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Plan of the talk
| will review some of the recent calculations that regarcl

< TOP Procluction

© Higgs Production

More comments —> D. Mistlbérger’ talk

s Jet Procluction

More comments —> R. Bouglﬁezal’ talk

| aPolOgise in advance ...
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Theoretical framework: Perturbative QCD

At L HC hadronic collisions

hl—l—hQ%QQ—FX

we relg on Factorization Theorem

PDFs: Universal Part

Evolution with Fact scale

Prccﬂictecl bg the theor9

e

Partonicio5: Proce55~c:lep ok
Calculationin PT Theory

\

1 1
Ohy,hs :Z/o d$1/0 dzy fz’,hl(xla,uF)fj,hQ(iEQa,uF)&ij(éamza@S(UR)a,uFa/JR)
0,

NNLO

S. Moch, B. Rugl, T. Ueda, J. Vermaseren, A. Vogt, Plﬁgs. Lett. B782 (2018) 627
NNNLO J. Davis, B. Ruﬁh T. Ueda, J. Vermaseren, A. Vogt, Nudcl. Phgs. BI15 (2017) 335
S. Moch, B. Ruﬂl) T. Ueda, J. Vermaseren, A. Vogt, JHEP 10 (2017) 041

S. Moch, J. Vermaseren, A. Vogt, Nucl. Phgs. B688 (2004) 101
A.Vogt, S. MochJ J. Vermaseren, Nucl. Phgs. B691 2004) 129
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Top Quark Production

4+ With a mass of m=17%.% GeV, the toP quark is the heaviest Particle Producecl so far at colliders
and since it couples strongly to the Higgs boson, itis imPortant for the understancling of the
Electroweak symmetry breakingl

§Tol:> mass is a crucial input Parameter of the SM

QTOP quarks are Prociucecl at hadron colliders via two mechanisms:

i s o DU ———

Fair Procluction: s ¢ b Main Procluction mechanism at LHC
q 7 g Too—— I e 900 Pb @BleV
Siﬂglé tOP PrOClUCtionI A >VV;+< t b 4’_;+t g 00000 i
{ B\ @ @) ° 7
<+ Main channel for single~tol;> @ | HC

T80%ehTeV ...

+ lop cluark does not hadronize: oPPortunitg to stucl9 the sl:)in Properties and interaction vertices |

§Theoretica| Preclictions ForToP~Pair Procluction are known at NNLO+NNLL (+NLOew). Theg
f

are very accurate and theg can be used to constrain the gluon Pclmc at large X ,-
M. Czakon, M. L. Mangano, A. Mitov and J. Rojo, JHEP 07 (2013) 167 ¢
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NNLO QCD corrections to Top~|:>air Production

4+ In201% the total Proc]uction CS was calculated at NNLO in QCD (stable tops)

e Virtual:

—>— —>—
Y A
_._E_«

Two~|ool:> matrix elements for q7 — tt, gg — tt

A
0000000

E2 E)aemreuther, M. Czakon and A. Mitov, Phgs. Rev. Lett. 109 (2012) 132001

M. Czakon and A. Mitov, JHEP 1212 (2012) 054, JHEP 1301 (2013) 080 }

M. Czakon, P. Fiedler and A. Mitov, Phgs. Rev. Lett. 110 (2013) 252004
|

.

M. Czakon, Phys. Lett. B664 (2008) 307 |

—->—

&mémzsm‘—q- R.B.A. l:erroglia, 2E Gehrmann) € Stuclerus, JHEP 08 (2009) 067

¢
|
R.B.A. f:erroglia, <k Gehrmann) D. Maitre, C. Studerus, JHEP 07 (2008) 129 E

L >

)

R B A Ferroglia, T. Gehrmann, A. von Manteuffel, C. Studerus, JHEP O1 2011) 102 ¢

[}

émptic intcgrals R.BA. I:erroglia, Sl Gehrmann, A. von Manteugel, e Stuclerus, JHEP 12 (2013) 038 :
o P. Baernreuther, M. Czakon, P. Fiedler, JHEP 02 2014) 078 '

One~|oop times One-loo

J. G. Koerner, Z. Merebashvili, M. Roga!, Phgs. Rev. D77 (2008) 094011
B. Kniehl, Z. Merebashvili, J. G. Korner, M. Rogal, Phys. Rev. D78 (2008) 114011
C. Anastasiou, S. M. Aybat, Phys. Rev. D78 (2008) 114006

e Real virtual: One-loop matrix elements for ¢ + Iparton

gy
‘E !
e

g sasssbiasneRacey,

I

g wassal H

q Tr/—l q
j

g

. .

