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HIGGS BOSON PHYSICS

CURRENT STATUS

Physics at 10 % level
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FUTURE OF HIGGS BOSON PHYSICS �3

! Luminosity at 1% 

! Couplings better then 5% 

! Differential cross sections get precise

AT 3000 FB^-1
Inclusive Production Cross Section 
of the Higgs Boson



FUTURE OF HIGGS BOSON PHYSICS �4

AT 3000 FB^-1
Inclusive Production Cross Section 
of the Higgs Boson



FUTURE OF HIGGS BOSON PHYSICS �5

AT 3000 FB^-1
Inclusive Production Cross Section 
of the Higgs Boson

Theory uncertainties:
OPTIMISTIC scenario!!!



! !
!

dxdyf (x)f (y)ö! + O
"

!
Q

#

THE WAY TO PRECISION LHC PREDICTIONS

! Perturbative approach to computing partonic cross sections. 

! QCD perturbation theory is dominant: ↵S = 0.118
<latexit sha1_base64="xdZeTD6hbGvAmIcO0DCyKxPAeb4=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgadkVwXgQgl48RnRNIFlD72Q2GTL7YGZWCUv+w4sHFa9+jDf/xsnjoIkFDUVVN91dQSq40o7zbRWWlldW14rrpY3Nre2d8u7evUoySZlHE5HIZoCKCR4zT3MtWDOVDKNAsEYwuBr7jUcmFU/iOz1MmR9hL+Yhp6iN9NBGkfaxc3vh2K5b7ZQrju1MQBaJOyMVmKHeKX+1uwnNIhZrKlCpluuk2s9Rak4FG5XamWIp0gH2WMvQGCOm/Hxy9YgcGaVLwkSaijWZqL8ncoyUGkaB6YxQ99W8Nxb/81qZDqt+zuM00yym00VhJohOyDgC0uWSUS2GhiCV3NxKaB8lUm2CKpkQ3PmXF4l3Yp/b7s1ppXY5S6MIB3AIx+DCGdTgGurgAQUJz/AKb9aT9WK9Wx/T1oI1m9mHP7A+fwAaspEj</latexit><latexit sha1_base64="xdZeTD6hbGvAmIcO0DCyKxPAeb4=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgadkVwXgQgl48RnRNIFlD72Q2GTL7YGZWCUv+w4sHFa9+jDf/xsnjoIkFDUVVN91dQSq40o7zbRWWlldW14rrpY3Nre2d8u7evUoySZlHE5HIZoCKCR4zT3MtWDOVDKNAsEYwuBr7jUcmFU/iOz1MmR9hL+Yhp6iN9NBGkfaxc3vh2K5b7ZQrju1MQBaJOyMVmKHeKX+1uwnNIhZrKlCpluuk2s9Rak4FG5XamWIp0gH2WMvQGCOm/Hxy9YgcGaVLwkSaijWZqL8ncoyUGkaB6YxQ99W8Nxb/81qZDqt+zuM00yym00VhJohOyDgC0uWSUS2GhiCV3NxKaB8lUm2CKpkQ3PmXF4l3Yp/b7s1ppXY5S6MIB3AIx+DCGdTgGurgAQUJz/AKb9aT9WK9Wx/T1oI1m9mHP7A+fwAaspEj</latexit><latexit sha1_base64="xdZeTD6hbGvAmIcO0DCyKxPAeb4=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgadkVwXgQgl48RnRNIFlD72Q2GTL7YGZWCUv+w4sHFa9+jDf/xsnjoIkFDUVVN91dQSq40o7zbRWWlldW14rrpY3Nre2d8u7evUoySZlHE5HIZoCKCR4zT3MtWDOVDKNAsEYwuBr7jUcmFU/iOz1MmR9hL+Yhp6iN9NBGkfaxc3vh2K5b7ZQrju1MQBaJOyMVmKHeKX+1uwnNIhZrKlCpluuk2s9Rak4FG5XamWIp0gH2WMvQGCOm/Hxy9YgcGaVLwkSaijWZqL8ncoyUGkaB6YxQ99W8Nxb/81qZDqt+zuM00yym00VhJohOyDgC0uWSUS2GhiCV3NxKaB8lUm2CKpkQ3PmXF4l3Yp/b7s1ppXY5S6MIB3AIx+DCGdTgGurgAQUJz/AKb9aT9WK9Wx/T1oI1m9mHP7A+fwAaspEj</latexit><latexit sha1_base64="xdZeTD6hbGvAmIcO0DCyKxPAeb4=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgadkVwXgQgl48RnRNIFlD72Q2GTL7YGZWCUv+w4sHFa9+jDf/xsnjoIkFDUVVN91dQSq40o7zbRWWlldW14rrpY3Nre2d8u7evUoySZlHE5HIZoCKCR4zT3MtWDOVDKNAsEYwuBr7jUcmFU/iOz1MmR9hL+Yhp6iN9NBGkfaxc3vh2K5b7ZQrju1MQBaJOyMVmKHeKX+1uwnNIhZrKlCpluuk2s9Rak4FG5XamWIp0gH2WMvQGCOm/Hxy9YgcGaVLwkSaijWZqL8ncoyUGkaB6YxQ99W8Nxb/81qZDqt+zuM00yym00VhJohOyDgC0uWSUS2GhiCV3NxKaB8lUm2CKpkQ3PmXF4l3Yp/b7s1ppXY5S6MIB3AIx+DCGdTgGurgAQUJz/AKb9aT9WK9Wx/T1oI1m9mHP7A+fwAaspEj</latexit>

�̂ = �̂(0) + ↵1
S �̂

(0) + ↵2
S �̂

(2) + ↵3
S �̂

(3) . . .

LO NLO NNLO N3LO

! Resum and match where fixed order breaks down. 

! Complement with other effects (electro-weak, masses, etc.).

�6THE ROCKY ROAD TO PRECISE PREDICTIONS

~ % ?



HIGHER ORDER PRECISION

GLUON FUSION AT N3LO
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(3) . . .

LO NLO NNLO N3LO

! Higher order 
corrections allow for 
precise predictions. 

! Predicting high 
orders forces us to 
develop new tools / 
technology.

[Anastasiou,Duhr,Dulat,Herzog,BM, arXiv:1503.06056]

http://arxiv.org/abs/arXiv:1503.06056


HIGHER ORDER PRECISION

PHENOMENOLOGICAL COMPLEXITY
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! It’s getting 
complicated! 

! Many “minor“ 
corrections have to be 
figured out in order to 
improve further.

[Dulat,Lazopoulos,BM, arXiv:1802.00827]

0 20 40 60 80 100
0

2

4

6

8

10

12

Collider Energy / TeV

�
i/�

to
ta

l
!

10
0
%

�(scale )

�(PDF-TH)

�(EW)
�(t,b,c )

�(1/mt)

�(PDF+�s)

http://arxiv.org/abs/arXiv:1802.00827


HIGHER ORDER PRECISION

PHENOMENOLOGICAL COMPLEXITY
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! It’s getting 
complicated! 

! Many “minor“ 
corrections have to be 
figured out in order to 
improve further.

[Dulat,Lazopoulos,BM, arXiv:1802.00827]
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Pessimistic scenario
Optimistic scenario

HL-LHC

http://arxiv.org/abs/arXiv:1802.00827


HIGHER ORDER PRECISION

THEORETICAL COMPLEXITY
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! We can improve our algorithms:  
 
 
 

! We can improve our mathematics: 
 

! We can improve our understanding of QFT

Order Integrals After Relations

0 1 1

1 100 2

2 50000 27

3 517531178 1027

New classes of functions:  
Generalised Elliptic Integrals

Systematic treatment of soft radiation.

