QFT with Hadrons

Introduction to B Physics

1. Leptonic Decays of Hadrons: fromm — fvtoB — /v
QFT in Hadron Decays. Decay Constants. Helicity Suppression in the SM.

2. On the Structure and Unitarity of the CKM Matrix
The CKM Matrix. The GIM Mechanism. The Unitarity Triangle.

3. Semi-Leptonic Decays and the “Flavour Anomalies”

B = D) ¢ v. The Spectator Model. Form Factors. Heavy Quark Symmetry.
W B — K ¢+ ¢-. FCNC. Aspects beyond tree level. Penguins. The OPE. Data.
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From my to mg

What does ‘“running’ of the Wilson coefficients mean, and what
consequences does it have?

Matrix Equation: Cy(u) = Z Ulj(,u, mW)Cj(mW)
j ™~

U: “Evolution Matrix”

QCD corrections » Large logs & operator mixing (U is not diagonal)

3 as(p) (, My 11 2
N, dr (ln e 6 + O(a3),
b.

as () Mg 11 2
C = -3 In —*- — — 0, :
) = =32 (1 M 2 o -

Expansion parameter is not really o
but a, ln(m%,/ u?)

Large for p ~myp « mw

The “Renormalisation Group Method”: sums (aS In(my,/ ,u))n

Uj; 0bta1neffi by s,f)lvmg differential dcC, The kernels, 7, are called the
equation ( RGE ) analqgous to that B | “matrix of anomalous dimension”
for other running couplings:

See, e.g., M. Schwarz “Quantum Field Theory and the Standard Model”, chp.23
Buchalla, Buras, Lautenbacher, Rev. Mod. Phys. 68 (1996) 1125
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Quark-Level Matrix Element

E.g., Buchalla, Buras, Lautenbacher, Rev. Mod. Phys. 68 (1996) 1125

For now, all we shall care about is that the Cij(myp) have been calculated
in the theoretical literature with high precision

Not just for SM, but for many scenarios of physics BSM as well.

E.g., SUSY: Ali, Ball, Handoko, Hiller, hep-ph/9910221
GF\/_

a _
ViV, | Coplmy) (575 (1 = y5)b1[27,£]
27

MDb — sCTC7) =

+Croa(mp)[57#5(1 = y5)b1[Zy, 15t

=2y (my)[Sic* 22 2 (1 4 75)b[ 7,7

Next: add perturbative contributions from other operators

Then: add non-perturbative effects of hadronic resonances

Finally: form factors = hadronic matrix elements
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Additional Perturbative Contributions

Additional Contributions to Oo:
W-exchange O1 : cc pairs

QCD penguins Os.6 : gq pairs (uds.cb)

Buras, M. Miinz, Phys. Rev. D52 (1995) 186.
Misiak, Nucl. Phys. B393 (1993) 23; +err. Ibid. B439 (1995) 461

Coy = C§M(g?) = Co+ 2.(9% C1_g) + 8)(a% Cs_g) + 8ua(q% C3_g) + =(3C3 + C; + 3C5 + Cy)

Recall: 9% = (ps—px)* = (ps+ + ps-)? N / ) /
"Loop functions”

contain Inm?/m?, Ing*/m?, Inu*/m}

Large at low g2

Question: what do you call a ¢C pair also contain imaginary parts for q2 > 4mg2
with q2 ~ 4m§, in a spin-1 state?

Perturbative calculation is presumably not valid.
Main worry is g since it gets contributions from the O(1) C; coefficient

Corresponds to on-shell quarks » can propagate over long distances

Note also: C;, — Cs" = Cy,+ Cs/3 — G

(*in the scheme used by Buras, Fleischer, hep-ph/9704376)
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ReSO NANCES (nd other long-distance states)

Which cc states are there?
Are they important?

Yes: in resonant region(s), process is really

(Note: black lines in

this figure = observed Hosaka, Iijima, Miyabayashi, Sakai, Yasui, 1603.09229
charmonium states.) [GeV] .

