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Breakthroughs in
phenomenology
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A “Feynman diagram” of finding New Laws




Higqs
hadro pro duckion

Complicated final states
with many legs for

sighals and even more
legs for backqground

Weak boson fusion Associated with top-pair

PT‘C)CQSSQS




Higqs
hadro pro duckion

2 bo 1 processes,
opportunity for multi-loop
calculations and higher
pre_cisi,cm.

Gluon fusion




Perbturbative QCD
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In Ehis kalle

Motivation for high precision determination
of the gluon-fusion cross-section

Techniques for a 2->1 computation through
N3LO. Status of the computation.

Results on the inclusive Higqs cross—section

 Challenges for sifferentiol cross-sections at
N3LO.




How mainy Higqs
bosowns at the LHC?
o Important test of the Standard
Model Higqs sector

o Theoretical input needed for Higgs
coupling extractions

8 Precise weasuremenks




N3LO will have a very
mea—r&av\% imp&&& i Higqs
coupling measurements

CMS Projection

Expected uncertainties on 1 300017 at Vs=14 TeV Scenario 1
Higgs boson couplings —] 3000 b at Vs = 14 TeV No Theory Unc.

0.10 0.15
expected uncertainty




NNLC

o Cownvergence through
NNLO is slow...

o buk acaep%abi.e wikth a
Judicious scale choice
(mu=mh/2).

o 0(10%) scale uncertainty

o Indications that LR
corrections bﬁ:jov\ci NNLG
are small from some
flavours of resunmmation,

but...




and eskimakbes

: N°LO/NNLO k-FACTOR
o some estimates of

beyond NNLO
corrections were
Large.

! Go K-factors  (no resummation inclu-ta
. (Hp=H =myl2
Arrows: N°LO approximation uncertainty
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® N3LO necessary nok
ov\bj to reduce

0.7 approx. NLU approx. N'LU approx. NLU approx. N'LU part. NLU pa . N°LU
SCQLQ V&r i&& LO' exact: NS terms NS. In’N and In‘N NS, uLL
dFMMY BBFMR BBFMR BBFMR ADDFGHLM ADDFGHLM

note k factor computed wr to NNLO at respective scale

o bubk ko also prove UNCERTAINTIES (ARROWS)
the validity of HXSWG-2018
Per&urba&éom theory




From NNLO bo N3LO

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

@ NNLO has been a big challenge own its
owh, not very for in the past...

o ...strategy and division of the
problem is crucial’




A wnabural division




From NNLO bo N3LO

o learn from the experience at NNLO
and do a “soft expansion” for the
partonic cross-sections first
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rom NNLO to N3LO




Froma NNLO ko N3LO

Schroder, Steinhauser

o Wilson coefficient Chetyrkin, Kuhn, Sturm
Moch, Vermaseren, Vogt

o Three-loop splitting functions  Hoeschele, Hoff, Pak, Steinhauser, Ueda
Bueller, Lazopoulos

o Collinear and UV CA, Buehler, Duhr, Herzog
counkerterms Baikov, Chetyrkin, Smirnoy, Steinhauser
Gehrmann, Glover, Huber, Ikizlerli, Studerus
® T\"tpt@. virtual CA, Duhr, Dulat, Mistlberger
CA, Duhr, Dulat, Furlan, Herzog, Mistlberger
o Soft expansion for triple real Kilgore
Gehrmann, Jaquier, Glover, Koukoutsakis
o Exact (real-virtual)'2 Duhr, Gehrmann
Dulat, Mistlberger
o Exactk real-virtual-virtual Ye Li, Hua Xing Zhu

CA, Duhr, Dulat, Furlan, Gehrmann, Herzog, Mistlberger

® So«ﬁ: expahséom real-real-virkual Ye Li, von Manteuffel, Schwinger, Hua Xing Zhu
CA, Duhr, Dulat, Furlan, Gehrmann, Herzog, Mistlberger

o Expansion using the CA, Duhr, Dulat, Furlan, Herzog, Mistlberger

dé«fferan&iai aquaﬁiah mekhod CA, Duhr, Dulat, Herzog, Mistlberger
CA, Duhr, Dulat, Furlan, Gehrmann, Herzog, Lazopoulos,

o Exact quark channels Mistlberger
Anzai, Kasselhuhn, Hoff, Kilgore, Steinhauser, Ueda
o Exact real-real-virtual Duhr, Dulaf, Mistlberger

