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( Higes production at LHC )

@ In proton collisions, the Higgs boson is produced mostly via gluon fusion

The gluons do not couple directly to the Higgs boson

The coupling is mediated by a heavy quark loop Vﬁ>* :
The largest contribution comes from the top loop

The production mode is (roughly) proportional to the top Yukawa coupling y:

@ QCD NLO corrections

-»—- H

~
&9999 \‘ S
H -

Djouadi Graudenz Spira Zerwas 1992-1995
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L) QCD NLO corrections are about 100% larger than leading order

-

Q@ QCD NNLO corrections are known for the top-quark loop only
Czakon Harlander Klappert Niggetiedt 2021



( Higgs production in HEFT )
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all amplitudes are reduced by one loop

... but, beware of quark mass effects

ok@,  15.05pb | oNL2  34.66 pb
Rrook9, 16.00 pb | RLo oXEY  36.84 pb
oLo, 16.00 pb | o9 36.60 pb
ol 1494pb | olIQ, 34.96 pb
ol0 ipye 1483 pb | oNIQ, . . 3477 pb
Anastasiou Duhr Dulat Furlan Gehrmann Herzog Lazopoulos Mistlberger 2016
LO
Rro = —5% =1.063
OEFT

rescaled EFT (rEFT) does a good job (< 1%) in approximating the exact (only top) NLO o

but misses the t-b interference



( Higgs production )

QCD corrections have been computed at N3LO in HEFT

Anastasiou Duhr Dulat Herzog Mistlberger 2015
Mistlberger 2018

) including quark-mass effects and QCD-EWV interference the cross section is

2.22 pb (+4.56%
o =48.58 pbT 5 7P e 7o) (theory) + 1.56 pb (3.20%) (PDF-+a)

() The breakdown of the cross section

-
48.58pb =  16.00pb  (+32.9%) (LO, rEFT)
+20.84pb  (+42.9%) (NLO, rEFT)
— 2.05pb  (—4.2%) ((¢,b,c), exact NLO)
9.56pb  (+19.7%) (NNLO, rEFT)
0.34pb  (+0.2%) (NNLO, 1/my)
2.40pb  (+4.9%) (EW, QCD-EW)
1.49pb  (+3.1%) (N3LO, rEFT)

+ 4+ + +

Anastasiou Duhr Dulat Furlan Gehrmann Herzog Lazopoulos Mistlberger 2016
Handbook 4 of LHC Higgs Cross Sections 2016



( Higgs production )

Handbook 4 of LHC Higgs Cross Sections 2016

Q@ 6 sources of uncertainties due to:
higher orders
truncation of the threshold expansion
PDFs
NLO corrections to QCD-EW interference
quark mass effects (2: top mass and top-b interference) at NNLO

d(scale)  d(trunc)  S(PDE-TH)  6(EW)  46(t,bc)  6(1/m,)

HER Nupfb  +056pb  +049pb  +0.40pb 49pb
e 0.3% +1.16% +1%  +0.83% 41

—-2.37%

O(trunc) = 0.11 pb Mistlberger 2018
O(l/m¢) =-0.26% Czakon Harlander Klappert Niggetiedt 2021



(QCD NNLO corrections |

Top-quark mass corrections are known at NNLO
Czakon Harlander Klappert Niggetiedt 2021

NNLO NNLO _ _NNLO
channel| o0V ol 4 Ofad) S ot (o008 — 1) 9
Vs =8TeV
g9 7.39 + 8.58 + 3.88 +0.0353 +0.0879 £+ 0.0005 +0.62
q9 0.55 + 0.26 —0.1397 —0.0021 +£ 0.0005 —18
qq 0.01 + 0.04 +0.0171 —0.0191 £ 0.0002 -4
total 7.39 4+ 9.15 + 4.18 —0.0873 +0.0667 + 0.0007 —0.10
Vs =13TeV
g9 16.30 + 19.64 + 8.76 +0.0345 +0.2431 + 0.0020 +0.62
qg 1.49 4+ 0.84 —0.3696 —0.0115 £ 0.0010 —-16
qq 0.02 4+ 0.10 +0.0322 —0.0501 + 0.0006 —15
total 16.30 + 21.15 + 9.79 —0.3029 +0.1815 + 0.0023 C0.26>

