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How mainy Higqgs
bosowns at Ehe LHC?
o Important test of the Standard

Model Higqs sector

o Theoretical input needed for Higgs
Cma,pwf\g extractions

o Ditferential measurements per c&e&a:j
channel will be very precise.



Inclusive cross-section:
rough, idealised but also
crucial...



Does ok {::c::-rres!aomd o a dire&ﬂv
measured cross-seckion...

but ik is the reference number that the
experimemﬁs ex&rapoia&a to

Normalizakion for debailed Monte-Carlo
simulations

Traditional first step towards {:u,u:j
differential cross-sections ab NLO and NNLO.

Theoretical laboratory for perturbative QCD



N3LO will have a very
E,mpar%amﬁ &mpa&% i Higqgs
ﬁOMF’LEMQ nmeasurements

CMS Projection

EXpeCted uncertainties on —— 3000 fb™ at Ys =14 TeV Scenario 1
Higgs boson Couplings —— 3000 o™ at ¥s =14 TeV No Theory Unc.

0.10 0.15
expected uncertainty




NNLO

o Convergence through
NNLO is slow...

o buk aac:ep?:abte with a

LHC 8TeV

Judicious scale choice
(mu=mh /2).

o 0(10%) scale wwar%a\im&j

o Indications that
corrections befjomd NNLO
are small from some
flavours of resummation,

buk...




and estimakbes

b@ MCi

. N°LO/NNLO k-FACTOR
o some estimabes of

bejov\d NNLO
correcktions were

Gyio ! OnnLo K-factors (no resummation inclust~~
_ Mo =p_=myl2
Arrows: N°LO approximation uncertainty
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& N3LO necessary nok
omlv o reduce

St&t& vari&&i@m dFMMY BBFMRA BEBFMR BBFMRA ADDF(.:HLM ADDFGHLM
note k factor computed wr to NNLO at respective scale
o bubk to also prove UNCERTAINTIES (ARROWS)
the validity of HXSW—2018

pﬁrﬁurba&om theory



o qoing one order higher in
perturbation theory is a big challenge

o NNLO has been a big challenge on its
own, ot very far in the past...

o ...strategy and division of the
F'rc:a-btem s cruciall
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From NNLO to N3L §)

o learn from the experience ak NNLO
and do a “soft expansion” for the
partonic cross-sections first




rovwn NNL




From NNLO to N3LO

Wilson coefficient
Three-loop splitting functions

Collinear and UV
counterterms

Triple virtual

Soft expansion for triple real
Exact (real-virtual)™2

Exact real-virtual-virtual

Soft expansion real-real-virtual

Expansion using the
differential equation method

Exack qu,o\rlf channels

Exact real-real-virtual
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What is now khowi for
the N3LO correction




What is now khowi for
the N3LO correction




W!«v NOW ¢

o Sunce the NNLO tomyu&a&éons i 2002 a Lok has
changed.,

o Could Ethis ﬁompuEaEion had kappemed earlier?

o Sowe &etkmiqu@.s and ideas have been p‘resemfz
for quite some time now

o bub, recent progress in the fleld of loop
tompu%a&i,oms and new ideas were also
crucial,



) map pkase space integrals on Lc)c;-[za
integrals with Cutkosky rules:

o axpamd around bhe Ehreshold Limik:
“Cutkosky rules can be differentiated with respect to
masses and kinematbic pamme&ers"




o Grauss
elimination of Linearly dependent
inteqrals and reduction of
ampt&%ud&s to master integrals.

o New implementation of the algorithm
with great eﬁwmneﬁv optimisations.



and new

New criteria to chose the order of integrations

Clever representations of phase-space
tihtegrals

From Mellin-Rarnes to Euler Ejpe
represem&a&ons

Svmbat/«t‘:oprodm& and algebraic techniques
for iterative integrations



and new
.
o Finding Henn canonical forms

o Strategy of regions to determine
boundary conditions

o Expansion of differential equations
around the threshold Limit turning
their solution tnto an atgebraw
Probi.em



How tough of a
erablem?

o Two orders of magnitude more
Feynmain diagrams than NNLO

o 102% N3LO master integrals (27 at
NNLO)

o 72 boundary conditions for the N3LO
master inteqgrals (5 ak NNLO)



13TeV
125GeV

162.7 (MS)
4.18 (MS)
0.986 (M_S)

06 0.8

uimy (U=pr=UE)

N3LO resulk is very precise and
within the NNLO scale variatiown,
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N3L0O resulk is very p@.i;se M,ci
wikthinn Ehe NNLO scale variation,