E ⇠ 0
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HIGHER ORDER PRECISION

BOTTOM QUARK FUSION AT N3LO

�11

! Coupling to bottom 
quarks. 

! Clears up discrepancy 
between 4 / 5 flavour 
scheme. 

! Further evidence for 
stability of series for 
certain scale choices. 

!                   @ N3LO

[Duhr,Dulat,BM,arXiv:1904.09990]
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[Mondini et al., arXiv:1904.08960 ]

http://arxiv.org/abs/arXiv:1904.09990
http://arxiv.org/abs/arXiv:1904.08960


HIGHER ORDER PRECISION �12

EWK CORRECTIONS
W

W

! EWK corrections start with 2 loops: difficult! 

! How to combine them with QCD? 

� = �LO(1 + �QCD + �EWK)
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vs.

� = �LO(1 + �QCD)⇥ (1 + �EWK)
<latexit sha1_base64="Ci93zPNQ7rtNVS9Q8xOtH+8KflU=">AAACInicbVDLSgMxFM34rPVVdekmWIQWocyIoC6EYhUEBVuwD+iUkknTNjTzILkjlGG+xY2/4saFoq4EP8a0nUVtPRBycs693NzjBIIrMM1vY2FxaXllNbWWXt/Y3NrO7OzWlB9KyqrUF75sOEQxwT1WBQ6CNQLJiOsIVncGpZFff2RScd97gGHAWi7pebzLKQEttTPntuI9l1xMrnZ0dx/nrCO7wwToV6V0Fedt4C5TeEq+rt/G+XYmaxbMMfA8sRKSRQnK7cyn3fFp6DIPqCBKNS0zgFZEJHAqWJy2Q8UCQgekx5qaekRPbUXjFWN8qJUO7vpSHw/wWJ3uiIir1NB1dKVLoK9mvZH4n9cMoXvWirgXhMA8OhnUDQUGH4/ywh0uGQUx1IRQyfVfMe0TSSjoVNM6BGt25XlSOy5YZsGqnGSLl0kcKbSPDlAOWegUFdENKqMqougJvaA39G48G6/Gh/E1KV0wkp499AfGzy+6FKMf</latexit><latexit sha1_base64="Ci93zPNQ7rtNVS9Q8xOtH+8KflU=">AAACInicbVDLSgMxFM34rPVVdekmWIQWocyIoC6EYhUEBVuwD+iUkknTNjTzILkjlGG+xY2/4saFoq4EP8a0nUVtPRBycs693NzjBIIrMM1vY2FxaXllNbWWXt/Y3NrO7OzWlB9KyqrUF75sOEQxwT1WBQ6CNQLJiOsIVncGpZFff2RScd97gGHAWi7pebzLKQEttTPntuI9l1xMrnZ0dx/nrCO7wwToV6V0Fedt4C5TeEq+rt/G+XYmaxbMMfA8sRKSRQnK7cyn3fFp6DIPqCBKNS0zgFZEJHAqWJy2Q8UCQgekx5qaekRPbUXjFWN8qJUO7vpSHw/wWJ3uiIir1NB1dKVLoK9mvZH4n9cMoXvWirgXhMA8OhnUDQUGH4/ywh0uGQUx1IRQyfVfMe0TSSjoVNM6BGt25XlSOy5YZsGqnGSLl0kcKbSPDlAOWegUFdENKqMqougJvaA39G48G6/Gh/E1KV0wkp499AfGzy+6FKMf</latexit><latexit sha1_base64="Ci93zPNQ7rtNVS9Q8xOtH+8KflU=">AAACInicbVDLSgMxFM34rPVVdekmWIQWocyIoC6EYhUEBVuwD+iUkknTNjTzILkjlGG+xY2/4saFoq4EP8a0nUVtPRBycs693NzjBIIrMM1vY2FxaXllNbWWXt/Y3NrO7OzWlB9KyqrUF75sOEQxwT1WBQ6CNQLJiOsIVncGpZFff2RScd97gGHAWi7pebzLKQEttTPntuI9l1xMrnZ0dx/nrCO7wwToV6V0Fedt4C5TeEq+rt/G+XYmaxbMMfA8sRKSRQnK7cyn3fFp6DIPqCBKNS0zgFZEJHAqWJy2Q8UCQgekx5qaekRPbUXjFWN8qJUO7vpSHw/wWJ3uiIir1NB1dKVLoK9mvZH4n9cMoXvWirgXhMA8OhnUDQUGH4/ywh0uGQUx1IRQyfVfMe0TSSjoVNM6BGt25XlSOy5YZsGqnGSLl0kcKbSPDlAOWegUFdENKqMqougJvaA39G48G6/Gh/E1KV0wkp499AfGzy+6FKMf</latexit><latexit sha1_base64="Ci93zPNQ7rtNVS9Q8xOtH+8KflU=">AAACInicbVDLSgMxFM34rPVVdekmWIQWocyIoC6EYhUEBVuwD+iUkknTNjTzILkjlGG+xY2/4saFoq4EP8a0nUVtPRBycs693NzjBIIrMM1vY2FxaXllNbWWXt/Y3NrO7OzWlB9KyqrUF75sOEQxwT1WBQ6CNQLJiOsIVncGpZFff2RScd97gGHAWi7pebzLKQEttTPntuI9l1xMrnZ0dx/nrCO7wwToV6V0Fedt4C5TeEq+rt/G+XYmaxbMMfA8sRKSRQnK7cyn3fFp6DIPqCBKNS0zgFZEJHAqWJy2Q8UCQgekx5qaekRPbUXjFWN8qJUO7vpSHw/wWJ3uiIir1NB1dKVLoK9mvZH4n9cMoXvWirgXhMA8OhnUDQUGH4/ywh0uGQUx1IRQyfVfMe0TSSjoVNM6BGt25XlSOy5YZsGqnGSLl0kcKbSPDlAOWegUFdENKqMqougJvaA39G48G6/Gh/E1KV0wkp499AfGzy+6FKMf</latexit>

~ +2.5 %

~ +5 %



HIGHER ORDER PRECISION �13

MIXED QCD-EWK CORRECTIONS
W

W

! Various approximations of the full cross section.  

! Clearly favouring the factorisation approach.

