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An oeuvre of enormous breadth and impact

B-meson physics

and CP violation
(many directions!)

M. Neubert, “The Flavor of Beauty”, Symposium in honor of Prof. Daniel Wyler (“Abschiedskolloquium?), University of Zurich, 8 May 2015



An oeuvre of enormous breadth and impact

B-meson physics
and CP violation
(many directions!)

K* — n*a at NLO in yPT and updated
bounds on ALP couplings

C. Cornella, A.M. Galda, M. Neubert
and D. Wyler, JHEP 06 (2024) 029
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The Power of Effective Field Theories

PUSHING THE LUMINOSITY FRONTIER - GOLDEN AGE OF HEAVY-QUARK THEORY

» Tremendous experimental advances:

» 1. generation: ARGUS & CLEO, LEP expts.
» 2. generation: BaBar & Belle, LHCb, CMS, ...
» 3. generation: Belle ll, LHCb upgrade, ...

» Precise measurement of CKM elements
Vol 1Vl |Vl | V.| involving third-
generation quarks

0 — 0 0 — 0 0,
sin @, cos 0; cos 0, cos 0, cos 0;—sin @, sin 0:¢*° cos 0, cos 0, sin 05+ sin 0, cos O |.
0

0
sin @, sin 0, cos 0, sin @, cos O;+ cos 0, sin :¢*® cos 0, sin O, sin O; — cos O, sin O,

» Precise determinations of angles (CP violation)

(13)

} N eW- p hyS i CS SearcC h esS u Si n g FC N C p rocesses Then, we have CP-violating effects through the interference among these different

current components.

. b
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The Power of Effective Field Theories

PUSHING THE LUMINOSITY FRONTIER - GOLDEN AGE OF HEAVY-QUARK THEORY

\\ \\‘\\ 8 K

sol. Q)\(/\‘q_os 2B<0
(excl. at CL > 0.95)

L 5
L A

T T T T T T T l ' 1-5 | | | I D
. 2 O O 2 | | excluded area has CL > 095
1 — 1.0 L 5
- Amy h
_ Am_&Am,
05—
e |
« SN 2By =
EENESEEE | L | e N 8 = oo0fF
_ | | E
_ 0.5 ' ;
_ 2]
A / -1.0 — 0
% = Spring 21 E
I Winter 2002 , | , | | | | | | \ 1.5 [ v K |
-1 0 1 2 -1.0 -0.5 0.0

2|
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The Power of Effective Field Theories

PUSHING THE LUMINOSITY FRONTIER - GOLDEN AGE OF HEAVY-QUARK THEORY

» Matching the incredible precision of the
B-tfactories required a revolution in theory

» Concerted effort of theory community
was an important consequence

Breakthrough came from using effective
field theories (EFTs):

y Ve, HQET, NRQCD, QCDF, SCET

0 —sin @ 0; —sin 0 0;

sin @, cos O, cos 0, cos 0, cos 0; —sin @, sin G:¢*° cos O, cos 0, sin 0s+ sin 0, cos G )

sin @, sin @, cos 0, sin 0, cos 0;+ cos 0, sin 0:¢*® cos 0, sin 0, sin O; — cos 0, sin G.e*®
(13)

a d d reSSi N g d iﬁi Cu It QC D p ro b I ems Then, we have CP-violating effects through the interference among these different

current components.

» SCET later became a versatile tool for

B
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The Power of Effective Field Theories

EFFECTIVE WEAK HAMILTONIAN

» Systematic method to separate short-

=
%
= 7
QO
=7 =
1)<}
=
= w
£
£
-
o =
=
-
)
w (\V] =
| |
7~/ N 7N 7/ N

o
2
|

q

. (@ q ('b) q Qs = (5 dg>V_AZ (@i )v_a
distance effects (weak scale and beyond) |« , - « .. - + . Q= (i), ¥ (@0)een
from long-distance hadronic dynamics W%fw N = (), Y @y

. . ! - ! © ! ' ! (d)’ Q7 = g (Ed)V—Aieq (@9)voa
» Nowadays embedded into SMEFT and its d L
) ‘ w 2 w Qs = 5 (Sidj)y_, Z eq (459 )via
low-energy variant LEFT e L) ; q
- Qv =5 )y s T @y
» But: challenge is to evaluate hadronic A 0= 5 (i y_n X6 @)y

matrix elements of the quark-gluon
operators Q.(u) in all but simplest cases

Heff(As:l)=G—¢gvuzvud§:1<zi<u> r () Qulw)

Matthias Neubert — 4 Daniel Wyler Fest — January 7, 2025
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The Power of Effective Field Theories

