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Outline

This talk will focus on the following questions:

@ State-of-the-art of b — s¢¢ anomalies.

@ The anomalies and their anatomy: LFD and LFUV.
e Global fit (1D,2D,6D): what do we learn?

@ A new idea beyond NP versus hadronic: are we overlooking LFU? A new pattern.
@ Brief state-of-the-art of b — c7v anomalies.
@ Scales of New Physics and models
e Linking both anomalies: charged and (future) neutral with SMEFT.

@ Impact of high-pr on flavour anomalies.
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State-of-the-art of b — s¢/ anomalies
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The framework: b — st¢ effective Hamiltonian, Wilson Coefficients

- b— sy(*): HAp—; OCZVtSV;:bC/Ori—---

- separate short and long distances (u, = my)

@ U7 = gzmy (50""Prb) F,, [real or soft photon]

W SQ/?} 7 Tk
B M ("] Og = 1(2?(§ /“PLb) (67’%)
. @9 (57,PLb) (£7"750)

_162

- .
§< D / At the i, = 4.8 GeV scale:
<>§ m> <>§ M) (71 =029, () =4, O] = 43

NP changes short-distance C; = "' 4+ CN'' for SM or involve additional operators O;

@ Chirally flipped (W — Wg) O o (50" P b)E, Oy o< (57, Prb)(Ey10) ...
If we find the right-scenario (NP in Cg or Cg = —Cy¢ or ....) that is realized in Nature we will be able:

@ To discard a large number of models and to focus on the right subset of models.
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Global analysis of b — s/ (Capdevila, Criveliin, Descotes, JM, Virto’18)

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*puu) showing now a deficit in muonic channel.
...April’s new result from LHCb on R},

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

@ Bt — KTuu, B — K% (BR) (£ = e, u) (R is implicit)

@ B — X,v, B— Xsuu, Bs — puu (BR).

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

» New Belle measurements for the isospin-averaged but lepton-flavour dependent (Q45 = ngg — Pi%):
P =0 PY(BT) + (1 - 0y) PY(B°)

» New ATLAS and CMS measurements on P,.

Frequentist approach: C; = CSM + NP, with ¢ assumed to be real (no CPV)

XQ(Ci) = [Oexp - Oth(cfwrp)]j [C'ov_l]jk [Oexp _ Oth(c,;NP)]k
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The anomalies and their anatomy.
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First anomaly of b — su* = type (Lepton Flavour Dependent): P

Framework: I-QCDF + SFF + KMPW+ power corrections

- — T T T T T T | T T T T T T

>, * 1
d'T(Bqg = K*(= Km)ptp™) Z‘] ) fi(00, 0. 6) v o LHCbdata © ATLAS data
dq? dcos By dcosbi do T 32 A VES * Belledata © CMS data ]
DSMfromDHMV ]
‘ 7 SM from ASZB 1

P! was proposed in DMRV, JHEP 1301(2013)048

Pé = J5/2\/ —JosJoe = Pg)o (1 + O(O{SSL) + p.C.) .

-0.5F
Optimized observables: .
SFF sensitivity as suppressed compared to non-optimized. e A R
0 5 10 15
i _ o/ \- 2.8 and 3.0 o from SM 2
Impact of an improvement on KMPW-FF errors (50%): HEPRO0G 10 ATiAS.conannay 9 [GEV/CY]
» PRL 118 (2017) CMS-PAS-BPH-15-008

@ Optimized observable P (% present error size)
P4y = —0.82 £ 0.08(10%) — 0.06(8%)

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

Experimentally: LHCb (1fb~! 3.7¢ and 3fb~!
2 bins 30), Belle confirmed [4,8]. ATLAS and
CMS first measurement.

