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General considerations

* Long standing issues
* Experimental:
dark matter, baryon-antibaryon asymmetry, strong CP, neutrino masses,...
+ Theoretical:
naturalness (hierarchies, fine tuning, fundamental scalars, ...), gravity, ...

® (So) many possible (more or less) elegant solutions
% Supersymmetry, extra dimensions, extended Higgs sectors, composite Higgs
models, vectorlike fermions, axions, ...

More recent experimental issues:
B—D®)tv, B—K™Il anomalies, Unitarity Triangle fits (B—7v, angle y, V., Vep),
Lepton Flavor Universality Violation (B—Kuu, Kee), muon g-2, LFV (h—tu), ...

¥k No compelling BSM models that address all issues **x*

* Every anomaly seems to point in different directions
* Proposed solutions involve leptoquarks, variants of 2HDM, new scalars, light
Z’ bosons, gauging lepton number, ...
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General considerations

* The experimental landscape is bright!

+ LHCDb: focus on exclusive modes (B—K™Il, B—D!*)D(*), Baryonic modes, ...)

+ Belle Il: clean environment allows (in addition to what LHCb does) inclusive
modes (B— X4y, B—>Xy/4ll), inclusive and exclusive semileptonic (B—lv,

B—Dlv, B=sXy.lv, ...), B>tv, LFUV, LFV, ...

* Among the current tensions

% some rely on measurements that are only possible at Belle Il (e.g. B—>7v)

% some require non-perturbative results (form factors, hadronic/LBL
contributions to g-2, £’/e from lattice QCD

Interplay between exclusive (LHCb) and inclusive (Belle Il) measurements
with orthogonal theory systematics is ABSOLUTELY CRUCIAL to establish
a breakdown of the SM.
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Effective Hamiltonian

» The effective Hamiltonian responsible for b—q (q=d, s) transitions in the SMis:

4G ViV u)
Hesr = _—F‘/;ﬁbV* ZC Q T b q ZC Q Q + Z QQzQ + Cbe + OVI/QVI/

V2 VaVig 15 _

-~

Aq

* A4 contributions are relevant only for b—d transitions and yield large CP
asymmetries (A; = —0.0074 4+ 0.020 ¢ , Ay = —0.036 — 0.43 7 )

® Phenomenologically important operators are:

e B B
Q7 — 1672 (QLO-'u bR) F/u/ QI/I/ — (QL’YMbL) Z(Vﬁfyu(l _ /75)V€)
B — (K*, K1,p, Xs, Xqg,...)Y B — (K*, X, ...)vp

Oem —
Qo = - (@uyubr) Y_((4"0) Q2 = (quuer)(erbe)

o _

- = z

Q1o A7 (2L Yubr) Z(M 756) charmonium resonances:

(%)
b — (K(*)aﬂ-aXS)Xda..-)gé B — (K ’W’XS’Xd"“)(wCC%EE)
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Theoretical Tools

The central problem is the calculation of hadronic matrix elements of the type
(M|T Oi(@)Jem (y)| B) » (M1M2|Oi(x)|B) or (B|T Oi(x)0;(y)|B)

* HQET/SCET) : Scales are systematically isolated in an effective theory framework.

Power expansion in 1/m,. Inputs are form factors and LCDAs.

A
A(B — M1 M) ~ Fp_p, ® Hi ® dpr, + ¢ ® Hg @ dpr, @ dag, + O (ml))

* pQCD : Endpoint singularities are smeared by integrating over parton transverse
momenta. Sudakov double logs can be resummed (S)

A non-local
A(B%MlMQ) N¢B®H6®¢M1 ®¢M2 ®S‘|_O (ﬁ\)/
b
e Lattice QCD :direct calculation of matrix elements, decay constants, form factors
and some LCDA moments from first principles.

Note that form factors are calculable at large-g-°.

® LCSR : Calculation of form factors at low-¢? in terms of LCDA’s. Uncertainties
are related to quark-hadron duality, elastic threshold and Borel parameter.
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Theoretical Tools

e OPE: T O;(x) g, ZC x —y) Qi(x)
We usually have (v - ) ~0instead of =" — 4" ~ 0:quark-hadron duality
B — X0/ B — K™y
A? /
(B — X, 00 = T[b— X,00 + O [ —
my e y e
@ 7(9)
|
|
\ - b 015 8
02 \ 1 Oy (z—y)* ~q?

—2
—2
(x —y)? ~px- ~ (mb — \/q2)
The OPE breaks down at large g°. Charmonium
resonances can be included using ee — hadrons
[hep-ph/9603237; Kruger, Sehgal]

[0902.4446; Beneke, Buchalla, Neubert, Sachrajda]

The OPE breaks down at small g-.
Charmonium resonances correspond
to large 7" — ¥" and must be dealt

with invoking quark-hadron duality
[ 101.5118; Beylich, Buchalla, Feldmann]

Enrico Lunghi 730




Non-perturbative inputs

* /B and fp_ from lattice [ALPHA,, ETMa+ 141, FNAL/MILCy+1, HPQCD2+/+1, RBC/UKQCD+]
* Form Factors. LQCD: B_y(77,K) [FNAL/MILCy+1, HPQCD3+1, RBC/UKQCD1+1]
- modified z-expansion Bs— K [HPQCD2+1, RBC/UKQCD:+]

