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Infroduction and Motivation

Even if the SM is extremely successful theory most likely is an effective theory, it does not explain...
@ why 3 generations of fermions? why their masses are so hierarchical.
@ origin of the Baryon asymmetry in the universe? matter anti-matter asymmetry too small in SM.
@ lack of a candidate of the dark matter observed in the Universe
° ..

4

a more fundamental theory with new degrees of freedom (new particles)

This new theory defines what is usually called New Physics

Two types of searches for New Physics:

@ DIRECT production of New Particles: so far nothing new....besides SM Higgs. It needs Energy.

@ INDIRECT or VIRTUAL production of New Particles affecting (i.e. loops) couplings & decays
Target of Flavour Physics = Energy scales not directly accessible at accelerators.
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Our “pets” and how we play with them...
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List of B mesons

B mesons
Spin
. Anti- Quark Isospin and Rest mass , Mean lifetime
Particle |Symbol icle | content Charge ) parity (MeVi/c?) S |[C B ©

(639)

Strange B 0 -0 = _ _ +0.027 _
meson B, B, sb 0 0 0 5,366.3 +0.6 1 0 | +1 1.470 Z 026 X 10 12

B meson B° g° db 0 Y 0~ |5279.53+033| 0 | 0 | +1 |(1.530+0.009) x10"!2
CBh,?;?:g B: B; cb +1 0 0~ 6,276 +4 0 | +1 | +1 | (0.46£0.07) x10712
B meson B* B~ ub +1 Y 0~ [5279.15+031| 0 | 0 | +1 |(1.638+0.011)x1072
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The Flavor
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NP

SM expected to be dominant
(tree dominated)
[semi/leptonic dec.] Metrology of SM

.
I |

SM and NP competing
(loop dominated)
[rare processes] Constraints on NP
FCNC Forbidden in SM at tree level

Subclass of observables (LFUV)
with little hadronic unc. IN SM.
— Smoking guns of NP
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A relevant example of FCNC process

This quark stays the same
“spectator quark”

This quark changes flavor
without changing the charge
“FCNC”

qi and q; change charge
when they change flavor
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A relevant example of FCNC process

This quark stays the same
“spectator quark”

This quark changes flavor
without changing the charge
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A relevant example of FCNC process

This quark stays the same
“spectator quark”

This quark changes flavor
without changing the charge
“FCNC”

qi and q; change charge
when they change flavor
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Goal of this talk

Messages to take home of this talk:
For the first time we see COherence on a large set of deviations/anomalies

Nature seems to point tOWards first signals of Violation of lepton flavour universality
...SM predicts LFU: interactions between gauge bosons and leptons
being the same for different lepton families.

... soon we will have more observables to confirm it.

NOt my goal HERE to focus on a specific UV completion but to SHOW that there is a SlGNAL
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The path
to the anomalies

Why now? why there?
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The starting point: Angular distributfion of B — K*(— K7)uu

4-body angular distribution Bq — K*°(— K~71)1*T1~ with three angles, invariant mass of lepton-pair ¢°.

: Angle of emission between K*0
and p~ in di-lepton rest frame.
: 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)
dq? dcos0pdcos Ok dgi)

o ZJ ) fi (00, 0xc, §)

J;(¢?) function of transversity (helicity) amplitudes of K*: AL”@ but also A;, Ag
Aifo_ C; (short) x Hadronic quantities (long)
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The differential distribution splits in J; coefficients:

J(¢%,0,,0k,0) =
Jissin? O + Ji.cos? O + (Jas sin? O + Joe cos? O ) cos20; + J3 sin? 0 sin? 0; cos 2¢
+J4 sin 20 ¢ sin 260; cos ¢ + J5 sin 20 sin 0 cos ¢ + (Jgs sin? 0 + Jge cos? 0 ) cos 0
+J7 sin 20 sin 0; sin ¢ + Jg sin 20 sin 26, sin ¢ + Jg sin® 0 sin? 0, sin 2¢ .

Example:

2+62 4m2 * *
ne = CEBO ke abe + L - R)) + ERe (AL AT + afAT")

4
Jos = 2B [Re(AﬁAﬁ*) — (L — R)} , Jg= \}i

e The transverse amplitudes A | o are directly related to Helicity Amplitudes of K*:

B7 [Im(AFALT) + (L - B)],

A y=HuFH)/V2  Ay=H
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Four regions in ¢? for the angular distribution B — K*(— Kx)up~

Four regions in ¢*:

Joaquim Matias
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dB(B->K*y)/ds x 10 (GeV’)

o
o
|

Large recoil

Charmonia

o_lllxlllllln
o 5 10

s (GeV?)

20

@ very large K*-recoil (4m? < ¢> < 1 GeV?): v almost real.
@ large K*-recoil/low-q%: Ex+ > Agcp or 4m? < ¢*> < 9 GeV?: LCSR-FF
@ charmonium region (¢ = m?]/q,, ...) betwen 9 < ¢? < 14 GeV2.

@ low K*-recoil/large-q*: Ex+ ~ Agcp or 14 < ¢* < (mp — mg~)*: LQCD-FF
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The amplitude
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The framework: b — st¢ effective Hamiltonian, Wilson Coefficients

0+

- b— svy(*): %Zﬂlfﬂ[:l x Z ViV (O + ...

separate short and long distances (u, = my)

NI SR ce o
("] Og = lé?(gﬁ/,uPLb) (E’YME)

- @ Ou= g5 (53PLb) ((150)
5/\/ Oi 10,910 /
(}% 3 Mu:> ()% W} M =029, ;M =41, ) = -4.3

NP changes short-distance ¢; = ¢ + CN' for SM or involve additional operators O;

@ Chirally flipped (W — Wg) Oy o (50" P b)F,,, Og o< (57, Prb)(€y"0) ...
@ (Pseudo)scalar (W — H™) Og o (5Prb)(£0), Op < (5Pgrb)(ysl)
@ Tensor operators (y — T) Or 50, (1 — v5)b Loy, L
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The framework: Hadronic structure of B — K*/

G
A(B = K*00) = LV V(A + T agy™ve + By 5]
\/§7r
Form factors (local) Charm loop (non-local)

Vs A

@%%@ o5 %ﬁ@

Local contributions: 7 form factors = V, Ay 12,7123

2myq” B B
Ay - ng C7(VA|50, Prb|B) + Cy(V|57,PLb| B)
By = Cio(ValsvuPLb|B) X: K* helicity

Non-local contributions (charm loops): hadronic contribs.

T,, contributes like O7 9, but depends on ¢? and external states
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Form Factors to parametrize B — M

= Different sets of form factors available: KMPW (LCSR, low ¢?) or BSZ (fit LCSR + lattice).

@ low K™ recoil: lattice, with correlations [Horgan, Liu, Meinel, Wingate]
@ large K* recoil: B-meson Light-Cone Sum Rule,
@ large error bars and no correlations [Khodjamirian, Mannel, Pivovarov, Wang]

e reduce uncertainties and restore correlations among form factors
using EFT correlations arising in m; — oo, e.g., at large K* recoil

mp mp + mg- mp
= Al = Tl =
mp + Mg~ 2F i~ 2FE ¢«

{L=

T +0(as, A/my) corr

@ Alternatively: fit to K*-meson LCSR + lattice, small errors bars, correlations
[Bharucha, Straub, Zwicky]

0.0F

P(Gev?) 0 5 10 15
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Traditional experimental approach to

B — K*utu~
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Till 2013 .... Traditional approach to B — K*u™u~

For a longtime only j—f}, Fy, Arpg were the target of traditional analysis.

d’r 3 3 dr
— = [ ZFLsin?l, + = (1 — Fp)(1 20 A 9)—
ddosts <4 Lsin“dy + 8( L)(1 + cos“6y) + Appcosty dq2
FF: KMPW FF: BSZ
—}—  data from LHCb | 1.0} —}—  data from LHCb |
[ sM from DHMV'16 ] sMfrom BSZ'16
0.5} {
5 s [
0.0}
—05 5 10 15 20 —0-5 5 10 15 20
7' (GeV?) 7*(GeV?)

