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% Status of the recent tensions on B-physics:

» Theoretical uncertainties

s Hints of a emergent New Physics scenario:

» New left-handed couplings!

» What Next and Conclusions
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Flavour Anomalies up to now

Hints of New Physics

Quark sector

Lepton sector




I (theoretical cleanliness)

Flavour Anomalies: First cleanliness.
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Z. Ligeti, Moriond QCD 2016

© Some channels are very clean, only
limited by present exp. statistics

@ Other channels require careful
assessment of the theoretical error:

— still useful in presence of NP
correlations

= Very interesting pattern of anomalies:

— pointing out to a consistent NP
hints



B Anomalies: high cleanliness.

< Breaking of Lepton Flavour Universality (LFU)

» LFU from b — s neutral currents: zvs e

_— Br(B—>K(*),uy) a4

KD Br(B N K(*’ee)

» LFU from b — c charged currents: rvs u £

) Br(B N D(*)Z'V)
DY Br(B—D"/v)

R ~4c

O At LEP: LFU tests are only at the Z mass (SM gauge couplings)

Q At B-factories: LFU tests only for 15t-2"d gen quarks & leptons



B Anomalies: direct searches?

d Hints of New Physics

* New Physics effects ~15% of the SM

» New Physics scales:

+* No tension with Atlas/CMS direct searches

Di Luzio & Nardecchia.

1706.01868
- 1) From b - suu
2
Ine GV, V. - 2 e P 31 Tev
2) From b — crv
oK A
WP =G V,C" = N =34 TeV
NP 9ne



B Anomalies: b >s uu &b —>c v

1) Flavour Changing Neutral Current: b — s

(B — K*pup, B — opp, Rigyo..) o —=—i— % ;
vy, Z°
I’




B Anomalies: b - s yu (Theory)
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b—s transitions: B—>K*uu

dr(B—K*1)/dg?

©vypoleC,: ©largerecoil range  ® Jiw Resonances: ©low recoil region
chiral loops  Cg1(Z, t, NP) (non-local) y effects ~ Co10(Z, L NP)
1GeV2 <q2<6 GeV? g>>14.2 GeV?

top, g _
BSM particles C., xbo“"sF,,

Cyo xby“sly“ |

C, xbysly“




b—s transitions: B—>K*uu
dI'(B—>K*1l)/dg?

©vypoleC,: ©largerecoil range  ® Jiw Resonances: ©low recoil region
chiral loops  Cg1(Z, t, NP) (non-local) y effects ~ Co10(Z, L NP)
1GeV2 <q2<6 GeV? g>>14.2 GeV?

Hadronic uncertainties: C, xbo*"sF,,

— s Ao M
(K*|Q;410|B)? =9 Cio ><_b7/L S_|7/ sl
C, xby#sly“I

Form Factors.




b—s transitions: B—>K*uu

dr(B—K*I1)/dg?

DW-J\ 1 L= J o E;::] 1= 14\ 15 1= J
Y Y

© ypole C,: @©]largerecoil range  ® J/iw Resonances: ©low recoil region

chiralloops — Cg10(Z,t, NP) +LDycC: (non-local) y effects  Co10(Z, L NP)

1GeV? <q?<6 GeV? g%>14.2 GeV?

Non-local Interaction (LD)

em AB—l em
-

Non-Factorizable Contributions”

Hai = (Sylc)(Ty} b)




o Non-Local operators: charm and chiral loops 1016l

Of = (57T L)@ " T L) 0f = (Spyuer) (@17 br)

Oy = (Spybr) Xp(@"a) O = (5r7T%z) X, (397T%)

0, = (Byfs)zy”e

b) Tough contractions: Non-factorizable power corrections (spectator effects)

u,d, s

S
bt’-‘ -

Khodjamirian et al,2010: g%<1 GeV?




e Non-Local operators: charm and chiral loops 1016l

= (spyTen)(e*T%r) Q% = (5pyucr)(ELy*br)
Qs = (5pyubr) X, (a7*q) Q% = (507 T%L) >, (" T7q)

+ (037(0)]B)

HIE = Cp o (m)Qyq(my) 4 O, = (byi's)tr"e

b) Tough contractions: Non-factorizable power corrections (spectator effects)

