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B physics and CP Violation

e "Matter # Antimatter” indicates the interaction with CPV

e Heavy flavour physics (HFP) provides many processes with CPV

although it is inadequate and new mechanism of CPV is imminent

Timeline of B physics

o 1973, CKM mechanism is proposed (4 parameters)

o 1977, CFS-E288 at FermilLab discovered Y (bb), Lederman

o 1983, CLEO found B° meson in Y(4S) decay

o 1986, Bigi & Santa expectated large CPV in B? — J/\Ing

o 1987, ARGU measured the B® — B oscillation = Acp(t)

o 1987, Oddone proposed the construction of B factories to study CPV

o 1999, BABAR, Belle started running 2001(04), Acp(t, f)(Acp) in BY decays

o 2009, LHCb played in to the game with 3-5 order more events
2013(20), Acp(Acp(t, f)) in Bs decays, 2012, Acp in Bt decays
2019, dAcp in D decays; 2024 Acp in Ap decays ?

o Anomalies: b — s/t~ see Qi-dong's talk, 11/3 , Bs — ppu, |Vub|r |Vcb|



Experimental promotion

Successful running of B factories(1999-2008) and LHC(2009-2026)
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e SuperKEKB(2018-2026)  [E. Kou et al. [Belle-11], 2019]

o Belle Il has collected 531 b~ ! data so far with M ria
record peak luminosity 4.7x10%4cm— 251 4

o Goal: 50 ab~ ! data and peak luminosity at
6.5x10%%cm™ 2571

o b|t012% in B— ¢, plv, §Acp in
BHK Trpr,K p, B— VWV, a from
B—nw, .-

t BT = ptp0 BY = KO=0 [Belle-ll, 2021]

1 First measurement of CP asymmetry
parameters in BY — Kgﬂ'“, ww [Belle-(1l),
2023,04].

e HL-LHC(2030-2033)  [CERN Yellow Rep. Monogr, 2019]

o £ =23(300)b~ ! in phase 1(2), 2 order g NP e TR aon Collider
larger than LHC, 2 x 1033(34) m—25—1 .- -

o |Vyp| to 0.7%(0.4%) in B — wm, 7wp, pp, s
C

i+ n— S+ — (one order improvement),
a from B — pp, pm, -+ -

t A = (2.32 4 0.61) x 1073 [LHCb, 2023]
Belle/BeIIe Il result see Long-ke's talk, 11/3

t SAcp(AY — AKTK™) = 0.083 + 0.028
[LHCb-Paper-2024-043]




Three-scale factorization

i low energy effective hamiltonian

ii three-scale factorization
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Low energy effective hamiltonian

New physics: Lyp
L

Electroweak scale (mw): Lew + Lp>4

1
Heavy quark scale (mp): L = —% Veru Y ; Gi(p) Oi( i) + Leti,p>6

Hadron scale (Agcp): LCDAs, PDF, PDA

e derive the effective Hamiltonian by integrating over my [Buchalla 1996]
o product of two charged currents ~ a series of local operators O; with the weighted coefficients C;
e dynamics at the scale O(mw) is absorbed into Wilson coefficients Ci(y)

o C; ~ match the L with the full theory of weak decays [Ma 80, Inami&Lim 81, Clements 83]

e the rest go into the four fermion effective operators Oi(u)

e the key is to calculate the hadron matrix element (M; M;|O;|B)
definitely a QCD problem



Low energy effective hamiltonian
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Low energy effective hamiltonian

e diagrams at scales O(Aqcp) — O(myp), Hadron matrix element (M M2|O;|B)

b W \\//emission \\/ \/g/

M3
different 3 3
strong

(a) (b)
phases b> >
(e) (f)

(c) ()