. Cartoon adapted from
(X Y Z states 4.4 4430) B — J/l//K, fO”OWGd by J/l// —> f+f . Blake, Lanfranchi,
highlightedinred= | | fJessea®"""""rpuua""""" : : Straub, 1606.00916
possible “tetraquark” : 5 : T T T T T T T T T T
o 4.2 qunsadoagfrenannnns :
cCqq states) . :
(Blue dots = predictions - -y _2_D ________ o —* i\ Broad charmonium
from a conventional quark 4.0 : 3900) wuuus - ;D +D ,.g resonances (above the
model; agree well below DD : = ;ZC2 § — ~ open charm threshold)
threshold, not above it.) : ainieiioieiely A SUDCTIITER §D+ D — Photon pol ,
3,8 — ] munn : ,.O pO (&
L b-L . dmap) ~377GeV I o7 (V2 D+D &~ enhancement (from C7) w(1D)
m,qg ~ 3.69 GeV r:”“' ; SRR :
Z i : Lo R Sensitivity to
'-nvr l e Cg and 010
e : c0 < >
o4 : . CKM suppressed
L ¥ light-quark resonances
30 | hich of thesé cogld Eg.: ml~1GeV? —
; P w(3S),
my, ~ 3.1 GeV . be relevant to us \
0T : : Sensitive to C;—Cl phasespajce
58 : interference SUPPTESSIOon
JPC= 0—+ 1_" 1+— O++ 1++ 2++‘ 2_‘" 1_ i 2__ 3__ |‘ 1 1 1 | 'I 1 1 1 ] 1 1 1 1 ]
3
S <« increasing hadronic recoil q2 [Gev 2]
1.=0 =1 =2 increasing dimuon mass =»

(can add resonances with Breit-Wigner functions + “non-factorizable contributions™ in Cgff)

Note: the dilepton g? spectrum 1is still relatively clean below the J/psi
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https://arxiv.org/abs/1603.09229
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(Non-Factorizable Contributions?)

We so far did not consider multi-hadronic final states

But that is effectively what the B — J/y K intermediate states are.

Non-factorisable contributions: general problem in multi-hadronic processes.

The factorisation ansatz

Including the J/y and other cc (henceforth v, ) states as Breit-Wigner distributions in C, eff.
we are effectively factoring the process, into B — K transition @ y, creation (& decay):

o) (115) (e A o 10) K 1)

(The creation & decay amplitudes for y, are proportional to the y, decay constant.)

<Kf+f“H‘B> ~ <f+f—‘1§r A

Ignores any crosstalk between the J/y and B — K currents.

Non-factorizable contributions

Long-distance interactions between the (hadronic) J/y and B — K currents.
Beyond the scope of this course
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Hadronic Matrix Element & Form Factors

We are now ready to look at the hadron-level matrix element

+/- GFa eff = Z
MB ~ K ET) =V, Vs | CS(K (| 571 = 1 | Bow) 12,1
T

+Cioa(K(p) | 571 = 79)b| Bpp)) 177,757

m, 4, _
—2m—bc7ff<K(P1<) ‘ Sic” E(l + Vs)b‘B(PB» [f}’,/]]
B

Similarly to B — D?v, axial part does not contribute in B —» K¢

But we do need a magnetic form factor, due to the C7 contribution. . q !
Pk
(K(pg) ‘ SYH(1 = ys)b ‘ B(pp) =f@)(pp+pk) +/(@)pg—pg)  wesinpi=o
o wd £r(q”)
<K(pK) ‘ Slg”’/_;(l + 75)b ‘ B(pB)> __JT (6]2(]93 + pe ) — (mé _ m{%)qﬂ)
q mp + Mg

K is not a “heavy-light” system (Aqgcp/ms ~ 1) =% cannot play Isgur-Wise trick; have to keep both f; and f-




(Example of Form-Factor Parametrisations)

Main method is called ‘‘Light Cone Sum Rules”’ (LCSR)
The ones below are admittedly rather old; from hep-ph/9910221