- non-optimal treatment and B;— @ [(Horgan, Liu, Meinel, Wingate),+1]

of the unstable K* B—D [HPQCD:+i, FNAL/MILCa+1, (Atoui et al.)]
B—D* [FNAL/MILCy+]

- modified z-expansion and Ap— . [(Detmold, Lehner, Meinel)2+1]

p—>/1 [(Detmold, Meinel),+]

LCSR: B—(m,K,n,0,w,K*) [Ball, Zwicky; Bharucha, Straub, Zwicky]

Bs;—(K*,¢) [Ball, Zwicky; Bharucha, Straub, Zwicky]
o LCDA. ¢xand ¢k: Lattice QCD gives the first few moments [Arthur et al.]
¢p: Guesstimates! But see [1404.1343; Feldmann, Lange, VWang]

e Power Corrections
# Inclusive: calculable in terms of local matrix elements.

# Exclusive: within SCET they can be expressed in terms of new non-local
matrix element but there are no current estimates beyond naive scaling
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Recent Results (last year)

e Multi-hadron (n>2) exclusive decays

» BT K" pp [1505.07439; Di Salvo, Fontanelli]:
naive factorization, some modeling, CP asymmetry

*+ B — D™m T T [1506.03996; Talebtash, Mehraban]:
naive factorization, HHyPT

o B¥f S KTK K* [1509.06979; Lesniak, Zenczykowski]: QCD factorization, KK
rescattering in S,P and D wave, large strong phases, large CP asymmetry

® Two-hadron exclusive decays

* By — w7 £¢ [1502.05104;Wang, Zhou]: non-resonant (0 — 7) study

W B(S) > D(S)D(S) [1505.01361; Bel, De Bruyn, Fleischer, Mulder, Tuning]

* B — wwly [1511.02509; Hambrock, Khodjamirian]: LCSR, di-pion form factor

* Asymmetries in B — K« [1510.05910; Liu, Li, Xiac]: pPQCD and Glauber modes
» Ny — Ao, m, 77’) [1603.06682; Geng, Hsiao, Lin,Yu]: QCD factorization

*B— J/YWKy — J/YKnm [1604.07708; Kou, Le Yaouanc, Tayduganov]: Dalitz plot analysis to
extract details of the K; decay. This can be used to extract the photon polarization in B—K;y
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Recent Results (last year)

® Single hadron exclusive decays

*B — (m,D,D*){vand By, — K{lv

A comment on the Rp and Rp+ anomaly: the measured B — (D, D*)7v., rates are (with
reasonable estimates of higher resonances contributions) in disagreement with B — X 7v
predictions [ 1506.08896; Freytsis, Ligeti, Ruderman.

» Ay — plv [1503.01421; Detmold, Lehner, Meinel]: lattice QCD

Ay — (plyv, AL0)[1511.03540; Kozachuk, Melnikov, Nikitin]: Bethe-Salpeter equation approach
Ay — A0/ [1602.01399; Detmold, Meinel. 1603.02974; Meinel, van Dyk]: lattice QCD

* B — D~ and B, — J/4~ [1511.03540; Kozachuk, Melnikov, Nikitin]: annihilation topologies
B — Ky~ [1604.07708; Kou, Le Yaouanc, Tayduganov]: photon polarization

* B — (m, K, K*)/

® |nclusive decays:
* B— X544y and B — XU

® | eptonic decays
* B, — 00 :for reviews see [1405.4907, Bobeth. 1407.0916, Fleischer. 1407.277 |, Knegjens]
* B — ~vfv [1604.08300;Yang, Yang]: Factorization at |-loop, attempt to discuss soft photons
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B — X W/

* A collaborative effort:
Asatryan, Asatrian, Bobeth, Buras, Gambino, Ghinculov, Gorbahn, Greub, Haisch, Huber, Hurth,
Isidori, Lee, Ligeti, Lunghi, Misiak, Munz, Stewart, Tackmann, Urban, Walker, Wyler, Yao ...

photon pole ¢ The effect of each intermediate resonance
is proportional to the inverse of the

resonance width and is non-perturbative.
[0902.4446; Beneke, Buchalla, Neubert, Sachrajda]

® The J/i and ¢’ lie below the open charm
threshold, have very narrow width and yield a
contribution that is two orders of magnitude
larger than everything else.

* Need to remove the J/y and v’ with ¢? cuts.

® Still we need to take into account non-
perturbative effects due to the broad
5 resonances at high-g° and to the tail of the J/
0 5 10 15 20
q 1) at low-g-.
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B — X W/

* A Mx, <2 GeV cut to remove double semileptonic decay background is necessary

This phase space cut introduces sensitivity to new scales, the rate becomes
less inclusive and new non-perturbative effects appear

20,

¢ High-g region unaffected

< Experiments correct using Fermi
motion model

15

¢ My cuts can be calculated in SCET;
[0512191; Lee, Ligeti, Stewart, Tackmann]

% effect of cuts on b—sll is universal (a
change in overall normalization)
W effects of cuts on b—>sll and b—ulv is

* At Belle Il level of precision:

# move beyond the Fermi motion model

# attempt the simultaneous study of B—Xll and B—X,[v
* probably need new Monte Carlo
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B — X . 0l:breakdown of the OPE?

