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O Brief introduction
O NNLO predictions at leading power in QCDF
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Why had ronic B decays O further insight into strong-interaction

effects involved in these decays.

O direct access to the CKM parameters, d
especially to the three angles of UT. Neubert, hep-ph/0006265 %%f %é} .
2f B~ 1rm,mp,pp ) ,'
- b :' ‘
[ B? - D*mr L D'A| ?,. % < -
B* > DOK* (VBa2UyKs ) d d

O Thanks to BaBar, Belle, LHCb and Belle-1II, we are now entering a precision era/’

07T T

g % : ‘Arrlld é( Almsy 0.45 ‘ SN =
06 T Thmsel i v = -
o5 & sinap ‘ |4 0O From the theory side, we need also keep up
= E /\ E with the same precision.
E WoolVoo! E mm) very difficult but necessary!
= AN B =

p LHCb Phase I, arXiv:1808.08865
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Main theoretical issues

O Precision theory predictions challenged by complicated strong interactions!

M. Neubert, hep-
ph/0006265

Olg1vus921P(p)) = ipufp

_ o . m% —m?2
(D|e"b|B) = fula®) (o + po) + fola®) = F(a)] =F 572 g
(D*| &y"b|B) = —ig(q®) € &} (ps + Pp),p 4o

(D*|&v"7°b| B) = e f(q*) + a1 (¢*) €™ pi (p5 + pp-)" + a_(¢*) " pp ¢*
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reduced to simpler objects

by factorization:

ABY - D7) =i /3

Dt

Xin-Qiang Li

Oy Ve a (DY e fr PP (m2)

> develop strategies where hadronic

uncertainties largely cancelled.

R(p@ — Br(B = DOrv)
iy — Br(B = D®£v,)

Br(B —» KWutu7)
Br(B —» K®ete™)

R(K(*)) =

> need further progress from non-
pert. methods like LQCD & LCSR.

» work out sub-leading corrections
in ag and 1/m,;, in QCD or EFTs.

> need collaboration all together!
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Effective Hamiltonian for B decays

O Hadronic decays: the most difficult!

d

M. Neubert, hep- i B
%%g %é} multi-scale problem with highly hierarchical scales!
> (QCD-bound state effects

ph/0006265 ,

i
! u
i ' EW interaction scale > ext. mom’a in B rest frame
1

: ! ‘ my ~ 80 GeV

» | - ~Y

3 e O (e my, ~ 5 GeV > Agep ~ 1 GeV
i é%% %Mﬁ ? % g Z
d 4
Gr .
Lt obtained after | Leff = BV D ViV (G101 + G0 + Y CiOipen
p=u,c i=pen

O The starting point H ¢ = —
integrating out the heavy d.o.f. (my, ;. > my);
[Buras, Buchalla, Lautenbacher '96; Chetyrkin, Misiak, Munz '98]

4///// e AAA*AET,]T |
v A V// 1<//\

O Wilson coefficients C;: all physics above m,,; perturbatively {ce _ .
QCD penguin ~ EW penguin

calculable, and NNLL program now complete; [GorbahnHaisch '04]
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Hadronic matrix elements

O Decay amplitude for a given decay mode: A(B = f)=> [Ackm X C x {f|O|B)qcp+qep ],

i

O (M,M,|0;|B): depend on spin and parity of M, ,; final-state re-scattering introduces strong phases,

and hence direct CPV; =) A guite difficult, multi-scale, strong-interaction problem!

O Different methods:

- Dynamical approaches based on factorization theorems: PQCD, QCDF, SCET, - - - - Symmetries of QCD: Isospin, U-Spin, V-Spin, and flavour SU(3) symmetries, - - -
[Keum, Li, Sanda, Lii, Yang *00; [ Zeppenfeld, *81;
Beneke, Buchalla, Neubert, Sachrajda, ’00; London, Gronau, Rosner, He, Chiang, Cheng et al,]

Bauer, Flemming, Pirjol, Stewart, '01; Beneke, Chapovsky, Diehl, Feldmann, ’02]

O QCDF: systematic framework to all orders in ag, but precision limited by 1/m,; corrections. [BBNS '99-

'03]
fact(u)
il 2 ) cer (B}

A N 6 N .
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QCD factorization O SCET point of view: SCET diagrams reproduce

precisely QCD diagrams in collinear and soft

O QCDF formulae for a two-body decay: momentum region; [Beneke 1501.07374]

1
(M{M>|0;|B) = FPM1(0) | duT!(u)®p,(u) form-factor term
/0 == | QCD - SCET = T'!!

(0%} 1
+ [ dw/ dudv T (w, u, v) p(w) Py, (v) P, (1)
0 0 spectator-scattering term

O For hard kernel T/: one-step matching, QCD — SCET;(hc,c, s)!

C C

c c
h
h h [Upaay vy
S - ¢ o T! S c

7

O For hard kernel T'': two-step matching, QCD — SCET;(hc, c,s) = SCET;(c, s)!