F(3) = F(0) exp(c18 + c28” 4 ¢357). Max | f, fo  fr

F(0)0.371  0.371 0.423
C1 1.412  0.579 1.413
Co 0.261 —0.240 0.247

Central f + fO fT

£(0)]0.319  0.319 0.355 cs | 0.822  0.774 0.742
C1 1.465 0.633 1.478
Co 0.372 —0.095 0.373 Min | fy Jo I

F(0)]0.278 0.278 0.300
c1 | 1.568 0.740 1.600
cs 10470 0.080 0.501
c; |0.885 0.425 0.796

C3 0.782  0.591 0.700

(and there are corresponding ones for B — K*)

R T
Peter Skands Monash ~ #\  University



Peter Skands

The B = K £+ £- Decay Distribution

Squared matrix element + trace algebra EXeielseHCORICErer:

Hint: use advantage of OPE basis:

S G}% a2 0 5 5 9 ” operators are orthogonal. E.g., axial and
|%| = 172 | V;X;thl D(q ) (ﬂ(mB, Mg, 4 ) — U ) vector currents can't interfere.
2 /
. 2my, 2
Wwith D(¢*) = | C§"(g™) | f(g?) + Cs" g™ | + 1 Cioal” fi(g?)? e
Mg + Mg - '

And  Ma,b,c) = a®+ b% + c? —2ab — 2bc — 2ac, u=2pg- Py — py-)
Note: we assumed lepton mass vanishes =% no dependence on f. any more!

Phase Space

Useful Trick: factor 1 — 3 phase space into two 1 — 2 ones using

Jd4q 5(4)(61 —-pr—p)=1

Exercise: starting from the standard form of dLIPS for a 1 — 3 decay, show that :

dUp_gprp- | M|

dg?du  2%7%m3
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What does data say?

Here just looking at LHCb measurements; From talk by E. Graverini, BEACH 2018
Additional measurements by BaBar and Belle not shown.
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Figure 3. (Colours online) Differential branching fraction for various b — suu transitions
measured at LHCb, superimposed to SM predictions [2—5,40)].

For both the K and K* final states, the data is a bit on the low side (compared with SM)?
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The Flavour Anomalies Part 2

Regardless of the complications in analysing these decays, we can
again also use them as tests of lepton universality

Br (B — K®putu~) Expect R =1 in SM

— (the complicated stuff
*) ot
Br (B — KWete ) drops out 1n the ratio).

Now, form the two ratios: Ry, =

T T T 1 . B A

LHCb - é: 1.0 e ¥ @2 (SM-Theory) - i

R i | 1 ¥V -m-9—e (SM Theory) i

K [ B 0.8 :— I —:

* ~ _ 061 % ® LHCh

' i BIP ]

+. ] 0.4 - R 0 v CDHMV

_ - K B EOS i

0.2 ® flav.io ]

_ e LHCb -mBaBar —&Belle : - LHCD e JC _
O— I T e OO AN R S TN AN N YT T S TN TN T [N T TN T T N T T N [N T M N
0 5 10 15 20 o2 st e 8
e [GeV?/c4] ¢ |GeV7/c]

... Interesting ...
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Representation in Co- Cqg space

From: Altmansshofer & Stangl, New physics in rare B decays after Moriond 2021, Eur.Phys.J.C 81 (2021) 10,952 2103.13370 [hep-ph]
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(Note: what is actually plotted here is the difference between the SM values of C; and the
measured values; sometimes denoted AC;. Dashed lines show the status before 2021.)
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https://inspirehep.net/literature/1853232
https://arxiv.org/abs/2103.13370

(What Approximations did we Make?)

Top Quark Dominance

Low-energy effective theory at quark level

Matched at finite loop order to full theory
Running at finite loop order from mw to mp

Non-leptonic operators contributing to C7eff and Cgff, but not C; 4

Effect of intermediate c-cbar resonances

Non-factorizable contributions

Other hadronic states: light-quark resonances, open charm, ... ?

Form Factors

QED Corrections at Hadronic Level?