....in these observables hadronic uncertainties mask any possible sign of New Physics.
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Two key observations:

@ THEORY: At leading order in 1/my,, s and large-recoil (Ex~ — oo) FF fulfill:

mp +my

i o V(@) = ZEEE A(@®) = Ta(@®) = 5P Ta(a®) = €1 (a”)
Wm(f)‘W%(f) 52 Ta(a®) — Ts(a®) = ¢ (a”)

consequently the transversity amplitudes:

me

ADR — \/aNmp(1 — 3) [(CSff +Cs) F (Cro + Cf eﬁ’)} £1(Ex~)

2mb

Aﬁ’R = —V2Nmp(1 — 3) [(CSH Cs™) F (Cro — Clp) + ——(C5F eﬁ/)] £1(Ex~)

Nm 1—35 / ~ e e
APR = _Nmp( = ) {(C — C§™) F (Cro — C1p) + 21 (C5" — C7ﬂ/)] &) (Ex~)
QmK*\/g

@ EXPERIMENT: One can get access to new observables using the “folding technique”.
Identify ¢ <+ —¢ and 6, <~ = — 6, leads to

dl' = dT'(}) + d['(—¢) 4 dTU(, m — 0;) + dD (=, 7 — Oy)
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A new approach: new observables
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Optimized observables: P;

One can construct a new type of observables out of A, |, based on two criteria:

Exact Cancelation at LO of the SFF (£, |)):

AL - 14y

AP =p =
N V' EENVHE

compared to
Fr=0(&1/¢)

@ The suppression of

H+1 = (AJ_ +A||)/\/§§ 0 due to LHS

of SMimplies [A, | ~ |A4].

@ A contribution to C induces a
large-deviation (sign-sensitive:
positive-down, negative-up).

= O(as€))+...

10—

-05|

10!

Respect the symmetries of the distribution.

Joaquim Matias
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Symmetries of the angular distribution B — K*(— Kn)upu~

[Egede, Hurth, JM, Ramon, Reece’10]
An important step forward was the identification of the symmetries of the distribution:

Transformation of amplitudes leaving distribution invariant.

All the distribution can be rewritten in terms of nj = (Af, A("), n1 = (AT, —A") and no = (Af, AF").

Symmetries of

M | o W — Un leim 0 ] lcos& —sin@] [ coshif —sinhif
assless ase: i i =

0 e PR sinf  cos# —sinhif  coshif |

Symmetries determine the minimal # observables for each scenario:

Nobs = 271,4 —ns Nobs = N ji — Ndep
Case Coefficients J;  Amplitudes Symmetries Observables Dependencies
my=0,As =0 11 6 4 8 3
my =10 11 7 5 9 2
my >0, As =0 11 7 4 10 1
my >0 12 8 4 12 0
All symmetries (massive and scalars) were found explicitly later on. [JM, Mescia, Ramon, Virto'12]

Symmetries = # of observables = determine a basis: = {iﬁ;‘, Fr, Py, P», P3, P}, P}, P}
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Brief flash on the anomalies: Back to 2013

(P

o
o
Pa
o
o
(P2)

Why so much excitement in Flavour Physics in that year?

First measurement by LHCb of the basis of optimized observables P; with 1 fo=!:

10F y y y T " " " " " "
15 04 |

05 -
* 10 I 0.2
0.0I¥

05 0.0 0.2 |

10 _ 00 -04 =
(.) 5 1.0 1.5 2.0 0 5 1.0 1.5 2.0 0 5 10

¢ GeV?) ¢ GeV?) o° (GeV?)
All the focus was on the optimized observable P! that deviated in the bin [4,8.68] GeV? near 4o.

BUT the relevant point......indeed is the COHERENT PATTERN among the relevant observables
[S. Descotes-Genon, J.M., J. Virto’13].

= Symmetries among Al 0 [Egede, JM, Reece, Ramon’12] and [Serra, JM]
= imply relations among the observables above.
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How do we understand this anomaly? (Coherence )

In [DMV’13] it was shown that a New Physics contribution to the coefficient Cy: C*Y ~ —1.5

reduced the tension on P}, but also in P,.

1.0
ar W e83%CL ) 0.5¢
[ 9s5%CL 0.5} 1
2 o i1 Includes Low Recoil data ] s S—T
L] only 1.6 bins -~ 0.0 EE' N
o_m g_/ 0.0F
2o 0
-0.5¢}
-0.5¢
-2t
-1.0¢
R T e — e
-4} / .
— o’ (GeV?) o’ (GeV?)
-0.15-0.10 -0.05 0.00 0.05 0.10 0.15
P Gray: SM. Blue: LHCb data. Red: CJ'F.
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P..... acloser look to the most tested anomaly (Type-I)

Is this an statistical fluctuation?

S P! was proposed in DMRV, JHEP 1301(2013)048
o LHCbdata o ATLAS data
= Belledata © CMS data

1 L ALx AR pARx*
[ SM from DHMV -] Pl — /9 Re(Ag AT AgAT) =P (1+ O(asé)) +p-c.) .

7 1 5
o™ ] VIAoP(ALP + 4

AL Optimized Obs.: Soft form factor (£, ) cancellation at LO.
| _% @[@% @ 2013: 1fb~! dataset LHCb found 3.70.

WY,
L -

T I @ 2015: 3fb~! dataset LHCb (black) found 34 in 2 bins.
I T T S— = Predictions ( ) from DHMV.
iy s Gl (¢ 2\ ) @ Belle (red) confirmed it in a bin [4,8] few months ago.

* PRL 118 (2017) CMS-PAS-BPH-15-008

Is there a problem with hadronic uncertainties?: Two robust and independent analysis (same as Fp):

@ ORANGE DHMV: using i-QCDF and KMPW FF+ 4 types of corrections.
@ MAGENTA ASZB: using full FF from BSZ.

.... are in nice agreement and finds the anomaly.
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P..... acloser look to the most tested anomaly (Type-I)

Computed in i-QCDF + KMPW+ 4-types of corrections.

Ffu”((]Q) _ FOO(EJ_,fH) + AFGS(QQ) + AFP'C'((JQ) plull V, Ay, Asg, ...

type of correction | Factorizable Non-Factorizable

o
)
o

O
.y .y

B A
22 > 2 \g
2 o %@5 Or Or

(b) © (A (0

Q0QQ0

o,*QCDF AF(g?) o
power-corrections | AP (g%)*

LCSR with single soft gluon contribution (long distance charm)*

Why in P.?

Ai,H,(O) X [CSE — Cl() + ...

§J_7(|I)(EK*) AE,H,(O) X |:Cgﬁ + Ci0 + ] SJ_,(H)(EK*)

@ InSMCSM + CiM ~ 0 — AT | < |AL |

° fCYP <othenRtandLl: Pjoc —Re[|Af Al —|Af A -0
Joaquim Matias
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An exciting future for P! _

Projections from LHCDb for P! in Phase-1l Upgrade. [Taken from LHCD]

~uwn 1 T T T T T T

Q- 0.8 I SM from DHMV
: LHCb Run 1

0.6 Phase-ll Upgrade

nm .
O
()
0.4 J*.J
— *c] |
-0
-0.2 D-D-D‘
-0.4 'D'.D.
0.6 I 3

-0.8

-
-
-
-

" L

0 1 2 3 4 5 ® 7 8
q? [GeV?/c?

-1
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Is it natural to see a deviation in P, and NOT in P;?