C
S > 3

5

c @ c c C

c S (& S c

JTE-SRIN M X fhhe
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()
Class-1 B - D" 'L decays -\ /
O For B decays into heavy-light final states: @ - ,
all four flavors different from each other, no R I
B~ = Dr~ B — DO7° BY — DOx®

penguin operators & no penguin topologies!

_ Q2 = dyu(l —vs)u Ey*(1 —s)b
O For class-I decays: QCDF formulae much simpler; O, = d%(l — s5) TAu (1 — 75)T"‘b

[Beneke, Buchalla, Neubert, Sachrajda '99-'03; Bauer, Pirjol, Stewart '01]

—i) only color-allowed tree topology a;;

% — = BqﬁDg*)
(DYFL™1Qi|BY) =) | F, (M)
j =
1
A e ) 4 0 W :
X/ duT,;j(u)qﬁL(u)JrO( QCD> iif) annihilation even absent in By = Dy etal;
0

my

ii) spectator & annihilation power-suppressed;

_iv) they are theoretically much cleaner!

O Hard kernel T: both NLO and NNLO results known; o o
[Beneke, Buchalla, Neubert, Sachrajda '01; Huber, Krankl, XQL '16] T T + Qs T + s T _|_ O( )
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Calculation of T: T=T9+a, T +a2T® + 0(af)

O LO: ? O NLO: [Beneke, Buchalla, Neubert, Sachrajda '01]
D & W@ %@
ba___ 0@

O NNLO: [Huber, Krinkl, XQL '16]

&/ MMMMEAL &7 M

g@ﬂm;@g@%%www \@M%ﬁaﬁ;& mmm

wwmww& N/ %A A

N ¥ M X M MMM VM RO MM W

0(70) two-loop two-scale non-factorizable QCD diagrams; their ST;ML fj—éé
calculations need advanced analytical techniques! [Huber, krinkl 151 &N N\ ﬁ& ng %ﬁ %ﬂ

2021/04/01 Xin-Qiang Li NP in class-| B decays into heavy-light final states




Calculation of T: 0, =51 o Bty (15

O Matching QCD onto SCET: [iuber, Krinkl, XQL 01—t Bk (1= v
+ [Huber, Krankl, XQL '16] 2
m, is also heavy, keep m./m,, fixed as m;, - o, | R0 =AY By (L= 71
thus needing two sets of SCET operator basis. O zx%(l = 95)X Tty (14 95)
L O, —xm—_(l —)VIYIX Pty (14 75) 7 L0 L5000

2

(Q,) = TH{QRCPY 4 T1(Q'ACDY | Z [H:,{O,) + H,(O))] ; o
O3 =X (1 = 973701 vIx At (L4 98) Y La VL8714V 5he

a>1

O Renormalized on-shell QCD amplitudes:
O Master formulas for hard kernels:

(@) = {4 + 22 [a + 2040 + Z949]  on QCD side

s\ 2 2
() A+ ZDAD 4 2D AD 4 ZAD + 20D + 20780 A T = TO LT 4+ 27O 1 0(a?)
+ (—i)érrz,l()l)A*(l) + (—1')571151)‘4;‘:(1) + ZL(,l)AE},)} + (9(03)}((%)“”

ia

+ (A & A0,

P(0) _ 4(0)
O Renormalized on-shell SCET amplitudes: | ™

2

70 = ADH 4 70 A0

645 1) (1) (1) . 1 Al
Ou) = {ow + = [MG) + Yo +7’|  on SCET si
(Oal P dwt Yy’ ON SCET side T = AR + 20 AD + 2P AQ + 2P AP - 10 [P + v - 2]
As (2) (1) 5 r(2) W asD) 7(1) 7,7(1) (2)
— M Y /M Y'\VM 25 M Y b, . “(1)n wx(1)n
+ (4W> [ ab T Yewt My + Yoo "My + Lo " Mg + Yepg Oab _ ng(l)T;(l) n (—i)émél)Aﬂ(l) Iy (—i)émg)Aﬂ (nf ZHz‘(bl)Yb(ll)-

b£1

YYD YD+ 0(ad) jon,
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Decay amplitudes for By —» D_L*

O Decay amplitude at leading power in 1/m,, :

2 1
_ G B D ﬁ"l(DjLLi) = Z C,(,H) du Ti(?l,],(,) + j;{'(u\“) (I)L(?l,, !1) ,
'A(B?S) - D(t')P_) \/_VbV:‘IGI(D+ P7) fpFy " e U (mp) (mQB 9 sz( )) ’ i=1 L [ ]
5 2 l
k4 =\ _ ; ~ ~ . )
— e Cr. . B, * (DL =3 Clo) [ du [Filusp) — i) a0,
-A(B&) — D(,;;P ) =—i —=VaV,, Gl(D TPT)fpA ( e (m%) QTT?D[ 5 (€*-p), i—1 0