@ Non-optimized observable S - our th. framework with conserv. KMPW
Ss(46) = —0.35 £ 0.12(34%) — 0.06(17%) Magenta: full-FF using BSZ (+dep. LCSR details)
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Other b — su™p~ observables tensions show up:

Systematic deficit of muons at large-recoil but also at low-recoil:

BWLCSR Lattice -e-Data
T T T

T 3 Em] CSR Lattice -e-Data
1 L LA AL L L

N;S B*> K utu o R
Hy + o=
S , ~ LHCb - ° B>k wp
R ] Q 15) LHCb
X "‘w L
B A+ Tite x o oF
= ++ w 10F _+_ ~ 7
¥ = | ]
E 1 1 1 N 5 ]
<= 9 5 10 'g L ]
¢ [GeV¥cH ] [
_ WSLCSR Lattice -#-Data . = 0 B TEEEESTE
= B Kup 7 ¢ [GeV?/c]
g LHCb
© ]
ﬁ 1 b sptp (x107) bin SM EXP Pull
:: + E BR(BO — K%t pu) [15,19] 0.9140.12 0674+0.12 +1.4
A E
= ] (BO—>K*OM+M ) [16,19] 1.66+0.15 1.2340.20 +1.7
< 0 r ! ' ”
JHED 06 2019 133 e [Geve BR(BT — K*tutp~) [15,19] 2594025 1.60+0.32 +2.5
BR(B, — ¢utp ) [15,18.8] 2.20+0.17 1.62+0.20 +2.2
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First anomaly of Lepton Flavour Universality Violation (LFUV) type: Rk

7T
-
ot -o-LHCb -m-BaBar -a—Belle
b '/ 5 X 2 T T T
o [
w

B M 15 ]

E x | T ]

+ + .+ 4+ ! R

Br (Bt — K+ utp~ : :
Ry = DB 2 KOrn) o 2ys00m 4 56 o5 :

Br (Bt — Ktete)

= It deviates 2.60 from SM. 0

= equals to 1 in SM (universality of lepton coupling). 10

= NP coupling # to p and e.

0.8

First signal of LFUV. _oe
If experimental error reduces by 40% LFUV-fit > 50 .€
Simple structure: f, o — one SFF (f.) at large-recail.
— fo lepton mass suppressed or arises in the presence of
(pseudo)scalar while fr suppressed by C<f.
Tensions cannot be explained inside the SM by neither S St~ S
factorizable power corrections™ nor long-distance charm*. e In presence of NP also clean prediction

0.4

0.2
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Ry« plays a different league

pulls | REXM | RRLO
Exp. [[ 0.6670.071 | 0.68510033
SM || 0.92+0.02 | 1.00 + 0.01

Br(B® — K*%u*u™)
Br(BY — K*0ete™)

Ry =

Rxk~: More complex structure, 6-8 Amplitudes and 7 form factors.
Impact of long-distance charm from KMPW on B — K* larger than on B — K.

@ In presence of NP or for ¢*> < 1 GeV? hadronic uncertainties return. Example: (C!' — C¢)6FF

e —
i i Predictions Ry~
o.of - .
i - l : Bins [0.045, 1.1] [1.1,6.] [15.,19.]
5 o= ] Standard Model 0.916 £0.025 1.000 4 0.006 0.998 + 0.001
= oo i <O =—-1.11 0.897 £0.049 0.867 £ 0.080 0.788 & 0.005
- 1 CHF = —1.76 0.89540.084 0.827 +0.137  0.698 + 0.009
oo i ChF = —CNf, = —0.62  0.866 +0.057 0.751£0.027 0.714 £ 0.006
= ¢ 1st bin is expected to be SM-like. ¢ Cy < 0 gets near saturation at large-recoil.
KMPW-sch.1: BSZ-sch.1 JC-sch.2

€ =0317020. ¢, =0.10108% £, =0.324+0.03,§ =0.12+£0.02 & =0.31+0.04,§ =0.10+0.02
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New category of LFUV observables: Q5 = P/s — Pj5 (BELLE)

15 ; ; 15
1 SM from DHMV
10b [ NP Example 1.0
05} 1 0.5
CSE 0.0 C§ 0.0}
-05 | 1 -0.5
-1.0 | ] -1.0
_15 1 1 1 _15
0 5 10 15 20
q* [GeV?/c?]
Figure 3:

[S. Wehle et al. PRL118 (2017)]

SM from DHMV
1 NP Example

1 1 1

5 10 15 20

q* [GeV?/c?]

Q4 and Qs observables with SM and favored NP “Scenario 1" from Ref. [6].