10 .
Belle preliminary
05} 1
L Pj was proposed for the first time in DMRV, JHEP 1301(2013)048
00 | .
osl e L —— ] Re(AL AL*+ AR ARx)
o i — == Pl =2 I L — P (14 O(astl) +pc.) .
| VIAP(ALP +14)P)
-15+¢ W This Analysis -
LHCb 2013
20} LHCb 2015 - Why not in P;?
I SM from DHMV
_25 1 1 1
0 5 10 15 20

¢* (GeV?/c")

Ai,‘L(O) X |:C§ff - Cl() + ...

& (Ex+) Afuj(o) x {cgﬁ' +Cio + ] 1y Exc=)

@ InSMcyM M ~0 — |A}f,||| < |Aill|

® IfC{'" <othenRtandL|: PjoRe|[AfAL*| +[AfAf|| — P{SM what R gains L loses
...(unchanged).
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Other b — su™p~ observables tensions show up: (Coherence II)

Systematic low-recoil small tensions (EXP too low compared with SM

in several

BR,, also at large-recoil):

b — sutp~ (low-recoil) bin SM EXP Pull
107 X BR(B0 — K%t~ ) [15,19] 0.91+0.12 0.67+£0.12 +1.4
"< BR(B” - K*%tu~)  [16,19] 1.66+0.15 1.23+0.20 +1.7
"x BR(Bt — K*mm ) [15,19] 2.59+0.25 1.60+0.32 +2.5
"x BR(Bs — ¢ptpu™) [15,18.8] 220+0.17 1.62+020 +2.2

After including the BSZ DA correction that affected the error of twist-4:

07 x BR(B, — ¢utp) SM EXP Pull
[0.1,2] 1.56 £0.35 1.11+£0.16 +1.1
[2,5] 1.55+0.33 0.77+£0.14 +2.2
[5,8] 1.89£0.40 0.96+0.15 +2.2

Joaquim Matias

Universitat Autonoma de Barcelona

Heavy Flavour Anomalies



In the meanwhile (2014) new deviations appear...LFUV anomalies

| CSR Lattice -e-Data
A B B B

(T' L B ] é+
3 B~ Ky -
% LHCb _: ) ot 5
] W
=)
= +t
iy Br (Bt — K*tutu)
o o +0.090
% L S X RK BI‘ (B+ N K+6+67) O 7 5_0074 O 036
10 15 20
q? [GeV?ic] = It deviates 2.60 from SM.
¢ 2 .+.u.4c.b, fB.aB.ar, ._‘_.B.dl.e, I = equals to 1 in SM (universality of lepton coupling).
= LHCb 1 i
i ] = NP coupling # to pand e.
15 ]
i : | ] Conceptually Rx very relevant:
1 :

M Tensions in R cannot be explained in the SM by

0.5F . neither factorizable power corrections” nor

long-distance charm™.

% 5 1 15 20
R [GeV3cd]
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LFUV (Rg) and b — su*u~ converges: (Coherence lI)

The independent analysis of b — se™e™

_ ) gF T T T
and b — SIU,+,U, shows: [ 77 BR®B-Ku) + BRB-Kee) within [1.6] -~
° Cgu - —O(l) 25 [ Al bosu and bosée \) !
@ Cy. ~ 0 compatible with SM albeit with I 7&
large error bars. 1
It shares the same explanation than P and o
other b — suu tensions. 22,
S
1.2 H (7 -
1.1} ] -1 VS R SRR
— I NP _ NP _ 5 A ]
1.0 Cgﬂ — —1170()6 —O :i
0.9¢ 1 _27" il
= L
<8 o and g
0.7 -1 CgF = —Ch, = —0.65, _ o ]
Nl») T T T T T S O O S R |
0.6/ 1 Co10e =0 3 2 1 o 1 2 3
%% 172 3 4 5 6 7 cy,
q*(GeV?)

= The attempts of explanation of anomalies in b — su ™~ based on hadronic arguments enter in crisis...

Joaquim Matias Universitat Autonoma de Barcelona Heavy Flavour Anomalies



and a new LFUV surprise ... R+

[0.045,1.1] [1.1,6]
B (BO FH0 7) pulls H Ry Ry
+0.1T13 +0.122
Rye = =~ — KR Exp. || 0.667055% | 0.68570 122
Br(BO — K*0ete—) SM 0.92+0.02 | 1.00=+0.01
1.2 e 2.0 ———— T
& B ] § r ]
1.0 F Ay ] r ]
& (%4 7o 1 & 1.5 7
08 B T ] : :
0.6 b ] 1.0 B ]
C ® LHCb ] 5 ]
04 ® SM from CDHMV ] Fe- . ]
r SM from EOS . 0.5 ® LHCb ]
0.2 L ¥ SM from flav.io 7 L L. BaBar -
[ LHCDb Preliminary @ SM from JC ] i LHCb Preliminary Belle ]
ool v v i v v v v 1 0.0 L= P BT P R T RS R T
0 1 2 3 4 5 6 5 10 15 20
¢ [GeV? /e * PRD 86 (2012) 032012 & [GeV? /e

* PRL 103 (2009) 171801

@ Both Rx and Ry~ are very clean but ONLY in the SM and for ¢> > 1 GeV>2.

@ Lepton mass effects even in the SM are important in the first bin.
— Our error size in 1st and 2nd bin in agreement with Isidori et al. (including QED — 0.03).

@ In presence of New Physics or for ¢> < 1 GeV? hadronic uncertainties return.
e Typical wrong statement "Ry x- are ALWAYS very clean observable”, indeed is substantially less clean
and more FF dependent than any optimized observable.
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What is the impact now

on the global fit of the new data?
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Global analysis of b — s/

[Capdevila, Crivellin, Descotes, JM, Virto]
175 observables in total (LHCb, Belle, ATLAS and CMS, no CP-violating obs)

@ B — K*up (P12, Py 545, Fr in 5 large-recoil bins + 1 low-recoil bin)+available electronic
observables.

...April's update of Br(B — K*uu) showing now a deficit in muonic channel.
...April’s new result from LHCb on R},

® B — dup (P1, Pyg, F, in 3 large-recoil bins + 1 low-recoil bin)

@ Bt — Ktuu, B — K% (BR) (¢ = e, u) (Rx is implicit)

@ B — Xiv, B— Xsuu, Bs — pp (BR).

@ Radiative decays: B® — K*0y (A7 and Sk+,), BT — K**v, B; — ¢y

» New Belle measurements for the isospin-averaged but lepton-flavour dependent (Q4,5 = Pi{f,) — Pi%):
P = o PA(BY) + (1 - 0.) P(B°)

» New ATLAS and CMS measurements on P;.
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Fit 2016: Statistical Approach

Frequentist approach: C; = ;™ + CNP, with CN* assumed to be real (no CPV)
X2 (Ci) = [Oexp — On(CNP)]; [Cov ™1, [Oexp — O (C )k

@ Cov = Cov®™® + Covl.
@ Calculate Cov'™: correlated multigaussian scan over all nuisance parameters
@ Cov'" depends on CNP: Must check this dependence

For the Fit:
@ Minimise x? — x2,, = x*(CN*%)  (Best Fit Point = CN'0)
@ Confidence level regions: x?(CN?) — X2, < Axon

Definition of Pullg,,:
Pullsys: how much the SM is disfavoured with respect to a New Physics hypothesis to explain data.