¢ Optical theorem: [0902.4446; Beneke, Buchalla, Neubert, Sachrajda]

Im | Y (B|T Qi(0) Q;(2)|B)| ~T(B— X,) # (B — X,£707)

o .

1) |
L - \ »

Y~av
Y I
b b :Sb

S < t
Oz\ I 07 \\I

- ,
|A(b — sce)|? A(b — sce)*A(b — sll — scc) A(b — sce)*A(b — scé — sll — scc)
A(b — scé — stl)* A(b — stl) |A(b — sce — stl)|?
* Rates are very different: B(B — X,) ~ 10~° B(B — Xsl) ~107°

B(B = Xothee = X 0) ~ 104

* Dropping the hadronic cuts in O202, 0207 and O209 implies a 1/1" scaling of the
integrated rate: we cannot ignore long distance effects
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B — X . 0l:breakdown of the OPE?

® The problem is a failure of the perturbative quark calculation to reproduce the full
hadronic contribution upon integration ([ ImII vs [ |II|*)

e Small effects for ¢? < 7GeV? and at high-g? (where resonances have I',=10-2 GeV)

® The use of e*e” data to reconstruct the full non-perturbative charm blob (KS

method) reproduces the correction branching ratio without introducing extra
phenomenological parameters:

4 _ et e
R _ o(eTe~ — cc hadrons)
Resonances (color singlet): had olete” — ptp~)
The factorizable contribution e e’ <= (O2) =
using NNLO Wilson Coefficients —
is in good agreement with data a e b S
(“fudge factor” = 1)

[hep-ph/9603237; Kruger, Sehgal]

s
&,

[hep-ph/9705253; Buchalla, Isidori, Rey]

b

b
\ S
Resonances (color octet): A, = =
19 \
g g

-~
|
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B — X 0/: QED effects

* Photons emitted by the final state leptons (especially electrons) should be
technically included in the Xs system:

A

Avs]

e This implies very large a.m log(m./my) at low and high-g?

¢ Cannot escape the logs: if all photons are included in the dilepton system we get
log(ms/my) effects

* At B-factories most but not all of these photons are included in the Xs system

* Need Monte Carlo studies (EVTGEN+PHOTOS) to find the correction factor:

high
[B;l?oew] . 4 [ ° ]q_P +P-1+P
=P+ TPe— TPye01 _ _ T e Yeoll __ 1 = 68%

[ high]
quf:+ +pf: - “ q=P,;+ +p¢ -
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B — X 0/: QED effects

d?T s 3
- = — [(1+cos®0¢) Hr +2(1 — cos®6y) Hy, +2cosby Ha
dq“ dcos 8, 8
A A 2 A2 2 2
Hpr ~ 28(1 — 8)2 [‘Cg + §C7|2 + |010‘2] H; ~ (1 — S) “Cg + 207| -+ |C10| ]
5 Analytic Result _EVTGEN + PHOTOS
: _ QCD+QED : : WiH +H, | Hy+H, (noQED) T
N e nly QCD Do Om Hmeomn = 2
b R ; ~ o F ] A )
et je O mmew c 23
dH, — " P Lo e =
—y b ] 3 () @)
da? - o C
: 1 — Hr S 3 §0 gO 8 >
b _ B 2
. . _ cm——- g S O (q] ; O
0- — : o C
< P 0.1 QO
: Hi e)
_1-( « & & & & & s & % & s s & L & s s a2 L 4 s s s m
1 2 3 4 5 6 3 K
7 (GeV?) ¢ (GeV)
g € [1,6] GeV? ¢ € [1,3.5] GeV? q? € [3.5,6] GeV?
Opne AOpg  AOng | Ongss  AO0nss  AOnas | Opss  AOsse  AOpase
B g By g O11,6] B g B g O 3.5) B g B, 6 Oj3.5.6)
B [100 5.1 ( 5.1 | 54.6 3.7 (6.8 \ | 45.4 1.4 (3.1 \| [0612156;Lee, Ligeti, Stewart,
Hr | 195 14.1 72.5 9.5 8.8 92.1 10.0 5.4 53.6 Tackmann]
Hr | 80.0 -8.7 -10.9 44.7 -4.7 -10.6 30.3 -4.0 -11.3 [O7|23009 Huber Hurth EL]
Ha |-33 14 |\ -43.6 )| -7.2 0.8 \ -10.7 )| 4.0 0.6 \ 16.2 )

[1503.04849; Huber, Hurth, EL]

e — e




B — X . 0¢: Current Status

BaBar: 47 x10° BB pairs (424 fb')

Belle: 152x10° BB pairs (140 fb!
* World averages (Babar, Belle): / 7Ii)| fb'$ on tape)!!
BR®P = (1.58 £0.37) x 107% ¢% € [1, 6] Bexp = 23%
BR®P = (0.48 £0.10) x 107 ¢* > 144 Ocxp = 21%
2
Zle;g) — 0.34 & 0.24 ¢~ €1(0.2,4.3 non-optimal binning
0.04 £0.31 q° € [4.3,7.3(8.1)]
* Theory:
BR™ = (1.65+0.10) x 107%  ¢% € [1, 6] Oh = 6%
BR™ = (0.237 +0.070) x 1076 ¢® > 14.4 O = 30%
b} —0.077+0.006 q° € 10.2,4.3] ST
570 0.05 + 0.02 ¢ € [4.3,7.3(8.1)] non-optimal binning
3 Hy

, BR=H H App = —
. T+ Mf, FB A0, + Hy

® Scale uncertainties dominate at low-g?