C;Ot = CQSD + CSC_ fac (qz) + CgCNOF (qz) Ciuchini et al. 2015

SD: Z,t, NP Charm-Fact c.: Charm-No Fact ¢

g’-independent OPE g?-dependent
~4.0 ~0.4 TOUGH!!




b—s transitions: B—>K*uu

dr(B—K*1)/dg?

a = .} = = qzﬁ;:g] 1= 148 15 18
. Br(B — K ,u,u)
K p—
To large extent, Br(B —>K ee)
uncertainties cancel out
In the ratio.
Br(B — Kz
R =




B Anomalies: LFUon b -5 s

_ Clean observables Form Factors and Non-Factorizable
effects are lepton universal

Br (B+ — K+p.+p._)

At q°=[1,6] GeV2 Ry = B (B S Koee) 1 0(10_4)
At =[0.045.1.1] Gev2 Ry, = (B = KPwuT) oo 003
. I I K+ = F(BU Y K0*9+e—) — V. )
r(B° = K*%u*pu™)
At q2=[1.1,6.0]GeV2 Rk~ = (B Koeren) - 1.00 +0.01
|\ ~ Y
SM

* EM corrections are lepton-dependent but at ~ % level Bordone et a. EPJCT78(2016),8,440



B Anomalies: LFUon b -5 s

Form Factors and Non-Factorizable
effects are lepton universal

Clean observables

CBr(BY = Ktutpuo)
0.745 = 0.09,0¢ £ 00365 7K = Br (B = K~evo)

—1+0(107%)

I (BU — K*Dp.er._)
0.113 , — —
0.685 0 66q & 0.047 Rk~ = F(B 5 Koeren) 0.91 +0.03

r(B°— K*utu™)
0.6607%1Y 4+ 024 . = = 1.00 +0.
0.070 Rk~ = F(BY= Ko ere-) 1.00 +0.01
|\ )
Y - ' -

LHcb 2.60 less than the SM



B Anomalies: LFUon b -5 s

GOING STRAIGHT
~3.70
by Pitagora Theorem

:_.6'_| L™ B ] 1 T I ) T T |
) = Destructive
1.4 C interference with SM
1.2
. - SM
1,00 4
S i ~3.70 4
0 8': ,// 2.60
o ‘/
0.6f | Hcb 2.60
()-4'P ............ |1|JIJt|J|:|—

04 06 08 1.0 1.2 14 1.6
RK At g>=[1,6] GeV2



B Anomalies: LFUon b -5 s

R, =1+0.23g5Y — >R, =R,

‘6 C rr«rrrrrerkrrYYrerrerrTrTTTET ]
T = ] Destructive
1.4 L _ interference with SM
1.3 : j — new V-A operators
* = 2
x 1.0F s _
X - ,/'SM : (SLyﬂbL ) Ty
- ’ — !
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B | H H
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B Anomalies: LFUon b -5 s

1.6
1.4
1.2

< 1.0

0.8
0.6
0.4

~ _ B5SM BSM
Rg- ~ Rg — 0.4Re (Cbﬂm Cbgez,)
|
Eet '\!" RIRERER BERERER R T RR and scalar current
- e & g e ' |
. CBSVL /Lij‘l o 5 1 disfavoured!
i -’R#! / R IR +4
= é # —
5 C o E Cy = E (CbL.UL + GbL}'J-R)
B n 1
i / | Cﬁ) = i (CbLﬁH - CbL!—-ﬂL)
= 5 Tl
- _: - D’Amico et al.
-1 B. Capdevila et al.
| I I R I (N R I I I T TR T N TR Y N AN TR T | J Cama“Ch et al
0. 4 0.6 0. 8 1.0 1.2 1.4 1.6 A Celis, J. Fuentes-Matrtin.

Rk

D. Straub et. al
M. Ciuchini et. al



B Anomalies: LFU on b -5 s

Obs. Expt. SM SCY = —0.5|6CE =—1| 6Cly =1 |6Cy = -1

R [1. 6] GeV?  |0.745 £ 0.090 |.{}{1ﬂ¢t{§;3}_‘,§? Beryalon o roy s n.?mf{;;ﬁg fl.?!-]ﬁf:j;ﬁl}jﬁj
Rk- [0.045, 1.1) GeV?| 0.66 +0.12 | 0.920% 0006 | 0.88100: | 0.9120:05 (0.86210 015 | 0.9810:03
Rk- [1.1, 6] GeV? [0.685 4 0.120| 0.99610002 | 0.78+0C2 | 0.871004 | 0.7350-03 | 1.2040:02
Ri- [15, 19] GeV* = 0.998%5 561 | 077675503 [0-793%5501 |0.7875 004 | 120475 008

Hints:
Fit suggests nonzero C, = (Cg-C,)/2

Only from Clean observables:

J. Camalich et al.

o} D’Amico et al.
! B. Capdevila et al.
2e s 2 1 0 12 3 A. Celis, J. Fuentes-Martin.