e Double real: Tree-1 evel metrix elements for + 2partons
4 The three contrib. are separatelg clivergent. IR subtraction terms: STRIPPER ,-

I S. Dittmaier, P. Uwer, and S. Weinzierl, Phgs. Rev. Lett. 98 (2007) 262002
JE % Bevilacqua, M. Czakon, (2 Papadopoulos) M. Worek, Phgs. Rev. D84 (2011) 114017
L K. Melnikov and M. Schultze, Nudl. Phgs. B840 (2010) 129 |

M. Czakon, Phys. Lett. B693 (2010) 259; Nucl. Phys. B&49 (2011) 250 f'
4 Boughezal, K. Melnikov, F Petriello, Phgs. Rev. D85 (2012) 034025
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4 QCD corrections to processes that involve at lest two large energy scales

(8,m? > AL.p) are characterised bg a logarithmic behaviour in the vicinity

of the boundary of the Plﬂase space

O'NZCanéS (1 - p) m < 2n

Evenifag < 1 (Per’c region) we can have at all orders asln (1—p) ~0O(1)
Log Contributions have to be resummed: now e NNLL

M. Cacciari, M. Czakon, M. L. Mangano, A. Mitov, and P. Nason, Phgs. Lett. B 710 (2012) 612

4 Also the EW NLO corrections were included in the analgsis

M. Czakon, D. Heymes, A. Mitov, D. Pagani, I. Tsinikos, M. Zaro, JHEP 1710 (2017) 186

4 The NNLO+NNLL corrections were implementecl ina MC in’cegrator: TOP++
o=2458 pb+3%+25% @8 TeV

M. Czakon, A. Mitov, Comp. Phgs. Commun. 185 (2014) 2930

4 Vexy recently New NNLO calculation of the total CS

(excep’c virtual two~|oop corrections, one~|ooP with OPENLOOPs)
The IR subtraction terms with Qt subtraction formalism

S. Catani, S. Devoto, M. Grazzini, S. Kalweit, J. Mazzitelli, H. Sargsyan, PRD 99 (2019) 051501
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'f The total CS is not the onlg observable that registerecl a l:)ig activity
of the theorg communitg '

| + Distributions (stable tops) ® NNLO: myz distrib., pr disturb. of the top,
; Ral:)iclitg distribution of the toP, Arp for Tevatron, Ag at LHC
i

M. Czakon, P. Fiedler, D. Heymes, A. Mitov, JHEP 05 (201%) 034
4 ' M. Czakon, D. Heymes, A. Mitov, Phgs. Rev. Lett. 116 (2016) 082003
M. Czakon) D. Heymes, A. Mitov, D. Pagani, 1. Tsinikos, M. Zaro, JHEP 1710 (2017) 186
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4 TOP Decag and NWA.: NNLO+NNLL+EW corrections to the total CS were
calculatecl Wﬂ?l’l stablc tops. However toP decag N ]:>+W

NWA (resonant contributions)

; K. Melnikov, M. Schulze, JHEP 0908 (2009) 049

! Distrib. and SPin corr. @NLO K. Melnikov, M. Schulze, Phys. Lett. B700 2oI) 17

W. Bernreuther, Z.-G. Si, Nucl. Phys. B837 (2010) 90

W. Bernreuther, Z.-G. Si, Phgs. Rev. D86 (2012) 034026

Top Clecag eNNLO J. Gao, C. S. Li, H. X. Zhu, Phys. Rev. Lett. 110 (203) 042001 |
M. Brucherseiger, I Caola) K. Melnikov, JHEP 1304 (2013) 59 |
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Spin corr. @NNLO

M. Czakon, D. Heymes, A. Mitov, D. Pagani, I. Tsinikos, M. Zaro, Phgs. Rev. D98 (2018)

+ NLO+PS r.

¥ Campbe”, R. K. Ellis, P. Nason, E. Re, JHEP 04 (2015) 104 ¢
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NNLO QCD corrections to 5ing|e~ToP Procluction

+ Single toP Production IS imPortant because: |
— it gives the oPPortunitg to check the tWb vertex (SM vs. Anom. vertex contr) |

- it involves CKM matrix elem. Vbt (direct access to the Parameter) }

4 The bigger contribution to the CS comes from t-channel: the bigger tlﬁeorg

effort was devoted to this channel !