� = �LO(1 + �QCD + �EWK)
<latexit sha1_base64="vWWtoA53Jugpk1CcQnwr9MfQSVE=">AAACGHicbVBdS8MwFE3n15xfVR99KQ5hIsxWBH0RhlMQFNzAfcBaSppmW1jSliQVRunP8MW/4osPivi6N/+N2VZENw+EnHvOvST3eBElQprml5ZbWFxaXsmvFtbWNza39O2dpghjjnADhTTkbQ8KTEmAG5JIitsRx5B5FLe8QXXstx4xFyQMHuQwwg6DvYB0CYJSSa5+bAvSY/BiernJ3X1aso5sH1Opqnr1Kv0prlu36aGrF82yOYExT6yMFEGGmquPbD9EMcOBRBQK0bHMSDoJ5JIgitOCHQscQTSAPdxRNIAMCyeZLJYaB0rxjW7I1QmkMVF/TySQCTFknupkUPbFrDcW//M6seyeOwkJoljiAE0f6sbUkKExTsnwCcdI0qEiEHGi/mqgPuQQSZVlQYVgza48T5onZcssW/XTYuUyiyMP9sA+KAELnIEKuAE10AAIPIEX8AbetWftVfvQPqetOS2b2QV/oI2+AdKen5s=</latexit><latexit sha1_base64="vWWtoA53Jugpk1CcQnwr9MfQSVE=">AAACGHicbVBdS8MwFE3n15xfVR99KQ5hIsxWBH0RhlMQFNzAfcBaSppmW1jSliQVRunP8MW/4osPivi6N/+N2VZENw+EnHvOvST3eBElQprml5ZbWFxaXsmvFtbWNza39O2dpghjjnADhTTkbQ8KTEmAG5JIitsRx5B5FLe8QXXstx4xFyQMHuQwwg6DvYB0CYJSSa5+bAvSY/BiernJ3X1aso5sH1Opqnr1Kv0prlu36aGrF82yOYExT6yMFEGGmquPbD9EMcOBRBQK0bHMSDoJ5JIgitOCHQscQTSAPdxRNIAMCyeZLJYaB0rxjW7I1QmkMVF/TySQCTFknupkUPbFrDcW//M6seyeOwkJoljiAE0f6sbUkKExTsnwCcdI0qEiEHGi/mqgPuQQSZVlQYVgza48T5onZcssW/XTYuUyiyMP9sA+KAELnIEKuAE10AAIPIEX8AbetWftVfvQPqetOS2b2QV/oI2+AdKen5s=</latexit><latexit sha1_base64="vWWtoA53Jugpk1CcQnwr9MfQSVE=">AAACGHicbVBdS8MwFE3n15xfVR99KQ5hIsxWBH0RhlMQFNzAfcBaSppmW1jSliQVRunP8MW/4osPivi6N/+N2VZENw+EnHvOvST3eBElQprml5ZbWFxaXsmvFtbWNza39O2dpghjjnADhTTkbQ8KTEmAG5JIitsRx5B5FLe8QXXstx4xFyQMHuQwwg6DvYB0CYJSSa5+bAvSY/BiernJ3X1aso5sH1Opqnr1Kv0prlu36aGrF82yOYExT6yMFEGGmquPbD9EMcOBRBQK0bHMSDoJ5JIgitOCHQscQTSAPdxRNIAMCyeZLJYaB0rxjW7I1QmkMVF/TySQCTFknupkUPbFrDcW//M6seyeOwkJoljiAE0f6sbUkKExTsnwCcdI0qEiEHGi/mqgPuQQSZVlQYVgza48T5onZcssW/XTYuUyiyMP9sA+KAELnIEKuAE10AAIPIEX8AbetWftVfvQPqetOS2b2QV/oI2+AdKen5s=</latexit><latexit sha1_base64="vWWtoA53Jugpk1CcQnwr9MfQSVE=">AAACGHicbVBdS8MwFE3n15xfVR99KQ5hIsxWBH0RhlMQFNzAfcBaSppmW1jSliQVRunP8MW/4osPivi6N/+N2VZENw+EnHvOvST3eBElQprml5ZbWFxaXsmvFtbWNza39O2dpghjjnADhTTkbQ8KTEmAG5JIitsRx5B5FLe8QXXstx4xFyQMHuQwwg6DvYB0CYJSSa5+bAvSY/BiernJ3X1aso5sH1Opqnr1Kv0prlu36aGrF82yOYExT6yMFEGGmquPbD9EMcOBRBQK0bHMSDoJ5JIgitOCHQscQTSAPdxRNIAMCyeZLJYaB0rxjW7I1QmkMVF/TySQCTFknupkUPbFrDcW//M6seyeOwkJoljiAE0f6sbUkKExTsnwCcdI0qEiEHGi/mqgPuQQSZVlQYVgza48T5onZcssW/XTYuUyiyMP9sA+KAELnIEKuAE10AAIPIEX8AbetWftVfvQPqetOS2b2QV/oI2+AdKen5s=</latexit>

vs.

[Tancredi et al. arxiv:1801.10403]

[Tancredi et al. arxiv: 1711.11113]

[Anastasiou, BM, et al. arxiv: 1811.11211]

� = �LO(1 + �QCD)⇥ (1 + �EWK)
<latexit sha1_base64="Ci93zPNQ7rtNVS9Q8xOtH+8KflU=">AAACInicbVDLSgMxFM34rPVVdekmWIQWocyIoC6EYhUEBVuwD+iUkknTNjTzILkjlGG+xY2/4saFoq4EP8a0nUVtPRBycs693NzjBIIrMM1vY2FxaXllNbWWXt/Y3NrO7OzWlB9KyqrUF75sOEQxwT1WBQ6CNQLJiOsIVncGpZFff2RScd97gGHAWi7pebzLKQEttTPntuI9l1xMrnZ0dx/nrCO7wwToV6V0Fedt4C5TeEq+rt/G+XYmaxbMMfA8sRKSRQnK7cyn3fFp6DIPqCBKNS0zgFZEJHAqWJy2Q8UCQgekx5qaekRPbUXjFWN8qJUO7vpSHw/wWJ3uiIir1NB1dKVLoK9mvZH4n9cMoXvWirgXhMA8OhnUDQUGH4/ywh0uGQUx1IRQyfVfMe0TSSjoVNM6BGt25XlSOy5YZsGqnGSLl0kcKbSPDlAOWegUFdENKqMqougJvaA39G48G6/Gh/E1KV0wkp499AfGzy+6FKMf</latexit><latexit sha1_base64="Ci93zPNQ7rtNVS9Q8xOtH+8KflU=">AAACInicbVDLSgMxFM34rPVVdekmWIQWocyIoC6EYhUEBVuwD+iUkknTNjTzILkjlGG+xY2/4saFoq4EP8a0nUVtPRBycs693NzjBIIrMM1vY2FxaXllNbWWXt/Y3NrO7OzWlB9KyqrUF75sOEQxwT1WBQ6CNQLJiOsIVncGpZFff2RScd97gGHAWi7pebzLKQEttTPntuI9l1xMrnZ0dx/nrCO7wwToV6V0Fedt4C5TeEq+rt/G+XYmaxbMMfA8sRKSRQnK7cyn3fFp6DIPqCBKNS0zgFZEJHAqWJy2Q8UCQgekx5qaekRPbUXjFWN8qJUO7vpSHw/wWJ3uiIir1NB1dKVLoK9mvZH4n9cMoXvWirgXhMA8OhnUDQUGH4/ywh0uGQUx1IRQyfVfMe0TSSjoVNM6BGt25XlSOy5YZsGqnGSLl0kcKbSPDlAOWegUFdENKqMqougJvaA39G48G6/Gh/E1KV0wkp499AfGzy+6FKMf</latexit><latexit sha1_base64="Ci93zPNQ7rtNVS9Q8xOtH+8KflU=">AAACInicbVDLSgMxFM34rPVVdekmWIQWocyIoC6EYhUEBVuwD+iUkknTNjTzILkjlGG+xY2/4saFoq4EP8a0nUVtPRBycs693NzjBIIrMM1vY2FxaXllNbWWXt/Y3NrO7OzWlB9KyqrUF75sOEQxwT1WBQ6CNQLJiOsIVncGpZFff2RScd97gGHAWi7pebzLKQEttTPntuI9l1xMrnZ0dx/nrCO7wwToV6V0Fedt4C5TeEq+rt/G+XYmaxbMMfA8sRKSRQnK7cyn3fFp6DIPqCBKNS0zgFZEJHAqWJy2Q8UCQgekx5qaekRPbUXjFWN8qJUO7vpSHw/wWJ3uiIir1NB1dKVLoK9mvZH4n9cMoXvWirgXhMA8OhnUDQUGH4/ywh0uGQUx1IRQyfVfMe0TSSjoVNM6BGt25XlSOy5YZsGqnGSLl0kcKbSPDlAOWegUFdENKqMqougJvaA39G48G6/Gh/E1KV0wkp499AfGzy+6FKMf</latexit><latexit sha1_base64="Ci93zPNQ7rtNVS9Q8xOtH+8KflU=">AAACInicbVDLSgMxFM34rPVVdekmWIQWocyIoC6EYhUEBVuwD+iUkknTNjTzILkjlGG+xY2/4saFoq4EP8a0nUVtPRBycs693NzjBIIrMM1vY2FxaXllNbWWXt/Y3NrO7OzWlB9KyqrUF75sOEQxwT1WBQ6CNQLJiOsIVncGpZFff2RScd97gGHAWi7pebzLKQEttTPntuI9l1xMrnZ0dx/nrCO7wwToV6V0Fedt4C5TeEq+rt/G+XYmaxbMMfA8sRKSRQnK7cyn3fFp6DIPqCBKNS0zgFZEJHAqWJy2Q8UCQgekx5qaekRPbUXjFWN8qJUO7vpSHw/wWJ3uiIir1NB1dKVLoK9mvZH4n9cMoXvWirgXhMA8OhnUDQUGH4/ywh0uGQUx1IRQyfVfMe0TSSjoVNM6BGt25XlSOy5YZsGqnGSLl0kcKbSPDlAOWegUFdENKqMqougJvaA39G48G6/Gh/E1KV0wkp499AfGzy+6FKMf</latexit>

