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Outline & Questions

1. Diagnosis of anomalies: Where we stand?

2. A comparative study of Pre and Post Moriond

-Are now all the global significances smaller?

-Are new emerging hypothesis?
-Brief Comparison with other analysis.

3. Lepton Flavour Universal (LFU) New Physics

-Two kinds of New Physics? Maybe two scales?
Linking charge, neutral and LEFU New Physics.
Solutions proposed to the anomalies

What’s next? Qs

A N

Conclusions



Diagnosis of anomalies In b — s//



Model independent approach to b — sé/
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new BASIS

At the up = 4.8 GeV scale:
=>gtandard muon and electron basis

=>new LFUV and LFU basis

c:M = —0.29, CS\I =4.1, O =



The starting point: Angular distribution

4-body angular distribution Bq — K*0(— K~71)I1*1~ with three angles, invariant mass of lepton-pair ¢°.

9,: Angle of emission between K*°
and .~ in di-lepton rest frame.

m O : Angle of emission between K*0
and K~ in di-meson rest frame.

¢: Angle between the two planes.

q?: dilepton invariant mass square.

d*T'(By)
) fi(6e, 0k,
dq2dc0895dcoseKd¢ 32 ZJ ) fi(0¢, 0K, ®)
/

Ji(¢?) function of transversity (helicity) amplitudes of K*: Al n || o, but also A;, Ag

Aﬁfo_ C; (short) x Hadronic quantities (long)
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Ps’ anomaly: Lepton Flavour Dependent
: [ SDG JM JV120'7 2'753] *

Angular optimized
observables

a.‘m vt ] -
o LHCbdata o ATLASdata Impact of an improvement on KMPW-FF errors (50%):
B » Belledata © CMS data i o _
0.5 I SM from DHMV  — @ Optimized observable P (% present error size)
—— V) SM from ASZB 1

Pl g = —0.82 % 0.08(10%) — 0.06(8%)

— interestingly BSZ-FF+full-FF approach finds 0.05

@ Non-optimized observable S5
Ssia6) = —0.35 £ 0.12(34%) — 0.06(17%)
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« JHEP 02 (2016) 104  * ATLAS-CONF-2017-023 q [GeV /e ] | , LHC‘b 1 /fb Wlth 570- a,nd
PRL 118 (2017) CMS-PAS-BPH-15-008 '“

3/fb 2 bins with 30 each
Belle consistent with LHCDb [4,8]

ATLAS observed the tension.

CMS compatible with our SM-prediction l~

with B-meson DA || (Suggestions: extract correlations of Fy, |
including power | and P, Ps’ from same PDF;

corrections 1 Use analytical integration of 3D PDF's

instead of numerical with RooFit)

Theory I- QCDF+SFF+KMPW+p c.

Improved QCDF QCD LCSR

soft form factors and
large recoil symmetry
relations.
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Factorizable & non-Factorizable perturbative corrections in os

Theoretical framework: QCDF/SCET+robust large-recoil symmetries +breaking (pert+non-pert)
— independent of LCSR details

2 1
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&, (soft FF) . C; = 1 +0(a,) hard-vertex renormalization and T; hard-s
ag-expansion. ®; light-cone wave functions. Two types of non-fac

ering kernels computed in
zable contributions:

@ Hard spectator scattgring (7,): matrix elements of 4-quark op. and the chromomagnetic Og operator
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Perturbative and non-perturbative charm

Problem: Charm-loop yields a (most likely) ¢>— and process-dependent contribution with O7 ¢ structures
that may (in a local analysis of data) mimic New Physics.

ngf(qz) = CosmMpert + C + Sj 5CCCLD( ) i=1,[,0

Perturbative: Cgsyipere = C§M + Y(q2)

with Y (¢?) stemming from one-loop matrix elements of 4-quark operators O;_g¢.

...0(ay) corrections to C of Y (¢?) included via Ci,(ﬁ‘f) but only O, 2 (previous slide)

Non-perturbative: §CSFP(g?)

More difficult to make progress here:

1| Use LCSR to estimate long-distance
contribution with soft-gluon exchange. =

2 | Or use fits to the same data you want to
explain [Ciuchini, Silvestrini et al.] =




A bright future: LHCDb ultimate precision expected in RUNII

Projections from LHCb for P; in Phase-Il Upgrade. Green (Sc1): C3F = —C1y = —0.66,
Red (Sc2): C3'F = —1.76
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A large number of small bins open the window in P for another observable: zero of P;.
At LO: At NLO:

q2 = = mbm2BC$ff - 2SM 2
0 myCSE + mpCsE(g2) @ Large shift of zero of P; from ¢~ ~ 2 GeV

i to ¢$° ~ 17 ~ 3.8 GeV?
zero not sensitive to Cyy (at LO). 9o ~ 9. ,




Diff. Branching Ratios: Lepton Flavour Dependent

EN.CSR Lattice —e-Data
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| Systematic deficit i\ muonic channels |
1 at large and IQw-recoil

Possible caveat: In some muonic
channels first bin is SM-like
This is OK if also electronic channel

is SM-like (C» dominated). Radiative
constraints are tight.