HEAVY QUARK SYMMETRY

» Hadronic bound states containing a
heavy quark obey an approximate
spin-flavor symmetry

» Many predictions for spectroscopy of
heavy hadrons ishuryak(1980)

» Symmetry relations among B — D' form
factors, including symmetry-breaking

corrections ~ a(mg) or Agcp/my
[Isgur, Wise (1990)]

Matthias Neubert — 5

Relations between level spacings in bottom and
charm systems, e.g.:

- mé* — ml% ~ 0.49 GeV? vs. mlz)* — mlz) ~ 0.55 GeV?
> mp —mg & mp —my~0.10GeV

2 > L2 2 2

Form-factor relations:

(D) |[VH|B(0)) = hy(w) (0 +0')* + h_(w) (v—0")*

(D*(V', €)|[V#|B(v)) = ihy(w) €™ Pe*v vg

(D" (V', €)|A¥|B(v)) = ha, (W) (w + 1) €™
— [hay(W)0* + hay (W)™ ]€" - v
with (w = v - V):
hi(w) =hy(w) = hy, (W) = hp,(w) =&E(w) and £(1) =1

h_(w) =ha,(w) =0

Daniel Wyler Fest — January 7, 2025 Iﬁ I Itp




The Power of Effective Field Theories

MODEL-INDEPENDENT DETERMINATION OF |V g

» Extrapolate observed spectrum in » Direct calculation of the B — DIiv
/ 1. .
w =17V -V to zero recoil: form factors (HPQCD):
0'06 v - . 1 ' 1°4_""""'"'"'""""'|"'|"'|"'|"'|'"|"'_
0.05 [MN (1991)] | b [HPQCD (2015)] 1
< 0.04 Er — . 125 —
2 X |
w1 0,03 L ]
G T
> 0.02 ol
S 1F ~
! S 1T
0.01 E T B
: : 09 -
0.00 i - . A 1 " L 1 1 A 1 A :
1.0 1.1 1.2 1.3 1.4 1.5 1.6 0.8 —
vV’ !
0.7 ~
Fig. 1. Extraction of | V4| and the Isgur-Wise function from A
B9D**2v, decays. The data are taken from ref. [16]. Tyo= P O PO TOU FUN FUU FUEN FURN PV FUR PR
1.18 ps is assumed. | V| follows from an extrapolation of the L0 b2 3 4 52 6 27 s 9 10 11 12 I3
data to v-v'=1. Its currently best value is indicated as a shaded q [GeV ]

area on the vertical axis.
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The Power of Effective Field Theories

HEAVY QUARK EFFECTIVE THEQRY (HQET)

[Eichten, Hill (1990); Georgi (1990)] Lo = oy iv - D hy + O( 1 )
mQ
» Firm theoretical basis for deriving heavy- - ! [ﬁv (iDY? h, + 928 h Uwgwhv} L
. mQ
quark symmetry and its consequences

>
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The Power of Effective Field Theories

THE GRAND CHALLENGE: NON-LEPTONIC DECAYS

> G eo rg i: ”Why we Can It Ca ICUIate .. ,” [Georgi: Weak Interactions and Modern Particle Theory (1984)]

» Naive factorization approach was semi-successful in describing early data,
but lacked a firm theoretical foundation  (Bauer, stech, wirbel (1986)

Matthias Neubert — 8 Daniel Wyler Fest — January 7, 2025
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The Power of Effective Field Theories

THE GRAND CHALLENGE: NON-LEPTONIC DECAYS

> G eo rg | ”Why we Ccan It Ca ICUIate .. ,” [Georgi: Weak Interactions and Modern Particle Theory (1984)]

» Naive factorization approach was semi-successful in describing early data,
but lacked a firm theoretical foundation  (Bauer, stech, wirbel (1986)

» QCD factorization approach (BBNS):

» First model-independent calculation of
B — MM, decay amplitudes from first

principles (including strong- and weak-

interaction phases) in heavy-quark limit
[Beneke, Buchalla, MN, Sachrajda (1999-2001)]

Factorization proof at two-loop order based on
method of regions, see pp. 48-79 in BBNS (2000)

>
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The Power of Effective Field Theories

QCD FACTORIZATION IN NONLEPTONIC B DECAYS INTO LIGHT MESONS

QCD fa cto rizatiOn theorem: [Beneke, Buchalla, MN, Sachrajda (1999-2001)] C

>
Matthias Neubert — 9 Daniel Wyler Fest — January 7, 2025 I I Itp



The Power of Effective Field Theories

QCD FACTORIZATION IN NONLEPTONIC B DECAYS INTO LIGHT MESONS

QCD fa ctorization theorem: [Beneke, Buchalla, MN, Sachrajda (1999-2001)]