< HEFT not so good for gg and qq channels

) even accounting for the low luminosity, gg and gq channels
would make the error to be > |% if absolute values were taken



(QCD NNLO corrections |

H|ggs + 4-Parton amplitudes at one IOOP VDD Kilgore Oleari Schmidt Zeppenfeld 200
Budge Campbell De Laurentis K. Ellis Seth 2020

Higgs + 3-parton amplitudes at two loops

top |OOpI Jones Kerner Luisoni 2018

%D &&) Czakon Harlander Klappert Niggetiedt 2021 (?)
g arbitrary heavy quark masses (only Master Int):
\9999 . &99994 S Bonciani VDD Frellesvig Henn Moriello V. Smirnov 2016
H H all above + Hidding Maestri Salvatori 2019

multi-scale problem with complicated analytic structure
elliptic iterated integrals appear

gg—Higgs amplitudes at three loops

one scale: one & two top loops Czakon Niggetiedt 2020
one top Ioop + |ight—quar‘k |oop Harlander Prausa Usovitsch 2019

two scales: one top loop + b-quark loop



Higgs+3-parton Master Integrals at two loops)

4 scales, s, t, my, m; = 3 external parameters
6 seven-propagator integral families

Bonciani VDD Frellesvig Henn Moriello V. Smirnov 2016 (A, B, C, D)
Bonciani VDD Frellesvig Henn Hidding Maestri Moriello SalvatoriV. Smirnov 2019 (F)
Frellesvig Hidding Maestri Moriello Salvatori 2019 (G)

elliptic
A B ¢ D
,’ E F G
=0 \
colour conservation elliptic

elliptic

Family F: 73 Mls (65 in the polylogarithmic sector, 8 in the elliptic sector)
alphabet: 69 independent letters, with |2 independent square roots

solved through generalised power series expansion Moriello 2019
of the differential equations, defining the parameter n-ples along a contour



[ Differential Equations )

Differential Equation method to solve the Mls

0 f(zni€) = Ai(znie) f(2n;€)

f- N-vector of Mls, Ai: NxN matrix, i=1,...,n external parameters

but in some cases £-independent form

O0if(xn;e) = cAi(xn) f(xn;€) Henn 2013

solution in terms of iterated integrals

Take two points (ai, ..., an) and (bi,..., bn) in the n-dim parameter space,
and parametrise the contour ¥(t) that connects the two points

v(t)  t— {x1(t), ..., a0 (t)} 70)=a, ZF1)=b

and write the differential equation with respect to t.

Then find a solution about a point 7 by series expanding the
coefficient matrix A and then iteratively integrating it.

The procedure works in general, for canonical or elliptic sectors

Moriello 2019



( QCD-EW interference )

: Aglietti Bonciani Degrassi Vicini 2004; Degrassi Maltoni 2004
o H| H --—e-- (light fermion loop)

| Actis Passarino Sturm Uccirati 2008

|

|

(heavy fermion loop)

Q@ gg-initiated QCD NLO corrections (light fermion loop)

Becchetti Bonciani VDD Hirschi Moriello Schweitzer 2020

|
W, 2 :
> HH --—=-- Bonetti Melnikov Tancredi 2016
W, 2 |
|
|
|
W,Z I
o gl H ————e-=
.
|

Becchetti Bonciani Casconi VDD Moriello 2018 (only planar Mls)
Bonetti Panzer V. Smirnov Tancredi 2020
Becchetti Moriello Schweitzer 2021(?)