Al

(2) (h)

annihilation

e factorization: detach the hard kernel H ‘ O; at scale O(mp) ‘

from the hadron wave function ®s ‘ B, My, M> mesons at scale O(Aqcp) ‘

e 7 is calculated perturbatively order by order, ®s are universal



Low energy effective hamiltonian

e high precision calculation of Hadronic matrix element (M; M2|O;| B)

o naive factorization: ~ Fg_,u, ® fy, [Bauer&Stech&Wirbel 1985,87]

o generalized factorization: QCD corrections from O;—1 ... 10 [Ali&Kramer&Lii 1998,99]

o QCDF: VC to My, + corrections to spectator scattering, full NNLO (O(a2))
[Benele 2010, Bell 15, 20, Huber 16, Beneke 06,07, Jain 07]

o SCET: introduces different fields in different energy regions, simple kinematics
but complicated dynamics [Bauer 2001, Chay 04, Becher 15], QCDF/SCET [Beneke 2015]

o B — 7w decay is studied from LCSRs [Khodjamirian 2001,03,05]

o high order & power corrections to B — P, V form factors LQCD [HPQCD 2013]
[Bharucha 2016, Wang 15,16,20, Lii 19, Beneke 17, Gubernari 19, Cheng 17,19]

e the transversal momentum is picked up in the hard scattering amplitudes to regulate the
end-point singularity PQCD

o B — M FFs and the annihilation amp. are both calculable [Keum 2001, Lii 01]

o LO (O(as)) B— PP, PV, VV decays [Xiao 2007; Lii 02; Li 05, Li 06, Zou 15], [Hua 2021]

o partially NLO (O(a2)): factorizable amplitudes [Cheng & Xiao 2021]

effective operators [Mishima 2003, Li 05]
hard scattering [Li 2012, Cheng 14], [Li 13, Cheng 15,15, Hua 18], [Li 14, Liu 15,16]
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Three scale factorization

e end-point singularities appear in exclusive QCD processes

t m%z < @2, light-cone coordinate ps = (%,07 0r), p3 = (0, %,OT),
(anti-)valence quarks: kg = xap2, ko = Xap2

*

s

P —k Py — ks ¢ oc u(l — u), m",‘(‘)/)’“

T Zt f dUl dUQl\fr(U,') 065(:“)¢i (”1)4’5("2)

upuz QZup Q2

o< mg

ky 2

e pick up kt in the internal propagators

MO( Z dulduzdklrdkzrm(u;) as(u)¢§(UI)¢5(U2)

a4 urusQ? — (kit — kar)?

e end-point singularity at leading and subleading powers

Yoo sl as()  as(wkr
Q@ — k2 @ (nue@?)?

e the power suppressed TMD terms becomes important at the end-points
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Three scale factorization

e introduce kt to regularize the end-point singularity [Huang 1991]

e scales of transversal momentum and the large logarithms

[stolen from H.N Li]

ko
Q—+
scales
in QCD
diagrams
fon,?] - ,/QA—— In
various
logs

A —— In-%. In

x() ~ A\ at small x for soft parton

ke can be \/QA
keptin H
Q?

2
5
T

@ in H
$ Hinsensitive
tohr ~ A

Q* aQ* + k3 o
’ w0 b =) factorization

k3 k3
large logs

e multiple scales, hence large single logarithms in 7/® by QCD correction

e double logs in the soft-collinear regions as(p) In?(k%/m3)
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Three scale factorization

e in order to repair the perturbative expansion, do resummation
e k7 resummation for H to obtain S(x;, bj, Q) [Botts 1989, Li 92]

+ decreases the inverse power of the g2 in the divergence amplitude

t exhibits high suppression for large transversal distances (small k1) interactions
e integrating over kr, large log In2(x,-) when intermediate gluon is on shell
e threshold resummation for ® to obtain S¢(x;, Q) [Li 1999]

1 suppresses the small x; regions
1 repairs the self-consistency between as(t) and hard log In(x1x3 Q?/t?)

i dynamics with kT < vQA is
organized into S(x, b, Q) osff

R
R
R

1 dynamics in small x is suppressed 02

by St(x, Q)

S(0 b, QSe(x, Q) 2

M =3, 64 (ur, br) © Hilt, b) @ 6t(uz, ba) EBxp | —s(p™, b) = [, L (cxs(0) |
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Three scale factorization

Sources of strong phase (differences) d; 2 to generate (]P‘

Apoy Ao

Agposy) = TeiGrt) | peitss ) Aosgy = TeiBr=20) 4 peitGa=)

e different topologies: emission (real, §; = 0) and annihilation (plural, §2 # 0)

