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Standard Model of Particle Physics - Particle Spectrum
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Flavour Changing Charged Currents
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Flavour Conserving Neutral Currents (GIM)
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Glashow-Iliopoulos-Maiani (GIM) Mechanism

Loop-induced FCNC amplitude in s — dutpu~ decay

I Cabibbo-GIM mechanism §
Cabibbo and GIM — GIM fixed this problem by postulating a 4 th quark,
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The Cabibbo-Kobayashi-Maskawa Matrix

B Charged currents involving quarks: J# W,, = —%ﬁi'yf’w; VekmDE
Vua Vus Vup
Vekm = (Vea Vs Vo
Via Vis Vw

B Requires four parameters, one of which is a phase inducing CP
violation; customary to use the handy Wolfenstein parametrization

—3A? A AA® (p — in)
Vakm =~ | —A(14iA%A%y) — 12 A\?
AN} (1—p —in) —AA*(1+iA%y) 1

® Four parameters: A, A, p, 1; p = p(1—A%/2), ij=n(1— A?/2)
B The CKM-Unitarity triangle [¢p1 = ; ¢2 = &; ¢p3 = 7]

(p.n)




Main target of flavour physics

Precise determination of the CKM-Matrix Elements and Phases of the

Unitarity Triangle!
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|Vep| from Inclusive decays B — X fvy
B  Theoretical Method

Heavy Quark Mass Expansion and Operator Product Expansion (OPE)
[Chay, Georgi, Grinstein; Voloshin, Shifman; Bigi et al.; Manohar, Wise; Blok et al.]
Perform an OPE: my, is the largest scale

Decay rate for B — X £,
r=ro+mibr1+mi§rz+migr3+---
I'; are power series in as(my) — Perturbaton theory
I'y is the decay of a free quark (“Parton Model”)
I'; vanishes due to the absence of dimension-5 operators
I'; is expressed in terms of two non-perturbative parameters
2MpA1 = (B(v)|Q0(iD)*Qy|B(v))
6MpA2 = (B(v)Quoyy [iD",iD"]Qo|B(v))
A1: Kinetic energy, A»: Chromomag. moment (also called y% and p2)

I's involves several new parameters



|Vep| = (42.2£0.8) x 10~3 (PDG 2020)
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B HOQET has yielded precise determinations of the matrix elements V., and V,;

(PDG 2020)



|Vep| from B — D* Lvy decays
B — D*£v, decays
ar G? 1/2
= (@ = 1)" i (i — mpe)? G (@) Ve | F (@)
® F(w) = Isgur-Wise function: G (w) phase space factor:
g =701 =1,

® Leading Agcp/my, corrections absent (Luke’s theorem)

e Need second order correction to F (w = 1), and slope p?
F(w) =F(1) [1—8p*z+ +(53p* — 15)z% — (231p* — 91)2°]
where z = (Vw +1—V2)/(vV/w F14++v2), F(1) = ga[1+ 61,2 + -]

e strong correlation between F (1) and p?

F(1)|Vep| =
(35.27 4 0.52) X 103 [Grinstein & Kobach, PLB771,359(2017)]

[Va| = (38440.740.5) x 1073 [Lattice QCD (Fermilab, MILC, 2017), I



|Vub|

B Use of OPE to calculate inclusive spectra:

From End-point spectra in B — X, vy and B — X,y

B Decay rate in the cut-region depends on the shape function f(w)

2Mpf(w) = (B|Qud(w +n- (iD))Qu|B); (n.v=1,1n*=0)
B Leading Shape Function in B — Xs7; (x = ZTE—Z)
[Neubert; Bigi et al.]
o G VWi P Co 271 — )
® E; - and Mx, -spectra in B — X, lv, governed also by f(x)
e f(x) can be measured in B — Xy

B |Vy| = (4254 0127013) x 1073



|Viup| from exclusive decays B — 7wlvy

2
(7t(pr)byuq|B(ps)) = ((PB +p)u —

2
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Techniques used to determine F (g2), Fo(4?)
o Light-cone QCD sum rules  [A. Bharucha, JHEP 1205 (2012),092]

o Lattice-QCD (Unquenched) [HPQCD, FNAL/MILC,FLAG]
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|Vep| — |Vup |:current status
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Current Status of the CKM-Unitarity Triangle [CKMfitter]
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Inclusive decays of heavy quarks
B Concentrating on hadrons with a b quark, the starting point is the
transition operator 7 (b — f — b), describing the forward scattering
amplitude of b quarks via an intermediate state f

(Hy) = 5 (HolT(b = f = b)|Hy)

m To second order in the weak interaction,

T(b—f—b) = nm/{cw(x)cw(o)}T

Lw(x) = G—\/% [JuJ*t + h.c.] denotes the effective weak Lagrangian, and
{.}r denotes the time-ordered product

B Treating my, as a large parameter, a Wilson OPE allows to express the
non-local operator 7 as an infinite sum of local operators with

increasing dimensions of 1/,

T—f—b)= ch(ﬂ)on(ﬂ)



