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A celebration of QCD and
exploring “Beyond QCD”
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Testing the Higgs sector
LHC Measurements
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» High precision 2
measurements of a wide ©
spectrum of observables. ¥ Data (Total uncertainty)
DSyst. uncertainty
* Precise comparisons with = SM prediction

theory.

e Superb test of the Standard
Model and powerful
constraints on its extensions. Production process

Ratio to SM

* A testament to the great
understanding of Quantum
Chromodynamics.




Why can we predict precisely?

* Asymptotic freedom
* Infrared safety

e Factorization Theorems

SNOILVANNO4

o Structure of hadrons

Superb measurements

* Couplings and masses

Advances in mathematics and computation for

perturbation theory



“Forced” to high orders

The corrections to both these cross sections coming from radiative corrections to the lowest-order
annihilation diagram are found to be large at present values of Q2 and S when the cross section is
oxpressed in terms of parton densities derived from lepton production, for all Drell-Yan processes of
practical interest.

Altarelli, Ellis, Martinelli [Nucl. Phys. B157 (1979) 461-497 ]|
NLO HIGGS

We have computed the O (af) contributions to Higgs boson production at hadron colliders in the infinite top-quark mass limit. These corrections

typically increase the lowest-order prediction by about a factor of 1.5 to 2. However, the results are sensitive to the choice of renormalization scale
and to the choice of structure functions. It does seem clear, though, that the radiative corrections increase the cross-section.

Dawson [Nucl. Phys. B359 (1991) 283-300 |

In the above we see a good agreement between the theoretical prediction and the experimental
result. In particular we neeed the order a, corrections to explain the Uaz result.

NNLO HIGGS Van Neerven [J. Mod. Phys. A10 (1995) 2921-2940 ]

In conclusion, we have computed the full NNLO corrections to inclusive Higgs boson production at
hadron colliders. We find reasonable perturbative convergence and reduced scale dependence.

Harlander and Kilgore [Phys. Rev. Lett. 88 (2002) 201801 |

In line with the case of Higgs production, we find that the hadronic cross section receives corrections at the percent level, and the
residual dependence on the perturbative scales is reduced. However, unlike in the Higgs case, we observe that the uncertainty
band derived from scale variation is no longer contained in the band of the previous order.

Duhr, Dulat, Mistlberger [Phys. Rev. Lett. 125 (2020) 172001 |




Stubbornly large
perturbative corrections

o I'(H— gg)

NNLO
6.82%

Perturbative contributions to the inclusive Higgs decay to gluons

N3LO -1.92%

Herzog, Ruijl, Ueda, Vlermageren, Vogt [1707.01044]



Stubbornly large
perturbative corrections

N P c(p+p— H+X)

NNLO

9.56% EWK 4.87% N3LO 3.32%

Perturbative contributions to the inclusive Higgs gluon fusion cross-section

Quark Mass effects -3.55%

IHixs: Dulat, Lazopoulos, Mistlberger [1802.00827]
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What has been achieved for the LHC?

many
difficulty problems
unsolved

NNNLO
~ 4%

many
problems
solved

NNLO
~ 10%

~all LHC
processes

NLO

pert. order

o =opal + o1«



PERTURBAITIVE
OMPUTATIONS




PERTURBAITIVE
OMPUTATIONS




Many and Challenging

Feynman Integrals 1 out of ©(5000) diagrams

A diagram contributing to
Higgs production in bottom
fusion at NNNLO.

bottom

Gives rise to a rank-6 tensor

integral. ky 'k 2k k) ks ke ©

Kk3Kk2KIK2K2K2K2

- Sp inﬂ1ﬂ2ﬂ3ﬂ4ﬂ5ﬂ6[5 (kle - le ) 5(k92)
Which, in turn, gives rise to
scalar O(500) integrals. 499

terms
At N3LO for the sinmplest
type of processes, one needs = Spin, J5 (ki — M) 6(kg)
to compute O(10°) scalar
integrals. With T (u®@#1u®k2) = y iy 4 g @phie /D)

