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Rare B Decays:

- FCNCs (leptonic, rare semileptonic, rare hadronic)
- Lepton-Universality-Violating observables
- Lepton-Flavor-Violating modes

- Lepton-Number-Violating modes
Strong suppression of these decays in the SM = Smoking guns of NP
BUT: FCNCs are no longer “rare” at the LHC!

eg  NLICD (Run1) = 2398 ; NLHCD (2016) = 2187 for B — K*

events events

And will become “common” decays at Belle-2 and LHCb Upgrade II.

— Opportunity to study BOTH New Physics and OCD in rare decays.
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SM is GIM/CKM and loop suppressed (and sometimes helicity):
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Competes (potentially) with tree-level BSM contributions...
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B mesons mix and decay due to Lyear + Lasu?

For mg < My, Mgsy we use an EFT : Leer = Locproen + Z,’ G O;

Class Flavour structure Number of Ops. Other flavours ADM Example process
Class I 5b3b 543 dbdb o B, — B, mixing
Class II b fuyp (2+3)x9 th fup Fur By— Tt
sbeu
Class III shac 10410 dbae o B- DK~
dbeu
P Ebas . _ —=0.,,_
Class IV sbsd 545 BsBd Frv B =2 KK
sbgg dbgg By - DDy
Class V ShF, 500G 57457 dbF, dbG F Bi— Xy
sbek db¥t B- = K- utp~
Class Vb shed, L+ ¢ (5+5) %6 db et Ao Bs—prt
Class Vv by (1+1)x9 db g zero B~ > K v
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Relevant part of the WeakEfrective Ttheory fOr b — s£¢ transitions:

4G
Ly = Lqcp + Lqep + 72FthVt*s Z Ci(1) Oi(p)
i

O7 = (CyuPLb) (39" PLc) Oy = (CyuPLT D) (37" PiTC)
Or = 2y (50 Prb) O = 2o Mo(57,0, PLOYF
O = = (53,PLb) (T4 0) Ovre = 1 (59 Peb)((7"0)
Onoe = 1 (59 PLb) Ty y50) Owe = 1= (SmuPeb)(Er"s0),

Currently, global determinations of Cs (and -maybe- Ciy) seem discrepant with SM
predictions, with an important statistical significance.
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How did we get here?

(a historical digression)
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Fits to b — s transitions is not a new business

“Towards a Model-Independent Analysis of Rare B Decays”, Ali, Giudice, Mannel, 1994
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But measurements of key modes (Bs — i, B — K(*)¢¢) awaited LHC(b)
These measurements were anticipated by theorists.
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Clean observables: Arg zero

Beneke, Feldmann, Seidel 2001

03
dApp/dg?[GeV—?
02| Mhrn/dr(GeVT]
0.1

0 -

-0.1 =

-02 \ NLO

-0.3

Cancellation of hadronic uncertainties in the zero-crossing

2Mgm
ALLO:  Co+Re(Y(g3)) = — =2
as
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Hadronic Form Factors at Large Recoil Charles et al 1998; Beneke, Feldmann 2000

mg + Mg

e = T @)+ :

M@ = p— (@) + ,

A = mgTiBmK [EJ_(QZ)—EH(QZ)] + .
Ao(@®) = m—ifu(qz) + :

n@) = &) + :

R@) = @)+ ,

L) = [e@-g@d)] + :

Only two independent structures at leading order + power
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Clean observables for all g? (Cancellation as functions of g%)

Kruger,Matias 2002 Descotes-Genon, Matias, Ramon, Virto 2012
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Also: clean observables at large g° Bobeth, Hiller, van Dyk
Full basis of “all-g?-clean” observables Descotes-Genon, Hurth, Matias, Virto 2013
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2013 LHCb measurements LHCb 2013 (2 papers)

Javier Virto

Results for new observables
@ [L#cb collaboration (1Fb), LHCb-PAPER-2013-037 |
EE%{"+|P reliminary +:::"""“°"‘ g

15 20 6
92 [GeVi/c'] 4* [GeV/c]

« Discrepancy with respect to SM predictions (arXiv:1303.5794) at low q?

