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The B-physics anomalies

Hints of Lepton Flavour Universality Violation in semileptonic B decays




The general approach

’ . Simplified s UV
L Data — LEFT } >L Models ] Lcompletions]

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




Towards a combined explanation of the anomalies

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

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

T
W U,
b >C
30 — 202121 << 30 = 203131
~20% of a SM effect ~15% of a SM effect

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

gSM — gGauge T gHiggs T gYuk

4+2 parameters L;

. Flavor non-universal
(flavor universal)

%
The SM Yukawa sector is characterized by 13 parameters (with massless neutrinos)
[3 lepton masses + 6 quark masses + 3+1 CKM parameters]

... whose values do not look at all accidental

Mu,d,e ™~ Vekwm ~




The SM flavor puzzle and U(2)° symmetry

The SM Yukawas

v =)y

Mu,d,e ~ Vekm ~

|

respect an approximate U(2)> = U(2)q xUR2),xUQR2),xUR2),x U2), symmetry

minimally broken by 5 spurions [Barbieri et al. 1105.2296]
0O 0 O VI~V
U(2) V V4 q cb
Yyde =Y 0 0 O 9.0 Yyde=Yibe < )
0 0 1 0 1 ~ Vesu

Unbroken symmetry Minimally broken symmetry



A NP hint to the flavor puzzle?

The B anomalies show a similar structure to the one of the Yukawas, hinting to a
possible common source. The aim of this talk is to exploit this fact by assuming that:

These anomalies are a true manifestation of NP

® TeV scale NP (because of R(D™))

® Maximally coupled to 3rd gen., with gradually smaller effects in light families

The NP behind the anomalies is connected to the SM Yukawa structure

® NP Lagrangian respects the same U(2)> symmetry, broken only by V,¢

® The “natural” size of these spurionsis [ Ve[, |V, | = o107



SMEFT + U(2)° symmetry

1 o
Zswierr D Lsu—— Y Cliet 6lif) 4 ¢
k,n

Many dimension-six SMEFT operators contribute to semileptonic B decays

0%) = (Z1r"¢))arn,4)) 0 oq = (@%r*eb)(diy,dl)
(3)—(0”%?”7’//3)(%@? 0, Oppgy = (Ceb)(drql),
Ora = (C3r"e0)dyy,dl) 0y, = (C1%eR)e ().
= (G,7"q))(@xr,eh) 0% = (6770, ek)en(dy 0" ),



SMEFT + U(2)° symmetry

1 y )

Many dimension-six SMEFT operators contribute to semileptonic B decays

0% = Cir' e @na)). A= @ ep)dpdy)
@<3> = (0 Gy,7'a)) . %q = (C1ep)(dra))
O = (i7" dgy,dy) 7, = (C10ek) eq Gy

> A= @ a)@r.e) Y = (74, ew(qb oy,

7
([b — STT only] < Right-handed light-fermion

operators are U(2)’-suppressed

.. but only few yield sizable effects if we impose a minimally broken U(2)° symmetry

The relation C;lq) ~ CL%) needs to be enforced to avoid exp. constraints from b — sy v,
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SMEFT + U(2)° symmetry

1 y )
v k
N

Many dimension-six SMEFT operators contribute to semileptonic B decays

O = i DT 1,9). Of = @xr'ep)dpr,dy)
@<3> = (Z3' e\ Ghy, 'l %q = (Flel)(dray) .
O = (i7" dgy,dy) 7, = (C10ek) eq Gy

e = @r'a)@r.en) 7 = (£50,e0) eq <qb’ Hyly

The relation CL%) ~ qu) needs to be enforced to avoid exp. constraints from b — sv,y1

The U; ~ (3, 1),/3 vector leptoquark is the only single mediator that matches this
ith (V) = c® _
structure, with qu = qu and qu =0
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EFT flavor structure

_ Ljap] ( m(1) (3)\ e ljjaf] mlijap]
Lerr D L —— [CVAV (0D + 08N+ (2.cy AP plies +h.c.)]

NP parameters: Cy, Cg [NP strength] A, =T xI,, Ag=T7 xI'; [Flavor structure]

At lowest order in the spurion (V, ,) expansion

‘L Ty s R Hr TR
( vi o) (0 0 0o \ d
0 0 V: ﬂq q1 /1S, A~ 0(10—1) ", R
- o 7 ~ O O —_— Sb SR
Iz~1o 4 | D 0(10°2) ['r = s
0 1) g O s ) bg
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EFT flavor structure

1 .. lijaf3) .. ..
_ lijapl ( (D) 3\ lijaf] mlijof]
Lerr D L - — [CVAV (0D + 08N+ (2.cy Al plies +h.c.)]