1

=P ! + (k2 — xm3)
k'2F — xm% — e k2T - xm% T &

e Sudakov expanent (NLO)
o center of mass scattering angle and angular distribution of scattering hadrons
o important in baryon decays but not in B meson decays

e NLO corrections to spectator emission amplitude from Glauber gluon
o only supplies a sizable phase to the pion final state
o modifies the interactions between different topological amplitudes

e on shell charm quark loop correction (NLO), leading source in QCDF
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State-of-the-art PQCD prediction
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B — PP, PV, VV decays: amplitudes

e general decomposition of Wilson coefficients for certain effective weak vertex

Weak vertex Typical amplitudes Wilson coefficients
U sh et el arrar S Cyrc, G
spectator meson M3 ERJALR - ELR AR as-%, Cs-G
AT, B 1A, =%, -2
[ [d,s,s],  [s.d.d) syl il Al ag-4, -
a1, 92, 93] SRAR, etk s G
+ [s,s,d], [d,d,s] glbyatl, gl At a-2, -G
emission meson My ELR LR - gl AR -9, C-%
L, sl,  [wud) gllyatl, gl Akt a, C
ELRJALR, ELR AR ay+as, Ca+Cio
AT, & 1A, as+as, Ce+Cy
[suul,  [duu] gllyAtl, gl jAlt ai, C
XA, R A atan, C3+Co
ek, &F | AW ag+as, Cs+C;

e ie. decay amplitude of B¥ — 7T K at NLO

G, a

(glu) YF (ql. " 10
M@B* ﬁx*KO)_T Vi Vsl + Ol + M5, | v Vi Ve M j’)“’"f\_fz V,qu[( 7)55”
[s, d, d] +(a6— ;)sﬁl’ +(C3 - %)EN“ (Cj - 7)5;'}” +(aq+a10) AV + (ag + ag) A

+(C3+Co) AL +(Cs+CNAR + MG+ MG, ]

/\ the glauber gluon corrections and TMD wave functions are not taken into account in this work

16/
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B — PP, PV, VV decays: amplitudes

e operator decomposition of B — PP decays

Topology Channel
{P.T,C,E,Pey } KT, K+
{T,P,C,E,Pey } ™
Tree/color-favoured tree emission| 0
{T.C,Pew } fars
QCD Penguin {P,E,Pew } atKY p Kt KTKY
(P.P. ) i,
Color-suppressed tree emission {T,P,E,Pey } ata—
P, T,Pew KT
Pem: Electroweak penguin ®T, 4 T
{C,E,P,Pey } 7070, 70, ngng
E: tree annihilation amplitude {P,C,Pey } K9, n,K°
{P,Pe } K%, KOK°, 70, n.,, ngns
{E,P, P, } K+K-
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B — PP, PV, VV decays: numerics

e main uncertainties of PQCD calculation: high order QCD corrections & LCDAs

1

1 characterized by the variation in the factorization scale

1 minimized by setting p: as the largest virtuality in hard scattering

1 two-loop expression for the strong coupling

e input parameters of meson LCDAs

Meson 7%/ K*/K° M s
m/GeV [108) 0.140/0.135 0.494/0.498 0.104 0705
fIGev 0.130 [108] 0.156 [108] 0.125[114] 0.177[114]
my/GeV. 1.400 1892 [112] 1.087 1990
a 0 0.076+0.004 [113] 0 0
ax 0.270 £ 0.047[14] 0.221+0.082 [113] 0.250+0.150 [115] 0.250+0.150 [115]
Meson 2210 K=K © I3
m/GeV [108) 0.775 0.892 0783 1019
AiGeV [9] 0210/0213 0204 0.197 0233
fHIGeV 0.144/0.146 [116] 0.159 [9] 0.162 (9] 0191 (9]
dl 0 0.0600.040 [117] 0 0
at 0 0.040+0.030 [117) 0 0
4 0.180+0.037 [116] 0.160+0.090 [117] 0.150£0.120 [117] 0.230£0.080 [117]
ay 0.137£0.030 [116] 0.100:£0.080 [117] 0.140£0.120 [117)