! Full, differential computation is desirable.

https://arxiv.org/pdf/1801.10403.pdf
http://arxiv.org/pdf/1711.11113.pdf
https://arxiv.org/pdf/1811.11211.pdf


DIFFERENTIAL CROSS SECTIONS

TIME OF DIFFERENTIAL CROSS SECTIONS HAS ARRIVED

�14

Transverse Momentum Rapidity



DIFFERENTIAL CROSS SECTIONS

SMALL TRANSVERSE MOMENTUM

�15

[Neill et al., arXiv:1805.00736]
[Bizon et al. arXiv:1805.05916]

! Resummation for small pT is mandatory! N3LL

SCET based Direct QCD based
Complementarity!

! Resummation for fiducial xs? Jets? Multi-differential?

http://arxiv.org/abs/arXiv:1805.00736
http://arxiv.org/abs/arXiv:1805.05916


DIFFERENTIAL CROSS SECTIONS

MEDIUM TRANSVERSE MOMENTUM

�16

! NNLO QCD! 
[Boughezal et al., arXiv:1505.03893 , arXiv:1504.07922].
[Chen et al., arXiv:1408.5325]

Forefront of fully differential  2->2 processes!

New fully differential  
predictions  
become available!

PP ! H +X ! 4l +X
<latexit sha1_base64="EzeRv/cM2pEMnfcMAJOZix2lbaw=">AAACCnicbVDLSgMxFM3UV62vUZduokUQCmVGCrosuulyBNsOtEPJpJk2NJMMSUYpQ9du/BU3LhRx6xe4829M21nU1gMXTs65l9x7woRRpR3nxyqsrW9sbhW3Szu7e/sH9uFRS4lUYtLEggnph0gRRjlpaqoZ8RNJUBwy0g5Ht1O//UCkooLf63FCghgNOI0oRtpIPfvU87qSDoYaSSkeYaPiLz5rrOL37LJTdWaAq8TNSRnk8Hr2d7cvcBoTrjFDSnVcJ9FBhqSmmJFJqZsqkiA8QgPSMZSjmKggm50ygedG6cNISFNcw5m6OJGhWKlxHJrOGOmhWvam4n9eJ9XRdZBRnqSacDz/KEoZ1AJOc4F9KgnWbGwIwpKaXSEeIomwNumVTAju8smrpHVZdZ2qe1cr12/yOIrgBJyBC+CCK1AHDeCBJsDgCbyAN/BuPVuv1of1OW8tWPnMMfgD6+sXZ0OaDQ==</latexit><latexit sha1_base64="EzeRv/cM2pEMnfcMAJOZix2lbaw=">AAACCnicbVDLSgMxFM3UV62vUZduokUQCmVGCrosuulyBNsOtEPJpJk2NJMMSUYpQ9du/BU3LhRx6xe4829M21nU1gMXTs65l9x7woRRpR3nxyqsrW9sbhW3Szu7e/sH9uFRS4lUYtLEggnph0gRRjlpaqoZ8RNJUBwy0g5Ht1O//UCkooLf63FCghgNOI0oRtpIPfvU87qSDoYaSSkeYaPiLz5rrOL37LJTdWaAq8TNSRnk8Hr2d7cvcBoTrjFDSnVcJ9FBhqSmmJFJqZsqkiA8QgPSMZSjmKggm50ygedG6cNISFNcw5m6OJGhWKlxHJrOGOmhWvam4n9eJ9XRdZBRnqSacDz/KEoZ1AJOc4F9KgnWbGwIwpKaXSEeIomwNumVTAju8smrpHVZdZ2qe1cr12/yOIrgBJyBC+CCK1AHDeCBJsDgCbyAN/BuPVuv1of1OW8tWPnMMfgD6+sXZ0OaDQ==</latexit><latexit sha1_base64="EzeRv/cM2pEMnfcMAJOZix2lbaw=">AAACCnicbVDLSgMxFM3UV62vUZduokUQCmVGCrosuulyBNsOtEPJpJk2NJMMSUYpQ9du/BU3LhRx6xe4829M21nU1gMXTs65l9x7woRRpR3nxyqsrW9sbhW3Szu7e/sH9uFRS4lUYtLEggnph0gRRjlpaqoZ8RNJUBwy0g5Ht1O//UCkooLf63FCghgNOI0oRtpIPfvU87qSDoYaSSkeYaPiLz5rrOL37LJTdWaAq8TNSRnk8Hr2d7cvcBoTrjFDSnVcJ9FBhqSmmJFJqZsqkiA8QgPSMZSjmKggm50ygedG6cNISFNcw5m6OJGhWKlxHJrOGOmhWvam4n9eJ9XRdZBRnqSacDz/KEoZ1AJOc4F9KgnWbGwIwpKaXSEeIomwNumVTAju8smrpHVZdZ2qe1cr12/yOIrgBJyBC+CCK1AHDeCBJsDgCbyAN/BuPVuv1of1OW8tWPnMMfgD6+sXZ0OaDQ==</latexit><latexit sha1_base64="EzeRv/cM2pEMnfcMAJOZix2lbaw=">AAACCnicbVDLSgMxFM3UV62vUZduokUQCmVGCrosuulyBNsOtEPJpJk2NJMMSUYpQ9du/BU3LhRx6xe4829M21nU1gMXTs65l9x7woRRpR3nxyqsrW9sbhW3Szu7e/sH9uFRS4lUYtLEggnph0gRRjlpaqoZ8RNJUBwy0g5Ht1O//UCkooLf63FCghgNOI0oRtpIPfvU87qSDoYaSSkeYaPiLz5rrOL37LJTdWaAq8TNSRnk8Hr2d7cvcBoTrjFDSnVcJ9FBhqSmmJFJqZsqkiA8QgPSMZSjmKggm50ygedG6cNISFNcw5m6OJGhWKlxHJrOGOmhWvam4n9eJ9XRdZBRnqSacDz/KEoZ1AJOc4F9KgnWbGwIwpKaXSEeIomwNumVTAju8smrpHVZdZ2qe1cr12/yOIrgBJyBC+CCK1AHDeCBJsDgCbyAN/BuPVuv1of1OW8tWPnMMfgD6+sXZ0OaDQ==</latexit>

! Very challenging numerically. 

