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Physics

& Calculation of multi-loop virtual amplitudes

& Factorisation of QCD amplitudes and cross sections in the infrared, structure of infrared

anomalous dimensions at high orders, resummation of large logarithms (threshold, pr, ...)
for LHC observables

& Subtraction of infrared divergences for general collider observables at NNLO
& Production and decay of vector bosons at LHC

& Codes for phenomenology: Phantom - Recola - MadGraph5 aMC@NLO
& Precision determination of the CKM elements, the V., puzzle

€ Studies of the flavour anomalies (b — ctv and b — s£1¢7) and EDMs

& Inclusive semileptonic decays on the lattice



Loop amplitudes and precision QCD
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Scattering Amplitudes

in Quantum Field Theory

by Simon Badger, Johannes Henn, Jan Plefka, and Simone Zoia

HOME ABOUT THE AUTHORS EXERCISES CORRECTIONS

These lecture notes bridge a gap between introductory quantum field theory
LectureNotes in Fhysics (QFT) courses and state-of-the-art research in scattering amplitudes. They
cover the path from basic definitions of QFT to amplitudes relevant for
Simon Badger
Johannes Henn

Jan Christoph Plefka
Simone Zoia

processes in the Standard Model of particle physics. The book begins with a
concise yet self-contained introduction into QFT, including perturbative
quantum gravity. It then presents modern methods for calculating scattering
amplitudes, focusing on tree-level amplitudes, loop-level integrands and loop
ntegration techniques. These methods help reveal intriguing relations

B
Scatterl ng between gauge and gravity amplitudes, and are of increasing importance for

obtaining high-precision predictions for collider experiments, such as those at

a CERN's Large Hadron Collider, as well as for foundational mathematical O e n A< < e S S | e < | l | re N O-te S
Am p Itu eS physics studies in QFT, including recent applications to gravitational wave

physics.

in Quantum
Field Theory

These course-tested lecture notes include numerous exercises with detailed

solutions. Requiring only minimal knowledge of QFT, they are well-suited for .

MSc and PhD students as a preparation for research projects in theoretical h'tt l// r r / b /2 3 O 6 05 9 7 6
particle physics. They can be used as a one-semester graduate level course, p S 4 a X | Vl O g a S &

or as a self-study guide for researchers interested in fundamental aspects of
QFT.

N print soon...(Jan "24)
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NNLO subtraction for any massless final state: a
complete analytic expression

Gloria Bertolotti,” Lorenzo Magnea,® Giovanni Pelliccioli,’ Alessandro Ratti,’
Chiara Signorile-Signorile,>? Paolo Torrielli* and Sandro Uccirati®

L ocal Analytic Sector Subtraction



Pictorial infrared
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A diagram contributing a double-virtual NNLO correction to t-tbar-jet production



Pictorial infrared
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A diagram contributing a double-virtual NNLO correction to t-tbar-jet production



Pictorial infrared
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A diagram contributing a real-virtual NNLO correction to t-tbar-jet production



Pictorial infrared
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A diagram contributing a real-virtual NNLO correction to t-tbar-jet production



Pictorial infrared
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A diagram contributing a real-virtual NNLO correction to t-tbar-jet production



Pictorial infrared

A diagram contributing a double-real NNLO correction to t-tbar-jet production



Pictorial infrared
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A diagram contributing a double-real NNLO correction to t-tbar-jet production



The subtraction problem

& Infrared divergences (soft and collinear) cancel between

configurations with different numbers of particles

& Collider observables are algorithmically complex and

need elaborate phase-space constraints.

& Divergences must be canceled analytically before

ATLAS

EXPERTMENT  BE0cif o oo performing numerical integrations.

& Existing subtraction algorithms beyond NLO are

.......... computationally very intensive.

108

10°
R=0.5 CMS data

& LHC is now a precision machine: we are interested in

subtraction for complicated process at very high orders.

& The factorisation of virtual corrections contains all-order

s e N information, not fully exploited.
102 , 2" jet:p, > 2

3'ld, 4" j?t: P, > 20 G?V 1 l 1
SN VIS NN TN TN TN U T T T T s . T T W T T T A 0 L
0 50 100 150 200 250 300 350 400 450 500 @

Jotp. | ® The structure of virtual singularities can be used as an
]

organising principle for subtraction.



A complex final state at NLO
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Figure 3: Differential distributions for pp — e+z/e,u_7#bBH at the LHC running at
. transverse momentum of the Higgs boson (left) and invariant mass of the

13TeV

17

reconstructed top quark (right). Both the additive and the multiplicative combination
of the NLO EW and QCD corrections are shown.

A.Denner, J.-N. Lang, M. Pellen, S. Uccirati - arXiv 1912.08493



FIGH-ACCURACY RESUMMATIONS AT ERES
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PRECISION FLAVOILIR PH Y SIC S

Tests of the flavour structure of the SM: 3 generations of up and down quarks
with different masses, mixing with each other via charged current.