6C4 D. Straub et. Al
M. Ciuchini et.



B Anomalies: B—>K* (—» Kn)uu: P: ang. obs

Pl‘
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1 d'r
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[ SM from DHMV

T
o ATLAS prelim.
o CMS prelim.
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2016: PLY (= pu.e) Atlas: tension

consistent with
LHCb and Belle

CMS: consistent
with SM



B Anomalies: B—>K* (—» Kn)uu: P: ang. obs
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© Reduced sensitivity to Form factors uncertainties

® Still plagued by non-factorizable power corrections:

tot SD cc—fac /2 ccNoF /2 Ciuchini et al. 2015
Cy =G5 +G, (@)+C; (g7)



B Anomalies: B—>K® Brs: going to dirty obs

Various measurements of branching ratios are low compared
to the SM prediction

Decay obs. g2 bin SM pred. measurement pull
B - K%t Fr 2,4.3] 0814£0.02 02640.19 ATLAS 429
BY - K% Fr [4,6]  0.744+0.04 0614+006 LHCh +1.9
o]l o0+ — / _ _ ! —
B = K*%u*p Ss [4, 6] 0.33£0.03 —0.154+0.08 LHCb 2.2 [Altmannshofer, Straub
BY - K*%u+pu~ P! [1.1,6] —0.44+0.08 —0.05+0.11 LHCh —29 !503.06199]
B - K% *p~ Pt [4,6] —0.77+£0.06 -0.304+0.16 LHCb —28

B - K*pfp~ 10745 [4,6]  054+008 026+£0.10 LHCb +21
B? - Kutp~ 10° GF [0.1,2] 271£050 1.26+0.56 LHCb +1.9

B 5 K%t~ 108 ﬂﬂgﬁ [16,23] 093+0.12 037+£022 CDF 422

Bo—outy~ 107 9BR [16)  048+0.06 (023+005) LHCb (-3.1)

[recently updated, LHCB 1506.08777] 0.26 £0.04 +3.

(] |

® Potentially large hadronic uncertainties



B Anomalies: b - s observables together

3F ! T !
T | | |
2'} __________ : :"\ : :
_—l"""""r""?r.;;", """"""""" STt rmmmemos .
[ | S | | -
- ' 4 5 [TIATLAS
TH i ST [r-t oo, ' [ Belle ]
I ! — ! L CMS ]
I | : ) : 1] LHCb;
23 off : A
T :
— 2 -_
-3t | e -
2 3

Overall fit with

clean LFU observables

+ the less clean Pq
+ the dirty obs such as Br, ..., F,

still points out
a nonzero V-A coupling for

(surby ) Hoy s
Ab

Ag =31TeV



B Anomalies: LFU -b - crv

o HFAG 2017

Br(B — DY)
Br(B — D™ (v)

Ry =

U 3.3c tension from BaBar (2012)
1 next confirmed from Belle

4 and recently from LHCDb for R,

R,: SM < EXP at 2.26

Rp«: SM <EXP at 3.3c

R(D*)

0.3

0.25

0.2

| L] L L] I L] | L L] I
s BaBar, PRL109,101802(2012)

C_ - ‘ ]
- ——— Belle, PRD92,072014(2015) Ay~ = 1.0 contours -
C LHCb, PRL115,111803(2015) L 3
" ——— Belle, PRD94,072007(2016) == SM Predictions -
= ———— Belle, PRL118.211801(2017) R(D)=0.300(8) HPQCD (2015) -
[ ———— LHCb, FPCP2017 R(D)=0.299(11) FNAL/MILC (2015) =
L [ Average R(D*)=0.252(3) S. Fajfer et al. (2012) ol
—] 7 o =
— P( i = 71.6%
- I '] ] I I ] ] ] 1 xl) ] I =
0.2 0.3 04 0.5 0.6