! Overall agreement with  
CMS+ATLAS

[Chen et al., arXiv: 1905.13738]

http://arxiv.org/abs/arXiv:1505.03893
http://arxiv.org/abs/arXiv:1504.07922
http://arxiv.org/abs/arXiv:1408.5325
http://arxiv.org/abs/arXiv:1905.13738


DIFFERENTIAL CROSS SECTIONS

MEDIUM TRANSVERSE MOMENTUM

�17

! Top - bottom interference effects:  
Overall small, interesting to constrain couplings  

! Theoretical developments:

Yb
<latexit sha1_base64="fQEiGEfms9oIcVibSryQFFFasks=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Ye0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GNzO//cS1EbF6wEnC/YgOlQgFo2il+8d+0C9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+6pScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uwys/EypJkSu2WBSmkmBMZn+TgdCcoZxYQpkW9lbCRlRThjadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwAmuo2y</latexit><latexit sha1_base64="fQEiGEfms9oIcVibSryQFFFasks=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Ye0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GNzO//cS1EbF6wEnC/YgOlQgFo2il+8d+0C9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+6pScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uwys/EypJkSu2WBSmkmBMZn+TgdCcoZxYQpkW9lbCRlRThjadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwAmuo2y</latexit><latexit sha1_base64="fQEiGEfms9oIcVibSryQFFFasks=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Ye0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GNzO//cS1EbF6wEnC/YgOlQgFo2il+8d+0C9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+6pScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uwys/EypJkSu2WBSmkmBMZn+TgdCcoZxYQpkW9lbCRlRThjadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwAmuo2y</latexit><latexit sha1_base64="fQEiGEfms9oIcVibSryQFFFasks=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Ye0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GNzO//cS1EbF6wEnC/YgOlQgFo2il+8d+0C9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+6pScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uwys/EypJkSu2WBSmkmBMZn+TgdCcoZxYQpkW9lbCRlRThjadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwAmuo2y</latexit>

! Systematic expansion in small masses. 

! Resummation with small mass effects. 

! Large bottom quark mass scheme 
dependence.

[Caola, Tancredi et al., arXiv:1804.07632] 

http://arxiv.org/abs/arXiv:1804.07632


! CMS analysis of boosted Higgs production

t, X?

! Look at very boosted Higgs 
bosons recoiling against a jet.

pT > 450GeV
<latexit sha1_base64="pWWNtzMYz5Phz9YTtaSq9Y9LGy4=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVRb1I0YMeK3TbwnYp2TTbhmaTJckKpfRnePGg4tV/481/Y9ruQVsfDDzem2FmXpRypo3rfjuFldW19Y3iZmlre2d3r7x/0NQyU4T6RHKp2hHWlDNBfcMMp+1UUZxEnLai4d3Ubz1RpZkUDTNKaZjgvmAxI9hYKUi7jZvzCxfd02a3XHGr7gxomXg5qUCOerf81elJkiVUGMKx1oHnpiYcY2UY4XRS6mSappgMcZ8GlgqcUB2OZydP0IlVeiiWypYwaKb+nhjjROtREtnOBJuBXvSm4n9ekJn4KhwzkWaGCjJfFGccGYmm/6MeU5QYPrIEE8XsrYgMsMLE2JRKNgRv8eVl4p9Vr6ve43mldpunUYQjOIZT8OASavAAdfCBgIRneIU3xzgvzrvzMW8tOPnMIfyB8/kD1GuP2A==</latexit><latexit sha1_base64="pWWNtzMYz5Phz9YTtaSq9Y9LGy4=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVRb1I0YMeK3TbwnYp2TTbhmaTJckKpfRnePGg4tV/481/Y9ruQVsfDDzem2FmXpRypo3rfjuFldW19Y3iZmlre2d3r7x/0NQyU4T6RHKp2hHWlDNBfcMMp+1UUZxEnLai4d3Ubz1RpZkUDTNKaZjgvmAxI9hYKUi7jZvzCxfd02a3XHGr7gxomXg5qUCOerf81elJkiVUGMKx1oHnpiYcY2UY4XRS6mSappgMcZ8GlgqcUB2OZydP0IlVeiiWypYwaKb+nhjjROtREtnOBJuBXvSm4n9ekJn4KhwzkWaGCjJfFGccGYmm/6MeU5QYPrIEE8XsrYgMsMLE2JRKNgRv8eVl4p9Vr6ve43mldpunUYQjOIZT8OASavAAdfCBgIRneIU3xzgvzrvzMW8tOPnMIfyB8/kD1GuP2A==</latexit><latexit sha1_base64="pWWNtzMYz5Phz9YTtaSq9Y9LGy4=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVRb1I0YMeK3TbwnYp2TTbhmaTJckKpfRnePGg4tV/481/Y9ruQVsfDDzem2FmXpRypo3rfjuFldW19Y3iZmlre2d3r7x/0NQyU4T6RHKp2hHWlDNBfcMMp+1UUZxEnLai4d3Ubz1RpZkUDTNKaZjgvmAxI9hYKUi7jZvzCxfd02a3XHGr7gxomXg5qUCOerf81elJkiVUGMKx1oHnpiYcY2UY4XRS6mSappgMcZ8GlgqcUB2OZydP0IlVeiiWypYwaKb+nhjjROtREtnOBJuBXvSm4n9ekJn4KhwzkWaGCjJfFGccGYmm/6MeU5QYPrIEE8XsrYgMsMLE2JRKNgRv8eVl4p9Vr6ve43mldpunUYQjOIZT8OASavAAdfCBgIRneIU3xzgvzrvzMW8tOPnMIfyB8/kD1GuP2A==</latexit><latexit sha1_base64="pWWNtzMYz5Phz9YTtaSq9Y9LGy4=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVRb1I0YMeK3TbwnYp2TTbhmaTJckKpfRnePGg4tV/481/Y9ruQVsfDDzem2FmXpRypo3rfjuFldW19Y3iZmlre2d3r7x/0NQyU4T6RHKp2hHWlDNBfcMMp+1UUZxEnLai4d3Ubz1RpZkUDTNKaZjgvmAxI9hYKUi7jZvzCxfd02a3XHGr7gxomXg5qUCOerf81elJkiVUGMKx1oHnpiYcY2UY4XRS6mSappgMcZ8GlgqcUB2OZydP0IlVeiiWypYwaKb+nhjjROtREtnOBJuBXvSm4n9ekJn4KhwzkWaGCjJfFGccGYmm/6MeU5QYPrIEE8XsrYgMsMLE2JRKNgRv8eVl4p9Vr6ve43mldpunUYQjOIZT8OASavAAdfCBgIRneIU3xzgvzrvzMW8tOPnMIfyB8/kD1GuP2A==</latexit>