Inclusive decay widths
m Toorder1/ mg, one has

G2m5 — b
[(Hy > ) = {imeb Vel cos (HulBelHs) + 55 (4 Bioy G bl
my

c _
+2 3 25 (Hy | (Tibg) (@) | Hy) +
j b
® The lowest (dimension-3) operator for b-quarks is bb. In the m; — oo

limit all b-hadrons will have identical lifetimes

® Note: The first term is the Noether current for the heavy flavor quatum
number, and hence its expectation value is determined by the beauty
content of Hy: )
(Hy|bb|Hy) = 1+ O(1/m?)
® Using equation of motion, the operator bb is expanded in a series in

1/my, (v, denotes the four-velocity of the heavy hadron Hy)

R 4 1 ..
(Hy|bb|Hy) = (Hp|vubyub — =—b[(iv.D)? — (iD)?|b + —bic.Gb|H,) +
2my, 4my,



Chromomagnetic and kinetic energy operators

The difference in the lifetimes of the B meson and A baryon are
proportional to 1/m3 and essentially determined by the expectation
values of the chromomagnetic and kinetic energy operators

The chromomagnetic operaor bicy, G'b appears in the expression for
['(Hy — f) and in the expansion of bb. Its expectation value vanishes for
the baryon Ay: (Ay|bicy,, G*b|Ay) =0
For the B mesons, 3yperfme splitting of the B* and B gives:
(B|bioy,yG''b|B) = 5 (M3, — M%) ~ 0.74 GeV?. This yields
_ <B|bl‘7}” GM'b|B)

Gp = BT ~ 0.015
The second term in the expansion of bb describes the kinetic energy of
the b quark in the hadron Hj:

(Hy|b(i0.D)? — (iD)*]b|Hp) = (Hy|b(iD)*b|Hy) = ((Ps)*)n,

722
This is estimated as K, ~ Kp = <F;ZZB ~ 0.015
b

Expectations based on HQE are borne out by data (PDG 2021):
7(B%) = (1.519 +.004) x 10712 5; T(A}) = (1.4714.009) x 10712 s




Dimension-6 operators and B - Bg lifetime difference

m  For the BT - Bg lifetime difference, the O(1/ mi) chromomagnetic and
kinetic operators are innocuous, as strong interactions obey isospin
symmetry

® At O(1/m}), one encounters dimension-6 operators, encoding
interactions between the valence b and the light spectator quarks. For
the dominant charge current b — c transition, they are given by the
following AB = 1 effective Hamiltonian

S VaaCL)QY (1) + Co(1) QY (1)) + hc.

d,s;u'=u,c

Hegt = b
f Cl e
m  The Wilson coefficients C;() contain the short-distance physics
associated with the scale above the renormalization scale y, and the
weak interactions are encoded in the four-quark operators (i and j are
colr indices):

Q' = by (1 — 5)cin (1 — s)d
Q4 = by (1 — s)eify* (1 — s )d]



Weak Annihilation and Pauli Interference Effects in H, decays

B The so-called weak annihilation (WA) and Pauli interference (PI) effects,
T3, being suppressed by O(1/m3}) are: T3 = Ty, + T,

GZmi|Va|? .
T = g;“ L Wl (ot + Pt + o+ cur)
Vol (FQ" + FSQE + GT* + GSTE)] + (d—9)
G2 ’Hl% V:i') 2 u U u u
T = %"[P@ + Q% + G'T" + G4TY].

® The superscript F7, F1, G, Gg refer to the ¢q intermediate state

m Q7,Q% 11, TZ are the local dim-6 AB = 0 operators (T are SU(3)

generators)
Q" = byl —5)a 7" (1 - 73)b, Q% = B(1 —5)qq(1+75)b,
T = by, (1 — )T qqy" (1 — 435)T", Td = b(1 —75)Tqq(1 +v5)T"b



The B —Bg Lifetime difference in NLL accuracy

[M. Beneke et al., Nucl.Phys. B639 (2002) 389]
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Objects of Interest

SU(3)p-Triplet of Stable Double-Bottom Tetraquarks

® Double-heavy diquark: color 3, spin Sy, = 1
m Light antidiquark: color 3, spin 5571 = 0
® Ground DHTQ states: L=0

m Spin-parity of DHTQ: JP =1t

(-G



Global results for the binding energy AE on spin-1 doubly-heavy tetraquarks
[P. Junnarkar, N. Mathur, M. Padmanath, PR D99 (2019) 034507]
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strong thresholds



Estimates of the lifetime for T{ b} using heavy quark expansion
[AA, A. Parkhonlenko, Qin Qin, Wei Wang, Phys.Lett. B782, 412 (2018).]