0.140+£0.070 [117]

default scale 1 GeV

18/
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B — PP, PV, VV decays: numerics

e anatomy of NLO corrections to B and Acp of wmr, 1K modes

Mode Lo +vC QL P P PDG [105]

BB ) 358 389 . FRreE 55404
Acp —0.05 0.09 - 0.080% 34
B nr) 697 682 692 676 73123 5122019
Crin 234 -133 —12833 R4
Sxer -3L1 -355 ~46.4 -310 -36.4'1% 654
BE - 207 014 029 030 o 023499 1594026
Com -3.1 60.1 736 776 80253 332
B(B* - *K%) 17.0 208 280 194 20347 23708
Ace ~L19 -095 -0.06 -008 ~0080%8 ~17%16
BB* > 'K*") 100 1275 16.76 1192 123434 129205
Acp -109 -520 226 248 228°15) 3721
B x k) 143 150 29 164 171053 196205
Acr -152 542 —5.43023 8304
B - K%) 590 812 104 699 9905
Copo 262 -731 657 797 770492 0:13
Sox0 701 735 716 719 71.9'0¢ 5817

06

o B: QL cancels with MP corrections, not sensitive to VC and NLO ffs
o color-suppressed modes (7r07r0, WOKO) are more sensitive to NLO corrections

o asymmetry parameters is more sensitive to the NLO corrections

o VC (QL) flips the sign of the direct CPV of 7170 and 7970 (7®K*) modes

Acp(BT = Kt70) — Acp(BT — KTn—) = 7.71+2: T4 (PQeD) Vs 12.0 + 2.4(Data)

o LO PQCD predicted a large direct CPV in 7=~ KT, 7T 7~ (2000), which were
confirmed subsequently by the BABRA and Belle collaborations.

19/
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B — PP, PV, VV decays: numerics

e updated PQCD results for B(B — PP) (in units of 107)

PQCD SCETI [125] SCET2 [125] QCDF[127] PDG [108]

6310, = , o
203%3101 217434 23708
123433001 B . 125468 129405

5201139 69.5+28.4 69.3+27.7 745168 704£25
6.68+3261 1% 27:48 23245 22129 2404
Lsrgapane - . L8ty L31x017
Nq-7s mMixin Bi”(i”‘, “S:ESEE 445 N i igfg sa=0e
F Bt oty 2001037403¢ 2413 2813 38448 27209
v 7q-"s"Tg MiXiRg: xn 26240781045 49:20 50421 50085 402027
[Fan 2012] ~ p_ %+ 17145271 - . 193414 19.6205
B - k" 86'3¢ 99£0.5
632+263 6222254 709*501 664
46341370050 2444 23244 154 1234037
i Jd 1480474000 o . 21403 121£0.16
B K*K- 0.046+0038+0.009 e . 0.1£0.04 0.078£0.015
B ot 7313593 5.35 - . 7008 5122019
v Glauber glupnseffect 02355748 0.61 - B [REH 15906
[Liu 2014% B oy 02055500 23228 13206 040 12206
B~ 0201306057 0.880.68 0684062 036:31 0412017
Bom 0374505 069071 10+15 0324018 <1
B o 0295555006 10+16 22155 036+92] <12
B >y 04240094013 0.57+0.73 12237 0224018 <17

o NLO corrections are important in penguin dominated models 7K, n’K and pure
annihilation mode K°K?

o LO PQCD B(Bs — nt7m~) ~ 6 x 10~% (2007), confirmed by CDF (2011)
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B — PP, PV, VV decays: numerics

e updated PQCD results for the CPV of B — PP decays (in units of 1072)