! Decay to bb̄
<latexit sha1_base64="KXAN4qq1IS6YbTJSQT8SkMb/qgc=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EULugjWUEzwSSI+xuNsmSvb1jd04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDOPpUpa9P0vr7Syura+Ud6sbG3v7O5V9w8ebJIZLkKeqMS0GbVCSS1ClKhEOzWCxkyJFhvfzPzWozBWJvoeJ6mIYjrUciA5RSe1WJdRQ1ivWvPr/hzkLwkKUoMCzV71s9tPeBYLjVxRazuBn2KUU4OSKzGtdDMrUsrHdCg6jmoaCxvl83On5MQpfTJIjCuNZK7+nMhpbO0kZq4zpjiyy95M/M/rZDi4jHKp0wyF5otFg0wRTMjsd9KXRnBUE0coN9LdSviIGsrRJVRxIQTLL/8l4Vn9qh7cndca10UaZTiCYziFAC6gAbfQhBA4jOEJXuDVS71n7817X7SWvGLmEH7B+/gGO4mPCQ==</latexit><latexit sha1_base64="KXAN4qq1IS6YbTJSQT8SkMb/qgc=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EULugjWUEzwSSI+xuNsmSvb1jd04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDOPpUpa9P0vr7Syura+Ud6sbG3v7O5V9w8ebJIZLkKeqMS0GbVCSS1ClKhEOzWCxkyJFhvfzPzWozBWJvoeJ6mIYjrUciA5RSe1WJdRQ1ivWvPr/hzkLwkKUoMCzV71s9tPeBYLjVxRazuBn2KUU4OSKzGtdDMrUsrHdCg6jmoaCxvl83On5MQpfTJIjCuNZK7+nMhpbO0kZq4zpjiyy95M/M/rZDi4jHKp0wyF5otFg0wRTMjsd9KXRnBUE0coN9LdSviIGsrRJVRxIQTLL/8l4Vn9qh7cndca10UaZTiCYziFAC6gAbfQhBA4jOEJXuDVS71n7817X7SWvGLmEH7B+/gGO4mPCQ==</latexit><latexit sha1_base64="KXAN4qq1IS6YbTJSQT8SkMb/qgc=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EULugjWUEzwSSI+xuNsmSvb1jd04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDOPpUpa9P0vr7Syura+Ud6sbG3v7O5V9w8ebJIZLkKeqMS0GbVCSS1ClKhEOzWCxkyJFhvfzPzWozBWJvoeJ6mIYjrUciA5RSe1WJdRQ1ivWvPr/hzkLwkKUoMCzV71s9tPeBYLjVxRazuBn2KUU4OSKzGtdDMrUsrHdCg6jmoaCxvl83On5MQpfTJIjCuNZK7+nMhpbO0kZq4zpjiyy95M/M/rZDi4jHKp0wyF5otFg0wRTMjsd9KXRnBUE0coN9LdSviIGsrRJVRxIQTLL/8l4Vn9qh7cndca10UaZTiCYziFAC6gAbfQhBA4jOEJXuDVS71n7817X7SWvGLmEH7B+/gGO4mPCQ==</latexit><latexit sha1_base64="KXAN4qq1IS6YbTJSQT8SkMb/qgc=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EULugjWUEzwSSI+xuNsmSvb1jd04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDOPpUpa9P0vr7Syura+Ud6sbG3v7O5V9w8ebJIZLkKeqMS0GbVCSS1ClKhEOzWCxkyJFhvfzPzWozBWJvoeJ6mIYjrUciA5RSe1WJdRQ1ivWvPr/hzkLwkKUoMCzV71s9tPeBYLjVxRazuBn2KUU4OSKzGtdDMrUsrHdCg6jmoaCxvl83On5MQpfTJIjCuNZK7+nMhpbO0kZq4zpjiyy95M/M/rZDi4jHKp0wyF5otFg0wRTMjsd9KXRnBUE0coN9LdSviIGsrRJVRxIQTLL/8l4Vn9qh7cndca10UaZTiCYziFAC6gAbfQhBA4jOEJXuDVS71n7817X7SWvGLmEH7B+/gGO4mPCQ==</latexit>

øb
<latexit sha1_base64="WvAaGVpFxEfyLdCb566PWHWzP48=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSJ4KrsiqLeiF48V3LbQLiVJs21sNlmSrFCW/gcvHlS8+oO8+W9M2z1o64OBx3szzMwjqeDG+v63t7K6tr6xWdoqb+/s7u1XDg6bRmWaspAqoXSbYMMElyy03ArWTjXDCRGsRUa3U7/1xLThSj7YccqiBA8kjznF1knNLsEakV6l6tf8GdAyCQpShQKNXuWr21c0S5i0VGBjOoGf2ijH2nIq2KTczQxLMR3hAes4KnHCTJTPrp2gU6f0Uay0K2nRTP09kePEmHFCXGeC7dAselPxP6+T2fgqyrlMM8sknS+KM4GsQtPXUZ9rRq0YO4Kp5u5WRIdYY2pdQGUXQrD48jIJz2vXteD+olq/KdIowTGcwBkEcAl1uIMGhEDhEZ7hFd485b14797HvHXFK2aO4A+8zx+AG46d</latexit><latexit sha1_base64="WvAaGVpFxEfyLdCb566PWHWzP48=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSJ4KrsiqLeiF48V3LbQLiVJs21sNlmSrFCW/gcvHlS8+oO8+W9M2z1o64OBx3szzMwjqeDG+v63t7K6tr6xWdoqb+/s7u1XDg6bRmWaspAqoXSbYMMElyy03ArWTjXDCRGsRUa3U7/1xLThSj7YccqiBA8kjznF1knNLsEakV6l6tf8GdAyCQpShQKNXuWr21c0S5i0VGBjOoGf2ijH2nIq2KTczQxLMR3hAes4KnHCTJTPrp2gU6f0Uay0K2nRTP09kePEmHFCXGeC7dAselPxP6+T2fgqyrlMM8sknS+KM4GsQtPXUZ9rRq0YO4Kp5u5WRIdYY2pdQGUXQrD48jIJz2vXteD+olq/KdIowTGcwBkEcAl1uIMGhEDhEZ7hFd485b14797HvHXFK2aO4A+8zx+AG46d</latexit><latexit sha1_base64="WvAaGVpFxEfyLdCb566PWHWzP48=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSJ4KrsiqLeiF48V3LbQLiVJs21sNlmSrFCW/gcvHlS8+oO8+W9M2z1o64OBx3szzMwjqeDG+v63t7K6tr6xWdoqb+/s7u1XDg6bRmWaspAqoXSbYMMElyy03ArWTjXDCRGsRUa3U7/1xLThSj7YccqiBA8kjznF1knNLsEakV6l6tf8GdAyCQpShQKNXuWr21c0S5i0VGBjOoGf2ijH2nIq2KTczQxLMR3hAes4KnHCTJTPrp2gU6f0Uay0K2nRTP09kePEmHFCXGeC7dAselPxP6+T2fgqyrlMM8sknS+KM4GsQtPXUZ9rRq0YO4Kp5u5WRIdYY2pdQGUXQrD48jIJz2vXteD+olq/KdIowTGcwBkEcAl1uIMGhEDhEZ7hFd485b14797HvHXFK2aO4A+8zx+AG46d</latexit><latexit sha1_base64="WvAaGVpFxEfyLdCb566PWHWzP48=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSJ4KrsiqLeiF48V3LbQLiVJs21sNlmSrFCW/gcvHlS8+oO8+W9M2z1o64OBx3szzMwjqeDG+v63t7K6tr6xWdoqb+/s7u1XDg6bRmWaspAqoXSbYMMElyy03ArWTjXDCRGsRUa3U7/1xLThSj7YccqiBA8kjznF1knNLsEakV6l6tf8GdAyCQpShQKNXuWr21c0S5i0VGBjOoGf2ijH2nIq2KTczQxLMR3hAes4KnHCTJTPrp2gU6f0Uay0K2nRTP09kePEmHFCXGeC7dAselPxP6+T2fgqyrlMM8sknS+KM4GsQtPXUZ9rRq0YO4Kp5u5WRIdYY2pdQGUXQrD48jIJz2vXteD+olq/KdIowTGcwBkEcAl1uIMGhEDhEZ7hFd485b14797HvHXFK2aO4A+8zx+AG46d</latexit>