* 3.7 sigma discrepancy in the region 4.3¢q%<8.68 GeVZ/c*

* 0.5% probability (2.8 sigma) to observe such a deviation considering 24
independent measurements)

* 2.5 sigma discrepancy in the region 1.0¢<q%<6.0 Gev?/c*

N. Serra, talk at EPS-HEP 2013
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The B — K* pops Anomaly Descotes-Genon, Matias, Virto 2013

4 W esaecL T
[ oss«cr
0 wmcL Indication for C)" ~ —1
2 £73 Includes Low Recoil data
] Only [16] bins. ‘We have combined the recent LHCb measurements of
B — K*u'p~ observables [19] 20] with other radiative
S ol ] modes in a fit to Wilson coefficients, using the framework
(&F of our previous works (15, 21]. We have found a strong
indication for a negative NP contribution to the coeffi-
cient Cy, at 4.5 0 using large-recoil data (3.9 o using both
-2 1 large- and low-recoil data). Our results correspond to Cy
inside a 68 % C.L. range 2.2 < Cy < 2.8 to be compared
with C§™ = 4.07 at the scale y, = 4.8 GeV. This is the
4 ] main conclusion of our analysis of LHCb B — K*utp~
measurements.
| WWia o ahmemen & Alimhs mmnfamanan frm mamnsiom smlonn
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Re(Cy") C [
Altmannshofer, Straub 1308.1501, Beaujean, Bobeth, van Dyk 1310.2478, Horgan et al. 1310.3887
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A new “twist”: Lepton Flavor Non-Universality

R, — B(B* — K+/l/l)[w,6]6e\/2_
o B(BT — K*ee)p gjeve

SM __ 4. LHCb 2014
RM =1, RY ~ 0.75+ 0.1
Hiller,Kruger 2004; Bobeth, Hiller, Piranishvili 2007; Bordone, Isidori, Pattori 2016; LHCb 2014

not very well bound, especially for the electronic case, so dif-
ferent scenarios of NP could currently explain (15). For exam-
ple one could entertain the possibility of a sizable and negative
effect in Cy affecting only the muonic mode, dCf = —1. In
this scenario one obtains Rx ~ 0.79. As a side remark, it
is worth emphasizing that such a negative NP contribution to
o{,” has been argued to be necessary to understand the current

SRSt [27:30). From Alonso, Grinstein, Camalich 2014

See also Hiller, Schmaltz 2014; Gosh, Nardecchia, Renner 2014
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A new “twist”: Lepton Flavor Non-Universality

Consistency of P/5 and LFNU in 2017 capdevila, Crivellin, Descotes-Genon, Matias, Virto 2017

data from LHCb

data from Belle

SM from DHMV

Pred from LFUV CONP=-1.76
i Pred from LFUV C10NP=+1.27

C 11

i

7°(GeV?)

Fit to LFNU observables only (2017) predicted correct LHCb P, measurements
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Current status of available measurements (2020)
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Spectrum of available b — s¢¢/ Observables -

(Total = 180)

Bs — putu~ B — Xspu ™ B — K*~ B — Xsv
B — Kup B — K*pp Bs — ®pup Np — Nupe
BRs AOs Low g2 Large g°
Rk Ri- LFU () LFUV (e vs e)
LHCb Belle/BaBar ATLAS CMS

Latest updates: R, RE€!€ (2019), B — K*puu (LHCb 2020 [Run 1+ 2016]).

Javier Virto
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“Anomalies” (as of 2020)

Observable  Experiment  SM prediction  pull

RUT 0.85+0.06  1.00+0.01 4250
RIC04511 0.66101 092+0.02 4230
RY;"! 0.69102 1.004£0.01 4260
(PL)as) —0.44+012 —0.82+0.08 270
(PL)os) ~0.58+0.09 —0.94+0.08 —290
B 0774014  155+£033 4220
B4 096+0.15  1.88+0.89 +2.20

Global fit should accommodate these deviations within all other measurements
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A closer look at new measurements of R and P (LHCb 2019, 2020)

0.5

1.10 — 1.80
2.90 —» 2.70

3.00 —» 2.90

e
~——Cp >0 1

—f— LHCb combined : Run1 4+ 2016
~~4-+ LHCb Run1 only
I s from JHEP 1606 (2016) 092

Coy
(Co, Cy = —Cior)

(€ = =Cio,C3)

More details:

Javier Virto

10 15 20
7 (GeVv?)

(Ri)1g)

0.0

Algerd et al. Addendum to Eur.Phys.).C 79 (2019)
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Some Details on Theory Predictions
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Anatomy of B — M, /*/~ EFT Amplitudes

AR = Ny, {(Cg F Cio)Fa(q?) +

2mb/\/l5 [

GFiq?) — 167r2nMi7'[,\(q2)] }

» Local (Form Factors) . FV(q?) = (Mx(R)|5T{ b|B(k + q))

» Non-Local : Ha(q%) =iP, / d*x €7 (M (R)|T{ Tt (x), C: ©i(0) }|B(q + R))

Javier Virto Anomalies in b — s£¢ and Global Fits September 21st, 2020 20/35



Local form factors

LCSRs (Gubernari, Kokulu, van Dyk 2019)

(See also Descotes-Genon, Khodjamirian, Virto 2019)

0.5

[LCSRs _(Bharucha, Straub, zwicky 2015)]

T T T T i 2.0
2.0 BK* (2 7
~Fi () y
/
LQCD (Horgan, Liu, Meinel, Wingale 2013+2015) |
] 1.5
1 1.0

0.0f ]
. . . : 0.0
0 5 10 15 —10 0 10 20

¢?(GeV?) ¢ [GeV?]

