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EW/Higgs physics of Yukawa QCD

couplings, weakly coupled, flavour & strongly coupled
CP violation emergence of bound
states

=) Q1¢D; — X} 01U,
8 E :f vl +

- — urry V, le W + ...
\/Q — 1J,CKM 1

B physics
mw > my, > Agep
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EW/Higgs physics of Yukawa QCD

couplings, weakly coupled, flavour & strongly coupled
CP violation emergence of bound
states

—)\2 Q1¢D1 - ) Qla)UJ
- —F ZMLI'Y 1, CKMdLJ W +.

B physics
mw > my, > Agep

e Discrepancies between data and theoretical predictions
(B — K¢£(2013-2022), B — 7K (2004-), B — DK (2020-), .. .)

New physics, strong interaction, experimental systematics
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(np=5)
L= ‘CQ)leD+QED Z VobVpp Z Ci(p) Qi(p) + hec.
p u,c

Hadronic matrix elements  {f|Q;(u)|B)
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(np=5)
£ = Lol e ~ Z Vop Z Ci(p) Qi(p) + hc.

p u,c

Hadronic matrix elements  (f|Q;(11)|B)

HQE/OPE, lattice, (QCD QCD factorization, SCET,

sum rules) flavour symmetries

None — pure quan- (0|O|B) (M|O|B)

tum interference (B|O|B) (M|O|B) (M M;|O|B)

<— Easier Increasingly difficult ~~

~ from B — DK B — v, B — Dlv, B — ylv Direct CP asym

[and related methods] By — utu~ Vol |[Vap| B — mlv By — 7K, KK, ...

23, 285, AMp, g, B—K®w Bi—mm
ATg, By — ¢¢, K*OK*0

[all hadronic]
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Basic methodolgy: heavy-quark and light-cone expansions

Example: radiative decays B — W*~*

1 = [d e O[T @ (1 = 2B O} 157)

w k ¢ w4 v ¢
- — Vi
b Wg: Ve b M< 7 b q+ D ¢
Jq —1 lpb —q =
LN - Y . _k ) w-
U ———o . U ——>NL - .
P u
g ; W < N .

(a) Short-distance x ~ 1/my, heavy quark-W* vertex
Light-cone expansion of jem (x)jweak (0), x> ~ 1/(n4qA) < 1/A?

Even when q2 =0, as long as ny-qg ~ my (or > A)  [nyq = 2E forg” = 0].
o0
THY ~ C(myp) / dw J(n4-qw) ¢p(w)
0
(b), (c) Always, short-distance, fp
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EFT for exclusive B decays into energetic hadrons

e Virtualities E ~ my, \/EAQCD, AQCD

CD _
< (f1Qi(1)|B)

o Integrate out hard modes, virtuality mi
02 Virtualities +/ EAQCD» AQCD

(Generalized) form factors, collinear,

SCET;® HQET light-like Wilson lines and convolutions
o Integrate out hard-collinear modes, virtuality
v EAqcp. leaving virtuality Agcp
(Generalized) Light-cone distribution
SCETy® HQET amplitudes, soft Wilson lines and soft
functions
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Main B physics topics in this CRC

@ Radiative decays and the B-meson LCDA (Munich, Beijing)

o B — ylu, vLl, Llly, L0LL

e Factorization, one-loop and power corrections

e B-meson LCDA determinations, parameterizations and QCD —
bHQET matching

@ Hadronic charmless decays (Munich, Beijing)
e NNLO calculation of QCD penguin modes and direct CP violation

e FAT — factorization-assisted topological amplitude approach
e Three-body final states

@ Theory of hadronic structure-dependent QED effects (Munich)
e Power-enhanced effects in By — ptp™

e QED factorization for hadronic decays
e Generalization of LCDAs to include QED

M. Beneke (TU Miinchen), B Physics TRR 110, Bonn, June 3-5 2024



Radiative decays and the B-meson
LC DA (Munich, Beijing)
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Radiative decays, By — "~y

B — ~lv, veL, ey, £040: Only upper bounds from BELLE (II) and LHCb experi-
ments — true theoretical predictions.

Example: By — ut =~ FCNC decay
e Very rare, branching fraction

10710 — 108 depending on the
q2 =m bin.