b
<latexit sha1_base64="fLcFuau32Ix18DXh1X/nqwYgiJk=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaYa9SdWvuDGSZeAWpQoFGr/LV7Scsi1EaJqjWHc9NTZBTZTgTOCl3M40pZSM6wI6lksaog3x26IScWqVPokTZkobM1N8TOY21Hseh7YypGepFbyr+53UyE10FOZdpZlCy+aIoE8QkZPo16XOFzIixJZQpbm8lbEgVZcZmU7YheIsvLxP/vHZd85oX1fpNkUYJjuEEzsCDS6jDHTTABwYIz/AKb86j8+K8Ox/z1hWnmDmCP3A+fwAzXYy6</latexit><latexit sha1_base64="fLcFuau32Ix18DXh1X/nqwYgiJk=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaYa9SdWvuDGSZeAWpQoFGr/LV7Scsi1EaJqjWHc9NTZBTZTgTOCl3M40pZSM6wI6lksaog3x26IScWqVPokTZkobM1N8TOY21Hseh7YypGepFbyr+53UyE10FOZdpZlCy+aIoE8QkZPo16XOFzIixJZQpbm8lbEgVZcZmU7YheIsvLxP/vHZd85oX1fpNkUYJjuEEzsCDS6jDHTTABwYIz/AKb86j8+K8Ox/z1hWnmDmCP3A+fwAzXYy6</latexit><latexit sha1_base64="fLcFuau32Ix18DXh1X/nqwYgiJk=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaYa9SdWvuDGSZeAWpQoFGr/LV7Scsi1EaJqjWHc9NTZBTZTgTOCl3M40pZSM6wI6lksaog3x26IScWqVPokTZkobM1N8TOY21Hseh7YypGepFbyr+53UyE10FOZdpZlCy+aIoE8QkZPo16XOFzIixJZQpbm8lbEgVZcZmU7YheIsvLxP/vHZd85oX1fpNkUYJjuEEzsCDS6jDHTTABwYIz/AKb86j8+K8Ox/z1hWnmDmCP3A+fwAzXYy6</latexit><latexit sha1_base64="fLcFuau32Ix18DXh1X/nqwYgiJk=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaYa9SdWvuDGSZeAWpQoFGr/LV7Scsi1EaJqjWHc9NTZBTZTgTOCl3M40pZSM6wI6lksaog3x26IScWqVPokTZkobM1N8TOY21Hseh7YypGepFbyr+53UyE10FOZdpZlCy+aIoE8QkZPo16XOFzIixJZQpbm8lbEgVZcZmU7YheIsvLxP/vHZd85oX1fpNkUYJjuEEzsCDS6jDHTTABwYIz/AKb86j8+K8Ox/z1hWnmDmCP3A+fwAzXYy6</latexit>

! Sensitive to internal structure of the top quark loop!  

! Measured at              at 36 fb^-1. 

! Excellent knowledge of pT - spectrum important!

1.5�
<latexit sha1_base64="wNJ8+/MzTqVZ9ojEU2lXrEqCvGY=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0jEot6KXjxWMLbYhrLZbtqlu5uwuxFK6L/w4kHFqz/Hm//GbZuDtj4YeLw3w8y8KOVMG8/7dkorq2vrG+XNytb2zu5edf/gQSeZIjQgCU9UO8KaciZpYJjhtJ0qikXEaSsa3Uz91hNVmiXy3oxTGgo8kCxmBBsrPfpuHXU1Gwjcq9Y815sBLRO/IDUo0OxVv7r9hGSCSkM41rrje6kJc6wMI5xOKt1M0xSTER7QjqUSC6rDfHbxBJ1YpY/iRNmSBs3U3xM5FlqPRWQ7BTZDvehNxf+8TmbiyzBnMs0MlWS+KM44Mgmavo/6TFFi+NgSTBSztyIyxAoTY0Oq2BD8xZeXSXDmXrn+3XmtcV2kUYYjOIZT8OECGnALTQiAgIRneIU3RzsvzrvzMW8tOcXMIfyB8/kDshKP0w==</latexit><latexit sha1_base64="wNJ8+/MzTqVZ9ojEU2lXrEqCvGY=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0jEot6KXjxWMLbYhrLZbtqlu5uwuxFK6L/w4kHFqz/Hm//GbZuDtj4YeLw3w8y8KOVMG8/7dkorq2vrG+XNytb2zu5edf/gQSeZIjQgCU9UO8KaciZpYJjhtJ0qikXEaSsa3Uz91hNVmiXy3oxTGgo8kCxmBBsrPfpuHXU1Gwjcq9Y815sBLRO/IDUo0OxVv7r9hGSCSkM41rrje6kJc6wMI5xOKt1M0xSTER7QjqUSC6rDfHbxBJ1YpY/iRNmSBs3U3xM5FlqPRWQ7BTZDvehNxf+8TmbiyzBnMs0MlWS+KM44Mgmavo/6TFFi+NgSTBSztyIyxAoTY0Oq2BD8xZeXSXDmXrn+3XmtcV2kUYYjOIZT8OECGnALTQiAgIRneIU3RzsvzrvzMW8tOcXMIfyB8/kDshKP0w==</latexit><latexit sha1_base64="wNJ8+/MzTqVZ9ojEU2lXrEqCvGY=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0jEot6KXjxWMLbYhrLZbtqlu5uwuxFK6L/w4kHFqz/Hm//GbZuDtj4YeLw3w8y8KOVMG8/7dkorq2vrG+XNytb2zu5edf/gQSeZIjQgCU9UO8KaciZpYJjhtJ0qikXEaSsa3Uz91hNVmiXy3oxTGgo8kCxmBBsrPfpuHXU1Gwjcq9Y815sBLRO/IDUo0OxVv7r9hGSCSkM41rrje6kJc6wMI5xOKt1M0xSTER7QjqUSC6rDfHbxBJ1YpY/iRNmSBs3U3xM5FlqPRWQ7BTZDvehNxf+8TmbiyzBnMs0MlWS+KM44Mgmavo/6TFFi+NgSTBSztyIyxAoTY0Oq2BD8xZeXSXDmXrn+3XmtcV2kUYYjOIZT8OECGnALTQiAgIRneIU3RzsvzrvzMW8tOcXMIfyB8/kDshKP0w==</latexit><latexit sha1_base64="wNJ8+/MzTqVZ9ojEU2lXrEqCvGY=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0jEot6KXjxWMLbYhrLZbtqlu5uwuxFK6L/w4kHFqz/Hm//GbZuDtj4YeLw3w8y8KOVMG8/7dkorq2vrG+XNytb2zu5edf/gQSeZIjQgCU9UO8KaciZpYJjhtJ0qikXEaSsa3Uz91hNVmiXy3oxTGgo8kCxmBBsrPfpuHXU1Gwjcq9Y815sBLRO/IDUo0OxVv7r9hGSCSkM41rrje6kJc6wMI5xOKt1M0xSTER7QjqUSC6rDfHbxBJ1YpY/iRNmSBs3U3xM5FlqPRWQ7BTZDvehNxf+8TmbiyzBnMs0MlWS+KM44Mgmavo/6TFFi+NgSTBSztyIyxAoTY0Oq2BD8xZeXSXDmXrn+3XmtcV2kUYYjOIZT8OECGnALTQiAgIRneIU3RzsvzrvzMW8tOcXMIfyB8/kDshKP0w==</latexit>

[CMS, arxiv:1709.05543]