O Combining the two observables, excess of about 4c



B Anomalies: LFU - b - ctv a HEAG 2017

BaBar, PRL109,101802(2012) N

Belle, PRD92,072014(2015) Ay~ = 1.0 contours

LHCb, PRL115,111803(2015)

Belle, PRD94,072007(2016)

Belle, PRL.118,211801(2017) R(D)=0.300(8) HPQCD (2015}

LHCb, FPCP2017 R(D)=0.299(11) FNAL/NJ2C (2015)
R(D*)=0.252(3) S. Gefffer et al. (2012)

) SM Predictions

P _Br(B— D™ ry)
D) ™ Br(B — D™ iv)

U 3.3c tension from BaBar (2012)

[ next confirmed from Belle

IIIII III'IIIIIIIIIIIIIIIIII‘IIIII

4 and recently from LHCb for Rp.

i
e
=

A v !
e 1 . i

' ‘
= N L
- »

P(p0) = 71.6%

0.6
R(D)

L Combining the two observables, excess of about 4o

» The two channels are well consistent with a new V-A (5L7/“bL)ZTL7”VL

coupling A2
RD

» RH or scalar amplitudes disfavored.



Br(B — D™ 7rv)
Br(B — D™)(v)

B Anomalies Ry =

*» Hadronic uncertainties?

- Form Factors are lepton universal:
— uncertainties largely cancel in Ry and Ry«

- SM predictions of Rpy.and Rp. are well under control

» Tension observed by three Experiments

o FT T T T T L
8 o= LT
I e AU BB > D)y /BB - D'ri)sy
- Belle, PRL118,211801(2017) R(D)=0.300(8) HPQCD (2015) = Rp = . _ = 1.23 £ 0.07,
C LHCb. FPCP2017 R(D)=0.299(11) FNAL/MILC (2015) B[B — D*fﬂf}ex ),JB[B — D*Eﬂf}Sh-I ?
04 [ [ Average R(D*)=0.252(3) S. Fajfer etal (2012) ] { ] 1} [ D }
- 3 B(B — Do, )en /BB — D7ty )aum
< F e s Rp = L = 1.35+0.16.
N ) e A B(B — Divg)exp/B(B — Divg)sm
03F ] l . 20 =
e T - »>Only from V-A coupling Rpe =1.24+0.07.
- . D
i S PRI il
0.2 0.3 0.4 0.5 0.6

R(D) > Excess observed at more than ~4o

20% enhancement of the SM amplitude



How to explain the two effects

simultaneously?

Below
EW scale

: : new V-A
b, n . interactions




How to explain the two effects simultaneously?

Below
EW scale
Ay =31TeV
b Pii Ap=24Tev  ib v
_(_'—yﬂb ):uLy Ky (ELj/”bL)zTLy”vL
As A%

Above EW scale

©Ob=S b= c v Oy 2l Ol | BE el B C.r b )T v
by SU(2), triplet (QL7/ QLZ LY L :2( LY L)2 LYV
A7 A3
A =3.4 TeV

l A, — 1
A =001 TN A



EFT above EW

I. SU(2), triplet elegant solution

(Qr e Q) Ly "L I A

b L, © b — ¢ v by V,,=CKM,; mixing

5 - (\gtbt +V.C +thu) o (vﬁj

2(c.rb )Ty v, A, =0.7 TeV




EFT above EW

I. SU(2), triplet elegant solution

(Qr e Q) Ly "L I A

b L, © b — ¢ v by V,,=CKM,; mixing

©b—s by A~ /qu’gp& /Igpmixing

o) el

I

_ _ , »
qlg (SLyﬂbL)luL?/ﬂ,uL AT = 07 TeV qS/I,u,u = —4)(10
s AZ (A) =43 =1) —3\/cbmf,/mf




EFT above EW

I. SU(2), triplet elegant solution

(Qf)/“fan) Loy 727 [ A2

b L, © b — ¢ v by V,,=CKM,; mixing

©b—s uuby A =15 & 1,, mixing

O However, A; =0.7 TeV pp — 7T b— svy
(ny“ran) Ly %L = 2(VchL7/”bL)fL7/”vL +(5L7/”bL)fLy“rL —(ﬂ@ﬁLy“bL)vLy”vL
A; >0.6 TeV A £0.01

tensions with high p; searches, B - K*vv, LEP
constraints, LFV 1t decays.



EFT above EW

I. SU(2), triplet elegant solution

ﬂ,q/l

: : A2
b, L, ] g

Qe Q) Ly e LY

Only

0.8

O from LEP radiative

constraints, LFV r decays = ;
& EY
= o
0.4 A I b1 i
v WOty and R
L L _ mLFV |]i=e':!::1'h
& E-|:_u|:r.' observables
L L 0.2 | m R
| m All
0.0 - :
1.0d0 106 1.10 1.1B6 1.0 126 1.30 1.36 1.40

Feruglio, Paradisi and Pattori ‘17 -
it
U_...



EFT above EW

I. SU(2), triplet elegant solution

AJA - N\ —
G QTR Lyl

© Triplet operator mandatory to explain b — ¢ zv
(QEVﬂTaQE) Ly ety = 2(6L7/ﬂb|_ )ZTU/#VL

© However, b — s uu by SU(2) Triplet and Singlet
(657/#73(?5) Lyl = (§L7/ﬂbL)/L_lL7/ﬂ:uL

(QEVﬂQﬁ) L|2_7/y Lf_ = (§L7/ﬂb|_)ﬁ|_7/ﬂ/u|_



EFT above EW

I. SU(2), triplet

iql La a L,B
QL7/ 4 QL VT
_ 42 2
C, =V /A]
® &, 1.237£0.053 | 1+2Cp(1— X4V /Vie) (1 — A, /2) A;=0.7 TeV
® - s —0.61 £ 0.12 amw X AL Cr
q
® Biow 0.0+26 1+ 2 oS OrAG (1 + AL, A £0.01
® % —0.0002 £ 0.0006 0.033CT C, <0.01
5g7 —0.0040 £ 0.0021 —0.033Cr
o A, >2.5TeV
g% /W | | 1.00097 = 0.00098 1 —0.084Cr
R —1 0.00 £ 0.02 207 (1 = NV Vi,




EFT above EW

I1. SU(2), triplet + singlet

/1,0'/1 L%y 72 Lﬂ C. : L%y * Lﬂ
QL7/ 4 QL LT LT QL7/ QL LY
2 2 2 2
® &, 1.237 £ 0.053 1+2C (1 NV Vi) (1= X, /2)
® s —0.61 +0.12 —aevavs M A (Cr + Cs)
® Bion 0.042.6 1+ 35— s (Cr = Cs)AG (1 + AL C o~C
® '~ —0.0002 £ 0.0006 0.033Cr — 0.043Cy TS
5g7 —0.0040 £ 0.0021 —0.033CT — 0.043Cs
g% /gl | | 1.00097 + 0.00098 1 —0.084C7
R —1 0.00 = 0.02 207 (1= NGV / Vi) N




EFT above EW

I1. SU(2), triplet + singlet

qgnq/t

i‘vi“ﬂ ( Qe Ly e LY +Co (QLr Q! ) LY )

2 2 2 2
CT =V /AT CS =V /AS
Qo6 i
© Larger NP scale [ - Y
0.041 o r
A, =07 TeV A, =2TeV o2} &
% 000 #
© from LEP constraints -002 7
004 |
A=A % -
T S _ﬂm'_r.’ lllllllllllllllllllllll i

~0.06-004-002 000 002 004 006
Buttazzo, Greljo, Isidori, Marzocca ‘17 Cr



EFT above EW

I1. SU(2), triplet + singlet

qn/
A2 (@l T+ (AR L)

Buttazzo, Greljo, Isidori, Marzocca ‘17

D_n R "' LA L L L |
[at Ayt<23 4_— '
5 ] der
= _ﬂ-l 2- Far
o ) 5
I R S
. =
Il > [
2o 06 [
- e L 1
=] i '.‘FJ 7 _: !
~0.8] 1&1< 5¥4 !
T e
10 11 12 13 14 15 =30 -25 -Eﬂ{-lﬁ 3_1.;, -5 0
RSM A% %10
Rpyol R ) e

¢ Small mixing between 3 and 2"d families of Q, L



EFT above EW

II. SU(2), triplet + singlet

Qe Q) Ly e L (QJ“QL ) Ly Ly

/
bL I—|_
.................................................. A=A, ~2TeV
¢ Large coupling to third Q, L families to explain ﬂt? — Aq —
the tree-level enhancement of b — ¢ v
ﬂ'bqs = 4><Vcb
“» Small mixing among 3 and 2"d families of Q, L to 20 = —m? I m?
solve the loop-suppression of b — s e = M, 1M,
q
(/Ids _th)

2,,?/10‘;5 =0;0,, + small corrections for 2" (1") generations



From EFT to UV models

IL. SU(2), triplet _  ((Q'7"Q/)Ly "Ll (Qly'Q! )Lyl
+ singlet ij *ap AZ + A2

QQ current x LL Current LQ current x LQ Current

QL L, & \/

L,

Lepton Quark

FAVAVAY. :

W, ~(13,0) S, ~(3,11/3) U/ ~(3,12/3)
~(3 UX~(3,32/3

B,:z - (1111 0) S3 (313’1/3) 3 ( )

Scalar LQ Vector LQ



From EFT to UV models

0.06f ™
by a single [
mediator  0.-04} ~(3,1,2/3)
0.02} Vector LQ

G 0.00
~0.02}

—0.04}

—0.06F
—0.06 —0.04 002 0.00 002 0.04 0.06

Buttazzo, Greljo, Isidori, Marzocca ‘17 CT




From EFT to UV completion: U/ ~(312/3)

Gauge leptoquark as the origin of B-physics anomalies

Luca Di Luzio,'** Admir Greljo,2? T and Marco Nardecchia?:*

The vector leptoquark representation, U, = (3,1,2/3), was recently identified as an exceptional
single mediator model to address experimental hints on lepton flavour universality violation in
semileptonic B-meson decays, both in neutral (b — spp) and charged (b — c¢7v) current processes.
Nonetheless, it is well-known that massive vectors crave an ultraviolet (UV) completion. We present
the first full-fledged UV complete and calculable gauge model which incorporates this scenario while
remaining in agreement with all other indirect flavour and electroweak precision measurements,
as well as, direct searches at high-py. The model is based on a new non-abelian gauge group
spontaneously broken at the TeV scale, and a specific flavour structure suppressing flavour violation
in AF = 2 processes while inducing sizeable semileptonic transitions.

U 1“ ~(3,1,2/3) from extended SU(4)xSU(3)xSU(2)xU(1)
gauge group.



Flavour Anomalies: What Next?

< Many tensions at <3 o : Thanks GOD!

* Intriguing correlation is emerging.

- LHCb: Electron/Muons efficiencies?

- Hadronic Uncertainties: no way!
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b—s transitions: B,—uu

CVC:q“/y*( =0

1) No y interactions: no Cg ;

2) Only Z interactions: C,,
m,, m, GIM suppressed

3) Only t,W,Z contributions

To large extent, pure local interaction:
C,, - short-distance couplings:

2 2
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2 Only one hadronic parameter: f
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b—s transitions: B.—>uu
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*hadronic uncertainties under control

Lattice: ETMC, MILC, HPQCD

(0[by*y.s|B)=ig" g
fo =(228+4)MeV

k 2% hadronic uncertainty/




b—s transitions: B.—>uu

2 2

F(BS —>,u+,u‘) ~ GFaS

6471' més fst ‘thvts‘z Zmyclo‘z

Oy = (br's) tr* ys!

2% hadronic uncertainty

v BroX®(By—uu) = (2.8 £ 0.7)107° (25%) EXP 1.2 o below SM
@ BrSM(B,—uu) = (3.65 + 0.23)10° (6%) (small significance but ...)

C,o : short-distance coupling — no charm loops.
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- Hadronic Uncertainties: no way!

, <+ Still large NP potential from LHCb: improving

from now on.
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Flavour Anomalies: Conclusions

Thanks



B Anomalies: B—>K* (= Kn)uu: P. ang. obs

© The P tension compatible to a fit by a g2-independent C, coefficient

No fact. effects induce
g*>-dependence of C,,.

Gl F1 I | More precise data are
] needed to disentangle
g*>-dependence of Cq

q (GeV?)

® Still plagued by non-factorizable power corrections:

tot SD cc—fac /2 ccNoF /2 Ciuchini et al. 2015
Cy =C5 +C (@)+C; (g7)
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