V2

ABy = DyV™) = \G/ivbw a (DL, V) v L9770 (md) 2my (" p) ol
O Numerical result: vodl
a1 (DK ™) = 1.025 + [0.029 + 0.018i]xLo + [0.016 + 0.028i]xxro | ™ | NNLO
= (10693508 + (0.0467 503,
s 0.035-
€ both NLO and NNLO add always constructively to LO result! £
0.02f NLO
€ NNLO corrections quite small in the real (2%), but rather oot
large in the imaginary part (60%). :
0.00 0
€ within QCDF, imaginary part appears firstly at NLO term and 102 104 106 108
is color-suppressed and « small ¢; = —0.29 vs C, = 1.01. Refa;(D*K7)]
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Scale dependence of a; - cw [ d [Tww+ Tiw) o

O Due to perturbative truncation, a; depends on the renormalization scale.

1.10[ ] 0.08f
f | i - blue: pole
— 108 | = 0.06/ scheme for
2 1.06: ] X m, and m,,
S - Qoo
S 1.04f . 3 |
2 ol ] £ 002/ - red: MS
- T ] ' scheme for
1.001, | ; Y i |
2 4 6 8 10 2 4 6 8 10 m. and m,,
ulGeV] ulGeV]
> scale dependence @ NNLO reduced for the real part,
| ' a1(DTK ™) = (1.06970615) + (0.04670G2)i
but not so obvious for the imaginary part. L0011 0,092+ -
a1(DT7r™) = (L0727 g13) + (0.043Tg o73)i

e

+(0.034%5511)2
(0.032%5710)i -

» dependence on the b- and c-quark mass scheme is

(
(

(DK ™) = (1.06870019) +
(

quite small, especially for the real part. ar(D*Fr) = (1.07143713) +

O For different decay modes: quasi-universal, with small process-dep. from non-fact. correction.
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Absolute branching ratios for B) — D_L*

O B - D™ transition form factors:

Precision results available based on LQCD & LCSR

(s)

A(Bly — D, P7) =

A(Bpy = DiiPT) =

uq

NG
GFr

i G—chbV* al(D(t.)P_) fr Ff(g)%D('q)

. * s+ p— B(sy—=D
—1i—=Va Vg ar (D P7) fp Ay

(me) (i, — ).

(s)

m%) ZmDE(JS (" - p),

(s) NG
. : 0 — 7o A
calculations, together with data on By — D ["v; A(BR, DY) = =4 SEV Dl V) o EL PO 2 ).
[Bernlochner, Ligeti, Papucci, Robinson '17; Bordone, Gubernari, Jung, van Dyk '19]
< 40
® 35 E=B.DIv Decay mode LO NLO NNLO Ref. [36] Exp. [7, §]
o 30, EEE~DTY BY— Dtrm 407 432702 4431020 303108 265+40.15
N 25} — 0 ¢ ¥ K
= 20! B’ = D*fr— 3.65 3,880 400103 3.4570 23 2.58 +0.13
= 15; BY - D*p~ 1063 11287054 11501079 1042712 7.6+£1.2
Q - — 1 92K (234 G _
y 10 B" — D**p 0.00 106171 1003713 9947072 6.0£0.8
o 5 ..
5 e Bemlochner, Ligeti, Papidqi, Robinson ‘17 | BO — DK~ 3.09 3.28 7540 3,381 028 3.01132 2.19 4+ 0.13!
1.0 1.1 1.2 1.3 14 15 ............................................ ........................................ .......................................................... ;
w BY - D*tK~ 2.75 2.9270-15 3,020 2597052 2,044 047
O Updated predictions vs data: R0 Dt o - 33 565047 5. 78044 5.050.65 46408
Huber, Krankl, XQL '16; Cai, Deng, XQL, Yang ‘21 T
R KAkl AQN O4C 2L DARAQL el [0, Dy 410 4357020 g y7t02l 4 g0Fl36 3034095
|Vep| and B - D™ form factors 5o - pri- 312 3327007 g ot0l g gLl g9 4 () 99
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Non-leptonic/semi-leptonic ratios

I'(

B, = DV~

(H)

dl’(

BY — D"

(s)

‘ |qu|2 fE a1

O Updated predictions vs data: [Huber, Krinkl, XQL '16; Cai, Deng, XQL, Yang '21]

RES) . LO NLO NNLO Exp. Deviation (o)
R, 1.01 107500 1.105508 0.74 % 0.06 5.
R: 1.00 1.067001 1.105503 0.80 = 0.06 4.5
R, 2.77 2.9470 1% 3.0270 1% 2.23 +0.37
E:RK 0.78 0.8370 0 0.8570 1 0.62 + 0.05
5 0.72 0.76 003 0.797004 0.60 & 0.14
Ry 1.41 1.50 011 1537018 1.38 4 0.25
RT 1.01 L0750 1.10%503 0.72 £ 0.08
R.x 0.78 0.83705% 0.85:0:0% 0.46 £ 0.06
2021,/04/01 Xin-Qiang Li NP in class-l B decays into heavy-light final states

O Non-Ieptonic/semi-Ieptonic ratios : [Bjorken '89; Neubert, Stech '97; Beneke, Buchalla, Neubert, Sachrajda '01]

free from uncertainties from

|V.,| & B —» D™ form factors.