LARGE TRANSVERSE MOMENTUM

DIFFERENTIAL CROSS SECTIONS

pT >> mt
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https://arxiv.org/abs/1709.05543
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pT >> mt
<latexit sha1_base64="s9GC3laFezKUawoDlDyWTLPhHLI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0FMpevFYoa3FNoTNdtMu3WzC7kQopf/CiwdFvPpvvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHbZNkmvEWS2SiOyE1XArFWyhQ8k6qOY1DyR/C0e3Mf3ji2ohENXGccj+mAyUiwSha6TENmqRWI3GAQbniVt05yCrxclKBHI2g/NXrJyyLuUImqTFdz03Rn1CNgkk+LfUyw1PKRnTAu5YqGnPjT+YXT8mZVfokSrQthWSu/p6Y0NiYcRzazpji0Cx7M/E/r5thdO1PhEoz5IotFkWZJJiQ2fukLzRnKMeWUKaFvZWwIdWUoQ2pZEPwll9eJe2LqudWvfvLSv0mj6MIJ3AK5+DBFdThDhrQAgYKnuEV3hzjvDjvzseiteDkM8fwB87nD0W2j/0=</latexit><latexit sha1_base64="s9GC3laFezKUawoDlDyWTLPhHLI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0FMpevFYoa3FNoTNdtMu3WzC7kQopf/CiwdFvPpvvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHbZNkmvEWS2SiOyE1XArFWyhQ8k6qOY1DyR/C0e3Mf3ji2ohENXGccj+mAyUiwSha6TENmqRWI3GAQbniVt05yCrxclKBHI2g/NXrJyyLuUImqTFdz03Rn1CNgkk+LfUyw1PKRnTAu5YqGnPjT+YXT8mZVfokSrQthWSu/p6Y0NiYcRzazpji0Cx7M/E/r5thdO1PhEoz5IotFkWZJJiQ2fukLzRnKMeWUKaFvZWwIdWUoQ2pZEPwll9eJe2LqudWvfvLSv0mj6MIJ3AK5+DBFdThDhrQAgYKnuEV3hzjvDjvzseiteDkM8fwB87nD0W2j/0=</latexit><latexit sha1_base64="s9GC3laFezKUawoDlDyWTLPhHLI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0FMpevFYoa3FNoTNdtMu3WzC7kQopf/CiwdFvPpvvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHbZNkmvEWS2SiOyE1XArFWyhQ8k6qOY1DyR/C0e3Mf3ji2ohENXGccj+mAyUiwSha6TENmqRWI3GAQbniVt05yCrxclKBHI2g/NXrJyyLuUImqTFdz03Rn1CNgkk+LfUyw1PKRnTAu5YqGnPjT+YXT8mZVfokSrQthWSu/p6Y0NiYcRzazpji0Cx7M/E/r5thdO1PhEoz5IotFkWZJJiQ2fukLzRnKMeWUKaFvZWwIdWUoQ2pZEPwll9eJe2LqudWvfvLSv0mj6MIJ3AK5+DBFdThDhrQAgYKnuEV3hzjvDjvzseiteDkM8fwB87nD0W2j/0=</latexit><latexit sha1_base64="s9GC3laFezKUawoDlDyWTLPhHLI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0FMpevFYoa3FNoTNdtMu3WzC7kQopf/CiwdFvPpvvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHbZNkmvEWS2SiOyE1XArFWyhQ8k6qOY1DyR/C0e3Mf3ji2ohENXGccj+mAyUiwSha6TENmqRWI3GAQbniVt05yCrxclKBHI2g/NXrJyyLuUImqTFdz03Rn1CNgkk+LfUyw1PKRnTAu5YqGnPjT+YXT8mZVfokSrQthWSu/p6Y0NiYcRzazpji0Cx7M/E/r5thdO1PhEoz5IotFkWZJJiQ2fukLzRnKMeWUKaFvZWwIdWUoQ2pZEPwll9eJe2LqudWvfvLSv0mj6MIJ3AK5+DBFdThDhrQAgYKnuEV3hzjvDjvzseiteDkM8fwB87nD0W2j/0=</latexit>

! NLO now available! 

! 2 methods! 

! Large K-factor  
similar to EFT.

[Lindert et al. arXiv:1801.08226]
[Jones et al. arXiv:1802.00349 ]
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[preliminary, credit: Jones,Kerner,Luisoni; Chen,Gehrmann,Glover,Huss]

http://arxiv.org/abs/arXiv:1801.08226
http://arxiv.org/abs/arXiv:1802.00349
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! Reasonable description by parton 
showers with LO top mass effects. 

! Mixed QCD Electro-Weak effects? 

! All production modes become 
important.

https://cds.cern.ch/record/2669113/files/LHCHXSWG-2019-002.pdf

https://cds.cern.ch/record/2669113/files/LHCHXSWG-2019-002.pdf


HIGGS BOSON RAPIDITY DISTRIBUTIONS AT N3LO

HIGGS BOSON RAPIDITY AT N3LO
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[Dulat,BM,Pelloni,arXiv:1810.09462 ]

! Precision QCD at N3LO. 

! Extension of analytic 
techniques from 
inclusive cross section. 

! Agreement with
[ Cieri et al., arXiv:1807.11501 ]

http://arxiv.org/abs/arXiv:1810.09462
http://arxiv.org/abs/arXiv:1807.11501


HIGGS BOSON RAPIDITY DISTRIBUTIONS AT N3LO

HIGGS BOSON RAPIDITY - RATIO

! Very compatible with rescaling of NNLO distribution 

! Good news for current experimental usage!  
Re-weighted Parton-Shower MC.
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[Dulat,BM,Pelloni,arXiv:1810.09462 ]

http://arxiv.org/abs/arXiv:1810.09462


HIGGS BOSON IN REAL LIFE
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In collaboration with [Chen,Dulat,Gehrmann, Glover,Huss,Pelloni]

! New methods for 
differential cross sections!  
Used for differential VBF at 
N3LO. 

! Combination with H+J  

! Validation at NNLO 

! Fiducial Cross Sections for 
LHC Phenomenology! 

! Extension to N3LO in 
progress
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[Cacciari et al. arXiv:1506.02660 ]

[Dreyer, Karlberg, arXiv:1811.07906 ]

http://arxiv.org/abs/arXiv:1506.02660
http://arxiv.org/abs/arXiv:1811.07906


THE ROCKY ROAD TO PRECISE PREDICTIONS

REQUIRED INGREDIENTS FOR PREDICTIONS
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All the Rest!
! Better Virtual Diagrams 

! Better Real Radiation Diagrams 

! Parton Distribution Functions 

! Parton Showers 

! Electro-Weak Corrections 

! Mass Effects 

! Uncertainty Estimates 

! Perturbative Convergence? 

! …

N3LO?, Theory Uncertainties, Small-x, Threshold, Non-pert., Flavour Thresholds, ….

Higher Log accuracy, hadronization, formal accuracy, matching to FO, merging, …

Mixed QCD-EWK, large pT, …

Small mass expansions, resummation of small mass effects, ….

Theory definition, What beyond scale variation, bin-to-bin correlation, statistical basis?

?

Slicing vs Subtraction, Improved Residue Subtraction, Colourful,…

H+2J, more numerical, …



CONCLUSIONS

! Incredibly precise measurements motivate us to push 
theoretical boundaries of perturbative QFT. 

! Improving theoretical precision to match demand of future LHC 
data is a challenge for years to come. 

! Main objective:  
Describe experimental outcome as close as possible. 

! Rapidity distribution at N3LO:  
Corner stone for future fully differential N3LO predictions.

Thank you!
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