* Power corrections and scale uncertainties dominate at high-g-
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B — X . 0¢: Current Status

e 95%C.L. constraints in the [Ro,R0] plane (R; = C;(10)/C?M (110)):

B X

-4 Belle Il reach with 50 ab |

-10 -5 0 5 10 -10 -5 0 5 10
Rg R9

e Note that C5M () = 1.61 and O3 (110) = —4.26

® Best fits from the exclusive anomaly translate in Rg9 ~ 0.3 (for the single WC fit) or
Ro~ 0.65 and Rjo ~ 0.9 (for the C5" = —Cyy scenario)
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B — X 0l:reducing errors at high-q?

® Normalize the decay width to the semileptonic B—X,[v rate with the same
dilepton invariant mass cut:

! (B — X 1T
/d§d( 0)

Risy) = 2% A5 [0707.1694; Ligeti, Tackmann]
/1 dD(BY — X,0v)
ds -
30 ds

e Impact of 1/m? and 1/m; power corrections drastically reduced:

R(14.4),,,, =(2.62 4+ 0.09cale & 0.03,,, £ 0.01¢ 1, & 0.01,,, £ 0.01,, & 0.23cxm
+0.0002, £ 0.09,, +0.0470 ¢ +0.12p0_5 ) 107"
=(2.62 £ 0.30) - 10~°
R(14.4) e =(2.25 £ 0.125ca10 & 0.03,,, £ 0.02¢ 1, & 0.01,,, 4 0.01,, + 0.20cKMm
+0.025, £0.14,, £0.0840 . +0.12p0_¢ ) - 1077
=(2.25+0.31) - 1077

® The largest source of uncertainty is Vup
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B — (m, K, K*){{ : general considerations

* Typical spectrum :
4

e Low-¢?

Y\,

photon pole
(K* and X;)

2

# non-local power corrections

% need more inputs (LCDA)

+ LQCD form factors need to
be extrapolated from high-q?

B — XY.: — X/ @ H|gh-q2
% need to integrate over
several broad charmonium
resonances

o K*vs K
Disadvantages:

..............

SCET (1/Ek):
LCDA (7.,K K*)
Form Factors

LCSR: low-¢2
LQCD: high-¢2

+ z-parametrization

* larger power corrections
+ K* 5Kt decay (S vs P wave)
+ status of LQCD form factors

Advantages:
+ K* K decay (angular

OPE (1/¢?):

Form Factors

observables)

Enrico Lunghi
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B — (m, K, K*)lL : references

* Some references (last year):

1502.05509; Descotes-Genon,Virto
1502.00920; Hofer, Matias

1503.03328; Descotes-Genon, Hofer, Matias, Virto
1503.05534; Barucha, Straub, Zwicky
1503.06199; Altmannshofer, Straub
1503.09024; Becirevic, Fajfer, Kosnik
1506.0266|; Cabibbi, Crivellin, Ota
1506.04535; Mandal, Sinha

1506.06699; Das, Hiller, Jung

1507.01618; Fermilab/MILC, EL
1510.02349; Fermilab/MILC, EL

1510.04239; Descotes-Genon, Matias, Virto
1511.04015; Crivellin

|511.04887; Dubnicka et al.

|512.01560; Barbieri, Isidori, Pattori, Senia
1512.07157; Ciuchini et al.

1602.01372; Colangelo, de Fazio, Santorelli
1603.00865; Hurth, Mahmoudi, Neshatpour
1603.04355; Karan, Nayak, Sinha, Browder
1605.02934; Crivellin

1605.03156; Capdevila, Descotes-Genon, Matias, Virto
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B — (mw, K, K™)l¢ : differential rate

e B_sK*[| 5Kl events can be described
in terms of three angles: (0, ¢, Ox~)

o B K*I[l fully differential rate:

= = Wp + Wg

32
=— [Jls sin? O + Ji.cos? O + (Jos sin? O + Jo. cos? O ) cos 26,
T

+ J5 sin” O sin? 0; cos 2¢ + Jy sin 20k sin 26; cos ¢ + J5 sin 205 sin 0; cos ¢
+ (Jgs sin? O + Jg.. cos® Ok ) cosB; + J7sin 20k sin 0; sin ¢ + Jg sin 20k sin 26; sin ¢

+Jy sin® O sin® ; sin qu}

W JC + JE cos O + (JS, + JS, cos O ) cos 20, + J, sin O sin 26, cos ¢

- [
+Js sin 0k sin 6, cos o+ J- sin 0k sin 6, sin O+ Jg sin O sin 26, sin gb]
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B — (m, K, K*)ll : on charmonium and the high-q*> OPE

* An attempt to use naive factorization with no relative strong phases to

describe the resonant structure at high-g- fails:
[1406.0566; Zwicky, Lyon]

2 (25) ¥(2S)
o - : 1T v ' ' .
Factorisation 3.5 I' ¥ (3770) i’,g ,(,l)ia'fac
¥(3770) ¥(4160) LHCb »— L At 9255 ATt o) p,e R ——
- - CC CC
2.0 3 . d Pr € C
+ v(4160) S
9 J_ ‘11(4(i|110) | 25 b T

[BY = Kt pp)/107"GeV !