L0 Oy = 06873912 pb
NLO O'Sj—?ZHJf)?(aZ) = 1.467(2) 1350w pb i.,e. NLO 110% wrt LO

aza a3a
gg-initiated NLO corrections in HEFT Géﬁg;,} te) 30.484 1057 oo pb

thus our NLO result 4.8% wrt gg-initiated NLO HEFT



QCD-EW Higgs+3-parton master integrals at two loops

4 scales, s, t, my, my = 3 external parameters
7 seven-propagator integral families
48 Mls (planar), 61 Mls (non-planar)

alphabet: square roots are present, but an MPL representation is possible

Becchetti Bonciani Casconi VDD Moriello 2018 (planar Mils)
Becchetti Moriello Schweitzer 2021(?) (non-planar Mils)
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solved through generalised power series expansion

Moriello 2019



(Higgs pt distribution due to QCD-EW interference)
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QCD-EW pr spectrum harder than HEFT



gg-initiated QCD NLO corrections (light fermion loop)
computed in various approximations:

— My,z — % limit Anastasiou Boughezal Petriello 2009
— soft approximation Bonetti Melnikov Tancredi 2018
— My,z 0 limit Anastasiou VDD Furlan Mistlberger Moriello Schweitzer Specchia 2018

and found to be about 5% wrt NLO (HEFT) cross section

Q@ gg-initiated QCD-EW interference ?



NLO production rates

Process-independent procedure devised in the 90’s

Q incing Giele Glover Kosower 1992-93
Q subtraction Frixione Kunszt Signer 1995
& dipole Catani Seymour 1996
¥ antenna Kosower 1997; Campbell Cullen Glover 1998

based on universal collinear and soft currents

o0 :/ d07137,+1<]m+1—|-/ dJ,,Y,LJm
m-+1 m

the 2 terms on the rhs are divergent in d=4

use universal IR structure to subtract divergences

O'NLO:/ {da,,]iJrlJerl d0m+1J } / [da —I—/d iﬁ‘l] Im
m-+1 m 1

the 2 terms on the rhs are finite in d=4



Collinear and soft currents at NNLO

@ universal collinear and soft currents

tree 3-parton splitting functions and 2-soft-parton eikonal factors

Wﬁ% o iy O

J. Campbell N. Glover 1997;S. Catani M. Grazzini 1999;A. Frizzo F Maltoni VDD 1999; D. Kosower 2002

@ one-loop 2-parton splitting functions and soft-gluon eikonal factor

ST o S o BRI o S

Z.Bern L. Dixon D. Dunbar D. Kosower 1994; Z.Bern W.Kilgore C. SchmidtVDD 1998-99;
D. Kosower P.Uwer 1999; S. Catani M. Grazzini 2000



NNLO cross section methods

@ use universal IR structure to subtract
double-real and real-virtual divergences

SeCtOI" decomPOSition Denner Roth 1996; Binoth Heinrich 2000

Anastasiou, Melnikov, Petriello 2004

Anten Na Gehrmann-De Ridder, Gehrmann, Glover 2005
Colorful Somogyi, Trocsanyi, VDD 2005;2016

art Catani, Grazzini 2007

Residue improved Czakon 2010

N_j ettiness Boughezal, Focke, Liu, Petriello 2015

Gaunt Stahlhofen Tackmann Walsh 2015

PrOjeCtiOn to Born Cacciari, Dreyer, Karlberg, Salam, Zanderighi 2015

NeStEd SOft-CO”inear Caola Melnikov Réntsch 2017



Collinear and soft currents at N3LO

L2 two-loop 2-parton splitting functions
.: . Z.Bern L. Dixon D. Kosower 2004; S. Badger N. Glover 2004;
C. Duhr T. Gehrmann M. Jacquier 2014
L2  two-loop soft-gluon eikonal factor
@) C. Duhr T. Gehrmann 2013; Y. Li H.X. Zhu 2013;
L. Dixon E. Herrmann K.Yan H.X. Zhu 2019
Ssg{’
L) one-loop 3-parton splitting functions
% ) S. Catani D. de Florian G. Rodrigo 2003
S. Badger F. Buciuni T. Peraro 2015