Mistlberger et al




What is now khowi for
the N3L0O correction




What is now known for
the N3LO correction




ka NOW ¢

o Sunce Ehe NNLO r:ompu&a&wms i 002 a Lok has
changed.,

o Could this eomgu&a&ia—n had happemeci earlier?

o Some techniques and ideas have been presem&
for quite some time now

o bub, recent progress in the field of loop
«tomyuh&wms and new ideas were also
crucial,




and new

) map [phase space integrals on Loop
integrals with Cutkosky rules:

) expamd around the Ehreshold Limik:
“Cublkosky rules can be differentiated with respect to
masses and kinemakic parame&ers”




and new

o Grauss
elimination of Llinearly dependent
inkteqrals and reduction of
amplitudes to master integrals.

o New implementation of the algorithm
with great eﬁwi@.maj optimisations.




and new

New criteria ko chose the order of integrations

Clever representations of phase-space
itegrals

From Mellin-Rarnes to tuler E:jpa
represem&aﬁams

' Symbol/coproduct and algebraic techniques
for iterative inteqrations




and new
°
o Finding Henn canonical forms

o Strategy of regions to determine
boundary conditions

o Expansion of differentiol equations
around the threshold Limit turning
heir solution thto an aigebraiﬂ
F’robtem




How tough of a
problem?

o Two orders of magnitude more
Feyhmai diagrams than NNLO

o 102% N3LO master integrals (27 at
NNLO)

o 72 boundary conditions for the N3LO
master inteqrals (§ ok NNLO)




NNLO ko N3LO

VS 13TeV

mp, 125GeV

PDF PDF4LHC15.nnlo_100
as(my) 0.118
my(mye) 162.7 (M S)
mb(mb) 4.18 (m)

m¢(3GeV) 0.986 (MS)
p=pr=pr 625 (=mp/2)

0.6
pimy (U=Ur=UF)

N3LO resulk is very precise and
within Ehe NNLO scale variakion.




Composiﬁmm of the inclusive
cross—section

48.58 pb = 16.00 pb
+20.84pb
— 2.05pb

L0, rEFT)
NLO, rEFT)
t,b,c), exact NLO)

0.34pb
2.40 pb
1.49 pb

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

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

o N3LO QCD for infinite Mtop Limit

o Finite quark*—mass corrections at
- NLO exact

- NNLO 1/mEoFa expansion

o T wo-'-ioop eleckroweale corrections

o Mixed QCD-electroweale correckions




Theoretbical Uncertainties

d(scale) d(trunc) o(PDF-TH) )(EW) d(t, b, c) 0(1/my)

t021% 4+0.37% +1.16% +1% +0.83% +17%

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

o wmissing N3LO Pm‘&omc cross—-sections in
closed functional form

o wmissing top-bottom interference effects ab NNLO




From NNLO bo N3LO

oNNLO _ 47,09 phy +5-13pb (10.9%) (theory) 248 pb (3.14%) (PDF+a)

—5.17 pb (11.0%) —1.46 pb (3.11%)

A doubling of the “theory” precision...

o = 48.58 ph " 222PP (TA56%) (11 aory) & 1.56 pb (3.20%) (PDF-+as)

—3.27pb (—6.72%)




Ditferential cross-
sections

i collaboration with Simone Liownetti, Bernhard
Mistlberger, Andrea Pelloni, Caterina Specchia




from nclusive to
differential

Experiments impose culs and reject many of
the Higgs sighnal events.

The tnclusive eross-seckion is an idealized
observable.

It is important to predict with high accuracy
differential distributions.

Ideally, we would like a -ﬂfu,i.i.j differential
Higqs cross-section calculation at N3LO.




from inclusive to
differential...challenqges

o Inclusive = Inteqral over differential, but

o A owne-scale Frobt&m (Higgs mass)
becomes a mulki scale problem (...energies
and angles of all F&r&ici,es) wikh
complicated infrared divergence structure.

o Integration variables are physically
measured qu&h&i&es. We are not allowed to
“integrate them out”




" dxdy
Jdip.
/o (25— yi@ fl

Integral with an overtappiug si,ngu,tari,&v when the
“physical” variables x,y->1.