1.5
ES 02 0.5 : ++\<:12 _
0 A A A A — 0 . 2 . a -
Vq?/GeV V¢?/GeV

® This should be interpreted as a failure of QCD factorization to describe the
hadronic B—1.. K process (e.g. color octet contributions might be important)

and, most of all, its interference with the non-resonant rate
[1101.5118;Beylich, Buchalla, Feldmann]
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B — (7, K, K")l{ :on power corrections

e The very schematic expression for the amplitude is (B— Kl at low-g?):

/exact
A(B = Kl) ~Cq fr+Co f4 +Cio f++ »  CilK|TJemQs|B)

i#£7,9,10 |
~Cy fp+Co o +Cho f power corrections

7 JT 9 J+ 10 J+ *

A

T Z Ci {A;F fr+ A, fﬂ+¢B®Hfb®¢ﬁ—l—O< S@CD>}

b

1#£7,9,10
ff /1 2 - '
0%9(61 ) non-factorizable

corrections

® Prescription: every term in the amplitude not proportional to C79,0 receives a

O( | O%) power correction [1507.01618; Fermilab/MILC, EL]
[1510.02349; Fermilab/MILC, EL]

® One can parametrize and fit power corrections to data
|0064945, Khodjamirian, Mannel, PiVOvarOV,Wang]—bEstimate using LCSR and dispers. relations

1212.2263; Jager, Camalich] = g2 dependent parametrization of power corrections.
1512.07157; Ciuchini et al.] & Ascribe b—K*Il tensions to q> dependent power corrections.

The fit points to PC’s of order (20-50)% of the whole amplitude
[too large?]
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B — (7, K, K")l{ :on power corrections

» Factorizable power corrections are a self inflicted wound:

Fi(B—K*)=CiL &1 +Cy &+ > ¢% ® Hi ® ¢px~ + factorizable PC’s
a=-=

* Use the full form factors: LQCD (high-g?) and LCSR (low-¢?)

# Using z-expansions (e.g. 3 params) for the 7 form factors one can perform a
LQCD+LCSR fit that gives the |19 z-fit parameters with a 19x19 correlation matrix

+ Personally | prefer potential systematic issues in the LCSR approach
to unknowable factorizable PC’s (that are many and enter everywhere)

® Clean observables (e.g. P5’) are defined in such a way that form factors drop
out up to factorizable and non-factorizable power corrections

» If QCD factorization at leading power is a good description at low-g2,
uncertainties on these observables will be small once correlations between
form factors uncertainties are taken into account
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B — (7, K, K")l{ :on power corrections

e LQCD vs LCSR B—K* form factors: [1310.3722; Horgan, Liu, Meinel, Wingate]
[hep-ph/0412079; Ball, Zwicky]

[1503.05534; Barucha, Straub, Zwicky]

a small tension in this

0.1} 0.1F 02 o
[ ] ; ] ; combination ]
0.0F ] 0.0 ] o ]
z(q°) 2(q*) z(q°)
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B — (m, K, K*)l{ :some recent results

® Using the most recent Fermilab/MILC form factors:

_ [ 174.7(9.5)(29.1)(3.2)(2.2), 1.1 GeV* < ¢>< 6 GeV?
+ + , + SM 9 y )
AB(BT = Kot P 107 = 1 106.8(5.8)(5.2)(17)(3.1), 15 GeV> < ? < 22 GeV?,
_ [ 160.8(8.8)(26.6)(3.0)(1.9), 1.1 GeV*< ¢>< 6 GeVZ,

0 0, + SM 9 y
AB(BT = Koutpt )75 X 107 =9 98 5(5.4)(4.8)(1.6)(2.8), 15 GeV2< g2 < 22 GeV?,

[1510.02349; Fermilab/MILC, EL]
# Errors are (CKM elements)(Form Factors)(matching scale)(everything else)

# Power correction error is about |%

¢ Experimental LHCDb results are:

_ (118.6(3.4)(5.9) 1.1 GeV*< ¢2< 6 GeV?
+ + ., + exp 9 — )
AB(BT = KTt )™ <10 | 84.7(2.8)(4.2) 15GeVZ< 2 < 22 GeV?,
_ (91,6 (1712) (44) 1.1GeV' < ¢2< 6 GeV’
0 0, + exp 9 _ —15.7 -~ ~
ABBT = Kot )7 X 107= 4 66 5 (F112) (35) 15 GeV? < 2 < 22 GeV?