K. T ()
kk3k2K2K2K2K 32

_ pipy+pipp
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CA, Karlen, Vicini, [2308.1470]



Simplifying
Feynman integrals (toy example)

* Lets make a toy integral out of this diagram
/ —
\
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e Recursion:I'(x+ 1) =xI(x)
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Recursion and Reduction for general Feynman integrals

Feynman integrals are (generally uncharted) hypergeometric functions,
..e. infinite sums of products/ratios of factorials (Gamma functions).

. ¢c=2b+2+b-a-1)z _ b
>F (% — V134> r (% — V123> = T hoDe-D 2KAla. b-1ci2)+ m
()T )T (D—0)

X 3B (1/1. Vs, 0 — Q, 1+ vy — Q, 1+ 93 — D _s A Gauss recurrence identity for the common hypergeometric

2 2 27t
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Recursion is intrinsic to hypergeometric functions,
and Feynman integrals, in the form of difference + Chupbie.s Master

. integral + Chubble.t .Master
equatlons. integral

A reduction of classes of integrals to fewer “master”
integrals is always possible.



PhySical red UCtiOﬂ “The NLO revolution”
of amplitudes o,

e The Reduction of one-loop
amplitudes to master integrals has a
physical interpretation.

o+ Ctriangle

« Masters are integrals of a simple
scalar field theory.

e (Coefficients are Sums of Products of
Tree Gauge Theory Amplitudes




When a complete physical solution is out of reach ,
compution comes to rescue.

Reduction identies are
obtained simply, with integration by parts (IBP).

o 1 -6 1

0= |d’ko, =~ | dPk - =2 dPk -
(kz - M?) (k2 — M2) 6 (k2 - Mz)

Chetyrkin, Tkachov [Nucl. Phys. B192 (1981) 159-204]
Tkachov [Phys. Lett. B100 (1981) 65-68]

IBP identities can be “diagonalised” automatically with the

“Laporta Algorithm”, which is a optimised Gauss elimination method.

Laporta [hep-ph/0102033]

O-0-0O- .

1—> 2' — 3' — nloops+nlegs!

1 out of O(500) scalar integrals in

- EE.
bottom I Higgs
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Simple and Powerful but Costly



Reduction to master integrals

* “Inclusive” Phase-space integrations can
also be simplified with integration by parts.

CA, Melnikov [1810.09462]

. 1 1 .
hm< — ) = 27mio(x)

e—=0\X+1e x—1€

B LO ®m NLO m NNLO m NNNLO

CA, Dixon, Melnikov, Petriello [1503.06056]

 Commutes with asymptotic expansions around

simplifying limits (such as threshold production)
CA, Duhr, Dulat, Herzog, Mistlberger [1503.06056]




Analytic structure of master integrals

One-loop analytic structure at one-loop is simpler (CLOSED)

’Qil—loop — CO ~+ Cl log + C2 10g2 + C3 L12 .

Analytic structure is richer at
two loops and beyond.

Number and classes of
special functions grows. Not
known fully.

Even a partial understanding
has triggered an excellent
progress in computing
amplitudes.

But it Is hard to go further. In
need of further ideas/
alternatives.

’Qil—loop > L12 + Ll3 + L14 ~+ 822
+... harmonic polylogaritthms

+... multiple polylogaritthms

+... elliptic polylogaritthms

+...?7?

Gehrmann, Remiddi; Kptikov; Henn;...]

[ Remiddi, Vermaseren; Vollinga, Weinzierl; Goncharov, Spradlin, Vergu,
Volovich; Duhr, Gangl, Rhodes; Duhr; Duhr, Dulat; Mistlberger; Broedel, Duhr, Dulat,

Tancredi; Abliger, Bluemlein, Round; Duhr, Tancredi; Panzer; Brown;... ]



How far can one go with with reductions to maste

Higgs Rapidity Through N3LO

pp - H 4+ X
LHCQ@13TeV

* Innovative deep expansion S 2 v
around Higgs threshold o
production (with two
kinematic variables).