:)(x,j) is a phase-space selection function, Need the
answer for any Ixy)

Nowh-Llinear mappings or sector ciec:ompesi&ioh or obther
subtraction methods can be used to calculate the
singular part analytically and the remainder
v\umeri,c:auj

These techniques have not been extended or used ak
such a high perturbative order as N3LO....




o

/1 dxdy
o, \2 g — U

/7;OO dwidws I'(—wq) T'(—w2) N —
(e 1 g 1 g

For the inclusive cross-section calculation, there are
additional techniques, which integrate out the original

— 1700

Pkasens pace.

o fieverse-uhi&aré&v

o F"evv\mogm Farame&ers

We nust now
Live withoub Ehem!

o Differential equations

o Mellin-Rarnes




from inclusive to
differential...challenqges

o The inclusive ecross-section has been
compu&eci as series i a Ehreshold
expans&ow

o A aomyiia&&ed technigue...relies on reverse
unitarity, strategy of regions and crucially
on the differential equations method.

o Especially challenging to extend it to a
more differential computation:




©. xeye
dxd
0 . y(5+$+y)a

Assume delka -> o, the expahsion parameter
Inclusively, there is only onhe “region™ x4y ~ delka

Let’s now be differential in x

xe/oody Y
0 (0 - e hu)

We now have more “regions”, accounting for all

possible hierarchies of x and delka.




5(ph+g1 DR — 1| —p2)J(Ph>91792,---)

o Momentum conservation is important for the
cancelation of infrared divergences. In a threshold
expansion, this cancelation happens order by order.

o Bul, generic experimental observables in the selection
function :‘)(Pk,...) cannot be defined analytically, as an
order by order threshold expansion

o Cancelation of poles needs to be humerical, but also
incomplete...hard to control that the correctiness of the
computation.




Higqs differntial,
radiation tnclusive

o As a first step, we can be differential only on the
components of the Higgs momentum:

o Treat numerically the Higgs phase-space and analytically
the “‘radiation” phase-space:

dQ*dW —e
Gij = Z/ 3Q2 1= ~dQq—2T (pn) (As(mi,s,Q%) — W?) " Fijop (W, Q% mj, s)

/
k=0




Testk case: double real
radiakion ak NNLO

very few especially simple master
tihtegrals....




Amazing simplicity
abt NNLO

o ALl master integrals can be written in terms of a single
Appel hypergeometric function:

F1(17 —€, —€, 1 — 267 €L, y) =1 T 6(10g(1 o fIf) + lOg(l o y))

— € (2Li2(:r:) + 2Li5(y) + %(log(l —x) —log(1l — y))2) + O(€?)

o Originates from a single type of anqular integrations which fits
all

o Could be more general than 2 ->1 processes...

o Unclear if similarly simple results hold at N3LO...




Ver preliminary
trst resulks

|

 LHC 13 TeVv

. PDF4LHC15

. PP->Hs+X_

: m,
‘ u:—H GeV




Cownclusions/
Cutloolk

First N3LO computation for a hadron collider
process

Resulks to the most precise determination of the
Higgs and a BSM CP-even scalar,

Further improvements can come with further
cutting edge calculations: exact quark mass
o&epev\demce at NLO, exact EWK-QCD corrections,
more NNLO and N3LO processes for PDF fibs

Tempting next theoretical challenge: can we do
differentiol distributions?
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Exkra slides




Factorisation of the
Wilson coefficient

—— N3LO eft
N3LO eft factorized

Ueft(pb)
w w A A b b D
S _® O N b > o

éalog 100 %
N ON B

plmy (U=HR=UF)

A d O+ 0@ A+ +adn
i.j

Excellent agreement between expanding the
product and expanding the factors separately




Resummakion (1)

—— NNLO

— N3LO
N3LO+N3LL
NN3LO+N3LL AP2

——= NN3LO+N3LL PSI

—— NN3LO+N3LL PSI+AP2

follows Catani, Grazzini, de Florian, Nason prescriptions

pimy (U=Ur=UF)

Traditional QCD threshold
resummation agrees with N3LO




f?;esumma&mm (11)

LHC 43Tev 7777777777 g e b s b Nng 777777777777777

PDF4LHC15 ——1:-—— LO SCET 3 NLO SCET 3 ===== NNLO SCEj:T
PP -> H+X | | | |

»fottoms Ahre_ms Becher Neuberi Frescm!atnov\s

SCET remormatwa&wm group
improvement agrees with N3LO




PDF Uncertainkies

o = 48.58 pb T222PP (FL56%) 11 aory) & 1.56 pb (3.20%) (PDF-+avs)

—3.27pb (—6.72%)

Diserepancies between PDEs exist.
i

2.00 pb (+4.43%
oaBMI2 = 45.07pb S0P (theory) # 0.52pb (1.17%) (PDF-+ay)

Cross—-section with ABM F:*dﬁfs and atphas
differs from PDF4LHC beyond the level
of the quoted accuracy,