also 1st bins of opt. obs. in mild tension |




Bs—¢up vs B—=K*up: Lepton Flavour Dependent

T ,,—,—,——H Tension at large and

| f ) i low recoil of |
| [ s™MfromBo&prp— Pred. from lattice |

| 0.7: |:| SM from Bs—¢ p+p— / ] B(Bseq)“ U)X107 “

| I PI’eAd.u/Sing full FF with BSZ
’ -
0.6

: I | 055 07) 1| 1.55+0.34 1.11+0.16
0.4 = i = |
' I 155+033 0.77:014 42 2 | |
0.3 -
-} } i 1.88+0.39 0.96+0.15 42 2
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72 (GeV?) Ll 2202017 1625020 42 2

with corrected BSZ FFH |

Not yet significant: FF at low-g? for Bs—¢ (BSZ) larger than B—K*, while data is
reversed. Ok at high-g?. BSZ problem or statistical fluctuation?®
Our prediction for B—K* with KMPW has larger errors so no problem in our case.

More data will clarify it....




Rk: Lepton Flavour Universality Violation

B = e —— €+

FCNC, test of universality of lepton coupling, potential high £

' sensitivity to NP contributions.

c,t
b S
‘.~ First possible signal of LFUV ... after LHCb update / B\ mﬁ/ M\

R[1.1,6] B B(B — KM+M_) — (.84 10-060+0.016
K o B(B N K6_|_6_) Y —0.054 —0.014
still at .50 from SM .
- Simple structure of BR: f+.017 — f+
¥ .
< LLHCb dominates while the other two
1 sE suppressed by lepton masss or C».
ot T 'l => Good observable in presence NP
i . => tensions cannot be explained by
S i I mrmm——————==4 PR or charm. Electromagnetic small.
ot [Isidori et al.]
- m BaBar
0.5 B 1 s Belle
- Does a more SM-like central value
| B e LHCb Run 1 + 2015 + 2016 R R R R R
Y S T T T T imply a reduction in significance?
"0 5 10
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Rk +: Lepton Flavour Universality Violation

— = e ————— - — —

different mechanisms<®

FCNC, second test of universality of lepton coupling. — —
| [0.045,1.1] [1.1,6] |
| P B’I“(BO N K*OU+N_) pulls RK* R J,
| K* = Br(BY — K*0ete™) LHCD: EXp. 0-661_8'(1)%2 0. 685+8 (1)523§ ‘
! -0 SM || 0.92+0.02 | 1.00 £ 0.01 |
| - | | Bellle preliminary A .
_ ) 1 Belle combined data on charged
15[ T 1 and neutral channels:
| | RIQ0BL _ g 591086 1 0 05
S| { RN = 0967045 1 .11
i 11 4 Bele | 15,19 0.52
0.5 _ i Qo LHCb _ R[ ] —_— 1 18+0 32 :': 0.10
| i e | Th: Nuisance parameter required
SM prediction |
oob i i o . . . S 1o BSZ
0 5 10 15 20
¢ (GeV?/ch) Example of NP: o= I\ i i
Rk~: More complex structure, 6-8 Amplitudes and 7 form factors. % . CDMV JTC
| Impact of long-distance charm from KMPW on B — K* larger than on B — K. o
@ In presence of NP or for ¢> < 1 GeV? hadronic uncertainties return. Co = —1.1




Updated global analysis of 6 — s¢/

2017 == [JHEP 1801(2018) 093]

R —— e )
D

2019 == [1903.09578]

R — e ———

- = « hopefully now the race for the right pattern

include additional interesting horses than just the old guys: Ce and Cgo=-C1o !



Global analysis of b — st/

178 observables from (LHCb, Belle, ATLAS and CMS, no CP-violating obs)
@ B — K*up (P12, P4,5,6,8, Fr, in 5 large-recoil bins + 1 low-recoil bin)+available electronic obs.

...latest update Br(B — K*uu) in small bins.
...LHCD results on R~

@ B; — ¢pp (P1, Pyg, Fr in 3 large-recoil bins + 1 low-recoil bin)

@ Bt = K*puu, B — K%/ (BR) (¢ = e, p) (new average Ry = 0.84670:050+0.016
@ B— Xsv, B— Xsup, Bs — up (BR).

@ Radiative decays: B® — K*%y (A; and Sk+,), Bt — K**v, Bs — ¢

» Belle measurements for the isospin-averaged but lepton-flavour dependent (Q45 = P;fg — Pf%):

) [3rd test of LFUV]
Pt=o,P*BN+(1-0)PB" 0,=05%05

similar treatment of new Belle isospin-averaged result on Rg~+ (3-bins)

» ATLAS measurement of whole basis of P; and CMS measurements of P; and F;.
» ATLAS update of By, — uu (averaged with LHCb & CMS) and latest fg, lattice update.