* |nnovative reduction to master
integrals (reconstruction of
coefficients from numerics).

* High precision theoretical
prediction.
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* Awaiting data from the LHC at
the high luminosity phase.

Dulat, Mistlberger, Pelloni, [18710.09462]
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EFT of Large Scale Structure

Baummann, Nicolis, Senatore, Zaldarriaga [1004.2488]
Carrasco, Hertzberg,, Senatore [1206.2926]
Porto, Senatore, Zaldarriaga [1311.2168]

Senatore, Zaldarriaga [1404.5954]

e[ {(2)o ()0

s
'Q/'\»
P— —
P(p) =| ——e—— |+ :j—{:}—‘ + = +
P
“Te

Solution of

linearised equations. Small non-linearities as loop

corrections. Cosmological parameters enter
implicitly, through the propagator lines.

Depends on cosmological
parameters, e.g. Hubble
constant




Loops in EFT of Large Scale Structure

VERTICES

2 2 2 [ — p)2 2,2
8F, =1043 432 _s 27 _sU=p ., D
" 2 (I-p)? (I — p)? p? 2(] — p)>

PROPAGATORS

A function of wavelength
(loop momentum) and
cosmological parameters
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Mapping EFT of LSS correlators
to QFT integrals

g)linear(k)
1 Simonovic, Baldauf, Zaldarriaga,
— C (H Q, .. ) , Carrasco, Kollmeier
O v+io
(k2> n [1708.08130]
n

k

* A fit of the linear power spectrum in a series of massless
propagators raised to complex powers

 Integrations can be performed without reference to the values of
the cosmological parameters.

e For the one-loop power spectrum:

L

—

P r(3 : 3 :
A 1 (5—v—lan>r<3—v—lam>
-~ Y C,(H.Q,..)C,(H,Q, ...)Jd3k — —— =)' C,C,...
Yy py () ((p=02)™ ™" r (220 —io, - io)

Tr




g)linear(k)



g)linear(k)

Brett Wigner



tthlineaur(k)




Mapping EFT of LSS correlators
to QFT integrals differently

‘@linear(k)
1 CA, Braganca, Senatore,
— Zheng
- =T c.me. y
(kz +Mn + irn) m [2212.07421]

k

* Afit of the linear power spectrum to a series of massive propagators raised to integer powers

 Integrations can be performed without reference to the values of the cosmological parameters.

. Areduction to FEWER master integrals <$ = 0, F(O—ll— o) * O>
Xe)
timv
@ @ O o
Rev
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Mapping EFT of LSS correlators
to QFT integrals differently
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One-loop power spectrum in
EFT of LSS Cosmology

dependent coefficients, obtained by fit to
leading order (linear) solution

Q
1
0
,
I
M
%

(2)
H.Q,.. jn

1-loop QFT
integrals with massive
propagators

v,
T
— 2miH (Im A(1,my1,m2))H(—Im A(0, m1,m2))], A(L may, m2) = 2ymq + i(777/1 —mg — 1

[log (A(1,m1, m2)) — log (A(0,m1,m3)) A(O, mi, 'mQ) = 2/mo + ’i(7n1 —mo + 1




One-loop bispectrum in EFT of
LSS




Generic N-point correlators in
EFT of LSS.

j;Np) — drtladp. Q 1 dllgubble Q 4 drtlrian,

No box, pentagon, hexagon,... master integrals in three dimensions

« At one-loop, in D = 3 — 2¢, all loop integrals are free of 1/¢ poles.