» Two main approaches: (1) Lattice QCD (large g%)  (2) LCSRs (low g?)

» Two approaches to LCSRs, in terms of (1) K* LCDAs ~ (2) B LCDAs

» g2 dependence can be parametrized model-independently
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Non-local Form Factors: OPE + dispersion relations

pax(1)

Hax(a®) = HSK®(a5 < 0) + (47 —qo)/ dtm

’HOPE(Q%) : Theory e.g. Khodjamirian et al 2010, 2012; Asatrian, Greub, Virto 2019
< paclt): B— K& /b, B — KF)4p(25), B — KHIDD, ...
= paen() s B— K, B — KKK, ..
© paud(t):B— K(*)p, B — KMw, B— K®)gr, B — K, ..
Charm contribution — numerically leading

From OPE region to physical region requires DATA ( B — K(*) X,__)

= Current fit uses QCDF (BFS) + KMPW correction + nuisances for PCs.

BFS = Beneke, Feldmann, Seidel 2001; KMPW = Khodjamirian et al 2010
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Non-local Form Factors: Consistency Tests
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Algeré et al. Addendum to Eur.Phys.).C 79 (2019)

No evidence for a g dependence pointing towards a missing LD effect, but interesting to see
what happens with more and more precise data.
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Updated Fits
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Fit: Statistical Approach

X*(Gi) = [Oexp — O (C))]; [Cov™ " [Oexp — On (G

- Cov = Cov®*® 4 Covth
- Cov®*P is provided by LHCb
- Calculate CoviM: correlated multigaussian scan over all nuisance parameters

- Covth depends on C;: Must check this dependence

For the Fit:

- Minimise x> — x%. = x*(C?)  (Best Fit Point = C?)
- Confidence level regions: x%(C;) — anm < Axo,n

- Compute pulls by inversion of the above formula
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Some results of the fit: 1D Algerd et al. Addendum to Eur.Phys.).C 79 (2019)

All LFUV

1D Hyp. Best fit 1o/2¢a Pullsy | pvalue || Best fit lo/20 Pullgy | p-value
~1.19,-0.88 —1.25,-0.61

[yl aop | MO e gy | om | TMEOS g | g
[-1.33,-0.72) [-1.63,-0.34)
) —0.59, -0.41 —0.50,-0.28

NP = —Ci, -0.50 [ ] 58 25.3% | -0.39 [ | 37 75.3%
[-0.69, -0.32) [-0.62,-0.17)
! ~1.17,-0.87] ~2.15,-1.05

G = —Cy, -1.02 [ ] 6.2 340% | -167 [ ] 3.1 53.1%
[-1.31,-0.70] [<2.54,-0.48)
! ~1.08,-0.78 ~0.92,-0.46

ChP = —3ci? -0.93 [ | 6.2 33.6% -0.68 [ ] 3.3 60.8%
[-1.23,-063) [-1.19,-0.25)

TABLE VI Most prominent 1D patterns of NP in b = su™u™ transitions (state-of-the-art fits as of March 2020). Here,
Pullsy is quoted in units of standard deviation and the p-value of the SM hypothesis is 1.4% for the fit “All” and 12.6% for
the fit LFUV.

p-values have decreased in general due to decrease in experimental uncertainties
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Some results of the fit: 6D Algerd et al. Addendum to Eur.Phys.).C 79 (2019)

e Ciy Clb, Cr Corp Ciorp

Best fit +0.00 -113 +0.20 40.00 +0.49 -0.10
1o [-0.02,40.02] | [-1.30,—0.96] | [+0.05,+0.37 | [-0.01,40.02] | [+0.04,4+0.95] | [-0.33,40.14]
2¢ [-0.03,40.04] | [-1.46,—0.78] | [-0.09,40.57 | [0.03,40.04] | [-0.39,+1.45] | [-0.55,-+0.41]

TABLE IX. 1 and 20 confidence intervals for the NP contributions to Wilson coefficients in the 6D hypothesis allowing for NP
in b — su™p~ operators dominant in the SM and their chirally-flipped counterparts, for the fit “All” (state-of-the-art as of
March 2020). The Pullsy is 5.8¢ and the p-value is 46.8%.