Implications of the new updates on Rk, Rk, Bs—~H U

Pullsm = % 2sm(Ci=0)-%2min(CHP) considering Naos

e — — — — = = e ——— — -

| 2017 N LFUV
| 1D Hyp. Best fit lo 20 Best fit lo 20
| edF LI (128, —0.94)[[-1.45,—0.75)| /5. 72176 3[—2.36, —1.23][[3.04, —0.76]
.“ Cop = —Cio, || -0.62 |[—0.75,—0.49]|[—0.88,—0.37]f 5. -0.66 |[—0.84, —0.48]|[—1.04, —0.32]
| Cop = —Cg, || -1.01 |[—1.18,—0.84]|[—1.34,—0.65]f 5. -1.64 |[—2.13,—1.05]|[-2.52, —0.49]
Con = —3Coe || -1.07 | [-1.24,-0.90] | [-1.40,-0.72] : -1.35 |[—1.82,—0.95]|[—2.38, —0.59]
2019 e Al LFUV
1D Hyp. Best fit lo/20 Pullgy lo/20 Pullgy | p-value
NP .| [-1.18,—0.85] [—1.38, —0.69]
Cou [—1.34, —0.68] 5-8 [—1.80, —0.40] 50.6%
NP _ NP ) [—0.59, —0.40] [—0.55, —0.32]
Cou = ~Clop 049 [—0.69, —0.30] 54 [—0.68, —0.21] 40%
NP _ ) [—1.18, —0.85] ) [—2.15, —1.05] '
Cop = —Corp 10211 133 067 |4 °7 \ [—2.54, —0.47] 354%
NP _ _ opNP [—1.08, —0.76] —1.02, —0.52]
CyP = -3¢ 092 | o 060] 5.7 62.7% || -0.76 Ay 3.5 50.8 %

e Hierarchy remains invariant except Co, = -Cou Scenario (Rx =1)

e Scenario Coy preferred in “All” fit
Scenario Cgoy = -Ciou preferred in “LEFUV?” fit.

e Best fit points for All and LFUV fits in scen. Cy,in nice agreement
® Scenario Cioy stays at a significance of =40 for All and LFUV fits.



Implications of the new updates on Rk, Rk, Bs—~H U

Interesting surprises in &D updates...

| 2017 All LFUV

3D Hyp. | Bestfit [Pullsu[pvalue| Bestfit_[Pulsu[pvaie | © INCrease in significance
P cNey 101,029 57 | 72 [(1.30,036)] 37 [ 75 | in scenarios with RHC
o (ChF.eh) | ((1.13,0.01) | 5.5 69 |[[(-1.85,-0.04)| 3.6 66 | o 1
(CYF,Cory) | (-1.15,0.41) Chi 1 | (1os09s)| a7 | 72 | * Tk INOre SM.11ke
(COF,Cror) ||(-1.22,/0.22) |N5.7 A ™72 ||(-2.22,,041)] 3.9 | 85 better described
(CNP,CYP) || (-1.00,0.42) | 5.5 | 68, | (-1.36,0.46)| 3.5 | 65 [ if Co,>0 and C1o,<0
Hyp. 1 |[(-1.16,0.38) [{5.7 } 73 N\ (-1.68,0.60)| 3.8 | 78 H H
Hyp. 2 |/(-1.15, 0.01)| 5.0 57 -2.16,0.41) | 3.0 37 | @ A Rq ® Ly structure for
Hyp. 3 |/(-0.67,-0.10)| 5.0 | 57 || 40.61,2.48) | 3.7 | 73 .
Hyp. 4 | (-0.70,0.28) | 5.0 74,043) | 3.7 | 72 primed operators prefers
a VvV over a L, structure
2019 All LFUV | for leptons.
2D Hyp. Best fit Pullsym Best fit Pullgyv | p-yélue |

: (0.30,052) | 36 ~745% | ® Hyp.l is SM-like for
1.03,002) | 5.6 (1.03-004) | 3 | 53.7% |
11.13,0.54) | /5.9 \M (-1.88,1.14) |36 | 75.7% Bs—p but perfect for R
1.17,0.34) |5 6.1.7| 781% | (2.07-:0637] 40 | 928%
1.04-011) | 55 | 653% | (0.76085) | 31 | 50.8%

0.95,0.20) | 5.7
L (Cyr.C)

(
(CouCoe ) |

(
(
(
(
(
(
(
(

Hyp. 1 -1.09,0.28) [£ 6.0 3 75.8% | (-1469,0.32) | 3.6 | 77.1%
Hyp. 2 -1.00,0.09) | 5.4 | 63.9% [1-2.00,026) | 3.3 | 61.2%
Hyp. 3 -0.50,0.08) | 5.1 | 55.8% | (-0.43,-0.09) | 3.6 | 74.5%
Hyp. 4 -0.52,0.11) 5877% | (-0.50,0.15) | 3.7 | 81.9%
Hyp. 5 -1.17,0.24) 782% | (-2.20,0.52) | 4.1 | 93.8%




How can we test the presence of RHC (Co’ and Ci10’)?

An accurate measurement:

Observable P; in two bins

0.6
04 :
| Co=—1.17,Cl, = —0.34 -
02
Pi111.1,257--0.16C10’ -0.20 Co’ T
: PN 0.0;]
Pi1 [4,61--040C10" +007Co" & :
+0.09 Co Cg’ -0.2 Co = —1.09,C) = +1.09,
: — Cio = 0.28,C7, = +0.28 |
~04 f
-0.6 —
C10>0 and Cg’>0 = P;1<0 | |
C10'<0 = P1>0 0% s 10 15 20



Implications of the new updates on Rk, Rx+*, Bs—UM

3 - g 2w D ]
. | ] 2017
| 20 ] 2 ?
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Ly y \ CMS - °
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nd | ) : Oa] > i Ay | A O Al .
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Implications of the new updates on Rk, Rx*, BS— U

Let’s check how the 6D fit has evolved:

2017 NP NP cNE, Cor Cor . Crov,
‘\ Best fit +0.03 -1.12 +0.31 +0.03 +0.38 +0.02

| 1o |/[-0.01,+0.05]|[—1.34, —0.88]|[+0.10, +0.57] | [+-0.00, 4+0.06] | [-0.17, +1.04] | [-0.28, 4-0.36]
| 2 |[-0.03,+0.07]|[—1.54, —0.63] | [—0.08, +0.84] | [~0.02, +0.08] | [—0.59, +1.58] | [~0.54, +0.68]

2019 cyr Coy Clo, Crr Cor Ciop

Best fit +0.02 -1.13 +0.21 +0.02 +0.39 -0.12 &
lo [—0.01,+0.05] | [—1.28,—0.91] | [4+0.04,40.42] | [4+0.00,+0.04] | [—0.09,+40.96] | [—0.40,+0.17]
20 [—0.03,+0.06] | [—1.48,—0.71] | [—0.12,40.61] | [—0.02,40.06] | [—0.56,+1.14] | [-0.57,+0.34]

C10u-C’10p Stays the same

® Again same picture,
-except change in sign of bfp of Cioy
-except significance 5.00—85.30



Implications of the new updates on Rk, Rx+*, Bs—UM

New Physics in electrons slightly more compatible with zero.

T

[JHEP 1801(2018) 093] . 1003.00578]
1 2017 3_5-.-_' e b e o g B e g ! - ' 37 ““““““““““““““““
i *019 |
| 2+ | S
* 2 o=
1 | E ATLAS
| 1 o
CZLg 0 1o i :[:]LHCb
0 3 > : 1 An
¥ <5 Oi ‘
—1 -
-1 SR T/ ST PR NPT S PR
-2)
20
-3l
_3 —37:"‘_""""7"“7" ““““““““““““
-3 -2 -1 0) 1 2 3
Coy

It is then natural to expect some impact in the significance of LFUV+LFU scenarios

‘L—v—Tff, e m— e e — -



ocale of New Physics

Flavour observables are sensitive to higher scales than direct searches at colliders
... if NP affects flavour it is not surprising that we detect it first.

What is the scale of NP for b — s¢£? Reescaling the Hamiltonian by H)f; = > £
@ Tree-level induced (semi-leptonic) with O(1) couplings (X ./gbs gu.):

ATree _ 4dmv 1 1 35TeV
Y swg V2V Vil |oNPY2 | oNe|l/2

@ Loop level-induced (semi-leptonic) with O(1) couplings:

ALoop 35TeV. ~ 2.8TeV
i 47’(|CNP’1/2 o |CNP’1/2

@ MFV with CKM-SM, suppression /|V V| ~ 1/5: Tree level: | 07213;7}7/2 and Loop: IOC?\IEI?X

Solution CY ~ —1.1 (scale is ~ numerator) or C3'*¥ = —C}F ~ —0.6 (30 % higher scale).
Similar exercise for b — crv taking a 15% enhancement over SM:

ANP ~ 1/(V2G |V |0.15)1/2 ~ 3.2TeV



Are we overlooking Lepton Flavour Universal NP?

[Alguerd, Capdevila, SDG,
Masjuan, JM, PRD’19]



Hypothesis: Lepton Flavour Universality

[Alguerd, Capdevila, SDG,
We traded the usual controversy: Masjuan, JM, PRD’19]

Is this New Physics or long-distance charm®?

by a more constructive question:

Are we observing two kinds of New Physics?

CHt =Ch+C7 with i=9,10 £=e,pu

CV — () Lepton Flavour Universal NP
e Lepton Flavour Universal Violating NP

....extended to primed operators in [Addendum: 1903.09578v3]

Motivation:
~ ® We have LFUV and LFD observables, then it is natural to split:

Cir clh +cY

* New mechanism to fulfill Bs—=uu




Is this the same as adding NP in electrons®

Many previous works already included NP in electrons:
Mahmoudi et al. (large and low recoil data)
London et al. (large and low recoil data)
Ciuchini et al. (only large recoil data)

Which is the difference with our proposal?

All previous analyses explored directions within 2D planes in coordinates
(Cop,Ci0p) and (Coe,Cioe)
instead the plane in coordinates (CsV,C10V) in presence for instance of CgV LFU
can translate in a tilted plane in (Co;,C104,C0¢) coordinates

NP
ClOu 0.0
—-05

-1.0

Example:

CouV=-Ciouv with CoU

implies in the old language

ou = -Ciou
Cop = -C1opt+Coe

NP 0.5 |
CQ,u 1.0

eee IN suminary this is NOT simply a reparametrization
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LFU updates 2019

1809.0844%

Best-fit point 10 Pullsy | p-value
Ca, —0.16 —0.94, +0.46]
Sc. 5 Cion +1.00 +0.18,+1.59] | 5.8 78 %
Cs =Chy —0.87 —1.43,—0.14]
Ca, = —Cio, —0.64 —0.77,—0.51] .
Sc.6 “eu_cu —0.44 058 —029] | ©0 | 9%
Cg,, —1.57 —2.14, —1.06) o
Se. 7 cy 4056 | [+0.01,+1.15) | > | @7
Cs, = —Cio, —0.42 —0.57,—0.27] .
S¢. 8 cy 067 | [-090,-042] | > | %
@ Best-fit point 1o Pullsy~ p-value
Co, —0.34 —0.93,+0.19
Sc. 5 Ciou +0.69 +0.21,4+1.12)1 5.5 72%
Cs =Ch —0.50 —0.92, +0402)
Co, = —Ciop —0.52 —0.647—0.41] .
Sc.6 v U —0.37 o2, —022] | 8 | 1
Cs, —0.91 —1.25, —0.58] o)
Se. 7 cy ~0.08*" | [-0.46,+0.31 ﬁé\ 2%
Cy, = —Clo, —0.33 —0.45, —0.22] \/’ .
Sc. 8 cy _0.72 093 -047] | WY | 4%