» Importance of non-local hadronic matrix
elements, in particular light-cone
distribution amplitudes (LCDAs), to
account for hadronic dynamics

» Second term corresponds to Brodsky-
Lepage (1980), while the first term is
specific for B-meson decays and

contributes at the same order in Agcp/my,

Matthias Neubert — 9 Daniel Wyler Fest — January 7, 2025 i I Itp



The Power of Effective Field Theories

QCD FACTORIZATION IN NONLEPTONIC B DECAYS INTO LIGHT MESONS

BB — Km, nmm, KK)

—— CLEO HFAG
- Bell
L e AUGUST 25th 2004

- PDG2002
- New Avg.

® QCDF (par. set S4)

~ = . K°K?
® A K
o= K*KO
S——_, w0 Status 2004
ﬁg : 7l'+7l’0
= Kzt
=9 K28
= = K*tn—
e,
Kot =
0.0 12.5 25.0

Branching Ratio x 106
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B(B — (n, n') (K™, 7, p))

— oLeo HFAG | N
o AUGUST 25th 2004 =" =
—— PDG2002 o— ¢ HFAG
—— New Avg. ® QCDF (par. set S4) e— o AUGUST 25th 2004
- —— CLEO
——a— ¢K° —— Bell
o— " = ¥ ma
‘=_' 17p0 —-‘:.= oK e PDG2002
I ' i —— New Avg.
o= 7/ =
I-—c 7.0 ?.‘:._ wrt
@3 77 i
! 0 - — @ , wK?
.} 1t —@®-— uwK?
£ )= nrt O=—— ‘*l pm’
> 0 =
. i === T .
= S === .
‘e —aO
@— 7K' F@= X°r K*t
T
i.: npt o= )
o —@r— ’ K=+
- '+ )=
= J i . K*+q°
_._. nK 0 .'_ K +P0
5= K" i g K*p-
%‘ ‘nl KO _:‘.‘ o § Kﬂpo
r =
0.0 50.0 100.0 0.0 25.0 50.0

Branching Ratio x 106

[Beneke, MN (2003)]

Daniel Wyler Fest — January 7, 2025

B(B — (K*, p,w,¢)(m, K,n,1))




The Power of Effective Field Theories

CONFIRMATION OF KM RELATION BETWEEN IM(Vyg) AND IM(V1g)

» In 2001, fact that Im(V,;) # 0 had been 2004 analysis: 5 = 0.15 £ 0.08, 7 = 0.36 % 0.09
established by studies of K—K and B—B p=0r21), p=@a%)
mixing and first measurements of sin 2/ 2021 values: = 01577000,  0,347+0012

y = (65.5113), f=(2427%)
[CKMfitter global fit, spring 2021]

» FactthatIm(V, ) # 0 has been established by
studying rare hadronic decays B — zK, 7 in

bottom sector

QCD fa cto rization [BBNS (2001), here updated to 2004 data] 0.6
051}
» KM relation confirmed; most stringent test of ) 0 / — top sector
KM mechanism at the time 02|/
0.1} /

>
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The Power of Effective Field Theories

CONFIRMATION OF KM RELATION BETWEEN IM(Vyg) AND IM(V1g)

1 T

» Measuring time-dependent CP asymmetries

in B — 7w and B — 7np decays one obtains

0| R
. . . . New data "\ |
an internally consistent determination of y n / \
} 2003 anaIySiS found: }/ — (62 i 8)0 a 0 \:;;/ s ~ f5 100 125 150 175";
7 [deg]
41 30 Status 2003
» 2021 value: y = (65.5113) o
0.5 B—) TT1T A5
< Gronau-Wyler method
0|
-1

A T T
7 [deg]
[Beneke, MN (2003)]

B
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The Power of Effective Field Theories

GRONAU-WYLER METHODE

[Gronau, Wyler (1991)]

A(B*~D°K")

V2 A(B*'=DJK ") V2 A(B~ =DJK")

A{B-~D°K™)

~ . A(B ):a(g -0k 378y
~ \
"""-.H \
T,
~ \ A(B*=0%K")
V2 A(B*=DIK*) ~
~ \
Y
~ \
-~ \

1
SIn 7= m(+{[(|AI+|A|)2—2|A %]

X [21A7 7= (14| —|4])2]}"?
H{[(1A4]+14])*=2]A47 1?]
X (2147 17— (14| =141},

Matthias Neubert — 13

Physics Letters B 265 (1991) 172176 A pioneering paper!