=
5
0

T T T T T
—— LHCb direct (5.4 b™")
LHCb —— LHCb indirect (9 fb )
=3 Single pole
Multipole
SCET

ptp—

o Theoretically shares features with
B — fvy (— B-LCDA at LP) and
B— KMu

Jy
LQCD + HQET + VMD
ys) E51cD+

g
T

ﬂ{ \E

nd vonnd vvvnd v vved v

BBt y)ldq? [GeV2c]

107
oo b
E [—]
107[] ;_
-12 _I 1 1 1 1 1 1
10 5 10 15 20 25 30

[LHCb, 2404.03375]
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SCET computation of By — pu™ pu™y

A-type B-type NLP

e Require an energetic photon, Ey > 1.5 GeV ~ mg /2

o First calculation with systematic factorization methods.
Accuracy: O(ay) at leading power, O(a?) at next-to-leading power A/E~

e Needs B-meson light-cone distribution amplitude (B-LCDA)

= 1Res, rip = 0.0

— 1R, rp =02 0.5
-+ 1Res, rip/= 0.4

3R, 18 = 00

Arp(g?)

-0.5) i
= U Res, g = 00 -

“LOF U Res, s = O s
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B-meson light-cone distribution amplitude

Key hadronic quantity for exclusive B decays with energetic final states particles

iFuan() ) = 5 [ dte™ (01@u¥0) (- 2s(Kim) O)|Br)s

1
AB(1)

> dw Ho

" dw N ,
= — ¢+ (w, 1), on(p) = Ap(p) — In" — ép4(w, 1)
0 w 0 w w

At LP, need only inverse, inverse-log moments, since w ~ Aqcp-
Not related to local operators.

Several directions: new ideas to connect to lattice calculations, (sufficiently) general paramete-
risations, relation to QCD haevy meson LCDA, determination from (future) data on radiative

decays
2
Qem [ Mp
NG z —
() 13 5 (32
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Factorization for B — v* (v

remoye h remove hc
— —

QCD SCET; SCETy

Accuracy: O(ayy) at LP, O(a?) at NLP A /n g
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Factorization for B — v* (v

remoye h remove hc
— —

QCD SCET; SCETy

Accuracy: O(ay) at LP, O(a?) at NLP A /nyq

Leading POWEer (rigorous, all orders)

T (p,q) = 2 / e OIT {1 s, (), lane PLh)(0) } 1B7)

Only F, # 0 at LP due to helicity conservation for ny.q > A. F,IQP = F]A“ﬁ =0.

A0 OuFp(p)mg  [° J(nyq, ¢, w;
Fi¥ = C\(/ >(N) QuFls(p)m / dw ¢i(w;ﬂ) X ot a4, 1) - +) [r—g=q"/nirq
niyq 0 —_— w—n_q—1i0
B-LCDA

Generates rescattering phase

Complex qz—dependent inverse moment of
the B-LCDA:

1 oo &8 (w
—_ / dw 7+( )
0 w—n_q—i0t
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Power corrections: Hard-collinear vs. soft

Intermediate light-quark propagator has
hard-collinear virtuality E~ A

— Light-cone expansion in soft
background field

— Expressed in terms of moments of
higher-twist and three-particle
B-meson LCDAs.

Intermediate light-quark propagator has
soft virtuality Eyw ~ A2

— Endpoint region of w ~ A% /E-.

— Evaluate through dispersion
relation and light-cone QCD sum
rule.

Still in progress: General factorization theorem and « corrections
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Cut E > E., min branching fraction

BR(B = 0, -, X10°

Enin=1.5 GeV

Ag [GeV]

(The width of the band is not the uncertainty, since it contains the dependence on log-moments &1 5).
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Matching the QCD B-meson LCDA to the universal HQET LCDA

¢+ (w) is heavy-quark mass independent, infinite-mass limit (HQET). For y >> mj, the relevant
quantity is defined in QCD and satifies the same ERBL evolution equation as light mesons.

ép,qcp (1) =

;Z jpeakmBSDJr(umB) s foru ~ X,
- Y]
%Jmu(uL foru ~ 1.

B meson — mppy (ump: ;)

mpp. (ump; py)
— s )

— b(usmw)

0.0 0.2 0.1 0.6
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0.0 0.2 0.4 0.6 0.8 Lo
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Hadronic B decays

(Munich, Beijing)
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Hadronic quasi-two-body charmless B decays (B — nmw, 7K, 7p, . ..)