* We observe a 20 tension

Enrico Lunghi 27/30



B — (m, K, K)ll : anomalies

§70.7 : : : :
s Form factors + CKM + Others |
2 0.6 Form factors only | |
© LHCb14 (B¥) 0.5
S 05 LHCb14 (B%) e L
= Babarl2
0.4 p=f= CDF11 = -
i =l Belle09 ——— » 0.0 .
, bl . a _
203 [ i Al - | |
3 ] LT;J+T-_ — '
X 0.2 F PERREAT Bt : -0.5 . ~’—
=1 =N L ==
T o1 i s apd [ e . e F—
) | Iy v(@28) — .y -
% 0 L L — : : -1.0 : . . . :
0 3 10 15 20 25 0 5 10 15
¢*(GeV)?
q (GeV?)
, “TLHCb ~* BaBar —+Belle y ,
< ' ' ' "] e Ps’is an “optimized observable”. At
- LHCb - : .. y
| sE - leading power is independent of FF'’s:
: [ : C10(CoL + Cy
i + E Ps = > ( 2\ (2 L 2 +Olas, Afmy)
T H SM 1 \/(CQH + ClO)(CQJ_ T 010> factorizable and non-
! : factorizable
0-> _ ] power corrections
: B(BT — K up)
PR T T W N TN WY WY WA NN SN NN TN S S S S S T _4
% 5 10 15 20 * Rig = =14+ 0(1077)

qz [GCVZ/C4] B(B+ — K+€€)
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recent results

[1510.02349; Fermilab/MILC, EL

)

< <
S S
O O
C C

o B K*|[[ fit results taken from [1503.06199; Altmannshofer, Straub]

Enrico Lunghi 29/30



B — K™ vs B — X /¢:LHCb anomalies at Belle-II

* The effects on C9 and C9’ are large enough to be easily checked at Belle |

with inclusive decays [1410.4545 ; Hurth,Mahmoudi, Neshatpour]
04X1IO'.61'I‘I']'I‘I'I'I‘I'I'l'l'l' X'J'Q:?'I‘]'T'I‘I‘I‘I'I‘I‘l'l']'l'I'I'l']'I'I‘I'I‘
A X SM prediction a kX SM prediction
N — - ofHd2e -]
%0.3 3 10 E IR : 10 -
s - - ‘= . ]
N 085 :
& 0.2} - X ]
7 ; ; T -0.1 —
m :'_ '; @, i
N— [ 3 (48] :
o 01 4 < ]
= Belle Il with 50 ab"' E - Belle Il'with 50 ab"' _
ot .Central yalue from anomaliesiy  0-2f | Central value from anomalies 10®
0 1 2 3 -0.1 -0.05 0 005 0.1 0.15
BR(B—-Xu'yw uy
(BoXW) Apg(BoXgurp) -
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Let’s Weasel proof all future HEP experiments!
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“Jim was told that he could back up his
data by making an image of his computer.”

Enrico Lunghi



Theoretical Tools

The central problem is the calculation of hadronic matrix elements of the type
(M|T Oi(z)Jem ()| B) » (M1M3]O;(x)|B) or (B|T Oi(x)0;(y)|B)

* HQET/SCET » Modes are systematically isolated in an

p2 effective theory framework
A

i |

* Power expansion in 1/m;

, perturbative * Factorization proofs at all orders in

Amso |9 h perturbation theory and at leading power
Ayﬁv % Matrix elements are expressed in terms
of mesons Light Cone Distribution
A% ¢ turbati
& - SCETq > [l non-perturbative Amplitudes and Form Factors:
/.\ Ir.lb = A(B _>M1M2) NFB—>M1 ®H4®¢M2
e pQCD + ¢B @ He @ ¢pr, ® O,

Endpoint singularities are smeared by integrating over parton transverse
momenta resulting in a Sudakov double log that can be resummed (S):
A(B — MiMs) ~ ¢p @ He @ dpr, @ Oar, @S
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Theoretical Tools

o Lattice QCD: direct calculation of matrix elements, decay constants, form
factors and some LCDA moments from first principles.
Note that form factors are calculable at large q?.

® LCSR. The calculation of form factors starts from the following correlator

thist n Hz(n) & ¢§\2) — HLCE at small q2

(M|TO;Jg|2) ~
D (M|O;| X )(X|JBIQ) ~ Fe_sm mszsz + non pole

B

Introduce a Borel transformation, use a dispersion relation to describe the
non-pole terms and assume quark-hadron duality:

BIICE o Fp_smfB e~ B /M —I—/ Im [HLCE} et /M’

S0
Ingredients: light-cone expansion at small q?, Borel parameter M, continuum
threshold so, quark-hadron duality, decay constants and LCDA’s.
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Theoretical Tools

® OPE: the T-product of operators evaluated at z* ~ y* is given in terms of a sum
over local operators

T 0i(2)0;(y) ———> Z Ci(z —y) Qi(x)

In inclusive (B — X,¢¢) and exclusive (B — K*)¢¢ at high-q?) decays we
have (z —y)® ~ 0 instead of z" — y" ~ 0:quark-hadron duality.

AZep Ao A2
F[B—>X£+£]_F[b—>X€+£]+O< OCD P QCD,...)

2 ) 3 2
mb mb m

—_—

ha %
I's
.