Mode PQCD SCETI [125] SCET2 [125] QCDF [127] PDG [108]
B —n'K} —0.08*508+002 028709 ~17:16
Bt k" 2284508 498 30£2.1
ST — 18310400077 ~1x1 Txl 04514 04x1L1
—TI5 e 33231 ~33:40 ~14.5588 ~37:8
B* 5 K'KY 18341934048 —6.4%20
- Bt - alnt 0.08506+047 -0.11:50%¢ 34
Tq=Ms MIXINg =7y 6893448 21221 2+18 167198 616
V' Ng-ns-Ng Mixingg* »='n 2484408 5429 37229 —5.0%%, —1427
[Fan 2012] B K" —5.43+ 1880120 —7.4448 -83:04
[BY — nK? -10.6'G2 Coopo =0£13
Belle Il, PRL.131.111803(2023) 790112 Spopo = 5817
—0.04 £ 0.15 £ 0.05 (8 >yK? Llzl4 —27%12 3019 Cppo==624
0.75 4 0.20 £ 0.04 706 75 67.0+14 Spgo =636
BT =Ky 21221 18232 -23.6T50
69 79 79.0'8)
B KR e 10033 Crguy =040
LR e i = 8020
B - ntn -12.843341 17.044 Crop- = -32+4
sy g Spp =-ssaa
B -80.2+32+04 5724337 Copn=-33£22
ss5:473

21/26



B — PP, PV, VV decays: numerics

e updated PQCD results for the CPV of BT — PV decays

(in

units of 1072)

Mode PQCD SCETI [128] SCET2 [128] QCDF [127] PDG [108]
B K 1S4 278 267 6555 26227 ‘
B — K 34525409 _2.6+54 —19434 —9.7473 246
large CPV predictiors 5. ¢, 315880 16°183 13188 188 224
BY K0 ~0.94+925+004 0 0 0.4*43 -4x9
B0 oot s 12920 e 9221
B > K 5874852 9.2:152 16,0205 4544381 37£10
B' - k%" 0990010 0 0 0393 -3:15
large CPV in rare de{ngq KR 213462412 -361 —a.4ril -8.9430 12t14
B* > K'g —1.93100406¢ 0 0 0601 24£28
B —r'¢ 0.0 0.0 1£5
B st Rkt 05453 233 -13255 4x5
B oxp” 149:3402 -108413 -1924134 -9810% 0919
Bty SR issrig g o1 220
7g-Ts Mixing B o pt 20:03:00 ~198'%5% “21 7 14ty %17
? Mg-Ms-ng mixing B* o np* —13.0°01401 664313 914187 85483 111

o measured direct CPV in B — PV is significantly larger than that in B — PP

o it is hard to measure B — PV decays precisely <= vector meson is not stable

o cascade decay B — PV — PPP, hard to resolve see Wen-fei's talk, 11/3

o dimeson light-cone distribution amplitudes provide a possible solution

[Cheng, Khodjomirian, Virto 2017, 2019, Cheng 2021]
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B — PP, PV, VV decays: numerics

o updated PQCD prediction of B(B*T — VV) (in units of 107%)

Mode PQCD SCET [130] QCDF [127,131] PDG [108]

B p K™ 940¢ 430 893:3.18 92434 02215

B = p'K 62541305 4642137 55004 46211

B - wK™ 5481132081 5.561.60 30123 <74

B = gk 12347418 9.86+339 10,0434 10220
isospin symmetry B S KE® 066512008 052:0.18 06403 091029
smallness of B(popo) l B pp* 14.0°40404 22137 20,0643 240£19
Bt o ptw 10934500 19231 16935 159221

B(p+p7) ~ 2B(pJr O) B spte 0,042+ 001 1460.004 0.0050.001 <30
- LB op KR L sm2Eet 10632 89442 103:26

VS (no new physics wo@t_e.znggD isospin symmeLly ) Se7e 1T s 19214
PQCD: ~ 1.6 B Skt 593405500 3822139 25123 20405

Data: ~ 1 B gkt 187168 9.1423.14 100+05

B KR 03840031008 0482016 06103 083024

B = K™K 0174902008 0.16"21 <20

EERTEH 27741 255778 277=19 ‘

0.0 i —
PQCD : B(p"~p~) ~ 2B(7F 4 )0 1.00£0.29 09742 0.96+0.15

0 0 0
Data: B(p“p") ~ B(w 059019 008 sdtp £
B =% 0019155 G00: ~0.002 <33
Belle, PRLv133v1081801(2024)‘ B > ow Lzlj}}i;‘,ﬁ)};;‘ 039£0.13 07 12404
1.53 +0.29 £ 0.17 B S wp 0T8Ty ~0.002 <07
B> ¢ 0.029* 000240008 <0.027

o NLO corrections are important in rare modes pt ¢, p°p°(w, p), ww ()
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B — PP, PV, VV decays: numerics

e updated PQCD results for the f, of BT — VV decays (in units of 1072)