ES

Changed

- Sc. 7: If only V-NP (Cg) now
“ preference for LFUV-Co

Cy, +C5 = —0.98

.M

i Unchanged

oSc. 8: A LFUV left-handed
lepton struc. (CoV=-C10V)
| yields a better description
‘with LFU-NP in Co.

Still

Sc. 6: ALFUV V-A struc.
(CoV=-C10V) and a, LFU V+A
struc. provides a good
description of data.

e LFU-NP is quite dependent on structure of LFUV-NP



LFU updates 2019 [1903.09578]

: Scenario Best-fit point 1o Pullgys | p-value | Changed
| — = = TV |
' ge. g Ceu p Ciop _g'gg :_8'?5)’ _g"g; 53 | 734% |Sc.7:If only V-NP (Co) now
,{1 10 ' 00, T preference for LFUV-Cg
3. 10 Co), —0.99 —1.17, —0.80] 57 69.7 %
' v +0.29 0.10,0.48 ' ey 4+ eV =-0.98
VO ;‘ 9,U/ 9
C, —1.07 [—1.25, —0.88]
Se. 11 —0.31 (~0.48, —0.13] 397
S 19 Co —0.05 [—0.23,0.14] @ 13.1% Unchanged
. . . . 0
C%‘/% +0.43 0.22,0.65) Sc. 8: A LFUV left-handed
Coy —1.12 [—1.29, —0.94] | lepton struc. (CoV=-C10V)
Cy, +0.48 0.19, 0.85] | s < s
Sc. 13 CQ{J“ 0-26 ;0'01’ 0'50; 5.6 78.7%  |ylelds a better description
10 0. V-0, .00, | with LFU-NP in Co.
CLy —0.05 [—0.28,0.18] |

- Sc. 9 versus Sc.10 preference of CoV versus CoV=-Ci1oV
‘}in presence of Ci1oU, opposite to the case of CoU (8¢.7-8).

New

Sc.9-13: We extend the
| universal contribution
| also to primed universal
coefficients associated to
models.

Sc. 10 versus Sc.11 shows a slight preference of
Ci0'Y over C;i0Y.

e Sc.7-10 show LFU-NP is quite dependent on structure of LFUV-NP
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LFU updates 2019
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Assuming loop-level
scale of NP and no MFV

L ~ _U 1 1
z swd \/2[Vyp Vi | 1€ 11/2

Mild preference

Scenario 6:
LFUV-NP L, ® Ly

ALMFUV 3.9 TeV
LFU-NP L, ®

AV ~ 4.6 TeV ‘.
LFUV-NP L, ® Ly |
AFFUV 4.6 TeV
LFU-NP L,

AMFU ~ 3.3 TeV

Scenario 8:

- If we are in presence
of two types and scales
of NP, their hierarchy
depend on the LFU



Results from other analysis

[ Aebischer, Altmannshofer, Guadagnoli, Reboud, Stangl, Straub]

Similar results in general terms but 1D differences. Why%

Coeff. best fit lo 20 pull
Chs —0.95 [—1.10, —0.79] [—1.26, —0.63]
Csm +0.09 [—0.07, +0.24] [—0.23, +0.39]  0.50
Cosp +0.73 [+0.59, +0.87] [+0.46, +1.01]
oA as —0.19 [—0.30, —0.07] [—0.41, +0.04] 160

CosHr — Chomm +0.20 [+0.05, +0.35] [—0.09, +0.51]  1.4o

Cherr — _homm —0.53 [—0.62, —0.45] [—0.70, —0.36] @

Difference in observable sets:

&

BR(b — stt) (B, Bs{Ay) (BR, P;), Ry(+), b — Y
¥~ favours mildly Co, = -Cioy
But latest Belle updates on Ps’ and Qs are missing

Extra assumption: no NP in AF=2 observables
=> constraints inputs for Bs — upu (fa,, Vi Vis - -
Different question: Is there NP in b—sll assuming no NP in AF=2

)



b— sup

b— sup & Bs — pp

159 —— b—osup & By — pp & AF =2

b— sup & By — pp & AF =2 & Ay — App

1.0 1

- €

0.0 A

bspps
10
o
en

—0.5 1

-1.5 -1.0 -0.5 0.0 0.5

Difference: Chomt &
BR(b — st¢) (B, Bs. (BR, Pi), Rk(+y, b — s7
¥~ favours mildly Co, = -Cioy
But latest Belle updates on Ps’ and Qs are missing

Extra assumption: no NP in AF=2 observables
=> constraints inputs for Bs — uu (fz,, Vi Vi - . .)
Different question: Is there NP in b—sll assuming no NP in AF=2




P’s under different scenarios

(Ps')