Q) ) Q
b S !n..u\guun: SO b
(5

'..“ ‘lll"
COO000 S Q000000
() O
!." ...l

&)
t
',

SN

+
I =
I
I

(B|bb|B) (B|bo,,G"b | B)
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Theoretical Tools

® OPE in inclusive vs exclusive decays:

Inclusive Exclusive
14
y /L
@ v(q)
‘b

b O15 S
1 1 1
(ﬂf—y)z“’g—” (x—y)QNq—Q

Dx (mb B \/q72)2

The OPE breaks down at large g°.
Charmonium resonances can be included
using ete~ — hadrons

[hep-ph/9603237; Kruger, Sehgal]

Charmonium resonances correspond
to large ¥ — y" and must be dealt
with invoking quark-hadron duality

[1101.5118;Beylich, Buchalla, Feldmann]
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* This calculation is one of the greatest perturbative feats in flavor physics:
[hep-ph/0609232 and 1503.01789; Misiak, Asatrian, Bieri, Boughezal, Czakon, Czarnecki, Ewerth,
Ferroglia, Fiedler, Gambino, Gorbahn, Greub, Haisch, Hovhannisyan, Huber, Hurth, Kaminski,
Mitov, Ossola, Poghosyan, Poradzinski, Rehman, Schutzmeier, Slusarczyk, Steinhauser, Virto]

* Using the optical theorem and a local OPE the rate can be written as:
(B — Xgv) =T(b— Xg7) + 0'nonp
+4.7% +5%
Known at NNLO .(4 I09ps)

Some non-local power
corrections scale as Aqcp /M

Y |

¢ c ﬂig E
IELARNA NS - :
b 01,2 I S I Q, b
[1503.01791; Czakon, Fiedler, Huber, Misiak, [hep-ph:/0609224; Lee, Neubert, Paz]
Schutzmeier, Steinhauser] [1003.5012; Benzke, Lee, Neubert, Paz]
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® Current SM predictions (with £, > 1.6 GeV):
B = (3.36 £0.23) x 10~

87 dy _3
(1.7375:55) x 1077 B (3.31 £0.22) x 10

SM
B,
t untagged rate

larger error because of

collinear photons in b — uud-y

® Current experimental world average (with E, > 1.6 GeV):

‘ perfect agreement!

* |In the context of a Type-ll Two-Higgs Doublet Model:

mg+ > 480 GeV at 95% C.L.
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B — X 0/: QED effects

e Known at NNLO in QCD and NLO in QED

. . 2
* In particular QED effects are large: virtual effects due to the overall @ (1)
normalization and real effects due to real photon emission:

* RGE for WC'’s: 0very log(mw/mb) [hep-ph/0312090 ;Bobeth,Gambino,Gorbahn,Haisch]
# Matrix elements: e 1Og(m€/mb) [hep-ph/0512066 ; Huber, EL, Misiak, Wyler]

|

2 . . : : . A | 5o .
1.5[.\ | I Vll'tual _ soft+020111near 4 collinear T Dsoft 4 C

il QED contribution l € c

/

0.5} \ real . Asoft+czollinear B Bcollinear + Bsoft n C’

0 / € €
-0.5F

2 /
=38 /dq (Bcollinear — Collinear) =0

= 20

" [GeVY
The sign of the contribution changes (accidentally) at q?> = 6 GeV?
This effect is numerically important.
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MONTE CARLO CHECK

@ EM effects have been calculated analytically and cross checked
against Monte Carlo generated events (EVTGEN + PHOTOS)

101 0.7
i = -
-~ °F + g N 0.6 ‘..
¥ b B B K ee - - I B K ce
U C [ BoK*ee & C L BoK*ee
‘°Q 4= [ 1B->Xgere (MX)>1.1GeV) © 0.5 [ 1B—->Xgete (MX)>11GeV)
™~ 6:— D E
X = = o4 -
. 5 X C
=~ "g 0.3
E 4 ~ k
A = ozf
S~ - g .
~ 2 R
Q = ~ 0.1
= 1= ~
N—
00 I0.5 0 2 4 6 8 10 12 14 16 18 20 22
¢ (GeV?)
60 100
: oo
50— \: All photons 80 f_ |:| Most energetic photon (58%)
N N\ Photons with E < 30 MeV %
2 %)
N ~
N <
S S
S
=
& Qv
N

0 1

2 3
Number of Photons



S WL

@ The Monte Carlo study reproduces the main features of the

B e

- -

MONTE CARLO CHECK

3 2
SN~

S ovagmd

analytical results

dBR/dg? x 10° GeV *

dBR/dq? x 10° GeV *

10 12 14 16 18 20 22
¢ (GeV?)

-

i L

. » bt s Pos—
AL S BN R

Monte Carlo:

Analytical:

g% € [1,6] GeV?
Opne  AOpng  AO0p g

B .6) B 011 6]

100 3.5 3.5
19.0 8.0 43.0
81.0 -4.5 -3.9

g? € [1,6] GeV?

Opne  AO0ug AO0;g
By g By g) 0O
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MONTE CARLO CHECK

@ The Monte Carlo study reproduces the main features of the
analytical results

0.04f
il 2 .
0.03: 1.5\
N C O
=0.02 o 1t
S B -—
2001_ X 0.5
SR o
5 an 0
E 0_ < ’_FP//—;_
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HT[L 6
HL[L 6

Hall,3.5],
HA[3.5,6
Hs[1,6],,
Hall, 6],
B[1,6],,
Bl

7
(
o
=
L
=
(
(

4.03+0.28) - 10"
1 282007107
1.10 £ 0.05) - 107
TR6r 012 10"
37 050)
360 -E0.32) 10
1624 009) 11
2.53 £0.70) - 10’

RESULTS

(

.

Oth
+7%
+6%
+5%
+18%
+13%
+9%
+5%
+28%

\

J

Hrl[l, 6]
Hill 6l
Hall,3.5]e
’HA[S.5,6
Hall6]
Hatlal:
BBl
Bl 144

® Scale uncertainties dominate at low-g?