NP parameters: Cy, Cs [NP strength] A, =T xI,, Ag=T7 xT; [Flavor structure]

fl fz f3 eR //tR TR
( Vi o) 0 0 0 ) d
O O V: lq qdi A5, A~ 0(10—1) ", R
~ ,t—s-~ T C ~ O O —_— Sb SR
y - 0 —, 1 b
\O AL 1‘_:,_ )...-q-3 \ o ] Ok
\N ............................... ““
_______________ 'y
£ e i - .

b, )
M. i ¢ b — stt << R(DM) b, T,

¢ [see talks by Alguerd,

o ;
ACK = — AC! o Straub & Konig]

[Crivellin et al., 1807.02068] 13



U(2)° predictions

1 .. [i'aﬂ] .. ..
1 3)\ W
Zerr 2 Lsw—— [cv AJP(05)+ O)) 7 + (2Cs Ay 0% +h e )]

NP parameters:  Cy, Cg [NP strength] A, =T} xI';, Ag=T] xT; [Flavor structure]

( Vi ) 0 0 0 \ dp
00 o4l 9t 2504~ 00107 ”
~ ~ O O i Sb SR
I, ~ 0 /lg 4> 0(10_2) I'r & m
7 ~ 0 ——= S, 1 b
\O AL 1 ) q \ " ) R
b—>sz,”f_b—>s% b — clv b — clv

Predictions: b — dff b — dff b—ufv b— ufv
SM Sl
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Testing the NP helicity structure in b — ctv

[JFM, Isidori, Pages, Yamamoto, to appear]

0'25:""""""I"" [ | - D r R
0.20 | B(Bs—7r) 3 AT N
90% CL excluded ] APD
0.15 . : AFL Jexp o
- . 0.2 _
0.10 = [ ]
0.05 |- ( — : i
%Q - B(B = 1v) ] 0.0 —
0.00 & = < [
I L fr=0 : o - b
n : : 5 _ AP!
b —0.05 — ~ -
- ;> ] —0.2 ~
010 7 > [ '
RN Rp I ]
~0.15 B - !
/ ] —04 —
—0.20 | = [ ]
_0.25F Prelllmlnary | | | | E [ Preliminary |
I I I L — e 1 — 1 —06 T T R B T T B
~0.10 —0.05 0.00 0.05 0.10 0.15 020 0.25 02 —01 0.0 0.1 0.2 0.3
ce = O ARp — ARp-
1%
Co=Clo=Cpol1+-227 AR, — AR, ~ 2.4 C
V.S V.S V.S v D D* S
ts
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Predictions in other CC B, decays

T T T U(2)° predictions:

25 Preliminary

: R, R Ry«
20 - zaﬁj%+0% D

R YRy RS

é% L5E BB - 70)les - RB(B, — D) N RB(B, — D)
S BB, = tD)smq BB, = t0)sm

10k ]

0.5 - N

' ' BB - n1v)
N.B.: R, =
1 R B(B — nfv)
0.2 0.0 0.2
ARp — ARp-~

[JFM, Isidori, Pages, Yamamoto, to appear]
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Predictions in NC B, decays

45: | E)I Illl I. o IAIRI N ' %(BS —> //t//t) - 1 ARK(*) 1 3 2 S,z. CS
" Preliminar _ ; ~ 1 — _ 37T 2
wf / 1 BB, > upsu 0.24 CSM A Cy
[ SM i
= | _
N :
T s0p = U(2)’ prediction (b — svs b — d):
S B(Bs = ) ]
fj 2.5 - s _
o [L0 : BB — ”/"”)[Aq%m]
Y %, ] Ry ® Ry« & .
: T : KB(B — mee), A2l
s OV :
er : BB, — pp) BB~ up)
ol L L e L 1w BB, = pp)sm BBy — pp)sm
—0.5 —0.4 —0.3 —0.2 —0.1 0.0 0.1
ARk

[JFM, Isidori, Pages, Yamamoto, to appear]
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LFV in 7 — u transitions

Tu-LFV offers a great probe of the

Taking Cs/Cy =2 helicity structure
oo o L
10" ‘;10_3 possible strong enhancement of
L Excluded at 90% CL BS = T, B — KTIM T — Uy
T sl 41074 for sizable C
{L 107 e E Y 5
= : B(t = py) ~ 1077
NTRE 410 T
a o BB — Kzu) ~ 107°
I I 2
=0T I LU BB, - tTu") ~ 107
5| o o . _-1()—7
107" e e 107 Recent LHCb measurement
B(T — )

BB, = ) < 3.4 X 107

[LHCb, 1905.06614]

[Cornella, JFM, Isidori, 1903.11517]
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From EFT to simplified models




Which mediator?