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

Joaquim Matias

q* in GeV?/c? 04 s
[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 —0.097 £0.601 +0.164
[4.00,8.00] 0.448 +0.392 +0.076 0.498 +£0.410+0.095
[14.18,19.00] 0.0414+0.565+0.082 0.778 £0.502 + 0.065
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Where we stand? Results 1D fits: All b — s¢¢ and LFUV fit

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

@ Hypotheses “NP in some C; only” (1D, 2D, 6D)

All

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

LFUV

1D Hyp. Best fit | 1o \ 20 | Pullgy | p-value
c -1.76 [ [-2.36,—1.23] [ [-3.04,-0.76] [ 3.9 69
c -0.66 | [-0.84,—0.48] | [-1.04,-0.32] | 4.1 78
ﬁp —C9 -1.64 | [-2.13,-1.05] | [-2.52,—0.49] | 3.2 32
cgu -3¢y | -1.35 | [-1.82,-0.95] | [-2.38,-0.59] | 4.0 72

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.

Notice the difference of b.f.p. between all-fit and LFUV.
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2D and 6D hypothesis CCDMV (JHEP 1801 (2018) 093)

Allowed regions with all available data
(upper) and only LFUV (lower) in good
agreement. Constraints from b — sy
observables, B(B — X uu) and

B(Bs — pu) always included.
Experiments at 3.

[CLFUV

cih
Other analysis using BSZ [Altmannshofer et al.] finds 6.5¢.

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

I O Y N &t I N N & 7S O 177

Best fit +0.03 112 +0.31 +0.03 +0.38 +0.02
1o | [-0.01,+0.05] | [-1.34, —0.88] | [+0.10,40.57] | [+0.00,+0.06] | [—0.17,+1.04] | [—0.28,+0.36]
20 | [~0.03,40.07] | [-1.54,-0.63] | [~0.08,+0.84] | [—0.02,+0.08] | [-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)

Joaquim Matias
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Is there New Physics in electronic or muonic sector?

The independent analysis of b — sete™ and b — su™ ™ shows:

2017 with R3,

3F 4
N -
{ \g 1
;ATLAS:
i Belle”
cMs-
L LHCD- _
] Al g
¢
_ol
-3 - | . { J
-3 -2 -1 0 1 2 3

Coy
e (g, ~ —O(1) with higher significance

e Cy. ~ 0 compatible with SM albeit with
large error bars.

Qs > 0 = NP mainly in z* and marginally in e*

1.0r 1
T Qs = P — P
odl i , | @ Mainly in ;= sector and
marginally in e* sector
| | [DHMV, AS, ...].
0.0~ - 1 . .
[ | @ Mainly in e* sector and
marginally in u* sector
[Ciuchini et al.]
—05; 3 4 5 6 7 8 9
AGev?) Hyp: no RHC.

NP solution of LFUV: only Cy,, = —1.76 and C;e = 0. @5 ~ 0.49
NP solution of all-fit: only Cy, = —1.1 and Cie = 0. @5 ~ 0.26

NP solution of [Ciuchini et al.]: Cio, = —0.12, Cioe = —1.22. Q5 ~ —0.1

Qs < 0 = NP mainly in e* and marginally in p*

—+ moderate hadronic pollution —+ huge hadronic pollution
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Are we overlooking something?

... a different perspective

[M. Algueré, B. Capdevila, S. Descotes-Genon, P. Masjuan, J.M, arXiv:1809.08447]
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Let’s remove assumptions and let’s look beyond unfruitful discussions

Present situation: (standard assumption in the literature)

— All what we are observing is LFUV NP affecting LFUV observables and b — suu ones.
Cou” = Ca Oy = Chy

and contributions to electrons are zero or small.
Even if non-small they are just another LFUV fit parameter constrained or not w.r.t. other leptons.

Our proposal: Instead let’'s be more precise on what New Physics means and take

Vv U
eyt =cY + ¢

which means

NP _ »V ,»U NP _ oV | ~U
Cop = Co,+Cy  Cipy = CioutCio

which imposes a Universal contribution to electrons, muons and taus, different from the LFUV one.

A new mechanism to fulfill B(Bs — u*u~) oc |CY + Cip|? allowing for a large €, > 0 and large C{, < 0
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Implications

LFUV-observables explained by CV (and very subleading contribution from LFU CY).
2 | LFD-observables like P, explained by Y, + CV.