Mode PQCDLo [51] PQCD SCET [130] QCDF [127,131] HFLAV [134]
Bt = pt K™ 70.0£50 76613 45.0218.0 480520 488
B — Ok 75040 80013 420140 67.04510 7812
B* - wK* 64.0£7.0 77405 53.0+14.0 67.0'38 4119
B* ¢k 570183 687412 510+16.4 490*340 50+5
FoRRD TOLT0 L ER 500160 450139 82
B* = p'%* 98.0+1.0 96991 ~100 96.0+2.0 95+ 1.6
B >ptw 97.0£1.0 96303 97.0£1.0 96.0°3) 906
B* 5p'e 95.0+1.0 813419 ~ 100 -
B = p K"+ 68050 757413 5514 5304450 38+13
B - K0 65.0140 7043 610£13.0 30,0480 173226
B > wk™ 65050 I 40.0+20.0 58.0450 6911
BY > gk 565433 695412 5102164 5004310 497517
B - KOR0 58.0£8.0 68833 50.0+16.0 5201480 7415
BY - KK ~100.0 ~100.0 - ~100.0 o
B op'p 95010 93840 91203 92049 9.0
[ B® — p%° 12,0130 80919 87.0£5.0 9203, 71
B0 670750 742501 580140 52073
B 0% 95.0£1.0 813412 ~100 .
Belle, PRL.133 1081801(2024)‘ P o ow 660175 884°0% 64.0+15.0 94048,
0.87 £ 0.13 £ 0.13 B wé EERUerS gt ~ 100 -
B° > ¢ 97.0+1.0 99.9:00 .

t LO PQCD predicted f; ~ 0.7 in penguin dominated B — VV by annihilation
mechanism (2002), before the observation of "polarization puzzle”.
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Conclusion

o state-of-the-art PQCD calculations with including the current well-known
NLO and sub-leading power corrections

o Krm, Kp, Kw, K¢ and K*p, K*w, K*¢ channels v'v'  K*m, K*K channels v/
o fiin K*p, K*w, K*¢ channels is still larger than the HFLAV result

LD effect in B — K™ transition ? NLO corrections to B — V form factors ? width effect of the

intermediate vector resonant (four-body decays) ?

o 1) involved channels do not consist well with data

the complicate mixing mechanism ng-1s-1g 7

o CPV of charged (neutral) B decays is (not) sensitive to the new added
two power correction (heavy quark expansion), especially for the channels
with at least one ) in the final state
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Conclusion

e predictions in K27° ww modes are confirmed

e what's the next ? CPV or nn,nn’,n'n’ ?

Our results for B and f; agree well with predictions from
next-to-leading-order (NLO) perturbative QCD (PQCD)
[23], but not from leading-order (LO) PQCD [19]. This
indicates that NLO corrections and power-suppressed terms
play an important role in color-suppressed b — (u,d)
decays. Such a role would help clanfy the puzzle in
BV 59,0 where the measured f, is significantly higher
than the LO PQCD prediction [19]. Qur result for B(BT:
o) 1s significantly higher than the prediction from soft
collinear effective theory [22]. Our result for Ap shows no
significant CP violation, consistent within uncertainties
with CKM unitarity. Belle, PRL.133.1081801(2024)

[23] Chai, SC, Ju, Yan, Lu, Xiao, CPC 46.12(2022)123103
[19] Zou, Ali, Lu, Liu, Li, PRD 91.054033(2015)

Thank you for your patience.

26 /26



	I  B physics and CP Violation
	II  Three-scale factorization approach
	Low energy effective hamiltonian
	Three scale factorization

	III  State-of-the-art PQCD prediction
	IV  Conclusion