Only few possibilities are available

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) or 4-quark processes (AF = 2) at tree level
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The main suspects

see talk by Pere Arnan] | | |
Three viable options in the market:
Model R R R & R
K(*) D(*) K (%) D(*) _
U, + UV completion
51=(3,1)-1/3 X v X [di Luzio, Greljo, Nardecchia 1708.08450:
_ Calibbi, Crivellin, Li 1709.00692;
R = (3’ 2)7/6 X v X Bordone, Cornella, JF, Isidori 1712.01368;
i_‘?’z _ (3 2)1/6 X X X Barbieri, Tesi, 1712.06844...]
Ss=(3,3)_1/3 | V X X 51 + 53
. [Crivellin, Muller, Ota 1703.09226;
Ur = (3,1)y3 v v v Buttazzo et al. 1706.07808;
Us = (3,3) / X X Marzocca 1803.10972]
— I 9)2/3
[Angelescu, Becirevi¢, Faroughy, Sumensary, 1808.08179] S3 + R2

[Becirevic et al., 1806.05689]

The vector leptoquark (U, ) brings some interesting features into the game
v/ No tree-level b = suv

v/ The U, nicely matches the SMEFT+U(2)° structure (SM flavor puzzle)
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Hunting the vector leptoquark at high-pT

This mediator is a clear target for the high-pT program at LHC!

Low energy [ R(D™)] High-pT
bin; . T, ) bﬂm\ \ TuR)
U, - —> U,
=L i / .
~15% SM ~ 15% SM X PDF X (§/M3,)*

Generic characteristics of the new state:
Masses around the TeV scale [2-6 TeV] (hard to reach via direct (pair) production)

Flavor non-universal, with much
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Hunting the vector leptoquark at high-pT

This mediator is a clear target for the high-pT program at LHC!

LHC is a quark flavor collider High-pT
W T pp@13 TeV b 1w ) TuR)
< 0.100. : ’

X Tt ] ‘
£ 0010 —— T | C‘cgl, U,

= c
£ 0.001 <& £

@) I ]
£ 10+ | “L s
= e _
o 10750 T | bc
E F ]

o6l ] bu

1000 1500 2000 2500 3000
5 [GeV]

PDF 7, ;; X | Vi | Plot by A. Greljo @ Flavor 2019
PDFucHﬁd X | Vud |
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High-pT + Low energy

[High-pT bounds from Baker, JFM, Isidori, Konig, 1901.10480]

LH + RH

4.0_IIIII l l lll I I I 4.0-IIIIIIIII

3.5 = B . 3.5 =
N > 1 L &8
= G ] G

30 8 = 23 = 3.0F 3
B > (ap) N i [ —
I = R \)?»% ] [ e

25F = E > A 25F o
B, < 1 IR
L= (W < Y | [ =

gr20F © & W 3% = gu 208 ©

j % S &x?)(i 1 [ %
L o Pl P l

Lo = < Py - ] Lo 45
.y - A

1.0f <& _— 1.0F 8

5E — g - - o g _ N

0 5' Z 2 _UU{l (Q37, L3 — bry,tR) 0'5- Z 2 _UUf (Q37,L3)
- V2 i V2

0.0 lllllllllllllllllllllllllllllllllllll 0.0 lllllllllllllIlllllllllllllllllllllll

1.0 15 20 25 30 35 40 45 50 1.0 15 20 25 30 35 40 45 50 }

My [TeV] My [TeV]

[Cornella, JFM, Isidori, 1903.11517] .
1 and 2 ¢ regions

preferred by the low-energy fit

(") N.B.: Assuming . < 0.25 04
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Towards a UV-complete U; 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
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Georgi and Y. Nakai, 1606.05865

4321 model(s) Diaz, Schmaltz, Zhong 1706.05033
di Luzio, Greljo, Nardecchia 1708.08450

SUB3), = (SU@A) X SU(3))giae

U(l)y U(l)y = (SU4) X U(1))iag

| | SSB
SU4) x SUB) x SU2), x U(1) . SUG). x SU), x U(L),

L ® ! +U,, G, Z

SUG3),

Why an additional SU(3) ?