Large number of different final states (130 B, 4,5 to ground-state nonet).
Good place to look for direct CP violation.

AB = f) =V Vip Af + Vo Vip Af = Z [Ackm X C x (f|O|B)acp+qep |,

[fig from 1803.04227]

e Topological amplitudes (often with flavour SU(3) or SU(2))
T7C7P7PEW7S7E7A7"'

e QCD factorization and factorization-assisted topological amplitude approach.
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QCD theory

. :

b

P
<7T m |B>£5M B

“QCD factorization” , later understood and formulated as a SCETy problem:

remoye h remove hc

QCD — SCET; — SCETq (C7 c, S)

e —
B < j’\T‘l] ‘ ‘r,‘,\/ ‘
) | _QP\ S ORCY!
(M1 M,)Q;|B) = F®™1(0) /0 duT! (u) @y, (u) \/\j_\,‘ —

form factor

1 oo 1
+ / dzdu H (2, u) / dw / dvJ(w,u,v) ®p(w)Puy, (v)P, (1)
Jo Jo Jo —_—

LCDAs
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Two-loop computation of TI-I (u) for the QCD penguin amplitude

Aol bl
I SIS N
=< N 5 VI
b b Rl b 0 <0 w0 D
ol bl b el T o)
Db F Do BT O
AL Bl el Lo <> O
L BL B

SN NI
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Numerical result

di(7K)/107% = —2.87 — [0.09 + 0.09i]y, + [0.49 — 1.32i]p,

—[0.32 4 0.71ilp,, @, 5 + [0.33 + 0.38i]p,, oy _¢ ¢,

Tsp . -
+ [()434] {[0.13]LO 4 [0.14 + 0.12i]yy — [0.01 — 0.05i]pp + [0.07][w3}

(—2.123048y 4 (—1.5670-2);

—0.29 —0.15 Y, I
Tsp = gy
o, mpf7 (0) Ap
a§(7K)/107% = —2.87 — [0.09 + 0.09]y, + [0.05 — 0.62]p,
—[0.77 4 0.50i]p,, q, , + [0-33 + 0.381]p, 03 _g 5,
T
+ [7"] {[0.13]LO + [0.14 + 0.12i]y + [0.01 + 0.03i]yp + [0.07]‘W3}
0.434
= (—3.001045) 4 (Lo.67H00y; 0003
= M _0.32 07 _0.39)!
a§[nK] Lo
oo} K
.
NNLOJg, .,
2 . -0005 NNLOa []
o O(aj) correction not large. .
Scale dependence reduced. * NNLO.,
NI\':(“Q:
~0015 NNLOJan .
ai[7K)
~0.020) * NNLOJ,
~0.04 -003 002 =001 0.00
Re[d}]
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e Concludes the programme of computing perturbative corrections

e Data reanalysis postponed, focus on better understanding /modelling of power
corrections

e Weak annihilation and the colour-suppressed tree amplitude C
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Theory of hadronic structure-de-
pendent QED effects aunicn
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Observables, virtual and radiation effects, scales

IR finite observable is

Tpnys = D T(B—f+nv,>  Eyn < AE) = w(AE) X Tnon—raa. (B — f)

n=0 n

Assume AE < Aqcp ~ size of hadrons
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M. Beneke (TU Miinchen), B Physics

Observables, virtual and radiation effects, scales

IR finite observable is

Tpnys = D T(B—f+nv,>  Eyn < AE) = w(AE) X Tnon—raa. (B — f)

n=0 n

Assume AE < Aqep ~ size of hadrons

Universal soft radiative amplitude

. . —eQ-p‘.u
AT (pj, k) = A (p) x Y !

[oegs PI kA -

The amplitude implies that the charged particles (B-meson, pion, lepton, ...) are treated as point-

like. Exponentiates for the decay rate, but the virtual correction is UV divergent in the soft limit.
Cut-off A.

i IAE\ "7 2ij Qi0if(Bi)
I'= Ftree X T

A = m for point-like particle , size of hadron in QCD

TRR 110, Bonn, June 3-5 2024
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Scales and Effective Field theories (EFTs)

— Structure-dependent virtual QED corrections between mp and Agcp.

— Real radiation in point-like meson EFT.