05 |

data from LHCb
data from Belle

SM from DHMV

In

1 [AlgBuero0, Capdevila, SDG,

fasjuan, JM, PRD’19]

it was found:

Only in presence
of LFU-NP
a scenario
CoV=-C10V
can work.
True also for
Ps’

for NP points
(8reen, blue, red)
only central values
are depicted here



Results from other analysis

[Arbey, Hurth, Mahmoudi, Martinez Santos, Neshatpour]

All observables (xZy = 117.03)

Obs: b — st (B, Bs) (BR, S;), Rk(+), b — sv b.f value | x7,;, | Pullsm
not included yet latest Belle’s results on Ps’. | 9¢o | —101£0.20 | 99.2 | 4.20
. . Yois —0C _
FF: light-meson LCSR+lattice 0Cy | —0.93£0.17 1 89.4
0C§ 0.78+0.26 | 106.6 3.20
0CYo 0.254+0.23 | 115.7 l.1o

Left-handed hypothesis considered.
... Similar 1D and 2D results

©

5CH | 0.53+0.17 | 105.8
5C% | —0.734+0.23 | 105.2
5CI | —0.414+0.10 | 96.6
5CE | 0.4040.13 | 105.8

Qo
=
Q

' e B
ot
S

o
o
S)

Confirm our hierarchy of 1D scenarios

[Alok, Dighe, Gangal, Kumar] 5(}{1_ — 5C5 — —5(,’f0

122 Obs: BR(b — stf) (B, Bs), Pg Rk(~) FF:light-meson LCSR+lattice

Flavio based analysis: slight decrease of SM pull for (Cg,,, C10,), at
the same level as (Cy,,,Co,,) and (Co,,, C107y) ..very similar results to ours

[Ciuchini et al.]

Only large-recoil obs. considered, but latest Belle results on Ps’ incl.
Flavio based analysis for FF. Bayesian approach. OK: RHC and not Cio.



Linking charge and neutral anomalies and LFU NP



LFUV for charged anomalies b—czv

SM NP

Semi-tauonic B decays are charged current processes that can probe also New Physics.
Experimentally (in analogy to Rx x~+) a LFUV ratio:

B(B — D®r=1,)
B(B — D(*)f_ﬂg)

Rpw =

The ratio:

@ differs in lepton mass: 7 versus ¢ = u, e mass.
@ cancels: form factors, V., experimental systematics



R(D) and R(D*) combination

BaBar (2012), had. tag
0.332+£0.024 £0.018

Belle (2015), had. tag
0.293 £0.038 +£0.015

Belle (2017), (had. tau)

R(D¥)

R .
.

0.270 £0.035 £0.0Z7

Belle (2019), sl.tag
0.283+0.018 £0.029
LHCb (2015)

0.336 £0.027 £0.030

LHCb (2018), (had. tau) '}

0.35

0.3

0.280+0.018 £0.029

Average
0.295+0.011 £0.008

SM pred. average
0.258 £0.005

PRD 95 (2017) 115008 -

0.257 £0.003

JHEP 1711 (2017) 061
0.260 +£0.008

JHEP 1712 (2017) 060
0.257 £0.005

HFLAV

| | I | |

0.25

0.2

——
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jL 1 l | | | |

0.2

0.4
R(D*)

0.3

[From Julian Garcia Pardinas, UZH]

I | I I I 1

[ HFLAV average

| I I I 1 ]

I I I I I

Ax* = 1.0 contours

[ LHCbI5 .
- BaBar12 1
C 30 —
C LHCb18 -
= £ Belle19 Bellel5 i
B Bellel7 _

- + Average of SM predictions HFLAV
B R(D) = 0.299 +0.003 |_Spring 2019 |-
_ R(D*) = 0.258 +0.005 POD=27%
1 | 1 1 1 1 | 1 1 1 1 | L L . . l 1 . —

0.2 0.3 0.4 0.5

R(D)

New R(D) and R(D*) measurement by Belle.

New world average for R(D) and R(D*) at 3.10 from the SM



Linking charged and neutral anomalies (step 1)

- Let’s move to SMEFT (Axp>> mtwz)

S —_— S ——

—— —_———— _—_————

[Grzadkowski, Iskrzynski, Misiak, Rosiek;|

®* NP contribution to : [cy*Ppb][77,PLv/] » Ry/Rj), = Rp/R)" = Rp-/RpY

Gr rescaling
BUT who order that

(at high energy)? Only Two SU(2).invariant operators in SMEFT @ 1st order

1 ~ 7 3 ~ 7
Oz('l)cl — [Qi%Qj][Lk’Y“Ll]a Oz-(-;)cl — [Qz'%UIQj][Lk’Y“UILl],
J J
ey st 1= s _ [Capdevila, Crivellin, SDG,
b—c b—s
M “ ;m-—f

| Contribution to neutral b—>s 1T “ 0).
|  with a pattern: Couor =~ Csi5 — (+)A f ‘
TV Rx |
A=2 S )~ 0a00)]

o ViV (\/ RSM ) O(100)}

- 10% NP w.r.t. tree-level SM = T

/o B
/ Huge contrib. w.r.t. loop-
b ‘ “ induced SM.

 Accommodate charged Rpcsy.

OK constraints:

- Bc lifetime, g2 distributions, but also
B—K *vv, direct searches and EWP data.