X The extra SU(3) gives a G’ (color-octet), apart from the unavoidable Z’

v/ It allows to decorrelate the SU(4) from the SM color group. In the limit
84 > 831

—_— O(gs/g,) and O(g,/g,) G and Z' couplings to valence quarks
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High-pT interplay with the new vectors

U, frompp = 17

4.0 =

*
1 —

3.5

pp — U

3.0

Same U, contrib.
to R,

2.0

1.5

A

LO--..I .lf\.l....I....I....I....I....I....
1.0 1.5/ 20 25 30 35 40 45 5.0

My; [TeV]

G’ from pp — tt

28

In particular models, the U;, G’ and Z’
masses are related

— M 8u 26032
B v 9) ) 602 ~+ 603
\/ 80— 8¢ I 3

w; . scalar vevs

G’ searches are very important for
the pure LH leptoquark... but not so
much if RH couplings are also present

Z' searches typically less relevant

[Baker, JFM, Isidori, Konig, 1901.10480]



A 4321 model for the B-anomalies

U(1)y
| | <Q1,3,15>
SU4); X SUB),,, X SUQ2), x U(1) > SUG). x SUQ); x U(1)y
| | +U,,G,Z
SUQ),
PS3-inspired 4321
. . Field | SU(4) | SUB) | SU©2), | UQ1Y
Accidental U(2)> symmetry in gauge sector = @) ) @) | UW)
g 1 3 2 1/6
! 1 3 1 2/3
Explicitly broken by the Q; fields s 1 | 3 | 2| stz
V. ., ~{(ONM o 1 1 2 —~1/2
[ q,t < l> )(] e/}z‘z 1 1 1 —1
ﬁ’ 4 L 2 U 3rd family
{25 H Vp. | 4 1 1 +1/2
X% 4 1 2 0 _
: | X 4 1 2 0 v, = 2
| M ; H 1 1 2 1/2
;\f,____; 0 4 1 1 —~1/2
Do ~ 3 Q3 4 3 1 1/6
aﬁ 1 éL Xoo X, LPQ, Q15 15 1 1 0

[Bordone, Cornella, JFM, Isidori 1712.01368, 1805.09328;
Greljo, Stefanek, 1802.04274; Cornella, JFM, Isidori 1903.11517]
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A 4321 model for the B-anomalies

U(l)y
| | (Q3.15)
SU4); X SUB) 4, X SUQR), x U(1) > SU3), X SU2), X U(1)y
| | +U,,G", 7
SUQ),
PS3-inspired 4321
. . Field | SU(4) | SU(3)' | SU(2)L | U(1)
Accidental U(2)> symmetry in gauge sector = @) ) @) | UW)
¢} 1 3 2 1/6
.. , : 1 3 1 2/3
Explicitly broken by the €. fields Z/’; 1 3 1 _1//3 ﬁrﬁl?er;d
o 1 1 2 —1/2
e’t 1 1 1 ~1
<> W cad @gg 4 1 2 0 ard family
| | vho,| 4 1 1 +1/2
| X% 4 1 2 0 _
, ; X 4 1 2 0 =2
- — . H 1 1 2 172
bl 3 04 4 1 1 —1/2
a'L z éL Xoo X A WL Q3 4 3 1 1/6
Qs | 15 1 1 0

[Bordone, Cornella, JFM, Isidori 1712.01368, 1805.09328;
Greljo, Stefanek, 1802.04274; Cornella, JFM, Isidori 1903.11517]
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Conclusions

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

... it is possible to find solutions to the flavor anomalies connected to the SM
Yukawa structure ( )

This connection predicts relations that will be tested experimentally

b — ctv b — utv
Rpes <—E> B — v
polarizations B - mtv Eagerly waiting for
U
AC! UQ2)5 LHCb ?nd Belle Il
b — st b — deet results!
RK(*)9P§’°" <—=> B—>7T//lﬂ
B, — AAL B — upn

The U, ~ (3, 1),/3 vector leptoquark is an excellent mediator to explain the anomalies

> Additional mediators and high-p signatures (G', Z', VL fermions)
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Thank you!



Low-energy fit results

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

LH + RH (8F = 1) Experiment LH only (8f =0)
ARp- @lo
0.0 0.1 0.2
ol—F | A |
0.0F ° - ] o N
| N |
L —01F - f —0.1F ]
g Atk ml;ined < ARk combined
n 02 | | _ n —0.2F ‘
s | < |
< —0.3| . - < —0.3F ]
—0.4}F . ] —0.4F . ]
: ARp [ ARp
o5l v o5 v ]
~0.2 0.0 0.2 0.4 0.6 ~0.2 0.0 0.2 0.4
ARp ARp ~ ARp-

(thanks to the scalar contribution)

[Cornella, JFM, Isidori, 1704.06659] 313

(due to the new Belle Ry, measurement)