PHYSICS LETTERS B
(1141 citations)

On determining a weak phase from charged B decay asymmetries

Michael Gronau
Technion - Israel Institute of Technology, Haifa 32000, Israel

and

Daniel Wyler

Institute for Theoretical Physics, University of Zurich, Schonberggasse 9. CH-8001 Zurich, Switzerland

Received 27 May 1991

We demonstrate a possible determination of the weak phase y from the (P asymmetry in B* -D{,,X ™, where DY,,, isa CP-
even (odd) state and X 7 i1s any hadronic state with the flavor of a K*. To obtain the phase one needs separate mecasurements of
the rates I'(B* +D9Y,,X*) and of the equal rates I'(B* - DX * ) =(B* - D°X¥). Certain ambiguities are discussed and reso-
lutions are proposed.

J2A(B*-DIK*) J2A(B* -DIK™)

= | A} exp(iy) exp(id) + |4} exp(id) , —A(B*SDPK*)+A(B* DK *),
J2A(B--DYK") J2 A(B->DYK")

=|A| exp(—1y) exp(id) + | 4| exp(id) . =A(B-->DK-)+A(B--D"K™).

Daniel Wyler Fest — January 7, 2025 1tp



The Power of Effective Field Theories

LIMITATIONS OF QCD FACTORIZATION

» Lots of predictive power, but uncertainties due to hadronic input quantities:
form factors, decay constants, and LCDAs (reducible to some extent)

» Power corrections in Aycp/my, do not (naively) factorize due to endpoint

divergences (= different meanings of “factorization”)

» In some cases, power-suppressed effects can be enhanced by large Wilson
coefficients (e.g. “color-suppressed” decay modes)

» To make progress, one needed an EFT implementation of QCD factorization

Matthias Neubert — 14 Daniel Wyler Fest — January 7, 2025 I I Itp



The Power of Effective Field Theories

SOFT-COLLINEAR EFFECTIVE THEORY (SCET)

[Bauer, (Fleming,) Pirjol, Stewart (2001); Beneke, Chapovski, Diehl, Feldmann (2002)]

» Firm theoretical basis for deriving QCD factorization theorems in heavy-quark
and collider physics for processes involving light energetic particles

» Collinear effective Lagrangian:

D | ~SL

I 1
Ln: n . Dn 'As D .
o) [in- Dy tgn- A+ Db i

pL

eikonal interaction, can be removed by
the field redefinition &, — § &

» Soft-collinear factorization at Lagrangian level

» Scale separation and resummation accomplished using powerful EFT tools

Matthias Neubert — 15 Daniel Wyler Fest — January 7, 2025 I I Itp



The Power of Effective Field Theories

SCET PROOF OF QCD FACTORIZATION FOR B — K**y DECAY

[Becher, Hill, MN (2005)]

Two-step matching procedure QCD — SCET-1 — SCET-2:

o/ Nm% /,L2NmbA

SCET]

\
JA JW — M Ja WA
( ..-. ............. ( ............ ‘,'.

£000

/R\ —
e \ /1/ \
- LAY L A
— 47 % / — - )
7 C \\__// *\ /
. ~
Oc

B
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The Power of Effective Field Theories

PROTOTYPICAL SCET FACTORIZATION THEOREM

Product/convolution of component functions each depending on a single scale:

A A

hard —— Q2
hard —— Q*
i
2
-
ultrasoft —— p4/ Q2
SCET-1 SCET-2

» Extension to next-to-leading power is a hard problem, due to endpoint-divergent
Convolution integ raIS [Beneke et al. ; Moult et al.; Stewart et al.; Bell et al. (2018-2022)]

» Refactorization-based subtraction (RBS) scheme provides a consistent framework
for dealing with this problem Ly, MN (2019, 2020); Liu, Mecaj, MN, Wang (2021); Liu, MN, Schnubel, Wang (2022)]

>
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The Power of Effective Field Theories

GAP-BETWEEN-JETS OBSERVABLES

- BCEE

B I

L[
_h—l
AR R T

=

CERN Document Server, ATLAS-PHOTO-2018-022-6
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ATLAS

EXPERIMENT

Candidate Event:
pp—>H(—>'::s) + Z(- )

Run: 337215 Event: 190692294~

2017-10-05 07:55:20 CEST




The Power of Effective Field Theories

LARGE LOGARITHMS IN JET PROCESSES

gap.

RS Eout < C10 ‘
/ A_/\/\/\/\/\/\,

unrestricted E;,, ~ Q

Perturbative expansion includes “super-leading” logarithms:

2712 4
O ~ OBorn X {1—|—048L+048L —|—Oz§L3—|—OéSL5—|—Oé§L7—I—...}
CEe———— e
T formally larger than O(1)

state-of-the-art [Forshaw, Kyrieleis, Seymour (2006)]
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The Power of Effective Field Theories

LARGE LOGARITHMS IN JET PROCESSES

gap.