L2 one-loop 2-soft-parton eikonal factor

B S. Catani L. Cieri 2021 (qqgbar)



L) tree 3-soft-parton eikonal factor

—%—\ S. Catani D. Colferai A.Torrini 2019 (ggg)

Soft

L) tree 4-parton splitting functions

A. Frizzo F Maltoni VDD 1999
) T. Birthwright N. Glover V. Khoze P. Marquard 2005
C. Duhr 2006

C. Duhr R. Haindl A. Lazopoulos M. Michel VDD 2019-20



Tree 4-parton splitting functions

quark-parent splitting functions C. Duhr R. Haindl A. Lazopoulos M. Michel VDD 2019

gluon-parent splitting functions C. Duhr R. Haindl A. Lazopoulos M. Michel VDD 2020
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A sample: g = gggg splitting function

@M g1 + ( permutatlons @—ﬁb

92
+ P raes+eos)

q4

(Bragsoss) = CHPE ) + CHOMPEIR Y + - AR,

91929344 919293494 91929344



Collinear limit
D1
perform uniform rescaling ki; — Ak, |
keep leading term in the |/A expansion 3

G MG (pl, -opn)

P

- Pmt Pm

mi m C,Crmd-1---Cn3SySm41--Sn [ T
= Spjy st MG S (P Pty D)
splitting amplitude
—-1
2 2e 2 n , ~
2 K g
Cgl...m|Mf1...fn(p17---;pn)| — ( s1 ms) Pslsfm fsfm+1,,,fn(P7pm+17"'7pn)
S1.m = (P1+ .+ P’ - / \
splitting function helicity tensor
m—1
2/’62693 Hss’ _ i S C,C1...Cm;8,81---Sm S C,C1..-Cm;8’,81...8m )
s fiofm = 0 Pifi...fm Prsi..fm
. m f
(317 ,Sm)



Nested collinear limits

@ kii — MNeliy, K1 — NEL A>N

P1

Pn
iterated
y4I
N — M
@ - @ -
Pn pn O\ P B

Pm

strongly ordered  fa.mny 2 fi+...+fwand f = (fit... 4 f)+. oo+

different kinematic approaches, but same phase space region
Cgl...m’cgl...m‘Mfl...fn (p17 “ e 7pn)‘2 — Cg(l...m’)...m%l...m’|Mf1...fn (p17 SR 7pn)|2

iterated strongly ordered



Strongly ordered collinear limit

) C. Duhr R. Haindl A. Lazopoulos M. Michel VDD 2019
Q C(lm’)mclm"Mfl fn(ph"'ypn)‘

m’—1 m—m’
292 1> 292:“26 Shh! hh';ss'
N < m Pl' Hf(l m/)fm/—l-l Sm 7}fm+1 fn(P7pm/+17""pn)

S \

splitting function splitting tensor helicity tensor

if compare to the collinear limit,
this can be cast as the collinear factorisation of the splitting function

m —1
ASS, _ S[lm’]m hh/ A hh/;SS/
Clm/Pflfm T ( Sl - P f / Hf(l...m/)fm/+1"'fm

splitting tensor has m-m’+| flavour indices and plays the same role as the helicity tensor
in the collinear limit, so summed over helicities yields the splitting function

I’Lh/ hh SS . ASS/
5 f(l ’)fm/+1"‘fm o Pf(lm’)fm/—l—lfm

m=3, m’=2, m-m’+[=2 G. Somogyi Z.Trocsanyi VDD 2005

m=4, m’=3, m-m’+1=2
m’=2, m-m’+|=3 C. Duhr R. Haindl A. Lazopoulos M. Michel VDD 2019-2020



Soft limit

@ soft gluon of momentum p

cSﬁll'/\/lglfz fn|2

co.. c .Cl--.Cn382...8n, c1 61 co.. cJ c,.z .Cn;82...8n
=y gSE:SJkpl ME? | 1o, 1o, MG

c’. 5Ci ckc

= N

, : . colour-correlated amplitudes
with eikonal function

2Sjk;