P T s = e i s T————

T-channel single toP @ NNLQO:

4 QCD Corrections worked out neglecting “cross~ta“<ing terms” (stable toP)

| ST | 0 Sy M. Brucherseifer, F Caola, K. Melnikov, Phys. Lett. B/36 (2014) 58

ﬁ? T e T %
4+ QCD Corrections in Procluction and top clecag R

ancl Cl! CllS’EFI}DUUOﬂS ~o ' E. L. Berger, J. Gao, C.-P. Yuan, H. X. Zhu, Phys. Rev. D94 (2016) 071501 |
& E.L.Berger, J. Gao, H. X. Zhu, JHEP 1711 2017) 158 |
}j‘f

S. Alioli, P Nason, C. Oleari, E. Re, JHEP 09 (2009) 111
<> NLO+PS T. Jezo, P. Nason, JHEP 1512 (2015) 065
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Higgs Production at the L HC

§T|1e state-of-the-art is for sure represented bﬂ the total s S known at the NNNLO in QCD!

Nice convergence of the Pt series: moderate increase of the central value but sizeable reduction

in the scale clePenclence w.rt. NNLO. At 13 TeV and Higgs mass of 125 GeV

e +2.22 pb (4.56%)
G 48,08 Dbit s = Db (- 6o + 1.56 pb(3.2%)

C. Anastasiou, C. Duhr, F Dulat, E. Furlan, T. Gehrmann, E Herzog, A. LazoPoulos, B. Mistlberger, JHEP 1615 (2016) 058
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4 The calculation was done in the m: — oo limit

4 Inclusive calculation (integration over the whole Phase sPace) with

1 Freverse Un'tar’tﬂ C. Anastasiou, K. Melnikov, Nucl. Phgs. Bé46 (2002) 220

P A. Baikov, K. G. C[’letgrkin, A. V. Smirnov, V. A. Smirnov, M. Steinhauser, Phgs. Rev. Lett. 102 (2009)
T. Gehrmann, E. W. N. Glover, T. Huber, N. Ikizlerli, C. Studerus, JHEP 06 (2010) 094

It turns out that
this is an interesting —p
obs bg itself, H4j

C. Duhr, T. Gehrmann, M. Jaquier, JHEP 02 o15) 077
F Dulat, B. Mistlberger, arXiv 1411.3586
W. B. Kilgore, PRD89 (2014) 075008

C. Anastasiou, C. Duhr, F. Dulat, B. Mistlberger, JHEP 07 (2013)
C. Duhr, T. Gehrmann, Phgs. Lett. B 727 (201%)
Y. Li, A. Von Manteuffel, R. Schabinger, H. X. Zhu, PRD91 (2015) 032008

Exe usive obs are known at NNLO

The TH Precliction

includes EW corr.s

; ; ‘ SR 3
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! 4+ As at the Pre\/ious order, it would be desirable to have the
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complete NNLO with finite toP mass

A
-
obs ]:)9 itself, H4j
4 The virtual contr

4 The IR subtraction terms can be calculated with Qt ...

D

JJ/
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nNe two—-lool:) H+i
3

Calc Analgtical

Can be done in

= at the moment un‘mown

|
It turns out that wm‘- ( ]
’cl’lis s an interesting ( l l S. P. Jones, M. Kerner, G. Luisoni, Phys Rev. Lett. 120 (2018) 162001
' ‘l.
( i
‘ .

V. Del Duca, W. Kilgore) 3 Oleari) C. Schmidt, D. Zepperncelcl,
Phys. Rev. Lett. 87 (2001) 12200l
Nucl. Phgs. B616 (2001) 367

bution Is not known, while the interference of

with the one—-ioop is known numerica”g

Yy complex: e”iptic integrals

bower Cxpansion

10
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4 H+j IS important in the high~ Dt H region Coe g = Sto clisentangle SM from

NP contributions. In this regime the toP looP is resolved

¢ HIEET (inﬁnite toP mass) the NNLO QCD corrections are known

R. fﬁoughezal, F Caola, K. Melnikov, E Petriello, M. Schulze, JHEPOS (2013) 072

Phys. Rev. Lett. 115 (2015) 082003
7 Chcn, T. Gehrmann, EWoN, Glover, M. Jaquier, Phgs. Lett. B 740 (2015) 147
R. Boughezal, C. Focke, W. Giele, X. Liu, F Petriello, Phgs. Lett. B748 (2015) 5

4 Powerin 1/m? corrections at NLO in QCD were also calculated

R. HarlanderJT. Neumann, K. J. Ozeren, M. Wiesemann, JHEP 08 (2012) 139
T. Neumann, M. Wiesemann, JHEP 11 (2014) 150

4+ Small bottom mass interference effects and asyml:)totic pe.a > 400 GeV were

also calculated

K. Melnikov, L. Tancredi, C. Wever, JHEP 11 (2016) 104 Phgs. Rev. D95 (2017) 054012
R. Mueller, D. G. Ozturk, JHEP 08 (2016) 055