— A scenario with a large SM-pull = big improvement over SM and better description of data.
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Results: 1D fits: All b — s¢¢ and LFUV fit

@ Hypotheses “NP in some C; only” (1D, 2D, 6D) to be compared with SM

All

1D Hyp. Best fit | 10 \ 20 | Pullgy | p-value
Chy -1.11 | [-1.28,-0.94] | [-1.45,-0.75] | 5.8 68
P =—-cfP || -0.62 | [-0.75,-0.49] | [-0.88,-0.37] | 5.3 58
C HP = —C9 -1.01 | [-1.18,-0.84] | [-1.34,—0.65] | 5.4 61
Chr = —3CNP -1.07 | [-1.24,-0.90] | [-1.40,-0.72] 5.8 70

LFUV

1D Hyp Best fit | 10 \ 20 | Pullgy; | p-value
Chry -1.76 | [-2.36,—1.23] | [-3.04,-0.76] | 3.9 69
Chy =—Ch, || -0.66 | [-0.84,—-0.48] | [-1.04,—0.32] | 4.1 78
Cory = —Cy, -1.64 | [-2.13,-1.05] | [-2.52,—-0.49] | 3.2 32
Chy = —3Ch || -1.35 | [-1.82,—0.95] | [-2.38,—-0.59] | 4.0 72

Global fit test the coherence of a set of deviations with a NP hypothesis versus SM hypothesis

Joaquim Matias
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Improving on the main anomalies — Global Coherence of NP solufion

The 1D solution solves many anomalies and alleviates other tensions

Largest pulls H (P8l \ (pye8l \ Bgf_]wm, B[gﬂwm, Bgi’ﬂ(*mm,
Experiment —0.304+0.16 [ —0.51 £0.12 [ 0.77+£0.14 | 0.96 4 0.15 1.60 + 0.32
SM pred. —0.82£0.08 | —0.94+0.08 | 1.55+0.33 | 1.88+0.39 2.59+£0.25
Pull (o) -2.9 2.9 +2.2 +2.2 +2.5
Pred. C)7 = —1.1]| =0.50£0.11 | —0.73+£0.12 | 1.30+0.26 | 1.51+0.30 | 2.05+0.18
Pull (o -1.0 -1.3 +1.8 +1.6 +1.2
Largest pulls H RE(’G] RE,?;O 45,1.1] R[Il(;l’ﬁ]
Experiment 0.74570000 [ 0.66700% [ 0.685700%2
SM pred. 1.00£0.01 | 0.924+0.02 | 1.00£0.01
Pull (o) +2.6 +2.3 +2.6
Pred. Cé\LP =—1.1{| 0.79+0.01 | 0.90+0.05 | 0.87 +£0.08
Pull (o) +0.4 +1.9 +1.2

.... we will come back to that later on.
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2D hypothesis

s

3
cih

NP
Cop

Universitat Autonoma de Barcelona

Figure: Allowed regions with all available data (upper) and only LFUV (lower) in good agreement. Constraints from
b — sv observables, B(B — X uu) and B(Bs — pp) always included. Experiments at 3o.
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Consistency with another analysis

3F )
[T
ol - ]
) ~_
; ) ‘ ATLAS]
T =220 7 Belle]
l / i LHCb
2§ ‘ g — An
< 9 — )
_-|_’L ,,,,, el | ]
—2f ]
—3L ]
= = o 1 2 3
NP
Co
3F )
E [LFuV
-2 ]
—-3L ]
s -2 o 1 2 3
NP
Coy,

[Capdevila, Crivellin, SDG, Matias, Virto]
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1.5 4
s ™
i )
1.0 4 T S )
== 4
o2 == 4
= 0.5 4 " ] Z L/
S i } T
ey A g -
~= o0 _—
—0.5 1 //,/'/ —— LFU observables
B b — spu global fit
o ) all
: flavio v ——~ all, fivefold non-FF hadr. uncert.
|
—20 -15 —1.0 —05 00 0.5 1.0 1.5

Re C¥

[Altmannshofer, Stangl, Straub]

@ Different angular observables
@ Different form factor inputs (BSZ)
@ Different treatment of hadronic corrections (full-FF)

@ Same NP scenarios favoured (higher significances for
[Altmannshofer, Stangl, Straub])
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6D fit the most important one

We take all Wilson coefficients SM-like and chirally flipped as free parameters:
(neglect scalars and tensor operators)

Lot | G | Ch | G | G | Cuow

Best fit +0.03 112 +0.31 +0.03 +0.38 +0.02
To | [-0.01,+0.05] | [~1.34,—0.88] | [+0.10,+0.57] | [+0.00,+0.06] | [—0.17, +1.04] | [—0.28, +0.30]
20 || [-0.03,40.07] | [~1.54,—0.63] | [~0.08,40.84] | [~0.02,40.08] | [~0.59,+1.58] | [~0.54, +-0.68]

The SM pull moved from 3.6 0 — 5.0 o (fit “All’ with the latest CMS data at 8 TeV included)

The pattern (very similar to DHMV15):

et 20, Cy; <0,Ch, > 0,Ch 20, Ch, >0, Clg, 20

Co,, is compatible with the SM much beyond 3 o, all the other coefficients at 1-2 o.
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Intermezzo... hadronic uncertainties on a nutshell. Are they an alternative?

There have been some attempts by a few groups to try to explain a subset of the previous anomalies
using two arguments:

@ factorizable power corrections (FPP) (easy to discard arg (see back-up))

Ffull((IZ) :Foo(&lﬁ”) —|—ﬁFQ"'(q2) +AFP'C'((]2) F‘full =7V, Al,AQ,---
Vas

/;, @ They have to be included in a correct way.
Ourog iy e Emphatic claims by one group of large impact of FPP but important

j missing points identified:
B Q M @ scheme choice inflates artificially error x4 if p.c. are taken uncorrelated.
@ a correct P; expansion in p.c shows explicitly scheme dependence.

@ DHMV included them and also BSZ (full-FF) and results agree.

@ or unknown charm contributions... (more difficult to discard but also possible with a global view)
Vas

i

A detailed explanation of where those “explanations” fails in [JHEP 1412 (2014) 125, JHEP 1704 (2017) 016]
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Long distance charm

Problem: Charm-loop yields ¢>— and hadronic-dependent contribution with O7 g structures that may
mimic New Physics. )
Csi (4%) = Cosmpers + G5+ + C55(a?).  i=L.[.0

How to disentangle? Is our long-dist cc estimate using KMPW as order of magnitude correct?
Fit to ' bin-by-bin of b — suu data:

@ NP is universal and ¢>—independent.
e Hadronic effect associated to cc dynamics is (likely) ¢>—dependent.

1.0;‘ ! T T T E

0.0}

=, O8]
S FEESES | __ GlobalFit — — — —|e - — — ] 3

—ronl B[R _____|_;;_L_'_'_;_;'__'_'_;_'_'__';_"__'_'3_'_"__' ]

-1 e e
—2.0F S é
o] 5 1‘0 1‘5 2‘0
9% (GeV?)
@ The excellent agreement of bins [2,5], [4,6], [5,8]: Cévp 23— 16+ 0.7,
e = 13404, )PP = _1.3 4 0.3 shows no indication of additional ¢>— dependence.
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A controversial point and its evolution... a long story in short

[Ciuchini et al.] introduced a second-order polynomial in amplitudes to parametrize C§¢(¢*) and fitted the
) (¢=1,],0and K =0,1,2). Example:

(2

N 2 4

0 _ 40 2 (0) q (1) q (2)

A} =AY (Y (g >>+q2<ho b +1Gev4h0>
Cr Co

This group presented a fit (not a computation) in 1512.07157 only to large-recoil data of B — K*u*pu~:

@ v1: Symmetries proved an internal incoherence of their results for some observables above 4o.
— acknowledged by these authors.