1.3—

1.27

117

1.0+

0.9r

0.87

HPQCD, 1906.00701 (2 85"

0 2] 4 6 8 10 12

*[GeV?

Measurement of |V,| with

Bg — Dfs*)_quvu decays

2001.03225

LHCb collaboration?

14




Power corrections o o e o

J

O Sources of sub-leading power corrections: [Bcncke, | STV
x/ duT;j (u) b (u) +O (%)
0 b

Buchalla, Neubert, Sachrajda '01; Bordone, Gubernari, Huber, Jung, van Dyk '20]

> Non-factorizable spectator interactions;
E\/ \/g/ O Scaling of the leading-power contribution: (szns 01
A(Bd — D+7T_) ~ Gpmg FB%D(O) fffr ~ Gpmg AQCD

R _ > Based on general power counting
> Annihilation topologies; and rough ESTIMATES, all are

power-suppressed!
» Current data could not be easily
explained within the SM, at least
» Non-leading Fock-state contributions; within QCDF.

e Y/ BV
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Possible NP in B?I - D L*? I

O Impossible or at least quite difficult to explain the data within the SM. /’b/®\€\

O Possible NP four-quark operators with different Dirac structures: (surs, Misiak, Urban '00]

LWET = 45;1/ |7 [CSM( )QSM SM( )QSM SM current-current operators
i Z (CVLLQVLL  ¢VIRQVLE | oSLRQSLE | CfLL QfLL” i [L o R]
j N 1 ﬁ 23 1. NP four-quark operators

QY M = (ean" Prbs) (Gs7u Prua) QY M = (Ga" Prbs) (757, Pruc)
Qy M = (ear"Prba) (@5vuPrus) Qs M1 = (Cay" Prba) (G574 Prus)
Q?LL (( PLbd) (_5PLU04) QSLR = (C@PLbﬁ) (gﬁPRua)
Q3™ = (CaPrba) (G5 Prus) Q51 = (Go Prba) (G5 Prus)

SLL _ (= _uv
Q3" = (Ca0™ PLbs) (730 Pruia) totally 20 linearly-independent operators,

SLL _ (=
Q= (Co&g P Lb@) (‘15‘7 P Luﬁ) further split into 8 separate sectors!
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Possible sources of these NP operators

O For VLL, VRR, VLR, VRL sectors: generated by a colorless charged gauge boson A+;

gauge GF "
= T VaVi {/\LLM) {c} P (@Y () + CY () Q)

V9505 [ AL (A)PL + AfH(4) P A (A) = m“ AL(A) (AL (A", ALp(A) = m“ AL (A) (AF (4))°

uq
THA THA

O For SLL, SRR, SLR, SRL sectors: generated by a colorless charged scalar H*;

Hscﬂlr _ fr/g ‘/Cb‘/;q {ALL(H) [CSLL(;L)CQSLLU{) 4+ CSLLUL)(Q@LL( )
_FOS*LL(M)QS‘LL( )_|_(w‘-?LL(H)QSLL( )]
+ Awa(H) [CFER QR () + CFER Q] + (L s B |
05 Vioan | A (H) P+ A (H) Pr ma; x méy *
Az(H) = —3- AL (H) (AL, (H)) Apr(H) = —F Ag(H) (A (H))
my miy 1
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Possible sources of these NP operators

O Both 1'|OOp matching conditions & 2-|00p QCD ADMs known; [Buras, Misiak, Urban '00; Buras, Girrbach '12]

(8% ‘
ClsLR(M) =3, VL v _ Qs [ M3 11
A Oy () = o~ ( —3log 2 tg )
as 3 o
M) =1-===1-= : as (3 M 11 @ M1l
’ V() =14+ 9 (D2 _ 21 _ g & (e 20a 1)
A4 N A 5 () +47r (N og = 3N +47r og 2 =)
SLL
Cy(n) =0, a colorless charged OVIR () = (31 M2 1) a colorless charged
1 M) = og— +35 ),
4 2 19
C5M () =1, scalar H*. T s gauge boson A*.
, Qg 3 M? 1 o M2 1
o, (1 M 3 oy =1+ 5= (~gplos i — g ) =1+ 32 (“loe T2~ 5)
C’??LL(M) i —— (__ log — + _> 4 N p? 2N 47 2 6
A7 2 2 4/
SLL as (1 . My 3 ag (1. MZ 1 N | | | ]
C = — 1 — =—=|=-log— — - . 1.03F ot
i ()= (2N 08~ 4N) ym (6 08— 4) E —\‘\wl ag corr. < Ki+r:
102\ ;
O RG evolution from down m, to m;; il N e T”((’i?))]% (12 g2 ]
’ [ A Y CH : Hiy
[Buras, Misiak, Urban '00; Buras, Girrbach '12] B:; 100k \\\
. N N 099 ¢ TS :
Clm) = (1 + %0 U (16, pin) (]l — asiﬂm) (C& - J%)) ; RN
T " 0.98 - w/o ag; corr.  TTs~o__ ]
: > ( Tostum) 5\ - 097h T
UO (s, pin) =V {m] v 500 1000 1500 2000 2500 3000