<53k0p1)== —

S15S1k

the short-hand is

.Ck...Cn3;82...8n,

Tcl ./\/l ’ ..Cn;82...8n

c’ 5Ci ck,ck

Ty Te [Mgwl? = [METZ



Soft limit of splitting functions

Q@ soft gluon of momentum p; in a set of m collinear partons

Cl...m81’M91f2 fn |2

%% 2 c,Co.. c. ..ck...cm;s’ c,c ...c-...c’...cm;s
=T S U [segp ] e el

j k=2
obtained using colour coherence: hard amplitude factorises

Sik 2k 24
. _ ] J
with Uik = 2 (— + + )
SjI1Skl 2SSkl R1Sjl

C. Duhr R. Haindl A. Lazopoulos M. Michel VDD 2019

-1
2M2692 m .
Q@ S (S - 91 f2...fm
1..m
2¢ 2 C,C2.. /--oCk---Cm;S/ C,Co...Ci...Ch....Cin}S
—H gsc Z Uik {Spfo Fom } T e T SPrs, 1"
f]k 2
21°%€ g? 41 — 2 ,
512 21512



m=3 2
S 2N2€g§ Nss’
1 g1f2f3

5123
2¢ 2 2 2 2 2 2 2N2692 Ass’
— ,LL €g$ |:U22;1T2 _|_ U23;1(TP — T2 — T3) _|_ U33;1T3j| (—S 3) Pfszsfg
23
colour coefficient of parent parton Tp =T, + T3
q — 919293
2”2692 2 A 2¢ 2 223 523 ) Z3 2M2€g2 NN
S s pss — 9,,2%¢ C L C s | pss
! ( 5123 919243 e 9s 21513 P 512513 * 2812 zsis) 523 9243
g — 919293
20292\ % . s s z z 2u%€g2\ .
S, [( H 93) P;fngg 22,&2693 [2 23 Cr + (_ 28 , %2 , %3 >CA] ( M 93) ququB
5123 512513 512513 21512 21513 523
g — 919293
26792 \" s 2¢ 2 [ 523 22 23 20792\ A’
S S PSS — 2 € Cf S PSS
' ( S123 919295 e 9s 512513 i 21812 * 21513 4 $923 9293

G. Somogyi Z.Trocsanyi VDD 2005



m=4

simplest case is ¢ — 9102930

2 2e . 3 2 2¢ 2\ 2
81 ( M g) Pss ]H2€g§ {C« B(Q)4_‘_CAA(q)} ( H gs) Pss

$1234 ngQQ3Q4 $934 QQQ3Q4

C. Duhr R. Haindl A. Lazopoulos M. Michel VDD 2019

with
Ale) — 42 _ 223 B 224 B 25923 B 28924 n 4834
S1221 81321  S14%1  S12513  S12514  S13514
ijq)k 487;j 1 SS@k _ 88jk B SZZ n 82j N 4Zk

1515 S1iS1k S15S51k S1i<1 S15<1 S1k~<1

up to replacing Ui, with the suitable factor,

the soft-gluon limit of splitting functions is valid for any soft emission
characterised by two-parton colour correlations

(soft ggbar pair, non-abelian part of two soft gluons, etc.)



Back-up slides



73 Master Integrals
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elliptic



gg-initiated NLO corrections in HEFT agj\;LO’QCD — 33.24 pb

gg-initiated QCD NLO corrections (light fermion loop)

Mz = limit  Tporiy " = 34.98 pb, (= o)t 4 5.23%)
.. NLO,QCD—-EW __ —_ ~NLO,QCD
Mz = 0 limit 0, 20 = 35.03 pb, (= o)} F99CP + 5.39%)

Anastasiou VDD Furlan Mistlberger Moriello Schweitzer Specchia 2018



gg-initiated QCD-EW interference
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