* Reduction to master integrals, with memoization in arbitrary
arithmetic precision, numerically (setting D=3 exactly)

e Fast evaluation of integrals, permitting an efficient inference of
cosmological parameters comparing with data.
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Figure 1: Triangle plots, best-fit values, and relative 68%-credible interva

wred from the analysis of BOSS power trum multipoles Py, 2, ¢

D’ Amico, Donath, Lewandowski, Senatore, Zhang [2206.08327]



Two-loop power spectrum in EFT of
Large Scale Structure

dPk dPl
Z C({yi’Mi})J v 2 V2 2 V3 v 2 vs
(0o, [k2+ My]" [(k +p) +M2] [(l+p) +M3] |2+ M,]" [(k —1) +M5]
P15 Py,
()
SN c
Plin M)_\VL
P
Pss 1 Pss_1r

.“.
I3 Pin I3

CA, Favorito, Senatore, Mistlberger, Zheng, in progress




Partial results from numerical
Integration at two loops

The 2 Loops diagrams are:

(preliminary) Andrea Favorito, et al
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3000 fb' (13 TeV)
C MS w/ Run 2 syst. uncert. (S1)
. . w/ YR18 syst. uncert. (S2)
Projection
= w/ Stat. uncert. only
Bgsm=0
0.01 (Stat); 0.02 (S2); 0.03 (S1)
0.01 (Stat);

0.02 (S2); 0.03 (S1)

0.01 (Stat); 0.02 (S2); 0.02 (S1)

0.01 (Stat); 0.02 (S2); 0.04 (S1)

0.01 (Stat); 0.03 (S2); 0.06 (S1)

0.02 (Stat); 0.04 (S2); 0.06 (S1)

0.01 (Stat); 0.02 (S2); 0.03 (S1)

0.05 (Stat); 0.05 (S2); 0.07 (S1)
0.1

0.15 0.2
Expected uncertalnty

[source: Tourist In

formation, Engadin, Switzerland
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Experimental advances

o [pp — ttH( — yy)]
“Rare” LHC processes

¢ Data
— Signal + Background
= = Total background
- = = Continuum background

ATLAS and CMS observed
1. triple weak gauge boson T v 13 1"

production In(1 + S/B) Weighted Sum

2. Higgs production associated with N
top pairs.

These processes are valuable for 0 Dt and predion

t Data = stat. uncertainty

testing the electroweak sector of the < Background « systomatics
N Triboson signals
Standard Model. B e

WWZ (v, =086%3)
BWZZ (v, =22471%)
WZZZ (v, =007

Bkg. in same-sign / 3 leptons

With 10 times more data until the
end of the LHC physics programme, 2
they will be measure precisely. Rl e

meout  mein #SFOS  gpTbins Z+ew BDT bins

[OLost / three leptons
[l Charge mismeasurement
EW=W=+jj / tw
[CJNonprompt leptons
By — lepton

Backgrounds in 4/5/6 leptons

Ozz [Jwz [JOther
@iz @Ewz

Pull S
L O .0 a4 N wo
1%
%
2
¥ 2
),
%
%
%
xg Aq
pajeo:

suolds| g
suoyde| 9

Same-sign dilepton 3 leptons 4 leptons

Can we make predictions for such
processes?
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Can we make predictions for such
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Two loop amplitudes with direct
Integration

<{pextl} M, }>
a9t <k, 1 {pext,-}, {Mi}>

Two-loop amplitudes with direct
integration over loop momenta? Jd m (

J

Number of integrals is SIX.

: Monte-Carlo Integration?
.. for all two-loop amplitudes J

and kinematic configurations.

Understand fully the singular ?
structure of QCD amplitudes at % e
two loops.

Singularities



Singularities of Feynman diagrams
and scattering amplitudes

o0 cee o0 cee 1 1
| ae.. == | .. - )
e E?—w?+i0  )_ o \E-—0w+i6 E+w—-i

(0 9)

A+ ImE

+w

e The poles can lie inside —w ReE
the domain of
integration.

w—>w—I10wWthdé—0



Integrable Singularities

o0 cee o0 cee 1 1
[ dE... : =J dE... — — ;
e E?—w?+i6 )_ o \E-—wo+i6 E+w—-id

oo

* The poles can lie inside s ImE
the domain of
integration.