Hin
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Matrix elements of NP operators

O NP Wilson coefficients easily obtained at NLO in Qg; [Buras, Misiak, Urban '00; Buras, Girrbach '12]
I,Rl’)'I ‘ r . LO
~ Qg 7Y 15 g\ Min = > =
C(Mb) = (]1 —+ (H’b) J) U(O) (Mb:ﬂ/in) (]l . (/u ) (Cl + JC())) — 12 _NLO
47 i £< .
-:Q'/ N
O (D*L™|0;|B°) : calculated in QCDF at leading-power in 1/m,,, “s.f e 77 i,
: - : A S
but including O(«,) vertex correction.
u[GeV]
3.0 B LO
— 28 -- NLO
|
M ____________________________________
P 2.6
Y S —
= b T
> unphysical scale- & scheme-dependences = |~
o7 22
cancelled in the final decay amplitude.
ulGeV]
Xin-Qiang Li NP in class-l B decays into heavy-light final states 19
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Model-independent analysis

O NP c)? : real and take a CKM-like flavor structure for b — cud and b — cus transitions.

4 GP? .......... * o
: va [CSJ\[( )QSJ\[ SA[(N) Qg]\[

--------------

+ Z (CZ-VLLQZVLL +CZ-VLRQ;§/LR+CfLRQfLR+CfLLQfLL>] + Lo R

i=1,2;
j=1,2,3 4.
O Use 8 ratios to constrain c'?; O Note: different modes show different
; 1
RY, LO NLO NNLO Exp. Deviation () | d€Pendences on NP WCs!
R, 1.01 LO7T 00 1.101053 0.74 4+ 0.06 5.4 _ y :
o " (7w (@ldypysul0) = —ifrqy
R: 1.00 1.067001 1101003 0.80 + 0.06 4.5
R, 2.77 2.947010 3.02101% 2.23 + 0.37 1.9 _ - : ,
/ ~019 sl (0™ (@)|dyuul0) = —ifympe;,
Ry 0.78 0.83700% 0.851005 0.62 + 0.05 4.4
R 0.72 0.76 7003 0.7970 03 0.60 + 0.14 1.3 _
‘ (D*|egh| BY) = (mf —mp)Fy P (¢%)
+0.11 +0.10 B 7D
Ry 1.41 1507011 1537019 1.38 4 0.25 0.6
Rer 1.01 L0700 1101003 0.72 £ 0.08 4.4 (D*+]6g75b|5’0) — 2mpe (€ - @) ABD" (@)
Rk 0.78 0.837003 0.8500) 0.46 + 0.06 6.3
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Analysis at m, scale

O Keep only ¢} nonzero; O SM: [Ci(ms) = —0.143 and C2(mp) = 1.058

R R
K R R~ Ry K R: Ry
<o <o <o <o < < <
= — = = <& < <o —_ o = o= o O <o S = = = Rp ] < — < <o —
[ ] N ~1 o i ~ [e] o —_ —_— b2 < ) —_ N - n ~ < i ~ )
| (= n [=] W Ln o W (=) LN =) N o © N <o W o N — (=] %} o i =) ) N =)
=1\ ' ' ) i [
~]
wn
|
=
n
o

4
cT0—
'/
v
/I
&

TTA
~
> 4

()
00°0
/

§C0
09y, 7, N
02y, I, W
03y,
03y T
091 [,
0oy [,
02y, 1, W
00y, 7, W

(0g)dzy
(o1)dzsg
(og)dzsg
(o1)dxsg

(o1)dzay
(0g)dzg
(01)dzq
(0g) dxsg

o1)dxyy

(07) dwir
(o1)dxy
(og)dxs
(o1)dzsg
(og)dzaq
(01)dzs

(eg) dzg

050

Q%/LL = Za*(1 — ¥5)bq %%(1 _ 75)% fl. J';’_""LL(mb) € [—0.237, —0.176] K

21
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Analysis at m, scale

O Keep only C3%! nonzero;