Linking anomalies with LFU NP (step )

. Scenario 8 well motivated to link eharged/ neutral anomalies with LEFU
| _

- Cgu C1o,.L — — -
Cq 1 /l R
®*LFUOV: CVg=-CVipo ® LFU: CYy from radiative corrections — R
® ° ° ‘ '\i \“\;

from Ogzz22 with msertlo*n of 02535 < M |
T | ‘

10+ ! o

| Global fit to b — s/l | ,

[ Global fit including R(D'™) :

Assuming a generic flavour
structure and NP at the scale A:

CU ~7511—= RD(*) 1 log(AZ/(lTeV2))
o R + 10.5
D(*):SM .

~~ Agreement Peglon 1nolud1ng new
Rp¢+y from Belle, bs—11 LFUV and

LFU-NP: NP hyp. 7O

See G. Isidori for explicit UV realisations and
A. Crivellin et al. PRL 2019.



Some Solutions to the anomalies



oolution to anomalies, generation of couplings

Colourless vector SU(2), triplets (W', B") or U(1)’ singlet

G=SUQB):xSU2)L xU(1)y x Gg

H

Generating Quark FV Coupling:
@ Vector-like quarks: SM-VL couplings

Q@

@ Loop induced: SM FCNC, Z’ penguins
z

d w

Gg = SU(2), could pot. explain anomalies
(Rx > 0.9¢&_conflict with LHC searches:)

e bsZ' Quark FVC
e Z'0¢ LFUV coupling

Generating Couplings to Leptons:

@ Gauged U(1),—r symmetry
@ Loop induced with vector-like fermions

ZI
s K




Solution to anomalies: leptoquarks

@ Spin 1 (vector) SU(2), singlet or triplet
leptoquarks

@ Spin 0 (scalar) SU(2)r, singlet or triplet
leptoquarks

@ via loop....

They mainly point in all versions to Cy = —C1
(left-handed structure like in the SM)
Important constraints:
@ b — svv (two scalars LQ can do the job)
@ direct bounds (from 0.5-1 TeV)

Co lour ‘t'r[P[c_t

Scalae LG
S, ~ (73;,'/ ’/3)
S, v (3 3, Iz)
VGCtOT‘ L §,:
U~ (>,1, 2/3)
Us ~(2,3,2/)




Solution to anomalies: leptoquarks

@ Spin 1 (vector) SU(2), singlet or triplet
leptoquarks

@ Spin 0 (scalar) SU(2)r, singlet or triplet
leptoquarks

@ via loop....

They mainly point in all versions to Cy = —C1
(left-handed structure like in the SM)
Important constraints:
@ b — svv (two scalars LQ can do the job)
@ direct bounds (from 0.5-1 TeV)

Co lour ‘t'rz'lolét

Scalae  LQO.:
Sl ~ (—;‘,’;"/’/_g)
S, v (3 3, I/3)
VGCtOT‘ LQ
/M.“"’ (?D, I/ 2./3)
Us ~(2,3,2/)




A possible successful candidate?

A very promising candidate is:

Vector leptoquark SU(R) singlet:
U1(3,1,8/3)
Coupled mainly to 3rd generation

It can explain both charged and neutral anomalies
Co=-C10 pattern in b-suu

1.

Q.

3. No tree level effect for b—-svv
4. No conftlict with direct searches

Good solution, but challenging UV completion



Possible UV completions

* SU(4)xSU(3)'%xSU(2),xU(1), + Vector-like fermions
L. Di Luzio, A. Greljo, M. Nardecchia, arXiv:1708.08450
* SU(4)xU(2),%xSU(2); + vector-like fermions
L. Calibbi, AC, T. Li, arXiv:1709.00692
* SU(4)x SU(4)x SU(4)
M. Bordone, C. Cornella, J. Fuentes-Martin, G. Isidori, arXiv:1712.01368
* SU(4) xU(2),%SU(2); including scalar LQs and
light right-handed neutrinos
J. Heeck, D. Teresi, arXiv:1808.07492
* SU(8) might even explain €’/¢
S. Matsuzaki, K. Nishiwaki and K. Yamamoto, arXiv:1806.02312
* SU(4)xU(2)%SU(2); in RS background
M. Blanke, AC, arXiv:1801.07256

Good solution, but challenging UV completion



Pati-Salam L@ model

Original PS=SU(4) x SU(R).x SU(R)=r

It does not work: tight bounds from couplings to light
generation: K, —>pe and K->mue

... too heavy (Flavour-Blind) to work.
[M. Bordone et al. ]

A recent proposal : PS® = PS; x PSs x PSs3
PS; = SU(4), x [SU(2)r]; x [SU(2)r],

1. SSB decouple very heavy fields coupled to 1st & 2nd gen.
2. TeV-scale L@ associated to 3rd gen and LQ coupling to RH SM
3. Higgs of EWSB only on third generation site:

... yukawa hierarchies from hierarchy of breaking vevs



Near Future next test: Qs=P’s5,-P’se

What can we learn?



Qs can disentangle relevant scenarios?

Masjuan, JM: 1902.04900]

0.6 0.7 0.8 0.9

The main 1D scenarios with present value

of Rx are still too packed within 0.50 to
disentangle the correct pattern.




Qs can disentangle relevant scenarios?