The unitary 3x3 Cabibbo-Kobayashi-Maskawa (CKM) parametrises the mixing
and leads to CP violation in the SM.

3 Vud Vs Vub s X
Vekm = Vea Ves Ve Vi nVerm = 1
Via Vis Vi
Voo L Voo o V. e first row
V.4 fot V. . V., 2 = second row  etc,

New Physics could manifest itself as violation of unitarity, or shift Flavour Changing
Neutral Currents (loop induced in the SM) like b — sy, B and K mixing, etc
Hierarchical structure of CKM matrix = can probe Ayp > Apy,



The importance of |Vep

An important CKM unitarity test is the
Unitarrty Triangle (UT) formed by

vV V¥ V. .V*
e
Vel 5V

=0

Ve plays an important role in UT
S

and In the prediction of FCNC:
o [VisVisl? = Ve 21+ O(2?)

LSSy £

where it often dominates the
theoretical uncertainty.
Vub/Veb constrains directly the UT

SR

1

0.8

o
N

o

/

UTﬁ'f

summer22

Our ability to determine precisely Ve is crucial for indirect NP searches




Since many
years the
inclusive and
exclusive
determinations
of [Veb| and |V
diverge
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The puzzle. Do we believe these errors!?
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Jung & Straub, 1801.01112
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Differential distributions constrain NP strongly, SMEFT interpretation
incompatible with LEP data: Crivellin, Pokorski, Jung, Straub. ..



VIOLATION of LFU with TAUS?
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PALLISIVE L JELEATS

There are |(2) and 3(4) FFs for D and D* for light (heavy) leptons, for instance

MZ%_MZQD L4 B—>D( 2) MI%_MZQD L4 B—>D( 2)
o e 2ty

(D(k)|&v*b|B(p)) = |(p+ k)* —

Information on FFs from LOQCD (at high g2), LCSR (at low g?), HOQE, exp,
extrapolation, unrtarity constraints, ...

A model independent parametrization 1s necessary



LAT TICE FORM FACTORS AT NONZERO RECOIL

2105.14019,2112.13775,2304.03137

.........................

different | MJung
slopes!? |

FERMILAB/MILC

1.1 1.2 1.3 1.4 1.5 JLQCD
W HPQCD
different (LCSR+SR+1at<2019)

slopes?

1.0 1.1 1.2 1.3 1.4 1.5 1.0 1.1 1.2 1.3 1.4 1.5

BGL fits with weak unitarity. Relatively good agreement, but not in ratios!



OURBGL FHES

With Belle 2018 only

Jung, Schacht, PG In progress

FNAL/MILC
Ves|=39.4(9) 1073(42. = 50) using only total rate |\/Cb|=42.2f%§ 10
JLQCD
Ve|=40.7(9) 107 (2, = 33) using only total rate |Vep|=40.8123 1077
HPQCD

Vep|=40.4(8) 107> (2, = 50) using only total rate |Vep|=44.4 £ 1.6 107>

HPQCD and FNAL are not well compatible; adding | 6 points increases 7? by 35

Global BGL fit to Belle | 8+FNAL+/LQCD+HPQCD data:
Ven|=40.3(7) 107(y2. = 91) using only total rate |Ve|=42.4(1.0) 107>



Overview over predictions for R(D*)

Value Method Input Theo Input Exp Reference
[ — BGL Lattice, HQET Belle'17'18 Gambino et al.'"19
—_— BGL Lattice, HQET Belle'18 Jaiswal et al.'20
— HQET@1/ mf'.,czs Lattice, LCSR, QCDSR Belle'17'18 Bordone et al."20
—_— "Average" HFLAV'21
— HQETRrc@1/ m2,a£.2) Belle'17'18 Lattice Bernlochner et al.'22
m aj orim D act BGL Lattice Belle'18, Babar'19 Vaquero et al."21v2
—  of new lattice BGL Lattice Belle'18 JLQCD prel. (MJ)
— calculations BGL Lattice Belle'18 Davies, Harrison'23

HQET@1/m2,as

— Lattice, LCSR, QCDSR e Bordone et al."20
"""""""""""""" BGL  latice = -—  Vaqueroetal2tv2
—_— DM Lattice _— Martinelli et al. FNAL/MILC
BGL Lattice -— JLQCD prel. (MJ)
| o | 1BGL Lattice - Davies, Harrison'23
0.I24 0.126 0.128 Rp*

M.Jung

Predictions based only on Fermilab & HPQCD lead to larger R(D*), in better
agreement with exp, mostly because of the suppression at high w of the denominator.

No reason not to use experimental data for a SM test, especially in presence of

tensions In lattice data.
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d,u

Simple idea: inclusive decays do not depend on final state, long distance dynamics
of the B meson factorizes. An OPE allows us to express it in terms of B meson
matrix elements of local operators.