+w

 |[f we can deform the — ReE
path of integration away
from the poles, then
they lead to no

singularities w— w—idwiths = 0




Soft massless particles

oo (E+1i0)(E —1id)

e Poles due to soft tImE
massless particles.

* These singularities

pinch the integration : P
path from both sides.

e Condition for a TRUE
INFINITY



Collinear massless
particles

A second source of infinities
due to massless collinear
particles.

A singularity of one particle in
the lower half-plane lines up
with the singularity of a collinear
particle in the higher half-pane.

The singularities pinch the
integration path from both
sides.

We cannot deform the path, a
condition for a TRUE INFINITY'

particle 1

oy

R:eE



Infrared amplitude factorization

* UV Renormalized scattering
amplitudes for well-separated final-
states take a simple factorized form

Amplitude = hard - soft - HJeti.

- “soft” and “jet” functions contain
all divergences.

eThese are universal functions. For
any new process we should need to

compute only the “hard” function. Ma;
Erdogan, Sterman;
*So far, we do not have a way to Schwartz;

compute the “hard” function directly. ~ ©°/ns

eBut, what if we did?



How could we imagine
using factorisation?

|l

An inverted factorization theorem



How could we imagine
using factorization?

A= [[dk] A (k) = J&Hji . [

soft/collinear Hard

This procedure is universal...could be applied to any process, irrespectively of the complexity
of its final state.

From fac{orisation we could identify, erove and integrate separately the singular parts of
amplitudes order by order in perturbation theory:

HO = O g = ) _ ggpO) _ ggp®  g¢@ = @ — ghgeh _ shgph) _ g@gp® _ g@gp0 4 g(h) g1 gp(O)



Factorisation and locality

Is it an obstacle for a meaningful invertion of the factorization theorem?

A

Non-local cancellations Local cancellations
Numerically integrable

In the integral expression of the
process dependent “HARD” function,
we need singularities to be cancelled
locally, AT THE INTEGRAND.

A naive construction leads to non-
local cancellations.

Integrands with non-local
cancellations cannot be integrated
numerically.

To enable Monte-Carlo integration
methods, can we ensure that ALL
soft, collinear and ultraviolet
singularities cancel point by point in
the integrand?

A challenge!



Ingredients of factorization

e Collinear gluons acquire Al e,
longitudinal (non- Ni—w) i
physical) polarisations. T T R

P

e Gauge symmetry and > The collinear gluor
the Ward identities e e
derived from It,
guarantee that , o
contributions from W jb%
unphysical gluons limog® = * + ¥
almost cancel... Kl W W

%
e ... leaving a factored W' Collinear limit s a

self-energy correctic

correction to external to an external state.
Ie g S ~ W Factorized.



Ingredients of factorization
are “almost” local!

polarization

e Collinear gluons off p ¢ k—xp é
. kD) +
one—lpop vertices > T T
acquire random ) Lhard
polarisations. W)

e \Ward identities
generate non-local -
ZEeros.

...from Peskin and Schroeder



Factorization at the integrand

Amplitude construction

r Pi\l 4”\ ‘ ,Pa_\‘ ‘e'\
+ m '
[ ] j& ch
e Assign correlated y.c é‘

momentum flows to all

] Pﬂ_\l ‘E'\ Pi\ ‘E’\
diagrams. g +K VAN
— ®
e

_|_
‘¢ i7ati & - Integrates t
e Cure |OOp pOlarlzatlonS — . ntegrates to zero
with additional vertices at « . Eliminates loop

polarizations
external legs.