\
r

L

156 ——7—"— —— :

1.0 | ~ -

0.5 | T : ® : -

0.0 |

Qs

“1O0F == SM from DHMV ]
- 1 NP Example

-1.5 [ . . A \ . , . . \ . . . , | . l . .
0] 5 10 15 20

2 [GeV2/c?]

Table 2: Results for the lepton-flavor-universality-violating observables Q4 and Q5. The first uncertainty is
statistical and the second systematic. //!,

g° in GeV?/c? Q4 Os
[1.00, 6.00] 0.498 +0.527 +0.166 0.656 +£0.485-+0.103
[0.10,4.00] —0.723+0.676 +0.163 —0O"

[4.00, 8.00] 0.448 +0.392+0.076 0.498 +£0.410 -+ 0.095

[14.18,19.00] 0.041 £0.565 +0.082 0.778 =0.502 = 0.065




Qs can disentangle relevant scenarios?

9 — —Clo — like

Cgp_ ClO,u, CQU CIO)

TN TN
)
QO
‘:
S
\./

CQ\L = _Cl\(;;u CQU)

0.4 : : : 0.0 0.2 0.4 0.6 0.8 1.0
(@s5)11.1,6] (@s5)11.1,6]
All scenarios with CVg are packed as well as those with CVg=-CV;0BUT in two
different sets. Also: *Qs positive and large would favour scenarios with Cgu<-1
*Qs < 0 or small would favour scenarios with Cgu=-Cioy




Conclusions
o After the updates of Rx (LHCD), Rx+(Belle) and Bs— 1 we find:

- no dramatic changes in the hierarchy of 1D hypothesis:
Co and Co=-Cgo’ preferred with All fit [178 obs] significance 5.8 (5.7) O
Co=-C10 preferred with LFUV fit [0 obs] significance 4.0 O

- 2D new emerging scenarios including RHC with Co’>0 & C10’<0:
(Cou,C’9y=-C’104) (8.1 O)

o LFU-NP structure is quite dependent on LEFUV-NP structure:
A CoV=-C10V struct. provides a good description only in presence of CgU

- We have found a link of charged & neutral anomalies & LFU NP in scn 8.

- While Rk cannot disentangle scenarios, a measurement of Qs such that:

-Qs positive and large would favour scenarios with Cgy<-1
-Q5 < O or small would favour scenarios with Cgu=-Cioy

.... new data on Qs, Re, updated optimized observables is essential.
Belle II inputs are also crucial.




BACK-UP



... 1IN summary

[Courtesy of A. Crivellin]

| gg | after Moriond 2019
1.4r¢ 7 ':' -
" B = Ktu
~ mBb-ocrvilo
= L3t P i
% ' | mb-cry 20
2 T
5 B bostty 1o
~ 1.28 8
g ' b a8t 20

— s =05 =25 K5

g K:l);?) =15 =25 K%Z

Pati-Salam LQ can explain the flavour anomalies




Ps’ anomaly: Lepton Flavour Dependent

| |
\ |

. Different theory approachesto |

| estimate/predict “LD charm”™: ||

Long distance non-factorizable :
LCSR by Khodjamirian
+ 8; const/destr interference.

Empirical model to determine .*q
the impact of resonances : |
(amp. analysis+BW)
Blake et al. ‘17

LD effects from analyticity: 1
(fixes g? dep. up to pol. & systematic) ||
Bobeth et al.’18 |

|

In all theoretical estimates the |
anomaly remains.




Ps’ anomaly: Lepton Flavour Dependent

| 1
\ |
| , Different theory approachesto | RUpRERES
|  estimate/predict “LD charm”: || 1.0r 3 data from Belle
: m T : SM from DHMV _ ‘
Long distance non-factorizable : 05 T E :r: ff:: E;UNV (ff;“;: :; |
LCSR by Khodjamirian T ‘
+ 8; const/destr interference. j
0.0 A

Empirical model to determine
the impact of resonances : |  omET g —
(amp. analysis+BW) —0.5 e ata e
Blake et al. ‘17 ]

LD effects from analyticity: 1
(fixes g? dep. up to pol. & systematic) ||
Bobeth et al.’18 |

|

|

In all theoretical estimates the |
anomaly remains.




|

Ps’ anomaly: Lepton Flavour Dependent

. Different theory approaches to

estimate/predict “LLD charm”:

Long distance non-factorizable :
LCSR by Khodjamirian
+ 8; const/destr interference.

Empirical model to determine
the impact of resonances :
(amp. analysis+BW)
Blake et al. ‘17

LD effects from analyticity:

(fixes g dep. up to pol. & systematic) ||

Bobeth et al.’18

In all theoretical estimates the |

anomaly remains.

|

!

|

g% (GeV~ /CJ',
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Ps’ anomaly: Lepton Flavour Dependent

. Different theory approachesto |
estimate/predict “LD charm”: ||

Long distance non-factorizable :
LCSR by Khodjamirian
+ 8; const/destr interference.

Empirical model to determine
the impact of resonances :
(amp. analysis+BW)
Blake et al. ‘17

LD effects from analyticity:
(fixes gR dep. up to pol. & systematic) [
Bobeth et al.’18 |

In all theoretical estimates the |
anomaly remains.

0.8 [\

vvvvvvvvvvvvvvvvvvvvvvvvvvvv

B SM prediction (prior)
/1 NP fit (posterior LLH2)
LHCb 2015




