical improvements not expected imminently: 
- numerical stability issues in secdec NNLO top production  
- needs extension to include convolution with FF

•Also an interest to study D-production in p-Pb collisions: 
- Rfb observable highly sensitive to nuclear shadowing 

Kusina et al. - arXiv 1712.07024
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PROSA results: 

•HERA+LHCb Data PDF fit 

• FFS, NF=3 

•Normalise to ‘middle’ 
rapidity bin for each pT 

•HERAfitter framework 

•Also LHCb B data

Gluon PDF extraction at 7 TeV

GRRT results: 

•NNPDF3.0 Global fit 

• input set is VFNS 

•Normalise to max pT / 
min rapidity bin 

•Bayesian Reweighting
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Useful plots
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pT cut dependence
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How do the data actually look?

7 Comparison to theory

Theoretical calculations for charm meson production cross-sections in pp collisions atp
s = 13TeV have been provided in Refs. [1] (POWHEG+NNPDF3.0L), [2] (FONLL),

and [3] (GMVFNS). All three sets of calculations are performed at NLO precision,
and each includes estimates of theoretical uncertainties due to the renormalisation
and factorisation scales. The theoretical uncertainties provided with the FONLL and
POWHEG+NNPDF3.0L predictions also include contributions due to uncertainties in the
e↵ective charm quark mass and the parton distribution functions.

The FONLL predictions are provided in the form of D0, D+, and D
⇤+ production cross-

sections for pp collisions at
p
s = 13TeV for each bin in a subdivision of the phase space,

pT < 30 GeV/c and 2.0 < y < 4.5. Ratios of these cross-sections to those computed for pp
collisions at 7TeV are also supplied. The calculations use the NNPDF3.0 NLO [44] parton
densities. These FONLL calculations of the meson di↵erential production cross-sections
assume f(c ! D) = 1 and are multiplied by the transition probabilities measured at e+e�

colliders for comparison to the current measurements. No dedicated FONLL cross-section
calculation for D+

s production is available.

0 1000 2000 3000 4000
s(pp ! cc̄X) [µb]

LHCb D0

LHCb D+

LHCb average

POWHEG+NNPDF3.0L (absolute)

POWHEG+NNPDF3.0L (scaled)

FONLL

arXiv:1506.08025

arXiv:1506.08025

0 < pT < 8 GeV/c, 2 < y < 4.5 LHCbp
s = 13 TeV

Figure 9: Integrated cross-sections (black diamonds), their average (black circle and blue
band) and theory predictions (red squares) [1, 2] are shown (left) based on the D0 and D+ for
0 < pT < 8 GeV/c and (right) for measurements based on all four mesons for 1 < pT < 8 GeV/c.
The “absolute” predictions are based on calculations of the 13 TeV cross-section, while the
“scaled” predictions are based on calculations of the 13 to 7 TeV ratio multiplied with the LHCb
measurement at 7 TeV [16].

The POWHEG+NNPDF3.0L predictions are also provided in the form of D0 and D
+

production cross-sections for pp collisions at
p
s = 13TeV for each bin in a subdivision of

18
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How do the data actually look?
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Figure 7: Measurements and predictions of the prompt D0, D+, D+
s , and D⇤+ cross-section

ratios between
p

s = 13 and 5 TeV. The dash-dotted lines indicate the unit ratio for each of the
rapidity intervals and the dashed lines indicate a ratio of two. Each set of measurements and
predictions in a given rapidity bin is o↵set by an additive constant m, which is shown on the
plot. Only central values are provided for the GMVFNS predictions.

14



�37

How do the data actually look?
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Figure 5: Measurements and predictions for the absolute prompt (top) D0, and (bottom) D+

cross-sections at
p

s = 13TeV. Each set of measurements and predictions in a given rapidity bin
is o↵set by a multiplicative factor 10�m, where the factor m is shown on the plots. The boxes
indicate the ±1� uncertainty band on the theory predictions. In cases where this band spans
more than two orders of magnitude only its upper edge is indicated.
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