Our implicit assumption:

— hadronic uncertainties are well under control, i.e., we assume CJ is of NP origin.

We will explore it by decreasing the order of complexity from:

. (oV oV U )
4D: (C9wClOw C C9u - 09770106 - ClOu - ClOT) 3D: (CQL ClOw Cge C9u = CQT7C106 ClO,u ClOT)
Best-fit point 10 Cl 20 Cl Best-fit point 10 Cl 20 Cl
cgu 0.08 [-0.72,0.80]  [-1.69,1.49] Co\ = —Clop —0.68 [—0.96, —0.45]  [—1.28, —0.26]
clou 1.14 [0.66, 1.59) [0.12,2.03] cy -0.37 [—0.68,—0.03]  [-0.95,0.35]
Cy —-1.26 [-1.92,-0.25] [-2.43,1.62] Cio —0.51 [-0.86,—0.18]  [~1.24,0.13]
Cih —-0.91 [~1.40,-0.40]  [~1.89,0.16]

SM excluded at 5.7 ¢
SM excluded at 5.6 o
The unexpected and surprising result is the
outcome of the fit:
CNY can only be NP reinforcing the original
cy ~ e < assumption that ¢ is possibly also NP.
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V AV AU _ oU
Cou»Ciop: Cg = Cro

[] Fitto All Data

Fit LHCb Only
Fit ATLAS Only
Fit CMS Only

[ FitBelle Only

Best-fit point 10 Cl 20 Cl

Con —0.16 [-0.94,0.46]  [—2.05,0.98]

Ciop 1.00 [0.18,1.59] [~1.35,2.06]

P =iy, —0.87 [-1.43,-0.14] [-1.91,0.98]
@ SM excluded at 5.8 o 3

V _ _poV U _ oU
CQ;L - _CIO;UCQ - ClO 2
1
Best-fit point 10 Cl 20 Cl
S = —Cop —0.64 [—0.77,—0.51]  [—0.90, —0.39) T,
¢y =cfh —0.44 [-0.58,-0.29]  [-0.71,—0.14] ©

@ SM excluded at 6.0 o
@ The two contributions are uncorrelated.

@ LFUV prefers a V-A structure and LFU prefers a V+A.

Joaquim Matias Universitat Autonoma de Barcelona

-1

-2

-3

-3

-2

0
Cy,=-Clo,

Flavour anomalies: status, new ideas and high-p1 impact




Tension between b.f.p. Cy all-fit and LFUV

We found
All
1D Hyp. || Best fit | 10 \ 20 | Pullsy; | p-value
ey || 11 [ [-1.28,-0.94] | [-1.45,-0.75] | 5.8 | 68 |
LFUvV
1D Hyp. || Best fit | 10 \ 20 | Pullgy | p-value
¢y || 176 [ [-2.36,—1.23] [ [-3.04,—0.76] | 3.9 | 69 |
If LFUV and LFU NP are both allowed one finds:
Best-fit point 10 Cl 20 Cl
Cy —1.57 [-2.14,-1.06] [-2.75, —0.58]
c§ 0.56 [0.01,1.15] [—0.51,1.78]

Table: 2D hyp. Top: Scenario 7: LFUV and LFU NP in C'F only.

LFD observables are governed by CQL +CJ ~—1.57+0.56 = —1.01
LFUV observables driven by C(}L = —1.57 (subleading CJ responsible for difference).
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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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o
n

*D [ ——— BaBar, PRL109,101802(2012) ]
= [ ——— Belle, PRD92,072014(2015) ]
~ 0.45 — LHCb, PRL115,111803(2015) === SM Predictions —
[ ——— Belle, PRD94,072007(2016) R(D)-0.300(8) HPQCD (2015) ]
[ ——— Belle, arXiv:1612.00529 R(D)=0.299(11) FNAL/MILC (2015) ]
a4 verage (D*)=0.252(3) S. Fajfer et al. (2012) —j
0.4— 3 A R(D*)=0.252(3) S. Fajfer et al. (2012) —]
0.35 _'— -]
0.3 ) P
= I Moriond EW 2017 |
0.2 T BT T T R

0.2 0.3 0.4 0.5 0.6
Combined deviation 3.90 R(D)

e Excess that becomes significant 3.9¢ after combining experiments:
Babar and Belle (¢ = u,e), LHCb (¢ = p).

e Intriguing since this is a tree level process contrary to b — s¢¢ related ones.
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0.6
R(D)

BaBar had. tag

’ 0.4
R(D*)

@ (HFAG) R = 0.403 4 0.040 + 0.024

@ Lattice computation of B — D FF: F+, F9 (precise).