Ci(mp) = —0.143 and Ca2(msp) = 1.058

O SM

1.00

) 0.75

0.50

1.00

& 075

0.50}

0.075

N
% 0.050

0.025 |~

0.10

& 0.05

0.00}

0.20
0.15

Rg-

0.10

0.05

1.00
0.75

Ry

0.50

0.25k~

0.075
< 0.050
=

0.025
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Analysis at m, scale

O Keep only C53%% nonzero;

O SM: |G (mb) = —0.143 and C2(mb) = 1.058

R R
K Ryx Ry Ry K R; Ry
o o o o = = =
= 5 5 5o o o = S o o ° @9 o S = = = R, = = - © = —
) o] Ln ~ N ~ ) o — ek o =] =] —_ b N ~ N ~ o (= ~ o
S D U S D S o o S S _w = wn - N w2 o == o S
|
=l
~]
N
|
=t i
n
i \
| \
T\ N
[S0]
N
3 n
= \ \

\

(%)
00°0

o

N
S S B om S SRS oRsRs RS W om S W N
BB O BB G G CGEES GG GG G
T8 3 3% 3 Sl SR 38 B 38 B T8 B SR
TR EE 2R 2 E g 2R 2R TR TE
[ [ =R [S=E [ b = b = b = [
93 CHCE Sa S 3 S48 33 K Sa

05 = o (1 + 75)ba @1 + 75)ugH CSEE (my) € [—0.285, —0.185]F
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Analysis at m, scale

Ry 0.78 0.8370 05 0.85003 0.62 + 0.05 4.4
Rk 0.78 0.837003 0.857001 0.46 =+ 0.06 6.3

O With only one NP c?” in each time, NP four-quark operators with three Dirac structures;

-------------

crom| | || e e,
C.L. Rx Ry R, Ri Rk R+ Rar Rsk Combined
NP Coeff. ~_ | | | ] Smemmmmemenast | e reaaas®
vie 1o | [-1.40,-0.847] | [[1.18,-0.626] | [-1.50,-0.267] | [-1.18,-0.662] | [-1.54,-0.145] | [-1.05,0.392] | [-1.57,-0.835] | [-2.12.-1.31] @
- 20 | [-1.63,-0.656] | [-1.41,-0.426] | [-2.06,0.135] | [-1.42,-0.462] | [-2.41,0.402] | [1.70,0.856] | [-1.92,-0.567] | [-2.55,-1.02] | [-1.41,-1.02]
vis 1o |[-0.237,-0.148] |[-0.205,-0.111] | [-0.254,-0.047] | [-0.198 ,-0.116] | [-0.261 -0.026] | [-0.183,0.070] | [-0.264,-0.146] | [-0.345,-0.226] @
- 20 |[-0.273,-0.115] |[-0.244,-0.075] | [-0.340,0.024] |[-0.237-0.081] | [-0.401,0.071] | [-0.288,0.155] | [-0.318,-0.099] | [-0.406,-0.176] | [-0.237,-0.176]
(snn 1o |[-0.748,-0.418]| [-1.03.-0.502] @ [-0.711,-0.368] | [-1.50,-0.133] R [-0.839,-0.412]| [-1.25,-0.712] @
1 20 |[-0.867,-0.326] | [-1.23,-0.344] R [-0.854,-0.259] | [-2.32,0.395] R [-1.02,-0.283] | [-1.48,-0.556] | [-0.854,-0.556)
Csnn lo |[-0.249-0.139] ||-0.343,-0.167] & [-0.237,-0.123] | [-0.500,-0.044] R [-0.280,-0.137] | [-0.417,-0.237] @
’ 20 |[-0.289,-0.109] |[-0.410,-0.115] R [-0.285,-0.086] | [-0.773,0.132] R [-0.339,-0.094] | [-0.492,-0.185] | [-0.285,-0.185]
o 1o | [0.487,0.873] | [0.585,1.20) @ [0.429,0.829] | [0.155,1.75] R [0.480,0.979] | [0.830,1.46] @
1 20 | [0.381,1.01] | [0.401,1.44] R [0.302,0.996] | [-0.460,2.71] R [0.330,1.18] | [0.648,1.72] | [0.648,0.996]
Csh 1o | [0.139,0.249] | [0.167,0.343] @ [0.123,0.237] | [0.044,0.500] R [0.137,0.280] | [0.237,0.416] @
’ 20 | [0.109,0.289] | [0.115,0.410] R [0.086,0.285] | [-0.132,0.773] R [0.094,0.339] | [0.185,0.492] | [0.185,0.285]
: 2 . 2m?
> (Pseudo-)scalar operators associated with a chirally-enhanced factor L :
(mbimc)(mu+md,s)

Q}%L = Fn‘ﬁf,u.(l - HJ’B)b;B’(u) 71,3’}‘#(1 - Hfﬁ)”‘u(ﬁ)
V-4AQWV-4)
QT = Ta(1 + ¥5)bsa) Ta(1 — ¥5)ta(s)