Co,, Stands out since 2013
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Some results of the fit: 2D

Algerd et al. Addendum to Eur.Phys.).C 79 (2019)

All LFUV
2D Hyp. Best fit Pullgy; p-value Best fit Pullgy p-value
(CRF,ChE) (-0.98,40.19) 6.2 39.8% (-0.31,+0.44) 3.2 70.0%
(€57, Cr) (-1.04,4-0.01) 6.0 36.5% (-0.92,-0.04) 3.0 57.4%
(C3F,Cor) (-1.14,4-0.55) 6.5 47.4% (-1.86,+1.20) 3.5 81.2%
(€8T, Cor,) (-1.17-0.33) 6.6 50.3% (-1.87,-0.59) 3.7 89.6%
(ChY, i) (-1.09,-0.25) 6.0 36.5% (-0.72,+0.19) 2.9 54.5%
Hyp. 1 (-1.10,4-0.28) 6.5 48.9% (-1.69,+0.29) 3.5 82.4%
Hyp. 2 (-1.01,4-0.07) 5.9 33.7% (-1.95,40.22) 3.1 64.3%
Hyp. 3 (-0.51,4-0.10) 5.4 24.0% (-0.39,-0.04) 3.2 69.9%
Hyp. 4 (-0.52,4-0.11) 5.6 26.4% (-0.46,40.15) 3.4 77.9%
Hyp. 5 (-1.17,4-0.23) 6.6 51.1% (-2.05,+0.50) 3.8 91.9%

TABLE VIII. Most prominent 2D patterns of NP in b — sutp~ transitions (state-of-the-art fits as of March 2020) The last

five rows correspond to Hypothesis 1: (c;?'f = —Cg:“,Ci\Qi =Cior)s

Crorn), 42 (CSY = —Cyory,) and 5: (C3 ,Corpe = —Caorp)-

NP
= —Crop, Corp

Several “good” scenarios, all featuring Co,,.

Javier Virto
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Some results of the fit: 2D Algero et al. Addendum to Eur.Phys.).C 79 (2019)

- 24 2
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LHCb dominates de fits
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Other interesting scenarios arise Algerd et al. Addendum to Eur.Phys.).C 79 (2019)

T | () T
of L ] ]
|

Global fit to b —» si{ 0

Glabal fit including R(D')) |
. : . ' | R(DY)

I
! | |
Ry =0.5--06---07---08--09---1---1.1 -—- -4
Foo ) i i i |

. Ll I

-05 00

Vo o_ 1%
Cgu - _CIOu

Crivellin, Greub, Miiller, Saturnino _20

-10

b — c anomaly induces b — s anomalies
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Some future improvements
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Form factors for unstable mesons (e.g., K*): width effects

NWL

=FD JFD.

Wi

=

1.12

1.10

1.06

1.04

1.02

1.00

BRs are corrected by a factor |[Wy«|? ~ 1.2

Javier Virto

Descotes-Genon, Khodjamirian, Virto 2019

B— K"

PDG
K*

r

Crucial input: 7 — Knv

Wi ~ 1419
My
Wi+ = 1.09 +0.01

[

Anomalies in b — s¢¢ and Global Fits

0.02 0.03

FK* (GeV)

(increasing anomalies)
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Non-local Form Factors: analyticity Bobeth, Chrzaszcz, van Dyk, Virto 1707.07305

t Im(2) B K0
B — K™(28)
Theory data
NN
v
&7

Physical Region

B — K*J/{

Constrain non-local effect with B — K*v, | Use interresonance B — K*/¢ DATA
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Non-local Form Factors: New OPE calculations of charm-loop effects
Gubernari, van Dyk, Virto, to appear

Results and comparison

AC9(q? = 1GeV?) KMPW2010 GvDV2019
factorizable contr. 0.27 0.27
B - K¢f A -0.09%39¢ (1.9%58) - 107
7, 0.6%97 (1.219%) . 1073
B K*t¢ 7, 06392 (2137)-1073
A 1.0%46 (3.0#19) . 10-3

+ results represented as a > dependent correction to €9
+ we reproduce the analytical results given in KMWP2010

* our results are two orders of magnitude smaller than in KMWP2010

Slide from N.Gubernari’s PhD defense

Subleading contributions to non-local FFs might be much smaller than currently assumed!
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Summary and comments:

- b — s£¢ anomalies are alive and in good shape after LHCb 2019/2020 analyses
- Despite psychological concerns, NP fit is good and SM pull is high
- Decrease of significance of certain tensions (e.g. Rx or P{) might be good for NP

- A few different scenarios stand out. Consistent with 2013. Need more data to discern.
- Efforts on the QCD side less popular but terribly important

- Data-driven determination of hadronic effects promising and might be crucial

- In this context EXPERIMENT can also contribute immensely
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