.
(
=
L
=
=
(
(

5ad =38 0
1.134+0.06) - 10~ °
03 --0.05 10"
S0 L0 K
8.92 +1.20) - 107
8.41 £0.78) -
1.674+0.10) - 107
-

2.20 + 0.70) - 10~

‘R(p/e)
0.75
1.07
1.07
0.92
0.42
0.42
0.97
1.15

@ Power corrections and scale uncertainties dominate at high-g?

@ Log-enhanced QED corrections at low and high g? are correlated



B — X _.0/:new observables

e At leading order in QED and at all orders in QCD, the double differential width is
a quadratic polynomial: [~a cos20+b cosO+c.

® [ receives non polynomial log-enhanced QED corrections

® Best strategy: measure individual observables (BR, Arg) and use Legendre
polynomial as projectors

2 10
Wr = - Py(z) + - P(z),
+1 g2 3 3
Hi(¢?) = er(z)dz 1 10
g )= 1 dqdz I WL=§P0(3)_§P2(3)’
4
Wa = -ésign(z) :
+1 2 new observables
al / L dz= Hr + H
- = — T — EE—
dg? 4 dqg?dz g L
dApp oaer 3
= = —H
e /_1 dquzSIgn(Z)dZ 7 HA
dArp j11 d?,lzgz signdz 3 Ha
dg2  [tl.er 4, A Hp+ Hp
—1 dg2dz
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B — X 00:Belle Il expectations

e Projected reach with 50 ab™! of integrated luminosity

d* N ) ) 1,3.5] [3.5,6] [1,6] > 14.4
Oexp = Tida W3, z| d3 dz, B | 37% 40% 30% 41%
1 Hr | 24% 21% 16 % -
2N ) 2 Hi | 58% 68% 4.6% .
00exp = 73d W8, z|° ds dz Hal 37% 4% 200% -
Saz Hs | 240% 180% 150% -
My | 140% 360 % 140 % -
[ BRGow) .- e o| BROWE® H,
3 2 e "," |
1.0} AN |
osf A 1 ' \ %
Rio ool | | | | Ry © Ry ob—— — ot e e
-0sp  \ 1l
. \ A \ -1k
_1ah N | W
PP _SSsesss, N R N =2 CESCAERCHNEERIATAN IO TN EN TSR SR e SN
-4 =3 2 -l 0 1 2 3 -6 -4 -2 0 2 4 -2 2 4
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B — X 00:Belle Il expectations
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— (m, K, K*)l{ : differential rate

¢ B—KIl rate at low-q2:

2mb

—— ~ |1 (@®) Crol” + | f4(a%) 57 (a%) + fr(a*) C7%(q%)

mp + Mg

2myp, T foK 0) - (nf)
-+ e N — /—q)Bj: / duCI)K(u) {TP,:I: + a,Crg TP,:I:}

%—/
absent at high-g?

® The form factor fr can be expressed in terms of f.

mp

m2
Jr = I+ [1 + a;Cr <log ,LL_Qb + 2L>]

mp + Mg

B
A

B 7TfoK C’F/—CI>B+ /_(I)K
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B — (m, K, K*)ll : S/P wave pollution

* In B K*l|l-Kll, the Kt system is produced in
P wave (JP(K*)=1")

e The K (800) resonance (J°P=0%) generates a K pairs in
S wave. This background can be removed by studying
the (0¢, ¢, Ox~) dependence of the differential width

[1207.4004; Becirevic, Tayduganov

1209.1525; Matias

1210.5279; Blake, Egede, Shires

1303.5794; Descotes-Genon, Hurth, Matias,Virto]

* Non-resonant Kit decays are more problematic because their P-wave
channel is an irreducible background to B— K*I|l— Kl

» At high-q? this background can be estimated using HHYPT but it is simpler

to remove it using sideband subtraction
[1406.6681; Das, Hiller, Jung, Shires]

» At low-qg? the situation is similar. See [1307.0947; Doering, Meissner, Wang] for a
discussion based on pQCD.
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B — (m, K, K*)ll : on charmonium and the high-q*> OPE

* Analytic structure of the q? plane:

low-q?

SCET

4m;
branch cut

® Diagrammatically:

4
X ¢

() O1 () Need to integrate over a large enough q* range
B K

(KT J*(2)012(y)|B) ~ h(¢*) f+(¢®)  highly non-local
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B — (m, K, K*)ll : on the fate of optimized observables

pr 5 RelAE A — AfAT)
VAP (AL + 14 7)

» SCET/QCD factorization at low-q*
ATt =N, [C;mov(qz) +C7 T (q2)] + O(as,

Aﬁm =N _Cg—:loAl(qz) +C7"T2(q2)] + O(as

AF™ = No | CrmroAra(@?) + C Tis(a°) | + O\ /my
non-factorizable PC’s ___factorizable PC’s
* Factorization of the form factors (up to order a; and

B 2) - B+ Mk- 2) — 2y _ MBp oy _
mB-i—mK*V(q ) = 2F A(q") =Ti(q") = 2ET2((1 )=&.(E), |
MK A (g2) = BT MK 4 2y B~ MK 2y _ MBr 2y ooy
7 A(@) = — A7) — A% = 52 To(d®) -~ Ta(@®) = §(B)

9| factorizable and non-factorizable PC’s
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