S+PXX(S—P)
QPR = Ta (1 + 75)bg(a) Ta (L + 75) tags)

(S+P)R(S+P)
> Constraints on CY* much
stronger than on C?:
CNP suppressed by 1/N,
at LO and further by

C,/4m at NLO in QCDF;

> NP operators with other Dirac structures already ruled out by combined constraints from eight ratios;
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Analysis at m, scale

O Two NP operators W|th the same Dlrac but different color structures;

6 _ lez —caw(l %)bﬁ XFal (1—75)% ] = e
4 e, ] CotaRGy 5. /N
L K‘“‘%,% V1)@ V- : Z 1%/ 3y
s 2 | ? al llation b NP & CNP, allowed
£ S I » Due to partial cancellation between €3" & €7, allowe
s r T E g T _ _ . _
T o} ’:“"*’%&% ] regions potentially larger than in previous case.
-4t i Na&-% ]
s . . 71 5> For NP operators with other Dirac structures, no allowed
-1.0 -0.5 0.0 0.5 .
- regions even at the 2o level.
Cy ™ (m)
3 | | P SéR IIIII — .
o | f Q75" = Call+75)bsa) @1 + 75)ua(s)| |
e % ! i ]
1‘;‘&1}'| 2 Bty |
~ o —~ Sy, ' (S+P)® (S+P)
E ob g £ M
| ey, LE o S
r s N ] 3 - VI
=2} (S+P) X (§—P) -'55-,_.-:-._&”_ g _2h | g
Ll 5 3 N
4l QSRL (1+’Y5)bﬁ(a Gs(1 = 5)uap) ] —4} | :
—0.5 o ‘0.0‘ | 0.5I | I1.OI —10 B -05 - ‘O.OI - I0.5I B I1.O
Cy 1t () Oy (my)
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Analysis at m, scale

O Variable solutions: NP four-quark operators with the following three Dirac structures;

QI = o (1 — ¥5)bg(a) @7 (1 — V5)Uagp) Q‘fEL =Co(l + 75)1)5(@) @5(1 — 75)740;(13) QESER = Ca(1+75)bs(0) T3 (1 + 75)Ua(s)

B V-4)Q V-4 (S+P)Q (S—P) S+P)Q(S+P)

_ () = Uy pw) C(uw)

What implications for the NP Wilson coefficients at the higher scale my,, ?

O With RG evolutions for " taken into account, the following regions obtained:

CYEL(My) € [-0.220,—0.164]  ys | 5" (my) € [-0.237,—0.176] [ L |
51 E
== small RG evolution effect! T A
R () wu:: ,,,,,,,,,,
ISEL (my) € [0.091,0.139]  ws | €5 (my) € [0.185,0.285] o e |
CSBR (1) € [—0.129, —0.084] VS [ €57 (my) € [-0.285,-0.185] ) e
—O.SI | I—(I).6‘ | ‘—(I).4I | I—(I).ZI | ‘010‘ | I0.2
Gy (mw)

=== |arge RG evolution effect!
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Case with a colorless gauge boson

O Heff mediated by a colorless charged gauge boson A*;

gauge Gr *
HESe = 7‘; Va Vi, {ALL(A) {O} P QY (1) + CY (1) QY (. )}
+ALr(A) {CI’"LRWQE’LR( W)+ CYEE( >@5’Lﬂ(u>} +(L & R) } i LEVii " das AL (A)PL + AfH(A) Pr
ALp(A) = " AL () (AL(A)", App(A) = MY AL (A) (AR ()"
THA

THA

O With m, = 1TeV, 1- & 2-loop ADMs and 1-loop matching conditions: [Burs, Misiak, Urban '00; Buras
Girrbach '12]

Cps) = U, pw) U (i, p0) C(pr0) Az(A) € [~0.211, —0.154]

O 4 NP parameters: 1;;(A), A\ zr(4), Agr(4), Az (A); /
+ : :
> Scenario I: only one effective coefficient nonzero; A* coupling to quarks either

vectorial or axial-vectorial!

> Scenario II: AL, (4) = AR (1), A{‘lq(A) = Aﬁq(A), mem)  );;(A) = Agr(A) = A g(A) = Ag(4)

> Scenario III: AL (4) =

2021/04/01

—A&(4), AL (A) = —AR,(A); === A1 (A) = Agg(A) = —A1g(A) = —Ag(4)
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Case with a colorless gauge boson

O Scenario I: only 2;; (4A) nonzero;

Ry , x R +
Rs?r Rh * RK Rﬂ- JRTI’

= <o <= =] o <= =

52 8 5 50 © o - o o o o o = S = P = R, = = = =) —_

- [ae] n -1 2 wn ~J ] < =t =t I o o —_— N ~J n ~1 (] N ~J o
| = n = n N = n o] n [ n = (] wn = Lh = n et ] LS} (] n = o] n [
&7 . : . : . .
~]
Ln
|
<
tLn
o]