@ v2: insisted on presence of sizable nonfactorizable p.c. (in particular a nonvanishing h(_z)), which
disfavours their interpretation as a shift of the SM Wilson coefficients at more than 95.45% prob.
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A controversial point and its evolution... a long story in short

[Ciuchini et al.] introduced a second-order polynomial in amplitudes to parametrize C§¢(¢*) and fitted the
) (¢=1,],0and K =0,1,2). Example:

(2

N 2 4

0 _ 40 2 (0) q (1) q (2)

A} =AY (Y (g >>+q2<ho T +1Gev4h0>
Cr Co

This group presented a fit (not a computation) in 1512.07157 only to large-recoil data of B — K*u*pu~:

@ v1: Symmetries proved an internal incoherence of their results for some observables above 4o.
— acknowledged by these authors.

@ v2: insisted on presence of sizable nonfactorizable p.c. (in particular a nonvanishing h(_z)), which
disfavours their interpretation as a shift of the SM Wilson coefficients at more than 95.45% prob.

@ Lateron| ] same authors agreed that the solution with 2(2) = 0 gives an acceptable fit.
— ... maybe there is an unknown constant hadronic contribution 1Y that mimics NP,
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Long distance charm

More arguments to discard long distance charm as a solution.

e We implemented [JHEP 1704 (2017)
016] different analysis: SM, NP, different
FFs,..=>

No significant improvement in the quality
of the fit that pointed to the need to go
beyond the hf\l) term.

e Empirical model of long distance
contributions based on the use of data
on final states involving J¥¢ = 1=~
resonances

= Agreement with our error estimate.
= Anomaly cannot be explained.

Joaquim Matias Universitat Autonoma de Barcelona

data from LHCb
SM from DHMV
SM from DHMV unbinned

Extreme values =0, from Blake et al.

(Ps")

-1.0

7 (GeV?)
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Moreover R}, was measured.... crisis of long-distance charm arguments!

From Mauro Valli’'s talk of Silvestrini et al. group.

NOT SO LONG TIME BACK ...

@LHCh-implioationg 4&

[Ciuchini et al’17 ] in unconstrained fit find up to 7o
on C{'F even missing low-recoil! and h(;’Q) now
compatible with 0. Alternative NP solution C¥,

[Ciuchini et al'15] "SM gives a very good description proposed unable to explain any Type-l.

of data and k2 near 20 from 0.
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Coherence lll: Time Travel & Inverted analysis

data from LHCb

I—{—l

1.0 + data from Belle
=
1]

SM from DHMV

Pred from LFUV CONP=-1.76 in 1704.05340

Experiment: Assume ONLY LFUV

__________

| Pred from LFUV C10NP=+1.27 in 1704.05446

observables are measured: Ry, Rk~ and Q45 os
Question: What they predict for P;?
Three cases: g 00 —

@ Cy, = —1.76 (RED) from our paper

1704.05340. s [ ]
@ Cio, = +1.27 (BROWN) from 1704.05446. ' L] | #
@ NP in Cyp. = as bad as SM (ORANGE)
-1.0
0 5 10 15

q*(GeV?)
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Impact on the rest of main anomalies

but also improve on many other anomalies....:

Largestpulls | (P)™** (P B BT | BRI
Experiment —0.30+0.16 | —051+0.12 [ 0.77+0.14 | 0.96 £0.15 1.60 £ 0.32
SM pred. —0.82+£0.08 | —0.94+0.08 | 1.55+0.33 | 1.88£0.39 2.59 £ 0.25
Pull (o) -2.9 -2.9 +2.2 +2.2 +2.5
Pred. CiT = —1.76|| —0.26+0.12 | —0.52+£0.15 | 1.224+0.22 | 1.37+0.25 1.54 £0.10
Pull (o) +0.2 -0.1 +1.7 +1.4 -0.3
Largestpulls || RL° R0 R
Experiment 0.74570 0% | 0.667007 | 0.68570 023
SM pred. 1.00 £0.01 | 0.92+0.02 | 1.00 £ 0.01
Pull (o) +2.6 +2.3 +2.6
Pred. Cj; = —1.76[[ 0.69£0.01 | 0.89£0.09 | 0.83 £0.14
Pull (o) 0.7 +1.6 +0.8

Joaquim Matias
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Next step: Disentangling scenarios.

A glance into the future.
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Looking intfo the near future: New LFUV to come (Disentangling)

Observables sensitive to the difference between b — sup and b — see:

They cannot be explained by neither factorizable power corrections nor long-distance charm.

They share same explanation than P anomaly, assuming NP in e-mode is suppressed (OK with fit).

@ Difference of Optimized observables:
Qi = P! — Pr.

[CDMV'16]

@ Other ratios of Branching Ratios — Inheritate the excellent properties of

optimized observables
BR(B; — ¢pup)

BR(Bs — ¢ee) @ Ratios of coefficients of angular distribution.
B; = Jl'/Jf — 1 with i=5,6s.

Ry =

@ Ratios of non-optimized observables

_ SE-S¢
T; = St4S¢

All are useful to find deviations from SM with tiny uncertainty, but to disentangle different NP scenarios
Q; and B; (maybe T;) are key observables.
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Disentangling New Physics: Ratios of Branching Ratios

Value of Observable

1.0

0.9

0.8

0.6

[1.1,6.0] GeV?

Low Recoil

0.7

[0.045,1.1] GeV?

11

i

= O

+
I
L I
ot H s §a B
I IT ! |I‘
1
i : TD I [ |u 3] 3]
i it Y |5
. ! | | i
I
L
it * 8
I I
I I
L 1 L
L
Ry Rg- Ry Rx Rx- Rs Rx Rg Rs

| SM-[BLACK]

1 Five “good” scenarios:

» Sc. 1 [GREEN]: C§)] = —1.1,

» Sc. 2 [BLUE]: Gy}’ = —C1y, = —0.61,

» Sc. 3[YELLOW]: C§} = —Cg, = —1.01,
» Sc. 4 [ORANGE]: C§ = —3C§" = —1.06,
| 2

Sc. 5:[GRAY]: The best fit point in the
six-dimensional fit.

] Rk~ is computed using very conservative
| KMPW-FF but R, using BSZ-FF (only available).

ATTENTION: In presence of NP Ry - 4 are largely sensitive to FF choices
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Disentangling New Physics: Differences of Optimized observables

Value of Observable

Q; observables are better to disentangle NP: Q; inheritates the properties of optimized observables.

0.4

1
o
-

0.3f
02}
0.1}

0.0f

[1.1,6.0] GeV?

[0.045,1.1] GeV?
T

‘ A

I

1

I

I

I

1
“1

|
Hlf

Qi @ Qi Qs Bs By

Q@ Q Q

Qs

Q; = P'— Pf

{ SM-[BLACK] and dashed-red [BELLE data]

] Five “good” scenarios:

» Sc. 1 [GREEN]: Cg;F = —1.1,
Sc. 2 [BLUE]: C§; = —C1qy, = —0.61,
Sc. 3 [YELLOW]: C§F = —Cy,, = —1.01,

Sc. 4 [ORANGE]: C&LP = 308 = —1.06,
Sc. 5:[GRAY]: The best fit point in the
six-dimensional fit.

vvyyVvyy

A precise measurement of ()5 in [1,6] can discard the solution Cy = —C in front of all other sols.

Joaquim Matias
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Which LFUV observable can disentangle better the scenarios?

(Rk)

1'0 ‘ u (Rk) éxp
nG" 1.0
0.8
0.8
06 / g
,:\‘:-0.6
X
S
0.4 04
0.2 0.2

B (Rens(C=-C)

1.2f

(Q5)11.1,61
I
>

I
F'Y

o
N

0.0

230 <25 -20 15 -10 -05 00 -30 -25 -20

NP
Cy

-15 -10 -05 00 -30 -25 -20 -15 -10 -05 0.
cyP cyP

BLUE C)'* and RED C{Y = —C}F', GREEN B, — u*p~ constraint

@ Central value of Ry prefers a more negative contribution to C3"' in agreement with P;.