The Wilson coefficients are perturbative, matrix elements of local ops
parameterize non-pert physics: double series in o, A/my,

_owest order: decay of a free b, linear A/my, absent. Depends on my, ., two

parameters at O(Azlm ), 2 more at O(A3/m ) ... Many higher order effects have
been computed.




A Gl L] Bl

mlgin mc(2 GeV) “72r ,LL%; (mb) /03D (mb) p?[),S BRCEI/ 103 | chb‘
4.573 1.090 0.454 0.288 0.176 —0.113 10.63 41.97
0.012 0.010 0.043 0.049 0.019 0.090 0.15 0.48

Finauri, PG 2310.20324

Includes all leptonic, hadronic, and g% moments

Up to O(asz), O(as/mg), O(I/mlf) for My, £, moments
Up to O(aszﬂo), O(as/mg) for q2 moments
Subtracts QED effects beyond those computed by PHOTOS (only BaBar

BR and lept moments) 6| V., | ~ —0.2%

-mploys 71,(7,) = 4.203(11)GeV and 7,(3GeV) = 0.989(10)GeV (FLAG)
x2. ldof = 0.55

Vep| = (41.97 & 0.27cqp + 0.314, >< =2 (41 97 L (UAR) 105




pp |GeV]

comparison of different datasets
Finauri, PG 2310.20324

||||||||||||||||||||||||||||||||||||
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- One Cut 0.0435 1 One Cut

0.25_- 12023 Default 12023 Default

0.0430 -

123

0900 0.0425 |

0.04201

/ Q‘% g> moments |
I 1 0.0415+

||||||||||||||||||||||||||||||||||||

0.35 040 045 050 055 060 065  0.70 015 020 025 030
2 2 3 3
/’Lﬂ' [Gev } pD [Gev ]




IINGEUSIVE DIECATS LN [ RE L A L IE

Inclusive processes impractical to treat directly on the lattice. Vacuum current
correlators computed in euclidean space-time are related to ete™ — hadrons or z
decay via analyticity. In our case the correlators have to be computed in the B meson,
but analytic continuation more complicated: two cuts, decay occurs only on a portion
of the cut associated to B semileptonic decays.

While the lattice calculation of the spectral density of hadronic correlators is an ill-

posed problem, the spectral density Is accessible after smearing
Hansen, Meyer, Robaina, Hansen, Lupo, Tantalo, Ballas, Hashimoto, Ishikawa

4 Physical spectral function A Inabox
needs smearing!

W. Jay @Snowmass
workshop




A N EW A P P ROAC H Hashimoto, PG 2005. 13730

4-point functions on the lattice are related to the hadronic tensor in euclidean

/
~ (Bl 0,0018)  dT ~ LW, W, ~ ) (B|JJ|X)X|J,|B)
' X

J 5

eiq-x 00
[d3x (B| J; (x,1)J,(0,0)| B) ~ J doW, e "
B B 2]WB 0

—naw

smearing kernel f(w) = 2 a,e

n

e 0] to tsnk
The necessary smearing is provided by phase space integration over the hadronic energy, which Is

cut by a @ with a sharp hedge: sigmoid 1/(1 + %) can be used to replace kinematic 8(x) for ¢ — 0.
Larger number of polynomials needed for small &

6 ]

Two methods based on
Chebyshev polynomials and
Backus-Gilbert. Important:

Iim Iim X_

c—0 V>0




PG, Hashimoto, Maechler, Panero, Sanfilippo, Simula, Smecca, Tantalo, 2203.1 1762
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41 JLQCD domain wall fermions
= {
I /
21
| — V-AJLQCD
: — V-A OPE
O;\ | | | | | | | | | [ I | | | | | | | | | I L ! | ! I
0.0 0.2 0.4 0.6 0.8 1.0 12
q’ [GeVQ]
3.0 }\ N T Ui lig ! UL Uy e R TV U IR S ey 1
2l ETMC twisted mass — v-A ETMC
2ol — V-A OPE
1.5 ‘ j
- YR e SRS [} [ [ ) 1
1.0+ \
0.5 !
O.O }\ | | | | | | |

0.0 0.1 0.2 0.3 0.4 0.5 0.6
g’ [GeV?]

my™ (JLQCD) 2.70 £ 0.04
me(2 GeV) (JLQCD)  1.10 £ 0.02
my™ (ETMC) 2.39 +0.08
me(2 GeV) (ETMC)  1.19 £ 0.04
2 0.57 £0.15
P 0.22 £ 0.06
12 (my) 0.37 £ 0.10

e —0.13 £ 0.10

ol (2 GeV) 0.301 =+ 0.006

OPE inputs from fits to exp data (physical
mMp), HQE of meson masses on lattice
1704.06105, J.Phys.ConfSer: | 137 (2019) 1,012005

We include O(I/m,f) and O(a,) terms

Hard scale \/mf +q* ~1-1.5GeV
We do not expect OPE to work at high| q |

ITwisted boundary conditions allow

for any value of g?
Smaller statistical uncertainties


https://arxiv.org/abs/1704.06105
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