@ (FLAG 2016): 0.300 + 0.008

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

together with LQCD and QCDSR inputs:
RIM = 0.299 + 0.003 ([Bernlochner et al.’17]) (2.20)

@ (HFAG) R})P = 0.310 £ 0.015 £ 0.008

@ Lattice computation of B — D FF: V', Ag 12, T123.
(no non-zero recoil LQCD)

@ Latest SM prediction: combined fit HQET (incl.
O(A/meyp, )+ measured B — D* (v distributions
together with LQCD and QCDSR inputs:

RIM = 0.257 £ 0.003 ([Bernlochner et al. 17]) (3.10)

e EFT analyses of Rp,: e not too large contrib. to B. lifetime+ ¢ Rp distributions favours NP
contribution to SM operator: [cy*Pyb|[7v,PLv,]

Joaquim Matias
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Solutions to anomalies, generation of couplings & interplay with dark matter

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

G= SU(3)C X SU(Q)L X U(l)y X GE

N

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

b

Q
=

~

P*

@ Loop induced: SM FCNC, Z’ penguins
¢ [
t Z/

!
¢ [

Joaquim Matias Universitat Autonoma de Barcelona

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),—, symmetry
@ Loop induced with vector-like fermions

y
s ¢
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(Avelino Vicente arXiv:1803.04703 (hep-ph))

Link of b — s anomalies to dark matter:

@ Portal models: Mediator for b — s¢¢ anomalies also mediates dark matter production:

o0 X
.’ = x dark matter particle: scalar field.
= @Qr,r and L, g vector-like fermions.
= Left coupling same of b — sf¢ anomaly.
> X

@ Loop models: Models that induces the b — s transition via loops including the DM candidate.
Two VL fermions @ and L and a complex scalar x (U(1) conserved = x stable)

br X KL
_______ — >
Q L
_______ -
Sy, X K
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Leptoquarks

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

@ Spin 0 (scalar) SU(2), singlet or triplet
leptoquarks
They mainly point in all versions to Cy = —C1
(left-handed structure like in the SM)

Important constraints:
@ b — svr (two scalars LQ can do the job)
@ direct bounds (from 0.5-1 TeV)

Joaquim Matias Universitat Autonoma de Barcelona

Co lour —t'r[P[e‘t

Secalae  LG.:
S, ~ (3,1,1/3)
S_g"’(g/ 3, 1/3)
\Mﬁ
runu"' (?3/ |/ '2/3)
Uy~ (2,3, 2/0)
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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\, = - %

@ Tree-level induced (semi-leptonic) with O(1) couplings (x/Gps Gup)-

ATree _ 4o 1 1 35TeV
swg V2V Vil |oNP2 - jope) 2

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

ALoop 35TeV  2.8TeV

" ag|oNP]Y? | onepl2

@ MFV with CKM-SM, suppression +/|Vi, V5| ~ 1/5: Tree level: |CNP|Y/2 and Loop: |0C’?\’PT|?X

Solution C)* ~ —1.1 (scale is ~ numerator) or CJF = —C{IF ~ —0.6 (30 % higher scale).

Similar exercise for b — crv taking a 15% enhancement over SM:

AP~ 1/(V2Gp|V|0.15)2 ~ 3.2TeV
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SMEFT

e A > .
e Dimension six 4-fermion interactions of 4 classes depending on chirality:
(LL)(LL), (RR)(RR), (RR)(LL), (LL)(RR)

ESMEFT

D
CS.).L _ _ CS')'L B B
Az Qo Q) (L ouln) + =35 (Qinu@y) (L L) +
Cu; _ Cd;; L _
uAJQeM (wivpug) (e er) + —5 = (dz’md )(exyFer) +
Cuiijl d”Lkl

x2 (@) (L™ L) + =35 (diyudy) (Lay" L) +

L Qi) @)

— Qi = (V] uL, di)T and L; = (v, ¢)T are the SM left-handed quark and lepton weak doublets
— d;, u;, ¢; are the right-handed singlets.
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Can we connect the b — crv anomalies with
future b — sT7 "~ anomalies?
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Model independent Correlation of R(D®) with b — st~

NP contribution to SM operator [cy"P1,b|[7v,Prv;| leads to (in agreement with current measurements):
Rysy/R5)y = Rp/RY" = Rp+/Rp!