* Cure non-local remnants of _ .
Ward identities with “shift AP — o + f(k, 1)  with Jd kd“1 f(k.1) = 0.
counterterms” which —_
integrate to zero

e | ocally subtract ultraviolet
singularities respecting
Ward identities and the

Integrates to zero

above integrand
e . * R -local
modifications. L remnants of Ward Identities




Locally finite integrands for a class of
two-loop QCD amplitudes (gluon fusion)

g+g->Vi+V,+...V, . V.=Higgs, W,Z, vy* /

n, finite

(2)  _ a2 L (1) o () ()
Mn,ﬁnite — Mn, UV-finite 5‘7:55, UV-finite (Mn, ﬁnite(l) + M ([ + I?))

CA, Julia Karlen, George Sterman, Ani Venkata ( to appear )



Locally finite integrands for a class of
two-loop QCD amplitudes (quark fusion)

q+qg—->Vi+V,+...V, V.=WZy* /

CA, George Sterman

%1—100]9(]{) — tQil—loop - [‘Q{O]

%2—l00p(k9 [) = ‘Q{2—l00p - F® [‘Q[O] - FW [%l—loop]



Numerical integration

Can such IR subtractions be used
for evaluating loop amplitudes
numerically?

They are an important ingredient!

They remove “pinch” singularities.

Other singularities which can be
avoided with appropriate contour-
deformations are equally
important.

Breakthroughs and excellent
ideas.

+ ImFE

+w

ReE
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(e) Accuracy and precision of the real part of the
LTD integration. the LTD integration.

Figure 23: A scan for dd — 717273. The results are absolute values plotted on a log scal
The first row (a — b) shows the real and the imaginary part of the amplitude computed wit
ML5. The second row (¢ — d) shows the relative difference between the analytic expressio
and the integrated counterterms. The last row (e — f) shows the LTD integration. They ar
a combination of two plots: the surface above shows the relative error of the central valul

compared with the analytic expression, the flat surface below shows the Monte Carlo erro
for the point richt above.

Capatti, Hirschi,
Kermaschah, Pelloni,
Ruijl [1912.0929]



New ideas and schemes for
numerlcal Integration

Numerical integration of loop integrals through
Exposing the threshold structure of loop integrals

local cancellation of threshold singularities

Zeno Capatti*
Institute for Theoretical Physics, E'TH Zurich,
Wolfgang-Pauli-Str. 27, 8093, Zirich 3
(Dated: November 18, 2022) £  D. Kermanschah

ETH Ziirich,
Ramistrasse 101, 8092 Ziirich, Switzerland

Vs v
s
V1 Vg — -t v12 U4 V15
Ei+ B>+ Es +p}
v3
U3

—1 —1
— V135
Ey+ B>+ B3 + p? Bs + Es + Er — p

—i —i
= +
E1+E2+E3+p?E3+E5+E7fpgE2+E3+E4+E6+P?+P5 E>+ E3+ Es + Er — p§ — pf E3+E5+E6*P8*P2:|

Devises counterterms to subtract
integrable
singularities from cuts/thresholds.
A shift of paradigm away from “contour
deformation”.




2—loop,Ny

Numerical integration of &/
qq—yry

Very Very Prellmlnary"'

| Subtrcted(flnlte) TWO— Ioop Nf amplitude fore* e™ =y yy

re (10M) (x =10°%) o im (10M) (x —=10%) -©

c
S
@)
m
~~
)
O
=
=
Q
S
<

Kermanshah, Lazopoulos, Vicini




Conclusions

We have witnessed rapid progress in perturbative QCD,
matching the precision of the LHC experiments.

Perturbative QCD methods find application to other areas of
physics.

New formalism, utilising perturbative QCD methods, for
computing correlators in the EFT of Large Scale Structure.

Can we keep up improving precision? A need to keep reinventing
our field and understanding perturbation theory at deeper levels.

Infrared Factorization can turn into a new computational method
for next generation problems in precision collider physics.