@ A combined analysis of Rx and Q5 may be enough constraining to disentangle the two scenarios:
(present) Ry = Q5 € [0.60, 0.25] favours CJ'F or Q5 € [0.25,0.05] favours C{'F = —CNP
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A 7' particle a possible explanation?

In [DMV’13] we proposed to explain the anomaly in B — K*uu with a 7’ gauge boson contributing to
Og = ¢*/(16m%) (57, PLb) (£4"0) ,

with specific couplings as a possible explanation of the anomaly in P%.
{)

ORENNG

L= (EfnyLbA}b + 57, PrbAL + h.c.) v [ler = (ﬁ%PLMALW + fivy PrpuAr PP + ) A

The Wilson coefficients of the semileptonic operators are:

1 1 APARE Asb AR

NP {V,A} cNP _ 1 1 (V.A}
{910y = T2 2 9% M2, Ais ERSCERCS st g% M2, s ’

with the vector and axial couplings to muons: ALY, = AFFEA,

ASLb with same phase as A\ = V3, V,% (to avoid ¢;) like in MFV. Main constraint from AMp, (ASLljR).
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To include LFUV the Z’ has to couple differently to 1 than e (small coupling)
A Z’ model can belong basically to three main categories:
@ A model that generates ONLY a contribution to C4': A3 # 0, Al # 0. What size?

CHP = —1.1, AlF'/M} = —0.6 TeV~" and A% /M}, = 0.003 TeV~!

@ A model that generates a contribution ONLY to C¥ and C/|, ( no-right-handed quark coupling).
Two subcases:
0 )P =-CNP = AR A£0,AM =0
@ P £0,CNF £0 = AL £0, A A£0, AR #£0
@ A model with contributions to all 4 Wilson coefficients Cé'), Cﬂ])
In this case the constraint is particularly strong:
CF Cror — Cor CT) =0

Many ongoing attempts to embed this kind of Z’ inside a model
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Also LFUV anomalies in b — crv

wt /et
b W+ v b
B B
D*
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:

The ratio:

@ differs in lepton mass: 7 versus ¢ = u, e mass.
@ cancels: form factors, V,;,, experimental systematics
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0.5 T T T ]
[ ——— BaBar, PRL109,101802(2012) ]

[ —— Belle, PRD92,072014(2015) 7
045 LHCb, PRL115,111803(2015) === SM Predictions —
E  ——— Belle, PRD94,072007(2016) R(D)=0.300(8) HPQCD (2015) ]

[ —— Belle, arXiv:1612.00529 R(D)=0.299(11) FNALMILC (2015) |

0.4 — [0 Average R(D*)=0.252(3) S. Fajfer et al. (2012) —]
0.35 P —]
0.3 = \ - N
E I _| Moriond EW 2017 |

02 C_. P T I ST SR

0.2 0.3 0.4 0.5 0.6

R(D)

Combined deviation 3.90

e Excess that becomes significant 3.90 after
combining experiments:
Babar and Belle (¢ = u, e), LHCb (¢ = p).

e Intriguing since this is a tree level process
contrary to b — st/ related ones.
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e New evidence
Standard Model

or I‘ d > - C (il o ox D
B orB 1 B . . 2 IJ, porD
w - T u
B(Bf —J
R(Ifp) = Bt < MOTY) 0 7140.17+0.18
B(BS — J/puv)
(compatible with the SM at 20 level)
LHCb R(Iy)
LHCb-PAPER-2017-035 e
0.71£0.17+ 0.18
SM predictions
PLB 452 (1999) 129
arXiv:hep-ph/0211021
PRD 73 (2006) 054024
PRD 74 (2006) 074008
Range 0.25- 0.28
‘ | | | | l | | | | | | | ‘
-0.5 0 05 1
R

Heavy Flavour Anomalies



BaBar had. tag

@ (HFAG) R})” = 0.403 £ 0.040 & 0.024
@ Lattice computation of B — D FF: I+, 0 (precise).
@ (FLAG 2016): 0.300 + 0.008

Belle had. ta

Average
e
0.403 £ 0.040 + 0.024

FNAL/MILC (2015)

poesse— | @ Latest SM prediction: combined fit HQET (incl.
B T O(A/mecy, as))+ measured B — D/v distributions
together with LQCD and QCDSR inputs:
e e RIM = 0.299 £ 0.003 ([Bernlochner et al.17]) (2.20)
R(D)

@ (HFAG) R})F = 0.310 £ 0.015 & 0.008 (more precise)

@ Lattice computation of B — D* FF: V, Ag 12, T1 2.3
(no non-zero recoil LQCD)

@ Latest SM prediction: combined fit HQET (incl.
O(A/mcp, a))+ measured B — D*(v distributions

—m together with LQCD and QCDSR inputs:

TR IS SR R3M = 0.257 4 0.003 ([Bernlochner et al’17]) (3.10)

‘ 0.2 0.3 0.4
R(D*)

R(D™) = 10% NP contribution in Amplitude of B — D®)r*p
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Model independent Correlation of R(D®) with b — st~

Assuming a common NP explanation of Rp, Rp~ and Ry (same change of norm. in Gr) such that
Ryy/R3)y = Rp/R" = Rp+ /RpY

Hypothesis: NP at high scale, two SM-based SU(2), invariant operators at dimension 6.

Constraints: EW precision data+direct searches
+B — K®yp

= b — ct v, and b — sTT7~ generated together. g

O RD(*)&RJN 20

SM
Cooyr =~ Cg1p — (H)A | B Ry&Ry 10

Br x 10*

H Br[Bs~>11]
TV R R
A=2 @ X —1) ~0(100) al | ® BBk
Qem VioVis R¥ B Br[B-Kri]
O Br[Bs—»¢r1]
Consequently o
M - —4
B%s—)T+T_ ~1077 — BB5—>T+T_ ~ 10 ol ]
1.1 1.2 1.3 1.4 15
also BB—)KTJfT*’ BB—>K*T+T*5 BBS—>¢T+T* all o A2, Ry/RSM
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Scale 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 A\, = 3° %
@ Tree-level induced (semi-leptonic) with O(1) couplings (X /Gps Gup):

Ao _ 470 1 1 35TeV
L swg VRVRVET NP o)

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

ALoop 35TeV 2.8TeV

(2 1/2 — 1/2
ax|CNP[Y?|oNPY

@ MFV with CKM-SM, extra suppression /|V;, V5| ~ 1/5
Solution C)'F ~ —1.1 (scale is ~ numerator) or CJF = —CIIF ~ —0.6 (30 % higher scale).

Similar exercise for b — crv taking a 10% (in amplitude) enhancement over SM:

ANP 1/ (V2G F|Vip]0.10)/2 ~ 3.9 TeV

Joaquim Matias Universitat Autonoma de Barcelona Heavy Flavour Anomalies



Proposed solutions to the anomalies

b — sll R(D) — R(D*) a,

A4 Charged scalars (problems with B, lifetime) A4
Leptoquarks Leptoquarks (strong impact on qqg — 77) | Leptoquarks
Loop effects W' (fine-tunning required) MSSM

Compositeness... Compositeness... Scalars
e 7' solution:

@ Heavy: LOOP (no FVQ coupling req.) and TREE
(require FVQ couplings)
e Light (easy to discard if low-recoil tensions confirmed)

e Leptoquarks solution:

@ Vector (Tree)
@ Scalar (Tree or Loop with a fermion)
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Conclusions

@ For the first time, we observe in particle physics a large set of coherent deviations in observables
of rare B meson decays:

iNb — spt = Pl Bpi et ity s B, sou+ - (Iow and large-recoil).
in LFUV observables: R ,Rx+, Qu

pointing to different patterns/scenarios of NP:

@ Cy, = —1.1, Cy. = 0 with pull-SM 5.8¢
o Cgl,, = *C10/1, = 70.62, Cge = (0 with pU”-SM 5.30
@ Cy, = —3Cye = —1.07 with pull-SM 5.80

@ Future LFUV observables, like @5 will have the discriminating power to disentangle some patterns
— this will guide us in deciding the right model (or set of models).

@ Semi-tauonic B decay anomalies Rp p- j/, under general assumptions maybe connected with
enhanced (up to 3 orders of magnitude) b — s7+ 7~ processes.

Now really exciting times are coming!!
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THANK YOU!
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BACK-UP




A complete basis of optimized observables

_ Js _ |AL|2 . |A||‘2 oo _ Jos _ Re [AL*Aﬁ’ ARAﬁ%*]
YV EERVHE 27 8 s A2+ A2
o i g RelAGAR 4 ATAT P! Js Re[Af AL — ARAT
4 — I — 5

Veleshe T JAGR(ALE + Ay P) DWWk JAR(ALP +14)2)

and the angular distribution:

1 d*T 9
F}ull dq? dcos Ok dcos 0, dp 32w

3 1
[4FT sin? 0k + Fr, cos® 0k + (ZFT sin’ 0 — Fp, cos® O ) cos 26,

1 1
+FrFL (2Pi1 sin 20 sin 20, cos ¢ + P sin 20 sin 6, cos ¢> + 2P, Frsin? 0k cos6; + §P1FT sin’ O sin? 6; cos 2¢

—+/FrFy, (Pé; sin 20k sin 0; sin ¢ — %Pg sin 20k sin 26, sin (b) — P3Frsin® 0k sin? 0 sin 2¢| (1 — Fg) + F/l Ws
full
Folding: Identifying ¢ <+ —¢ and 6, <+ © — 6, leads to
dl' = dI'(§) 4 dT'(—) + dD(¢, 7w — by) 4+ dT(—p, 7w — b;) = \/FTFL Pl cos¢ sin20 sinfy(1 — Fg) + ..
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About size of power corrections

Compare the ratio A;/V (that controls P.) computed using BSZ (including correlations) and computed
with our approach for different size of power corrections.

10 . 10 7

09 e I

08 SY: : !
2ol T i 10% 20%
< \\\\ ~—_ _ < \

06 T

05 © o5 T

044 5 i 6 g 045 5 7 6 8

P(Gev?) GGeV?)

Assigning a 5% error (we take 10%) to the power correction error reproduces the full error of the full-FF!!!

Let’s illustrate now points 1 and 2 with two examples.
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Scheme-dependence (illustrative example-I|)

Model Full LCSR
independent information
< >

* AFTC =F x O(A/mp) * AFTCfrom fit to LCSR

PC :
~ F x 10% * AF™ from fit to LCSR

% correlations from LCSR

correlations from
* — &1, AFTC corr.

large-recoil sym.
— &1, AFTC uncorr.

% correlations from large-recoil
sym.
— &1, AFTC uncorr.

, @ [Bharucha, Straub, Zwicky] as example
P![4.0,6.0] | scheme 1 [CDHM] | scheme 2 [JC] (correlation provided)
—0.72+0.05 —0.72+0.12 @ scheme indep. restored if AFTC from fit
—0.72£0.03 —0.72+0.03 to LCSR, with expected magnitude
—0.72 4 0.03 —0.72+£0.03 @ sensitivity to scheme can be
understood analytically
full BSZ —0.724+0.03
errors only from pc with BSZ form factors @ no uncontrolled Iarge power corrections

[Capdevila, Descotes, Hofer, JM] for Ps
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Correlations (illustrative example-Il)

@ How much | need to inflate the errors from factorizable p.c. to get 1-0 agreement with data
for P5’[476] and Py 6 individually?
* One needs near 40% p.c. for P5’[476] and 0% for Py g

* This would be in direct conflict with the two existing LCSR computations: KMPW and BSZ.

@ But including the strong correlation between p.c. of Pg[476] and P4 [CDHM] more than 60%
(> 80% in bin [6,8]) is required!!!

0.0

2ay_ — 2ar_ C'?ﬁ(CQA_Cg’H — 0120) mpmp
§1 (CoL +Co)(C5, +CFp) ¢

o 23V+ Cg*H

-0.2

P = Pg\oo<1 +

1
=]
»

£1 Co1 +Cy =
2 -06
p o~ _2av. (C§'Cy 1 Cly
€1 C3, +Cio »
The leading term in red in P} is missing in JC'14. -10 -05 0.0 05

(P1)[4,6]
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Summary of tensions/anomalies classified in two types

Type-l: Main anomalies currently observed in b — su™* i~ transitions:

@ Optimized observables: P}
@ FFD observables: Systematic deficit of muonic modes at large and low-recoil of several BR

B— K*ptp~, BY — K*tputp~, By — ¢ptp~, BT — KH0utp~.

Largest pulls H <P5/>>[476] ‘ <P5/>>[678] ‘ B[BQ;icbWu‘ [ngisbuﬂr gssiii]*u‘ BE?Ii,lj]K**Wu‘
Exp. —0.304+0.16 | —0.51 £0.12 | 0.77+0.14 | 0.96 +0.15 | 1.62 £+ 0.20 1.60 4+ 0.32
SM —0.824+0.08 | —0.94+0.08 | 1.55+0.33 | 1.884+0.39 | 2.20£0.17 2.59 £0.25
Pull (o) -2.9 -2.9 +2.2 +2.2 +2.2 +2.5

= New Physics in muonic Wilson coefficients.

Type-Il: Anomalies in LFUV observables: Ratios of BR (B — [P, V]u"u~)/BR (B — [P, V]eTe™).

Largest pulls H R%’G] \ RQ‘? 45,1.1] \ R%*l 4]
Exp. 0.74575090 | 0.667051% | 0.68575 022
SM 1.00 +0.01 | 0.92+0.02 [ 1.00 +0.01

Pull (o) +2.6 +2.3 +2.6

= Hints that Nature does not treat electrons and muons in the same way (opposite to SM predictions).
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Observable | New Physics in ;= | Hadronic option [Ciuchini, Silvestrini et al] + NP in ¢*

a) (P8 cif <0 Unknown hadronic ct. 1 and mimic NP (large-rec)
b) (P68 same solution Unknown hadronic ct. 1 and mimic NP (large-rec)
C) Bgi’ﬂ(*wm, same solution Unknown hadronic ct. 2 and mimic NP (low-rec)
d) Bgiﬂ(*u*w same solution Unknown hadronic ct. 3 and mimic NP (low-rec)
e) ngi%wu* same solution Unknown hadronic ct. 4 and mimic NP (low-rec)
f) gﬂww_ same solution Unknown hadronic ct. 5 and mimic NP (large-rec)
Q) [gﬂwm, same solution Unknown hadronic ct. 5 and mimic NP (large-rec)
h) E’Siiiuw— same solution Unknown hadronic ct. 6 and mimic NP (low-rec)
i) R%’G} same solution No Hadronic sol., NP Cf, do not explain a-h

) R%f] same solution No Hadronic sol., NP Cf, do not explain a-h

K) QQ’E‘] same solution No Hadronic sol., NP Cf, do not explain a-h

Summary: Hadronic solution to explain anomalies:

non—pert.

@ Requires 6 different unknown C
@ Impossible to explain Ry, Rx+ and Q5.
@ Alternative NP in electrons fail to explain all b — su™p~ anomalies

contributions (by hand)
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Flavour-Changing Neutral Currents a tool to fest the flavour structure

In SM, there are no FCNC processes present at the tree level due to the built-in GIM Mechanism
s0 good place for NP to show up (tree or loops)

B, mixing
b u,c,t s
Bs — pp
b - [T
W g0y
S u.c.t b s ] H
b u,c,t S b ut
>avvvvzv:n/v\zh<
H w
s W
s u.c.t b

Experimental and theoretical effort
on interesting FCNC transitions
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A controversial point and its evolution...a long story in short

[Ciuchini et al.] parametrized C§%(¢?) in amplitude and fitted the hEK) (¢=1L,],0and K =0,1,2):

N 2 4
0 _ 40 2 (0) q (1) q (2)
ALr=ALr(Y(d)) + 2 (ho +Taavz + Taguaho )

THIS IS A FIT to LHCb of only B — K*uu large-recoil data NOT A COMPUTATION
They use BSZ-FF for predictions so form factors must no be an issue for them...

[a] Unconstrained Fit finds constant contribution similar for all helicity-amplitudes.

— In full agreement with our global fit.
— Problem: They interpret this constant universal contribution as of unknown hadronic origin??
Interestingly: the same constant also explains Rx ONLY if it is of NP origin and NOT if hadronic origin.

@ Constrained Fit: Imposing SM+ C§¢ (from KMPW) at ¢> < 1 GeV? is highly controversial:

— arbitrary choice that tilts the fit, inducing spurious large ¢*-dependence.

— fit to first bin that misses the lepton mass approximation by LHCb

— Imposing Re[|CSE| pitted)?® + Im[|CEE | pirted)® = Re[CSS| knpw]? + Im[CSE| i arpwv]?, is inconsistent since
Im[C§¢] was never computed in KMPW!!

Same authors have repeated their analysis but using more data besides B — K*u "~ and the result...
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Model independent Correlation of R(D™) with b — st7~

R(D™) = 20% NP contribution in BR of B — D)7y

Constraints:

B, lifetime and the ¢-contribution of R(D™)) — change of normalization of G for b — s7t7~

Hypothesis: NP at high scale, assume SU(2) invariance, two SM-based operators at dimension 6:

0' = 0, = Qi QiILin"Li),  O%) = [Qivuo Q][ Lo’ L]
after EWSB:

S8 (SryubelFLyre] + [5r7ube) 7y vr)) |
C53) (VeslerybrllFLy*vel + [Srubel oy ril — (5rvubel [Fry#v-]) + CfF) (2Visleryubil[Fryvs))
Problem+ Solution:
@ NP contribution to Cés) with flavour-diagonal alignment to 3rd generation.
Problem: Too large C’( ) conflict with electroweak precision data + direct searches.
@ NP contribution to 053 produce contributions to b — svv and b — s77. Problem: Too large

B — KMy solved with C{3) ~ (Y.
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Prediction for b — s7"7— as a function of R(X)/R(X)su

Consequence b — ¢t~ v, and b — s 7~ generated together....

10+
Co(10)r =~ C{i% —(H)A
8,
A=2 " V_Ci’ RO Yo O(100) . O Rpw8Rw 20
em Vis \\V R(X)sm e 6 B R,m&Rw 10
o H Br[Bs~11]
9 4- B Br[B->K*11]
A B Br[B-Kri]
BR(Bs — 177) =BR(Bs = 77)sm X @ O Br[Bs>¢11]
2,
BR(B — K77) punq2 = (8.8 £0.8) x 1077A? y
BR(B — K*77) puugz = (10.1 £ 0.8) x 1077A% 0= 1
BR(Bs = ¢77) fungz = (9.1 £0.5) x 1079A2 11 1.2 13 14 15

Rx/RSM

Joaquim Matias Universitat Autonoma de Barcelona Heavy Flavour Anomalies



ATLAS and CMS also!

= ATLAS & CMS proven able to measure optimized observables. Method: folding technique.
Plots include two theory predictions and a fit CFFMPSV (not a prediction) to LHCb:

FATLAS 'ys= 8 TeV, 20.3 fo '

P';
N

F Preliminary e— Data E
1.5 CFFMPSV fit o
1 theory DHMV |
t theory JC B
0.5/ =
of —
_0.5F | E
-1 —
L L L 1 n L L 1 s L | L ' L 1 1 | L

o 2 4 6 8 10

? [GeV?)

@ The full basis (except P) is measured Py, Pj,
Pt, P, P; and Fy, (large-recoil).

@ ATLAS observe a large deviation in P; in
agreement with LHCb and Belle.

@ Also a large deviation in Py is observed in
disagreement with LHCb and Belle.
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CMS Preliminary 20.5 fb~' (8 TeV)

e 1.5¢ —
- =3 D [ J(SM-DHMV )
= = QN [ (sm-HEPit )
11— = —e—cCwms
C —e— LHCb
c —*— Belle-preliminary
0.5
of ﬁ T
0.5
B .__.{,; ._4|.._;:b;‘
-1 +
_15: PN IR IR BRI B A P U R
0o 2 4 6 8 10 12 14 16 18 20
g2 (GeV?)

@ Only P, and P., P, seems consistent with SM
(except [6-8]). CMS in tension with LHCDb, Belle,
ATLAS.

@ Suggestions to test the robustness of analysis:

e extract F, , P, and P; from same folding like ATLAS
and LHCb. Important to test correct normalization.
e Implement directly the constraint: P> —1 < P,
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Few misconceptions on a global analysis

"It is not possible to get a large significance from a set of 2-3 sigma tensions”.

This misleading statement confuses and mixes:
the pulls of data versus SM predictions WITH the Pullgy that TEST an hyp. of NP versus SM hyp.

@ A global fit can help to distinguish a set of statistical fluctuations from a coherent set of deviations
consistent with a NP hypothesis. Example:

— A set of 2-3 o pulls taken together gives a 5.7 of Pullsy for a solution with CYF = —1.1.
— SAME set of 2-3 ¢ but only changing the SIGN of a few of them the significance of Pullgy; drops to 0.7 o.

@ Alarge deviation in one single observable (or a few) may be not significant. One out of 175
observables having a tension of 5 o w.r.t the SM is not very significant (“Look-elsewhere effect’).
The global fit accounts for this automatically and the Pullsy; could be in the range 1-2o.

@ Theory+experimental correlations are fundamental. Example: the fit with no correlations gives a
Pullsys > 8o for many NP hypothesis.
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Different Form Factor determinations

B-meson distribution amplitudes.

Light-meson distribution amplitudes+EOM (NOT LATEST).

@ Interestingly in BSZ (update from BZ) most relevant FF

FF-KMPW  F7 ., (0) b from BZ moved towards KMPW. For example:
fhe 0347000 —2.1759¢ VBZ(0) = 0.41 - 0.37 T5Z(0) = 0.33 — 0.31
f 034155 —4.3%59 . " |
T 0.39+0:05 9 910 @ The size of uncertainty in BSZ = size of error of p.c.
fBK 27 —0.03 422,00
FF-BSZ B — K* Bs = ¢ Bs — K~
VBE” 0.361023  _48t08
ABET @ 251313 0 34+598"é Ap(0)  0.39140.035 0.433+0.035 0.336 & 0.032
A}BK* 0 23;3;11; . ngjgg A1(0)  0.289+£0.027 0.315+0.027 0.246 £ 0.023
JBKT 0997010 _1gotis App(0)  0.28140.025 0.274+0.022  0.246 + 0.023
O e ol ot V(0)  0.366+0.035 0.407+0.033 0.311 % 0.030
T 0.311018  _4 1081
TBK* (314018 _go+21 T1(0) 0.308 £0.031  0.331+0.030 0.254 + 0.027
2 *2+—-0.10 te—-2.2
TP 099t01T 10323 T5(0) 0.308 £ 0.031  0.331+0.030 0.254 + 0.027
Tys(0)  0.793+0.064 0.763+0.061 0.643 & 0.058

Table: The B — K*) form factors from
LCSR and their z-parameterization.

Joaquim Matias Universitat Autonoma de Barcelona

Heavy Flavour Anomalies

Table: Values of the form factors at ¢> = 0 and their uncertainties.