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

Constraints: EW precision data+direct searches

10/
+B — K®up

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

O RD(«)&RJ/\p 20

SM
Cg(lo)r = CQ,IO —(HA | B RyW&Rw 10

Br x 10*

- v R H Br[Bs~>11]
A=2 & X~ 1) ~0(100) o | m BBk
Qem Vi Vit R B Br[B-Kr1]
0 Br[Bs—»¢r1]
Consequently 2l
M - _
B%s—)T+T_ ~ 10 ! - BBS—)T+T_ ~ 10 *

1.1 1.2 1.3 1.4 1.5

2
also Bp_,gr+7-» Bpykortr—s Bp,grt-— all oc A% Ry/RM
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High pr implications (focus on R(K, K¥)). (Greljo, Marzocca’17)

Assume: Relevant dynamics outside LHC reach for on-shell production
= EFT approach with 4-fermion opts. applicable to entire LHC range: p?/A? deviations.
.. complementary information on 4-fermion operators to flavour anomalies.

Observable: NP contributions to dilepton production via Drell-Yan in pp — ¢+¢~

Aoy, ,doee

R

tu—fete- =
whp/ete dmye’ dmyge

Constraints on: dimension 6 gauge-invariant coefficients ¢y of opts (SMEFT)
do'(pp—»/l /1 )/drr (pp—*e*e ), Va (13 TeV)?

13
(4 IQV) (U 2Y () )(I_y,/_)
i =] 2 1.2F
qL.9R zL,zR > LIf (@ TeV) (037" 03)L2val2) ]
N
= ol
where form factors can be expressed x 10
N
p " 09r
2 q 0 qr
e . €
Fu(p?) = 69 QSQZ +67 — 92292_ +—= 0.8f ~(30 TeV) 20,0 0 (T2 700" L) ]
P p=—my+imzl'z v
0.7 1 1 1 1 1 1 1 1
p ‘ 500 1000 1500 2000 2500 3000 3500 4000
o ey m ¢+ - [GeV]
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if one assume that Nature is realized with our result: ACY = —AC}, = —0.62

Y
Only (LL)(LL) are considered:

Up Du
£ o UZ (upyuup) (LY L) + 017;( LYudy) (B pL)
FIavour StrUCture: 20 observed: 36.1 fb~! (blue), 20~ expected: 3000 b~ ! (red)
Cuyx10 ! o . I
Cuyp O 0 Cap 0 0 \ e
Cill'=| 0 Cq 0 |, Cl=| 0 Cu Ci, Coxto | N
0 0 Gy 0 Chp Cou o o
NP only in Cys, will not be probed at LHC: o
c., e
- L S RO
Ho_ no_
ACg — 7AC10 — mcbslt < 100 (39) B Cow

—0.04 —0.03 —0.02 —0.01

95% CL from 13 TeV ATLAS (pp — u+p~) with 36 fo=* (3000 fo—1).

Joaquim Matias Universitat Autonoma de Barcelona

0.

0.01 0.02 0.03 0.04

Flavour anomalies: status, new ideas and high-pr impact




In flavour models usually:

flavour-violating couplings (Cys,) <+ symmetry/dynamics < flavour-diagonal ones (C;,)

MFV case: From A, = Cys,/Cyp [upper limit Cy,, — lower bound Af ]
Cup = Cep = Cy = Cyy Assuming a singlet (or triplet) structure: 95%
Cap = Csp = Cp = Cpy CL limit from pp — ptpu~