Multiple scales: nyy, my,, \/myAqgep. Aqep. AE

<--AE--»
1 SCETn SCET: AB=1EFT SM
HH\PT 1

| : |

1 . T | | 1 >

0 Aqep Fhe I o energy
virtualities - soft,/collinear § hard — collinear hard electroweak
QCD nonperturbative | perturbative
dof hadronic g partonic
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Scales and Effective Field theories (EFTs)

« Structure-dependent virtual QED corrections between mp and Aqcp.

— Real radiation in point-like meson EFT.

Multiple scales: myy, mj, \/myAqcp. Aqep. AE

SCETy SCET AB =4JEFT SM
I | | | )
Aqep Hhe Hp Hw energy
virtualities hard —collinear hard electroweak
QCD urbative perturbative
dof partonic;
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Scales and Effective Field theories (EFTs)

« Structure-dependent virtual QED corrections between mp and Aqcp.

— Real radiation in point-like meson EFT.

Multiple scales: myy, mj, \/myAqcp. Aqep. AE

I/
l | >

Hy Hw energy
virtualities hard I electroweak
QCD perturbative
dof partonic

Can sum leading logs, and calculate all QED effects between scale m;, and a few times

Aqcp, matching of SCETy; to the ultrasoft theory of point-like hadrons at a scale
Q

e ~ Aqcp is non-perturbative.
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By — pp”

“Instantaneous”, “non-radiative” branching fraction By o, W
2z’
¢ Y
2 w
Gia? 2m . g
+,-) = JFY 2 3 |2 B
Br(By — u"u") = =5, 78,mB, | Vi Vi Cio
64 mp,
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By — pp”

“Instantaneous”, “non-radiative” branching fraction By o, W
2z’
¢ Y
2 w -
Gia? 2m . g
+,-) = JFY 2 3 |2 B
Br(By — u"u") = =5, 78,mB, | Vi Vi Cio
64 mp,

b [ Cr

_ Qem _
iA = mfg, N Cyp L5t + ?Qqu mefp, N E(1 + 75)€

1 off, 2 o dw mpw u
X / du (1 —u) Cy (umy,) mp / — ¢p4(w) [In + In
0 0 w m% 1—u

o dw myw mpw 272
— Qéc'gffmg / — ¢p4(w) |:1nZ )7 —21n Lz + —:| } + ...

0 w nmy my, 3

The virtual photon probes the B meson structure. B-meson LCDA and 1/Ap enters.
mp /A power-enhanced and (double) logarithmically enhanced, purely virtual correction

M. Beneke (TU Miinchen), B Physics TRR 110, Bonn, June 3-5 2024
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Interpretation of the mp/A-enhanced QED correction

| Pt — Bt [

Lt | Byt — st

(01gv"vsb|By (p))

Local annihilation and helicity
flip.

(o] / d*x T{igep (x), £ag—1(0)}[B)

Helicity-flip and annihilation delocalized
by a hard-collinear distance

The virtual photon probes the B meson structure. Annihilation/helicity-suppression is “smeared
out” over light-like distance 1/+/mpA [— B-LCDA]. Still short-distance.

Logarithms are not the standard soft logarithms, but due to hard-collinear, collinear and soft
regions, including final-state soft lepton exchange — Sudakov resummation.
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Including virtual QED effects into the factorization theorem for hadronic

two-body decays

@ %9

M. Beneke (TU Miinchen), B Physics

SCET] operators

OM0) = [Re(m_ )i _sxe] [xe S1 " )

T(2m,)
o1, 5) = [xe(in— ) _vsxgl [XCAC,L(S"+)S/,+QW‘ Iy

N )
0

TRR 110, Bonn, June 3-5 2024
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Including virtual QED effects into the factorization theorem for hadronic
two-body decays

SCET] operators

OM0) = [Re(m_ )i _sxe] [xe S1 " )

T(Om,

)
@925/ W \% @ o1, 5) = [xe(in— ) _vsxgl [ReAc, 1 (sn4) S, "7 I

N )
0

QCD + QED factorization formula

1
- BM .QCD+QED
(M\ M| Qi B) jnon—rad. = Fop, 1(0)/0 du Ty ST () for, By (1)
—_————

O (oem) corrected SD

00 o1 .
+ / dw /0 dudv T["Ig(’Dﬁ'QED (z,u) f3PB,& (W)far, Par, (vV)fir, Py (1)
— 00

Formula retains its form, but the hadronic matrix elements are generalized. They become process-dependent through the directions

and charges of the other particles.
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LCDA of a charged pion in QCD xQED