J. M. Lindert, K. Melnikov, L. Tancredi, C. Wever, Phgs. Rev. Lett. 118 (2017) 252002
K. Kudashkin, K. Melnikov, C. Wever, JHEP 02 (2018) 135

J. M. Lindert, K. Kudashkin, K. Melnikov, C. Wever, Phgs. Lett. B782 (2018) 210

11
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4 Fina”g H«!j was Computed at NLO in QCD with the full toP

mass ClCPCﬂClCﬂCC

S. P. Jones, M. Kerner, G. Luisoni, Phgs. Rev. Lett. 120 (2018) 162001

Calculation:

4 Evergthing except virtual corrections are calculated analgtica”g

4+ VIRTUAL: reductions to the Master lntegrals) the Mls basis is chosen
to be composecl bg qua5i~ﬁnite integrals (better numeric convergence)

MIs are calculated numerica”g with SecDec

4 Total CS: Corrections from LO to NLO are Iarge (KH.S)

NLOFull/NLOheft = 9% Z
e _ = LO HEFT
u / c 9 o o W07 NLO HEFT |
RN SN LO Full == -
Theory LO [pb] NLO [pb] g 13: 3 (%}%;22 NLO Full &= 4
HEFT: 1o = 822131 onto = 14.631330 LT e
Mot ap =350 g = 150728 Sl Poramosmo
Full: oo =85733  owo =16.011}37 107" _ Hy ° B
1077 AT
— T T T
e = —————
S = =
4 Dt.H The bands of scale variations at NLO R
r =
~
do not overlap anymore for pe.g > 340 GeV = |,
) Z.
0 200 400 600 800 1000

peu [GeV]

:

R i,
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Analytic Calculations and Massive Corrections:

Calculation of matrix elements:

ni Ngq
S™ .S
mq ™M
DI

FfL‘ — /deldD]{?Q — Fz(x)

sl L

0, F = A(x,D) F + Q(x, D)

4 Observable — Dim-Reg scalar integrals
4 IBP’s — reduction of these ints to a set of

Lin independent Master lntegrals

4 Calculation of the Master | ntegrals

ai. i
az,1
a3, 1
aq.1

ai,1
a2 1
a3 1
Q4.1

a2
a2 2
as 2
Q4.2

Onlg Ist-order diff egs
Solutions in terms of GPLs
VERY WELL studied

2nd-order diff egs
Solutions in terms of

E”ip’cic lntegrals

4 Repeatecl integrations over e”iPtiC kernels of GPLs functions

J. Broedel, C. Duhr, E Dulat, L. Tancredi, JHEP 1805 (2018) 09%; PRD97 (2018) 116009

NB: it 1s not necessary to have complicatecl massive cut structure in order

to have e”iptic integrals

B

N A P——

B. Mistlberger, JHEP 1805 (2018) 0238

!
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Jet Production

¢ et Procluction is the most Frequentlg occurring reaction at LHC
4 Jets are imPortant for testing the QCD running coupling to large momentum ;

transger) for searches of NP in the clijet mass sPectrum) for constraining PDFs

+ Dijet Procluctidn is known at NNLO:

T T e A e g e

NNLO QCD corrections to the Purelg gluonic channel

A. Gehrmann-De Riclder, 4% Genrmann, E. W.N. Glover, J. Pires, Pngs. Rev. Lett. 110 (2013) 162003

NNLO QCD corrections to all Parton channels at leading Nc
(cloublg differential in mjj and raPiclitg cligerence)

J. Currie, A. Gehrmann-De Ridder, T. Gehrmann, E. W. N. Glover, A. Huss, J. Pires, Phgs. Rev. Lett. 119 (2017) 152001

4 Inclusive singlejet Procluction is known at NNLO at Ieacling Nc:

J. Currie, E. W. N. Glover, J. Pires, Pngs. Rev. Lett. 118 (2017) 072002

4 Dﬂet and singlejet CSs used at NNLO (recJucecl scale cJePencJence)
for constraining Pchcs

(See R. Boug]ﬁezal’s tall) ¢

e s o 4
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Conclusions

* We Presentecl a limited “selection” of calculations for TOP, Higgs ancljet
Procluc’cion Akl HC

* The state-of the art is c]uite advanced! It includes NNLO and also NNNLO

Perturbative corrections for |<69 observables
* Possible directions for the future:

— Computation of massive corrections @ NLO and NNLO

— higlﬂer multil:)licit9 @j@ts @ NNLO, NNLO QCD corr. to Httbar ...)
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