RS Eout < C10 ‘
/ A_/\/\/\/\f\/\,

unrestricted E;,, ~ Q

Really, a double-logarithmic series starting at 3-loop order:

O ~ OBorn X {1 + o L + agLQ + (048772) [azLS + a?LE’ + .. } }

%/_/
formally larger than O(1)

(%m L) 2 [Forshaw, Kyrieleis, Seymour (2006)]

Matthias Neubert — 19 Daniel Wyler Fest — January 7, 2025
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The Power of Effective Field Theories

BREAKING OF COLOR COHERENCE

» Color coherence holds if all three particles are incoming or outgoing
(time-like splitting):

collinear

| —_—

E soft

» Then collinear factorization holds:
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The Power of Effective Field Theories

BREAKING OF COLOR COHERENCE

» Color coherence is broken if not all particles are incoming/outgoing
(space-like splitting), since both sides receive different phase factors:

collinear
Q@ _ # | o { — + L o _
soft soft soft
» Collinear factorization is violated: P p
[Catani, de Florian, Rodrigo (2011); Forshaw, Seymour, Siodmok (2012)] \/
P
Pi

Pi||I01>

violated by soft photons!

p2 P
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The Power of Effective Field Theories

GAP-BETWEEN-JETS OBSERVABLES

SCET factorization theorem for M-jet production at the LHC

@)= Y [ drds (Hnln), Q. 61,6 ) N REHOREED)

m=my
[Becher, MN, Shao (2021); I I
+ Stillger (2023)]

high scale low scales Qg and Aocp

4 _ ) : .
uJ WW P » new perspective to think about non-global
e observables
» large logs can be resummed using RGEs
g » all-order understanding of super-leading
k% 4 N _/ N\ i’zj logarithms for arbitrary processes

B
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The Power of Effective Field Theories

GAP-BETWEEN-JETS OBSERVABLES

Matthias Neubert — 23

2 < |AY| <3
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Figure 2: SLL contribution to the pp — 2 jets cross section at the LHC as a function
of the veto scale @), for a center-of-mass energy /s = 13 TeV and jet radius R = 0.6.
The black curve shows the central result obtained in RG-improved perturbation theory.
The perturbative uncertainties indicated by the yellow bands are obtained from the
variation of the soft scale u, by a factor 2 about its default value ().
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[Becher, Martinelli, MN, Schwienbacher (2024)]
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The Power of Effective Field Theories

STRUCTURE OF THE FACTORIZATION THEOREM ?

A

hard scale Q ~ \/5

jet-veto scale Q,

hadronic scale Agcp =

Matthias Neubert — 24

Hom

double-logarithmic evolution
(super-leading logs) & non-
DGLAP collinear evolution

pert
we

single-logarithmic PDF evolution

OR: double-logarithmic evolution and
breaking of PDF factorization?

fa/p(gl) fb/p(SQ)

OR: something more complicated, e.g.
a combined two-proton distribution?

Daniel Wyler Fest — January 7, 2025




The Power of Effective Field Theories

STRUCTURE OF THE FACTORIZATION THEOREM ?

A
hardscale Q ~v/§ —+ Hum qe
T .unon..“”‘
double-logarithmic evolution De = l o,uu,“
(super-leading logs) & non- = “.un,‘ 0 ‘uu,‘
DGLAP collinear evolution 74 "v, v
jet-vetoscale 9, - W,%ert § @ % '@
single-logarithmic PDF evolution B L
D
OR: double-logarithmic evolution and C
breaking of PDF factorization? 7
E : pert
hadronicscale Agcp 1 fa/p(§1) fo/p(&2) —
OR: something more complicated, e.g. [Becher, Hager, Jaskiewicz, MN, Schwienbacher (2024)]

a combined two-proton distribution?

>
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The Power of Effective Field Theories

NEW INSIGHTS

» We have uncovered a new mechanism that reconciles the breaking of collinear
factorization with unbroken PDF factorization

» In an interplay of space-like collinear splittings and soft emissions, perturbative
Glauber gluons restore the factorization of the cross section by converting

double-logarithmic into single-logarithmic evolution below the veto scale Q,,
(shown explicitly up to 3-|oop order) [Becher, Hager, Jaskiewicz, MN, Schwienbacher (2024)]

» In the future, it will be important to understand the all-order structure of these
effects, paving the way for a proof of PDF factorization for a much wider class

of observables!

B
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