QCD definition

_ - ﬂ i ! iu(nyp .
(™ (p)l d(iny) S s e 0lu(0)]0) = — - /J du P fur o (us 1)

< <L &

ERBL kernel [Efremov, Radyushkin, Brodsky, Lepage, 1979]

D(u,v;p) =

() (e ) e

e LCDA symmetricinu <> 1 — u

e One-loop kernel diagonalized by Gegenbauer polynomials, asymptotic behaviour ®  (u, p1) A 6u(l — u).
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LCDA of a charged pion in QCD xQED

QCDxQED

; -1
(= (p) R <wa<">><zn+>%wﬁ[m+70]<W*<">u>(o>|o> == / dit D) fi By (u; 1)

<l

QCD x QED kernel
T(u,v;u) = _ GemOu o(u—v) (QM (ln ﬂ + é) —Qulnu+ Qy lnﬁ)
™ 2E 4
em 1 1 1-—
—(aS—CF—i—a Qqu) {(1-1— )EG(V—M)—F(I—I— ) uc9(u—v)
™ s v—u/) v u—v) l—v +

e Cusp anomalous dimension, logarithms In «, In(1 — ) and energy dependence are a remnant of the soft physics and
breaking of boost invariance.

e Gegenbauer polynomials are no longer eigenfunctions, asymptotic behaviour ® - (u, ) HZoe 6u(1 — u) no longer
holds. QED evolution is asymmetric and endpoint behaviour changes from linear.
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Endpoint behaviour and numerical QED effect

10— o =1
— Qo =2
8 — am=3

(Large cvem for numerical

(s 1)

illustration)

b,
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Endpoint behaviour and numerical QED effect

10— o =1
— Qo =2
8 — am=3

(Large cvem for numerical

illustration)

Example for the true aem:

() 0= [ T2 ) = 37200 Sl

1—u P

0.020] g, +0.017|%D

panonu,

1 _ QED +0.05
<u >”_ (5:3GeV) = 0.9997| %0 | (3285100 —

QED
pdrltmlL

(') _ (80.4Gev) = 0.985[ 0 | (B197FOR | — 0022 +0.042]
w

point charge

QED effects of similar size as NLL evolution for the inverse moments (Initial value: 3.42 at & = 1 GeV.)

QED effects for the B-LCDA generalise it to a soft function with support for negative w.
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QED corrections to B — D(m, K)

The theoretically computed colour-allowed tree amplitude 7 = a; appears to be 15% smaller

than the value inferred from data.

'(By — DM+L™)(AE)

0
RIE),(*)(AE) = o1 e X
drr®(B; — D L~ p)/dg ‘qz:mi
_ p * (0)
= R;"loco (1+ Sqen(D™)L) + 61" (AE)
S, = 2Re(6a)'C 4 6ak + Sal)atree
QED = CD .
|a PP

R LO QCDNNLO  +dqen +0u (67)
R, 0.969+£0.021 10787008 1.069+)0%  1.0747001 (1.003+0512)
R 0062+0021 10697905  1.050750%  1.0657504 (0996004
Ry - 102 747 £0.07 8.28+027 8.21403% 8.447923 (7.88+03¢
Rj - 102 6.81+0.16 7.547038 AT 7.68+032 (7.19703

Table 3:  Theoretical predictions for R’ expressed in GeV? at LO, NNLO QCD and
subsequently adding dqep given in (82) and the ultrasoft effects oy (or in brackets d().
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Other B physics topics in this CRC

e B — light meson form factors (Munich [van Dyk], Beijing), dispersive treatments
and factorization + QCD sum rules

e Three-body decays B — 37 (Munich [Vos], Beijing)

e Dispersive treatment of the non-local hadronic amplitude in B — K ®gte
decays (Munich)
e Baryon number violation (Munich, Beijing)

Can there be observable baryon number violation in B decays, if BNV is confined to third-generation
quarks? (cite LHCb) search. Excluded by proton decay

(m£|T(OpNy (x) O ap=1(0)Ip)
e BELLE II physics book

12.  Charmless Hadronic B Decays and Direct C'P Violation
Editors: M. Benceke, C
Additional section wri

T. Huber, C-D. Lu, J.

Chiang, P. Goldenzweig
B. Pal, G. Bell, C. Bobeth, H-Y. Cheng, A. Datta, T. Feldmann,
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