MFV case. Singlet: Cy,=Cp,,

MFV case — 95% CL limits 102
ATLAS 36.1 b/
’I'riplc[“\ /l
2t A
" £
= 1 10-!
x v S k0008 /1 - s T
3
&) 10—2
ot 4 ..
- 1073 .
,’ X -1 0 1 2
—1t //Singlcl - CD// x 10°
-4 -3 -2 -1 0} 12 3 e Requiring Cj,, to fit B decay anomalies
CD/, x 10’

disfavours MFV scenario (\ps = Vis).
FVC is expected |Chs,| ~ [VioViiyZCppl-
From ACY = —ACY, = Chsp = |Cppl ~ 1.4 x 1072 already probed by ATLAS dimuon search!!!
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Example of Z' model (Greljo, Marzocca'17)

L>Z,J,
P e
Ju = 98) HQimuQy) + g™ (L L)
Assume singlet Z’ with 98)’” = g\"* = ¢, and MFV in quark sector gg)’23 = Visgs
1) 1)

required to explain flavour anomalies
95% CL limits on MFV Z' fromp p - u* y~

T § 107 ATLAS Pretiminary T Data -
1.4F ATLAS 13 TeV, 36.1 b1 = E)Eil:ulu?ﬂ-rsee\{a‘r:hsgefgcﬁon E ig)ouarks B
. s 90, 10° [ Diboson =
—ZGrew
12 m2§; —— Z% (5 TeV) Ei
= -
1.0 ol L
107 f S|
% 0.8 ‘g ;;; T =
STy ¢ g o .,Y,_H*ﬁ" !' v =
0.6 gz iaf | E
§ 8 gsF T 1] =
0.4 T o 0t Mass (Gov)
02 - green lines 2¢ interval which reproduce the
’ b — suu flavour anomalies, showing how LHC

dimuon searches already exclude such a
scenario independently of the Z’ mass.

2000 4000 6000 8000 10000
M A [GCV]
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Conclusions

@ For the first time, we observe in particle physics a large set of coherent deviations in observables:
iNb — spt = Pl Bpt et ptu—s Bp, seu+ - (Iow and large-recoil).
in LFUV observables: Ry ,Rk-, Qi

pointing in a global fit to different patterns/scenarios of NP:
e Cy, = —1.1, Cy. = 0 with pull-SM 5.80 e Cy,, = —Ci0, = —0.62, Cg. = 0 with pull-SM 5.3¢

@ The fit using only LFUV observables finds Violations of LFU at the 3-4¢ level.

@ A scenario of NP allowing both LFU and LFUV NP opens new directions. While LFUV can
accommodate a V-A structure, LFU prefers a V+A with a pull-SM 60.

@ Under general assumptions in agreement with data we show that a very large enhancement w.r.t.
SM of b — s77~ processes (3 orders of magnitude) is expected if Rg) anomaly persists.

@ High-pr measurements (in particular high-pr dilepton tails) can provide complementary information
to the low-pr rare meson decays.
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Back-up slides
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There has been a bit of (naive) discussion on:

C5(a?) = Casuspers + OO + si6CEP (a?) + C3(¢?),

The first three terms correspond to physically well defined contributions (from SM or NP model).
[Ciuchini, Paul, Silvestrini et al.] try to argue that C)'* # an instead 3 a ¢> unknown contribution (no computation).

The naive question was (at the time of only Rx): Are the anomalies due to C)'F or Cgrknown(42)?

[Hadronic uncertainties | We showed using the fit that:

@ LFUV observables cannot be explained by Cgrknown
@ Cymknown (42 if exists is not ¢2 dependent.
@ analiticity properties or resonaces found no need for this Cyrknown
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In flavour models usually:

flavour-violating couplings (Cys,,) <+ symmetry/dynamics <« flavour-diagonal ones (C;,,)

Two motivated flavour structures: A/, = Cis,/Cyp

MFV case. Singlet: Cy,=Cp,

13TeV ATLAS 36.1 fb~!
pp-ut

[ s

Cuu = Cep = Cyyy = Cyyy
Cdu = Cs,u = Cbu = CD/.L )

FVC is expected |Cps,| ~ [VioViiyZCp,l-

¢ Requiring Cy,, to fit B decay anomalies
disfavours MFV scenario (\ps = Vis).
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U(2)g case. Cp,=Cyy,=0