~ ro v NNLO &0 N L O

V’&r:jw\g H\a Hcggs m&ss

f PDF4LHC15 f

N3LO resulk is very pr@.ase and
wibthinn Ehe NNLQO scale vartation,



=1 T‘ N N L. 0 &0 W N e L 0

~ PDF4LHC15
PP ->H+X

lJf=le€[ms/4,ms]

600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
ms [GeV]

N3LO resulk is very pr@.ase and
wibthinn Ehe NNLQO scale vartation,



<@ 8 LV YW OL& LOWN (I)

—— NNLO

— N3LO
N3LO+N3LL
NN3LO+N3LL AP2

——= NN3LO+N3LL PSI

—— NN3LO+N3LL PSI+AP2

follows Catani, Grazzini, de Florian, Nason prescriptions

pimy (U=Hr=UF)

Traditional QCD threshold
resummation agrees with N3LO



Resummabkion (11
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| ——— 10 ; NLO | NNLO | N3|_o:
PDF4Iﬁ'HC1 5 — === LOSCET 1 NLOSCET &  ===m—m NNLO SCET ~  ———m—m N3LO SCET
PP ->H+X ‘ ‘ ‘ ‘ ‘

»fof.tows Ahrens, Becher, Neubert Fresarip&ioms

SCET renormalisation group
improvement agrees with N3LO



CQMPOSEEEOM of the inclusive
cross-section

48.58 pb =  16.00pb
+ 20.84 pb
— 2.05pb

1O, rEFT)
NLO, rEFT)
(t,b,c), exact NLO)

0.34 pb
2.40 pb
1.49 pb

NNLO, 1/my)
EW, QCD-EW)
N3LO, rEFT)

(
(
(
9.56 pb . (NNLO, rEFT)
(
(
(

d

d

N3LO QCD “’:01“ ih*fﬁhi&e M&OP Limik CA Duhr, Dulq’r, Furlan, Gehrmann, Herzog,
Lazopoulos, Mistlberger

Finike quarw‘ﬂmass corrections at  pawson; Djouadi, Gtaudenz, Spira, Zerwas;
- NLO exact Harlander, Kant; CA,Beerli, Bucherer, Daleo,

Kunszt; Bonciani, Degrassi, Vicini

Harlander, Mantler, Marzani, Ozeren;

- NNLO 1/M&OF expansion Pak, Rogal, Steinhauser

Actis, Passarino, Sturm, Uccirati;

Two-loop electroweak corrections i P LR
Aglietti, Bonciani, Degrassi, Vicini

Mixed QCD-electrowealk corrections CA, Boughezal, Petriello



Theoretical Uncertainkies

d(scale) 4 (trunc) O(PDF-TH) d(EW) d(t, b, c) O(1/my)

et +0.37% +1.16% +1% +0.83% +1%

o Small uncertainties 0(1% - 2%)...but quite a few of them
@ wissing N3LO pdfs
o wmissing exactly computed mixed QUD+EWK

o wissing N3LO partonic cross-sections in
closed functional form

o wissing top-bottom interference effects ot NNLO



uncertainties

members of PDF4LHC conparison



(% uncertainties

EEEEEE

HEKA vs PDF4LHC tom[zmrisom



(% uncertainties
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ABM vs CTEG comparisc)m



O_NNLO — 47.02 pb +5.13 pb (10.9%) (theory)—|—1.48 pb (3.14%) (PDF—I—O{S)

—5.17 pb (11.0%) —1.46 pb (3.11%)

A doubling of the “theory” precision...

+2.22 pb (+4.56%)

o = 48.58 pb (theory) + 1.56 pb (3.20%) (PDF+ay)

—3.27pb (—6.72%)




PDF Uncertainties

o = 48.58 ph T 222Pb (F4567) 41 00ry) 4+ 1.56 pb (3.20%) (PDF+as)

—3.27pb (—6.72%)

Discrepancies bebween PDFs exist.

+2.00 pb (+4.43%
oaBMi2 = 45.07pb 5 0 P e o) (theory)  0.52pb (1.17%) (PDF+as)

Cross-section with ABM pdfs and alphas
differs from POF4LHC bevamd the level
of the gquoted accuracy



Cownclusions/
Cutloole

o First N3LO computation for a hadron collider
process

o Resulks to the most precise determination of the
Higgs production rate.

o Further improvents can come with further cutting
edqge calculations: exact quark mass dependence at
NLO, exact EWK-QCD corrections, more NNLO and
N3LO processes for PDF fiks

o Tempting next theoretical challenge: can we do
differential distributions?



Every particle
physicist of our Lucky
generation has a story
to tell about &ke Hnggs
bosomn., '

I described a story
of precision Higgs
kajsi,c:s

As with many other
Hiqgqs stories, the end of
our Little «f&irv tale has
not been written yet....
wakch oubt for the next
chapter:



