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The B-physics anomalies

Hints of Lepton Flavour Universality Violation in semileptonic B decays




The general approach

Simplified | _. uv
Data } L EFT j k Models U g tcompletions}

.t
.
ws
s
------
------
.....
.....
------
-----
--------
.......
-------
.........
..........
...........
--------------
-----------------
...........................................

Analyze the data and compare to the SM
Find an EF T solution and investigate correlation with other observables
Implement simplified dynamical models, correlations with even more observables

Find “reasonable” UV completions, correlations with yet more observables

These steps are and

Lots of work has been done in the last years!



From data to simplified models




The b — s anomalies

[Capdevila et al. 1704.05340] Anomalies observed in b — sZ¢ (£ = e, )

g transitions [~ 50 from the SM]
2 ] Many observables (~ 100) involved
n Agﬂ%s [Ry, Rg+, P, b — suu branching fractions...]
g LHCb-
o 2 1 Al
i) O “Theoretically clean” LFU ratios alone
- § give a (combined) ~ 40 deviation
_of j . BB - KOutyu~
2» | R(K( )) _ ( *ﬂ H )
| ! BB — KHete)
-3

3 -2 -1 0 1 2 3
NP .
Co Mostly driven by LHCb

O = (57aPLb) (v 1) |
New measurements expected this year!
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The R(D")) anomalies

BB —» DY)

Experimental measurements disagree by almost 40 R(D®)) =
*
with the SM in b — ctv transitions... BB — D)
( =pore+u)
VammN I | | | | | | | | | | | | I | | | | I
* [ —— BaBar, PRL109,101802(2012) —
a) 0.5 - ——— Belle, PRD92,072014(2015) Ay’ = 1.0 contours .
Qﬁ — LHCb, PRL115,111803(2015) A £SM dicti —
- Belle, PRD94,072007(2016) === Average ol SV precictions. - P - = 1.
045 -~ ——— Belle, PRL118,211801(2017) R(D) =0.299 = 0.003 7 SM pI’EdICtIOn qmte solid:
~ = [LHCb, PRL120,171802(2018) R(D*) =0.258 = 0.005 - . . .
0.4 - B Averge = hadronic uncertainties cancel
- . (to a large extent) in the ratio
035F =
03 I I Consistent results by 3 very
025F l - different experiments
02 F .
0.2

Preliminary hints for deviations in B, — J/wtv: R(J/y) =0.71 £0.17 £ 0.18

[LHCb Collaboration 1711.05623]



Towards a combined explanation of the anomalies

Taken together, these are a very significant set of deviations from the SM

It is worth looking for a combined explanation in terms of NP!

T
W U,
b >C
30 — 202121 << 30 = 203131
~25% of a SM effect ~20% of a SM effect

The only source of lepton flavor universality violation in the SM (Yukawas) follows a
similar trend: ye < vy, < ¥Yr.... Are the anomalies connected to them?
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What are the anomalies telling us?

*) N.B.: conclusions driven

A combined explanation calls for Np: ) (mostly) by R(D™)

Coupled dominantly to the 3rd generation

Anarchical couplings Hierarchical couplings
A [TeV] A [TeV]
100 v v 100
10° 10° ¢
: heavy -
10% ¢ 10* ¢
10° ¥ v 10° |
10 \ 10° }
O C I Wy
K°-K°D° - D" B® - BY B, — B, K°-K°D°—D°B" - B’ B, — B,

Severe constraints on generic new (BSM) flavor breaking sources



A NP hint to the SM flavor puzzle?

The SM Yukawa sector is characterized by 13 parameters
[3 lepton masses + 6 quark masses + 3+1 CKM parameters]

... Whose values do not look at all accidental

M de ™

" Voxkw ~

| _

v/ The flavor anomalies seem to suggest a similar trend: large
, gradually smaller effects in the light generations

v/ Recent theoretical progress connecting the anomalies to the SM flavor hierarchies
[Bordone, Cornella, JFM, Isidori 1712.01368; Greljo, Stefanek 1802.04274; Allanach, Davighi 1809.01158]



An EFT solution

Minimal setup for a combined explanation of B anomalies
[avoiding too large effects in b — sov]: SU(2). singlet + triplet

| . . . .
Lerr > 55 |Cr@pr* e a7 %) + Co(q, " gLy, ff)]

v/ solution based on an approximate U(Z)q x U(2), flavor symmetry is viable

[Buttazzo et al. 1706.07808]
v = ()

possible modifications (scalar/tensor operators, RH currents) might help for
Ry and/or b — suu

4
.....Which mediator?
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Which mediator?

93 05

9> 5

9 35

Only few possibilities are available

Charged Higgs solutions (R(D') only) are excluded by measurements of 75
[Contributions to are ] [Alonso et al. 1611.06676]

Minimal W'/Z’ models in (pp — 77 tails)
[Faroughy et al. 1609.07138]

W’ + light Ux in better shape but still in tension with pp — 7 v tails
[Greljo et al. 1811.07920]

Leptoquarks (scalars or vectors) are the best candidates so far

v/ no 4-lepton (LFV, LFUV) and 4-quark processes (AF = 2) at tree level

11



The main suspects

Faroughi @ CKM18 Three viable options in the market:

Model Re+) | Rp) || Rk(+) & Rps) U, + UV completion

[di Luzio, Greljo, Nardecchia 1708.08450;

S1=1(3,1)_1y3 X v X Calibbi, Crivellin, Li 1709.00692:
Bordone, Cornella, JF, Isidori 1712.01368;

R2 = (3,2)7/6 X v X Barbieri, Tesi, 1712.06844.. ]

R> =(3,2)1/6 X X X S, +5;

S3=1(3,3)_1/3 v X X [Crivellin, Muller, Ota 1703.09226:
Buttazzo et al. 1706.07808;

Ui = (3, 1)2/3 v v v Marzocca 1803.10972]

Us = (3, 3)2/3 v X X S3 + R2

Angelescu, Becirevic, DAF, Sumensari [1808.08179] o
[BecCirevic et al., 1806.05689]

The vector leptoquark (U, ) brings some interesting theoretical features into the game

v/ Low-scale bottom-tau unification. Possible link to Pati-Salam unification

v/ Connections to the SM flavor puzzle
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Revisiting the U, solution




The U, leptoquark: the pure LH case

A

L4
L4
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u | pL (=i ay _ pR T a
U1 [ 10 (qu,qu) 10 (dRZMeR + h.c.

-

Pure LH U, (i.e. ﬂf; = () ) extensively analyzed in the recent literature...

Safe from high-pT
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[Schmaltz, Zhong, 1810.10017]

(see also 1808.08179, 1609.07138)

LFV around the corner
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[Angelescu et al., 1808.08179]
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Br x

Huge effectsin b — st

| m Ry &Ry 20
1 n RD(.)&RJNJ 10
1 B Br[Bs>11]

B Br[B-o>K 1]
B Br[B-Krr1]

O Br[Bs—¢11]

[Capdevila et al., 1712.01919]

X=DD.J/¥



The U, leptoquark: all in

% > =L Ul | B @ D) — BE e + ..

Pure LH U, (i.e. /3{; = () ) extensively analyzed in the recent literature...

... RH U, coupling usually ignored. Important pheno implications!

( L
0O O
L 0 L ﬁ‘}"’f (O 0 O\
o O
SR 0 0 i)
i T I 72
Cy = (Cryubr) (" vL) Cs = (¢pbr)(lrvr)

(RGE enhanced)
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The U, leptoquark: flavor structure

U [ P
OCZ = \/5 U{l [ 104 (ql[,}/ﬂfg) T (d;eyﬂeg ] - h.c.
By, =1
L\ bt
o o0 BR ~ O(1)
tF|a\{tOr " ,BL —10 51;4 ' S[%\ IBR _lo o o R
structure st
0 By, ﬁ;fT; 0 0 :g;f? pL. BL, ~ 6(0.1)
. LBl ~ 000D
. S
CVL |
b e e biml _Tw)
51_ .

(*) N.B.: Deviations from this structure highly
16 constrained by low-energy flavor data



Which value of g ? R(D®) projections

VamnN B ' | | | | | | | | | | | | | | | | | | _
% (05| — BaBar,PRL109,101802(2012) 5 _
a) - ——— Belle, PRD92,072014(2015) Ay~ = 1.0 contours -
Y - LHCb, PRL115,111803(2015) . -
0.45 - Belle, PRD94.072007(2016) == Average of SM predictions -
""" =——— Belle, PRL118.211801(2017) R(D) = 0.299 = 0.003 .
- ——— LHCb, PRL120,171802(2018) R(D*) = 0.258 = 0.005 -
04 [ Average —
035 4o —
o R .
n R =1. 3
03 e 20 b T
0.25 -7 o
= HFLAVY @
= n
02 | | | | P(x?) :74%I —

0.2 0.3 04 0.5 0.6

R(D)

Differential distributions, polarizations,... could also be different from the SM
[Essential to test at future facilities like Belle ]
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Low-energy implications of the U, leptoquark

a0 ™ LFV N

AR B, — 11

kB(c)_’TVJ KB%KT,MJ

Non-zero values of ﬁsz have a huge impact on the low energy phenomenology:

v/ Different NP contribution for R(D) & R(D*)

v/ Chiral-enhanced NP effects (hence very large) in some decays

v/ Larger NP scale possible, i.e. larger values for M, available

18



Low-energy fit observables

Observable Experiment Corr. SM
Rp 0.407(46) 090 0.299(3)
Rp- 0.304(15) 0.260(8)
B(B — 1) 1.09(24) - 104 — 1 0.807(61) - 1074
ACH" = —ACY —0.64(13) (*) 001 —
ACY = ACY, —0.44(15) —~
B(Bs — 77717) 0.0(3.4) - 1073 - 7.73(49) - 1077
B(t — pvy) 0(3)-10"° — —
B(BT — K*rTu~) | 0.0(1.7)-107° — —
B(t — o) 0.0(5.1) - 1078 - —
(97/9p) .7, K 1.0000 % 0.0014 - 1.

(*) From Alguerd, Capdevila, Descotes-Genon, Masjuan, Matias

19
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Low-energy fit results

For both extreme cases, the low-energy fit (in particular to the anomalies) is very good!

. Experiment R
LH+RH (. =1) @1 LHonly (f,.=0)
m | =2
| <
S _paf 3 | . I
21: } | -/ S ~0.6
—0.4F . <
[ \ : / -0.8
—0.5F | N _
5% 10% 15% o
b 1.0 1.1 1.2 1.3 14 1.5
0.0 01 02 03 04 05 06 07 08 SM
RD(*)/ RD(*)

ARp

[Buttazzo et al. 1706.07808]
(thanks to the Cs, contribution)

[Cornella, JFM, Isidori, in preparation]
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[Preliminary]

10-0 LI I LI I LI I LI I LI I LI I LI I LI

by LHCb
6.0

4.0

B(B, — 77) - 10°

Excluded at 95% CL -

00|||||||

0o 01 02 03 04 05 06 0.7

[Cornella, JFM, Isidori, in preparation]

0.8

21

The NP enhancement in #(B, — z7) IS
huge, about one order of magnitude
above the chiral (pure LH) case:

BB, - 17) ~ few - 1073

BB, - 17)qy = (1.73 = 0.49) - 1077

[Bobeth et al. 1311.0903]

Exp. limit around the corner



LFV in 7 — u transitions (8% = 1)

[Preliminary] The explanation of Ry« implies a
R ) large Tu LFV
1074 Excluded at 90% CL 10
strong enhancement of
= B B, —>tu,B— Ktu,7v—- uy
= 1070k \ ES
? \\\\ T 8
- | of B(t — py) ~ 10
Q 1195 =
107 10 BB — Kru) ~ 1073
1 —7 il o o —10_6
O10—10 1077 107° 1077
B(r — uv) Great experimental perspectives at

[Cornella, JFM,

LHCDb and Belle Il

Isidori, in preparation]
22



Hunting the U, at high-pT

The U, is a clear target for the high-pT program at LHC!

Low energy [ R(D™)] High-pT
b [(pi . TL[R) b L(R) . TL{R3
L.
U, z —> U,
- - .
L
= )
b L(R) _ TL( R)

... however many of the current searches are not optimized to look for it

NP effects do not show up as bumps but rather as modifications in the tails of some
kinematical distribution (e.g. dilepton transverse mass)

23



High-pT leptoquark limits

Single production (SP)

/ Pair production (PP)
Uy

3 @)
JO
y 4

Dilepton tails (DT)

v
J o i .
/ET< ol )

= ¢

9 ¢

it % 2 (COUP(”@ \1

3 4

\ This talk! ’
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Recast of the high-pT data

(in m;‘)t) [Baker, JFM, Isidori, Kénig, 1901.10480]
4.0 g e ] gy _ _
[ 1 Z D —Uft (Q37,Ls — Prbrv,r)
3.5F E \/5
i S :
V4
3.0 | ¥ b
- jimit
25w N -
- o | when |B|=1
gU 20:— ﬁ —
/= My 2 3.8 TeV [LH + RH]
1.oi/§ ; M, 22 TeV  [LH only]
LS ATLAS ;
0 5— g 13 TeV, 36.1 b1, ThadThad _ [For a benchmark of g, = 3.0]
oobe o b0 v v by b b b b b ]
1.00 1.5 20 25 30 35 40 45 50
My [TeV] limits quite similar in
both cases
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High-pT + Low energy

LH + RH LH only
[Cornella, JFM, Isidori, in preparation] o [A. Cerri et al, 1812.07638]
L0 [Preliminary]
M MNALNY 000 Vector LQ model for B-anomalies
. f.\ - ] 35 T e
=~ %@.\QO ] I
=2 |
s0f B 2 RS 1 | |
F = & : [ |
e 3 P I , [ |
g 2 A i 20 | E
g20F & 5 ° - S : ::’C:
/B o) 15 1
15k =5 R 3 | E
1L.OE - & PP : 1o
; - 0.5 1!
0o gDﬁU{l(Q37yL3_ﬁRBR7ﬂTR)—: : &
L V2 i L M T o
oo by b b b b by '
0'9.0 1.5 20 25 30 35 40 45 5.0 2 3 4 R
My |TeV] My (TeV)
LH + RH (,Bllff = 1) scenario will be 1 and 2 ¢ regions
fully probed by the HL-LHC! preferred by the low-energy fit
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Flavor physics across the scales: pp — tu

[Baker, JFM, Isidori, Konig, 1901.10480]

5L

1.0_| LI
B |
0.9F :
B |
E fom) |
08F o |
B |
- (@)
0.78 12 |
B |
. = |
0.6F & |
r g |
0.5_— U)ﬁ I
C = |
04F & |
E oL |
B |
0.3F i
L |
0.2 T |
- | ATLAS
B |
0.1F i 13 TeV, 36.1 tb™*, mpaa it |
00 el e e e
1.0 15 20 25 30 35 40 45 5.0

M U [T@V]
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3 _ _ _
ZL > —=U,(;” Osy"L, + Q37"L; — P bry"t)

NG

Present data not very constraining
(5% ~ 0.2 preferred) but future
prospects are very interesting

High-pT already provides better bounds
than low-energy flavor data

Y - < pp-—tu
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Leptoquark vector companions

0 8
3 ,
A\

: | Ua ~ (3, 1)2/3

Rather generically the U, leptoquark

, _ (heavy “gluon”)
comes along with vector companions

Z, ~ (17 1)0

As a gauge boson As a quark-lepton (composite) bound state
G'+Z ~ (00)
SU4) ~ U~ ‘
7' ~{LL)
Other states, e.q. , are also commonly needed

29



High-pT interplay among the new vectors

[Baker, JFM, Isidori, Konig, 1901.10480]
In particular models the U, G’ and Z’

4.0y masses are related
35k B
B T 5
S Y 8u 203
' = My
301 \/@ w? + @3
gU 2.5
w; . scalar vevs
2.0F
G’ searches are very important for
155 the LH leptoquark (B, = 0)... but
/ not so much for g, = 1
| oL
1.0 15

Z' searches typically less relevant
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The need for a UV completion

The simplified model analysis captures many relevant aspects of the low and
high-energy phenomenology.

X Radiative effects [relevant!]

Some can be estimated already at the ...but this is not possible for
level of the simplified model... many others!
T , L bL: Bra 5;2 5:@ . SL
T — Uy AF =2 [ %
b S :/” b
y L B E&f Bus L

AC7(8)

[Bobeth, Haisch, 1109.1826
Crivellin, et al., 1807.02068]
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Why not the Pati Salam model?

The vector-leptoquark solution points to Pati-Salam unification

Vi r=

PS =SU4) x SU(2);, x SU(2)gr

Pati, Salam, Phys. Rev. D10 (1974) 275

Q1 r
\L1.1/

v/ SU(4) is the smallest group containing the required vector LQ [U; ~ (3,1)y/3]

/ No proton decay (protected by symmetry)

x The (flavor blind) Pati-Salam model cannot work

——> The bounds from K; — pe and D — D lift the LQ mass to 100 TeV

x The associated Z" would be excessively produced at LHC

—> M, ~M, ~ O(TeV) & 0(g,) Z' couplings to valence quarks

32



Pati Salam... cubed! Bordone, Cornella, JF, Isidori, 1712.01368

“Flavouring” of gauge group:
each family is charged under an independent group
[gauge bosons carry flavourl]

N103T6V PS3EPSIXP52XPS3

L

T
~1Tev  SUM@); X SU(3)1,, X SU2);, x U(1)

l

SM + U,,G".,Z'

As a result of this flavouring + SSB pattern, we have

TeV scale U, [LH + RH] + Z’, G’ coupled mainly to 3rd generation

link between B-anomalies and the SM flavor puzzle
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Symmetry breaking pattern

1-2 breaking

ps e
Vi ) @y

\_

Accidental U(2)° flavour symmetry
—> Yukawa for 3rd generation only

via vev of 2-3 links
and vector-like fermions

Yukawa for light generations

@:<0yj
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A closer look at the U(2) breaking

The vector-like fermions are also needed to make U, loops finite. Similar to the SM
case with the W and the prediction of the charm quark

bL 6 bo gg 6 ;k()z SL

\
Y
Y

U CLL ~ AR?

B,—mixing D)

2
M)(

4
A

SL Bo& Bos b
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PS> from extra dimensions

This construction offers an interesting hint to extra dimensions:

4d multisite models duality 5d models
[gauge group GN] 1 flat, compact xds discretized in N points

[G in the bulk, G at the sites]
[Arkhani-Ahmed et al. 2001]

“flavour de-construction"
of the gauge group

Work in progress
[ progress] 25



Conclusions

Current data is still inconclusive and the overall picture might change but...

... it is possible to find solutions to the flavor anomalies while remaining consistent
with all the other data

Interesting connections to the SM Yukawa structure (hinting to a possible solution
of the )

Going beyond simplified dynamical models is important
unexpected experimental signatures (G', Z’, VL fermions,...) and constraints

Very interesting interplay between low-energy and high-pT data

If the anomalies are really pointing to NP, new experimental indications (both in
high-pT and at low energies) should show up soon in several observables

... However this conclusion is strongly driven by R(D"")
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Thank you!



Backup slides
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The 4321 model(s)

-------------------------

Uy L U1y = (SUM) X U(1)) gigg 5
| | SSB TTTrrrrrmmmemmmoeseees '
SU4) x SU3) x SU2), x U(1) . SU),. x SU2), x U(1)y
| |
SUG3),
Why an additional SU(3) ?
X The extra SU(3) givesa G’ ( ), apart from the 7' already present in PS

v/ It allows to decorrelate the SU(4) from the SM color group. In the limit
84 > 83 1, this “solves” the high-p; problem

—> 0(g;/g,) and O(g,/g,) G' and Z’ couplings to valence quarks
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The 4321 model(s)

U(Dy

| | SSB
SU4) x SUB) x SU(2), x U(1) . SUG). x SU), x U(1),

SUG),

Different fermion embeddings give two distinct solutions:

The “original” 4321 [pure LH U, ]

[di Luzio, JFM, Greljo, Nardecchia, Renner 1808.00942; di Luzio, Greljo, Nardecchia
1708.08450; Diaz, Schmaltz, Zhong 1706.05033,...]

PS? (at low energies) [LH + RH U]
[Bordone, Cornella, JF, Isidori 1712.01368, 1805.09328; Greljo, Stefanek, 1802.04274]
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The 4321 model(s)

U(l)y
(Q3,15)
SUM@); X SU3) ., X SUR2);, x U(1) » SUQ3), x SUR2); x U(l)y
SU(3),
The “original” 4321 PS> low-energy limit
Field | SU(4) | SU@3) | SU(2). | U(1) Field | SU(4) | SU(3) | SU(2)L | U(1)
q} 1 3 2 1/6 q} 1 3 2 1/6
u'h 1 3 1 2/3 ulh 1 3 1 2/3
_ 3 % 1 3 1 ~1/3 d 1 3 1 —1/3 | 1st & 2nd families
FsM-like = I 1 1 2 | -1/2 45 1 1 2 | -1
el 1 1 1 -1 e 1 1 1 ~1
. 4 1 2 0
. 3rd famil
vy | 4 1 1| +1)2 Y
X5 4 1 2 0 X4 4 1 2 0 =1
nyr, = Xo 4 1 2 0 X% 4 1 2 0 VL
H 1 1 2 1/2 Hj 15 1,15 1 2 1/2
Q4 4 1 1 ~1/2 0 4 1 1 ~1/2
Q3 4 3 1 1/6 Q3 4 3 1 1/6
Q15 15 1 1 0 Q15 15 1 1 0
U, LH only U, LH + RH
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Comparison among U, solutions

6 I
- Vector LQ
[ (LH + RH)
i I [Preliminary]
- :
n [ |
4+ ! —
| |
i |
|
B |
B |
3+ 1 ]
N 1 .
i i \
- \\
ol : -
1 ' _
0 1 1 : I 1 1 1 I 1 1
0.00 0.01 0.02 5 0.03 0.04
Cy ~ 9u_
2
Mg
LH + RH

[JFM, Cornella, Isidori, in preparation]
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LH only
[Buttazzo et al. 1706.07808]
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