10E
q 13Tev ATLAS 36.1 o' AR

N ppout

3000 b4’

10

[ s

Memmedaan
<

1072

TREKD)

-3
-0.02 -001 000 001 002

-0.03
_ Gy, _

Cuu = Ccu = CU,u ) : Cd,u = Csu = CD,u )

Cb,u; Cbs,u = )\bscb,u, )

FVC expected |Aps| ~ |Vis].

e A much lower bound is found than the natural
value, important for certain U(2) flavour models
requiring Aps < |Vis|
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In [DMV’13] we proposed to explain the anomaly in B — K*uu with a Z' gauge boson contributing to
Og = ¢*/(167%) (57, PLb) (£4"'0) ,

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

=

L= (E%,PLbAib + 57, PrbAL + h.c.) v [l = (mVPLMAL”ﬁ + fivy PrpuAr PP + ) z"

The Wilson coefficients of the semileptonic operators are:

sb sb
NP 1 1 A A’f{‘/ AL e 1 1 A A’{L{l/ A}
{9 10} S gg‘M MZ/ /\ts ’ {9 10 } S%}VQ%M M%/ )\t,s )

with the vector and axial couplings to muons: ALY, = AR‘+A.

A% with same phase as \;s = Vi V;% (to avoid ¢s) like in MFV. Main constraint from AMp, (ASL’jR).
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A closer look to the theory behind B — K*utp~ in a nutshell:
Factorizable & Non-factorizable contributions

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

2
To = ta (cgm +O‘Z7€FC§1>) +;fB]\Z‘ S Z/—@Bi / dud e o (u) Tyt (uyw). a =1 ||
O1-6
©
@ Diagrams involving the b — s transition onIy Hard spectator scatterlng (Tw)

ng(qz) = Cosmpert + C’9 +s occhD( ).

Perturbative: Cysyiperi = C5M + Y (¢?)
with Y (¢?) stemming from one-loop matrix elements of 4-quark operators O; .

...O(ay) corrections to C?fg of Y (¢?) included via CJ_(H D but only O 2 (previous slide)
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Theory approach to long-distance charm

THE ONLY REAL COMPUTATION IN LITERATURE (Khodjamirian, Mannel, Pivovarov, Wang).
= long-distance effect by current- current operators O, » together with the c-quark e.m. current:

HEK (pq) = i [ dae'® (K (p) T {el)3e(2) [C101 + Co0A1} | B(p + )

Or = (5p7pe1)(€rr’br), Oz = (577,¢1)(€7"b7,)

(*> <A> < emission of one soft gluon (with low
2 ° A S e virtuality but nonvanishing momentum)
: ; - from the c-quark loop. Only real part
- © computed!
: : @ dispersion relation is used to extend it to
N all region.

@ hadronic matrix elements uses LCSR with
B-meson DA (we consistently use them for
all obs except Bs; — ¢, not available).

Figure 1: Charm-loop effect in B — K ¢+¢~: (a)-the leading-order factorizable contribution; (b)
nonfactorizale soft-gluon emission, (c),(d)-hard gluon exchange.

=
El
El
3 o

(O] [C)]
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Discerning scenarios

0.6

04

0.2

0.0

,,,,, I:I,,,, [ I A = R R A
I 0
] H H
|
e R - lm- -
[ IDDI glon
,,,,,,,,,,, - —- ,I,,,,,,,,,l — - = = - = — — = | R I7
: gl
- Dl
(QS>‘[1.1‘6] (QA)[‘w.Lz.S] (Bes)[‘1.1,2.5] (R ‘0.5.0]—1 (RK‘>[1.‘0‘6.0]_1

Joaquim Matias

Universitat Autonoma de Barcelona

Q; = P!

_Pi(i.

@ SM (black)

@ Sc.1 (green): C

@ Sc.2 (blue): C9 = -C)

@ Sc.3 (yellow): Cy,,C1,,, S, Clp
ClO,w ng ,CH)
@ Sc.5 (brown): CQH,CIOM,C9 =CY

(
(
(
@ Sc.4 (orange): CQM
(
( C1owC9 = CH)

@ Sc.6 (light blue): CQM
@ Sc.7: CQN,C9

@ Sc.8 (red): Cy, = —C1y,,, C§
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