$C0—
"

> N\ \\ \\\~ N
= ) \\
:g \ N ‘\QQQ
- N\
g' ]
.c_
a1 [ I 1
S T T i P53 P53 5
55 55 55 8% 85 5 8%
o]
% i ALL(A) S [—0.211, —0154]
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Case with a colorless gauge boson

O Scenario I: only 2,;(A) nonzero;

Rk " Rg "
Rs?r RI&"" 9.4 Rﬂ- RTF

o o o o = o =

= 5 =& = o © © =~ o o o o o = o = = = R, o o - o = —
S 0o @ 9o »n 9 o > = = i o = - o O 3 n 9 >  © = =
|
sl I |
NEEE 53 53
S|543 543 54831

5=° 5=° 58

§8 §8 Y5

|

<l ] 4

[y

L]

N\

(v)Hiy
ST0
™
"N
N

<

21 ] i

=]
SR = b
g8 7 & B8 T
55 ° S 55 °
NS ) 23

SLO
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Case with a colorless scalar -

O Heff mediated by a colorless charged scalar H*;

G .
f}_[‘b(“lllr _ V ‘/': {A H C,‘SLL ( SLL _l_(YSLL ( SLL
5 VWit A () [OFHE QT ) (1) Q5™ () V.00 [AL ()P, + AR(H) Py
+ CFEE QS () + CFHE () QM ()|
mu L L * _ﬁ L R *
+ALR(H) {CfLR(‘u)(QSLR( ) CSLR(H)(QQLR( )} + (L o B)} ALL(H) = mH AG(H) (Aul](H)> ) ALr(H) = m% A (H) (Auq(H)>

O With my = 1 TeV, 1- & 2-loop ADMs and 1-loop matching conditions: Burs, Misiak, Urban '00; Buras,
Girrbach '12]

Clus) = U, pw) U pw, 0) C (o) Arr(H) € [0.059,0.100]
O 4 NP parameters: \;; (H), A\ g (H), \gg (H), Ag,(H); Arr(H) € [-0.090, —0.054]
> Scenario I: only one effective coefficient nonzero; H+ coupling to quarks either

scalar or pseudo-scalar!
> Scenario II: AL, (H) = A% (H), ALy (H) = AR (H); w2 (H) = Agp(H) = A g(H) = Ag(H)

> Scenario III: AL, (H) = —A% (H), AL, (H) = —AR (H); ===}, (H) = Agg(H) = —\ g(H) = —Ag (H)
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Case with a colorless scalar

O Scenario I: only \,; (H) nonzero;

Rk " Rk
) Rs?r RI(*‘ R[{ RTF
jo] [ = jo] ] = ]
= & > > 92 © 2 -~ © o o oo o © o = > R, - o = —
o [ ] Ln | [ ] LN | (] <o —_— —_— 2 ] ] — (g% LN | e Ln -1 (]
|
INIT 11 | | I
— o w3 S S = S SIS W
3% 3 3% 3 338 33 Sl T3 8 TR
T = T = T = &= e = == ==
§5 §5 §5 §5 §5 §5 §¥5

AN

(H)TU\/

| Arr(H) € [0.059,0.100]
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Case with a colorless scalar

O Scenario I: only A\, (H) nonzero;

R,y Ry
sK R.. Riyc- R K R R
o o o © = = =
[ ] Ln -1 2 Ln -~ = (=] o —_ [y=] ] o — o n -~ n -1 ] n ~J [
S n ) [ ) L S Cn [TV o S n oS ) [ — (NS) (%) o [ S [ L S
o .
3 R
= \
Pt
= \
< 1 ]
o
= I 1 [
b3 RS SRS R el B e PR
S5 S5 S8 S8 S5 ST S8 STF
23 a3 a3a a3 8a a8 aa sa
!
MI

Arr(H) € [—0.090, —0.054]
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Summary

O NNLO predictions for class-I By —» D,L* decays at leading power within QCDF complete.

O Thanks to improved measurements and updated SM predictions, 0(4—-50) discrepancies

observed; mmm) sub-leading power corrections in QCDF or possible NP beyond the SM?

O Model-indep. analysis reveals that only NP operators with 3 Dirac structures possible:

QY H" = Cavu(1 = 75)bs(a) 457" (1 — ¥5) tas) QfgL =Ca(l+ 75)bg(a) qﬂ(l — 75)ua(5) QiJQ%R = Call +75)b3(0) s (1 + 75)ua(s)

V-4)Q V-4 S+P)Q(S—-P) (S+P)X(S+P)

l !

generated by a colorless charged gauge boson or by a colorless charged scalar.

O Once additional flavor-university assumptions were made, how about constraints from

other b — ccd(s) and b — d(s)qq processes? mmmm) see the following talks
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Thank You for your attention!

For questions, email me:

xqgli@mail.ccnu.edu.cn
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