®  HQE simplifies the inclusive decay widths. Up to dimension 6 :
G%mg

T = {273

[Verm|? {C3bbb+ bgsffva "

C _
+2-3 (bq)r (gb)r + }
~ b
B Atleading order in 1/m;, only the bb operator contributes:
{bl’} |bb| T{bb}>

Grmy 37’
T T{_h_l;} _ b 2 99
(Tiag)) = qogr3 Vermleang Z 2m "
[77']
<T[{ql:1b}|bb‘T[{qu§> . {bb} :
] i corresponds to the bottom-quark number in T[qq’] ,and is

i
twice the matrix element for B meson and A baryon

B Hence, expect T(T{bb}) ~1/27t(B):

]
(T[{qb‘ja’) ~ L 16 % 107125 = 800 x 10156



Detached B,-vertices as a sign of double-bottom hadrons

[T. Gershon, A. Poluektov, JHEP, 1901 (2019) 019]
m Key observation

Weakly decaying double beauty hadrons are the only possible
source of displaced B, mesons

m Require b — c transitions

T T



Detached B, -vertices as a sign of double-bottom hadrons

[T. Gershon, A. Poluektov, JHEP, 1901 (2019) 019]

Working example: Displaced charm

Signature of displaced charm used to measure toool. LHCP prompt charm |
inclusive pp - bbX production cross-section no u tag
LHCb-PAPER-2010-002 = sool- 1
3
. . 2 600 b - charm 7
Muon tag from semileptonic decay helps to 5
suppress background from prompt charm W 400 o
- not possible for displaced B_ analysis
i 200 ]
- (b-c) instead of (b-c)
O
-4 -2 2
In(IP/mm)

signal:background ~ 1:20

still able to distinguish
displaced charm with 2.9 nb™

IP resolution since improved




Rate Estimates for Detached B -vertices

m B(Zy, — B +X) =08x1073

= B (T[{;’;]} "5 BY X)) ~ B(Eppy — B 4 X) [Ridgway, Wise, PL B793 (2019)
181]

B B(B.—J/yn = utu m) ~2x107* [CE Qiaoetal,, PRD 89 (2014)
034008]

m o(pp—H (o} + X) ~ 15nb [AA, Qin, Wang; PL B785 (2018) 605]
B With 9 (fb)~! yield ~ 10? detached u*u~ 7~ events at LHCb

B Yield an order of magnitude higher for the ATLAS & CMS; worth an
attempt with current data!
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Weak Annihilation Decays of Stable DHTQs

[AA, A. Parkhomenko, Qin Qin, Wei Wang, Phys.Lett. B782, 412 (2018).]
Weak annihilation decays are determined by W-exchange diagrams

Of interest for LHC are modes with J/¢-meson production

[{:;} SBJy, T =BTy, TR By

’0 °—6 0_6
] . . 0 | . . 0

Described by factorizable amplitudes

M(TI= B y/y) =

(3]

o bb
\@ CbV:‘Fs effm‘l’fllf € !S,YF‘ (1 - 75 } T{ -

The general decomposition of T[{ﬁg]} — B transition is similar to B — A

transition matrix element; one needs to know form factors

Decay Tﬁab[%} - — B ]/ is suppressed due to the CKM factor V', by

approximately a factor of 25



T{bb}
[nd]
B Tell-Tale signatures: Decays into “wrong-sign” heavy mesons
[A. Esposito et al. , Phys. Rev. D88, 054029 (2013); S.Q. Luo et al. , EPJC 77,709 (2017)]

Weak Decays of

B Effective Weak Hamiltonian

4G -
H&E) = \/§F 2Vid {Cl [CayuPrb”] {dﬁ’Y”PLuﬁ}
+C2 [cpyuPrLb"] {Ei,x'y”PLuﬁH
4Gr

+ Vi Ve {c1 [y, PLb"] [ng‘PLcﬁ]

V2
+C; [E,B'YVPLbﬂ {Ea’yﬂpLCﬁ} } +h.c.
B Two-Body Baryonic Decays fromb — c+d+#tand b — c+s+¢




An order of magnitude estimate

B Involve non-factorizable Amplitudes . For the ]P =1t tetraquark, the
general form of the decay amplitude is:

M(T i{ﬁ]} — 2 p) = o(pp) {flabcﬁ 'y +fubfp

5 o Z\ZT + 817 15 4 + 82 s
q" p
+ 85" P ours MT:| u(pz,) er(pr)
B Inspired by the B meson decay data
BB’ —=D'n") = (252+0.13)x 1073
BB = D'D;) = (72408)x107?
® Infer that B(T {b-b]}_ — B9 p) and B(T [{b-b]}_ — Q) A7) areof O(1073%)

® Needs reconstructing the doubly heavy baryons Z) and QY , such as
through Eg . — ApK™ 7", expect the two-body baryonic decay modes of

f{bj]} can have branching fractions of order 10-°



Hidden-Charm final states in T[{;L%}_ decays
B Insome decays hidden-charm mesons, such as |/, 1/1’ , can be produced

T /KB,

(]
{bb}— _350
TW] — J/$pK™B
J : ® / : ®
B Their decay branching ratios can be comparable with the B(B — J/¢K):
BB’ = J/yK’) = (873+032) x107*
B Expect that the product branching ratios to establish T[{;I%F are at most

of 0(107°)



Outlook

{bb}
[79']
and double-bottom baryons Egb, Eppr )y, at the LHC and Tera-Z!

-

m Great potential of discovering double-bottom tetraquarks T

m Hope: Will establish heavy-heavy (Coulomb) diquarks as
fundamental constituents of hadronic matter!!
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