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New Physics and Flavor

With a few exceptions, flavor-changing observables agree with the SM.

energy
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: e.g. Minimal Flavor Violation:
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Ysum ONly source of flavor violation (up to A > 1TeV)

O(1TeV) - — TeV-scale NP is flavor blind
— by construction little to no effects in flavor obs.

» If NP has a generic flavor structure, flavor bounds force
it to be very heavy: KK, u — ey... = A > 104 TeV

» If we insist on TeV NP at the TeV scale, it must have a

My 0 —+

SM s » Now we have hints from flavor, the B anomalies.

Taking them as genuine BSM signals, what do learn
about the scale and flavor structure of New Physics?



The B-physics anomalies

In the SM:
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Gauge interactions are lepton-flavor universal. N I',=1,=T,

Lepton masses are the only source of non universality. (Up to kinematical effects)



The B-physics anomalies
In the SM:

@k all the same | don't think. sol
I~ @ M, F Mudm,

SIS OOG

Gauge interactions are lepton-flavor universal. N I,.=1,=1,
Lepton masses are the only source of non universality. (Up to kinematical effects)
Hints of LFU violation in semi-leptonic B decays:
» [LVS e uRiversality in b — sl » T VS [,e universality in b — clu
% B — K(*) *)
Ry, = ( (*)/4/4) R;% R = BB — D! )TV) > RSM
%(B — K 66) D @(B N D(*)fﬂ) D)

+ angular obs. and rates in b — suu
~ 40 ~30



The b — sll anomalies

“not-so-clean”

» discrepancy in B — K*uu angular distribution ’ “‘E@u - =
» deficit in BB — Xup) X, = K, K*, ¢ |

» U /e LFUVin B = KMj] RUL-L6] GeV: _ 1 00 + (0.0] [Bordoneetal, 1605.07633
“clean” K®
» deficit in B(B, — up) BB, — pp)gy = (3.66 = 0.14) x 1072

[Beneke et al., 1908.07011]

2021 LHCb updates: 3.1 ¢in R0l 00, 210511769
2306 in B, = upu [ATLAS + CMS + LHCb]

Global significance for New Physicsin b — sll ~ 4o [sidor, Lancierini, Owen, Serra, 2104.05631]


https://arxiv.org/abs/2104.05631

The b — clv anomalies
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» ~ 15 % enhancement due to excess in tau mode
» theoretically clean

» measurements by Babar, Belle, LHCb (so far R only) in good agreement

» 3.1 0 tension (combined)

Lower significance, need experimental clarification.



EFT for b — sl

2.0 ——m—m———r—r——F——r—rr7 7 ———rT——
G 0’“ (_ b )( _ ) I | | [CC,IFuentesl et al., 21103.16l558] 1
a = s Ry ]
3eff=__FVrthb4_ ZCiOi 9 _Ly,u L /4_7’ 1z O
V2 T4 Ol = Gy, bar'ysw) r
I S LS
» NP in C/ only Lop |
. — Ak | |
» | left-handed LFUV NP + subleading LFU shift ol 5
. U i Bs—putp—
ACH = — ACH AC}
0.0——
clean obs. only 4.60 ! \ j
all obs., marginalizing in ACY  4.8¢ By I I R—
all obs. + estimate of c¢ loop > 50
[2103.13370, 2104.0892. 2104.10058...]
by SL 2 |
» ~4x1075 G, = =~
M ] A2 (40 TeV)?




EFT forb — ctv
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» left-handed NP (=Fermi interaction!)

» other structures also possible

~ 1072 Gy




Why both?

No obvious connection. Why combine both anomalies in a single NP framework”?

b — sl SUQ), b — clv
(§L)/”bL)(/ZL}’MﬂL) € o > (E‘L}/MbL)(%LyﬂUL)

= Minimal sol: left-handed NP in semi-leptonic operators (RH currents also possible)

1 _ _ ; _ _ 2 B _
Z EIET - = § (Cl(;)(lLyMTalL)(QL}/'u T QL) + Cl(ql) (lLV”lL)(CILV” %)) ~ o ;CLL (QLyMlL)(lLyMQL)
b — svU — CZ) ~ C;i[) =C;y

Connection between anomalies:
\oL SL

SUQ), RGE
Rhow = b, >ty ~ b, — - o =ACY
D) L LTV L = SLTTL = 9

l -e.pmz




Why both?

FLAVOR HIERMRCHIES _ 2 FLAVOR ANOMALIES

‘\ﬂ\ Standard LFUV non-standard LFUY a.
“‘“\ A NP couples mostly to 3rd famil v'
|| & >y, >y, uples mostly to 3rd family, M]\*

Y
< smaller couplings to 2nd and 1st.

N



Why both?

FLAVOR HIERARCHIES 2 FLAVOR ANOMALIES
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Why both?

FLAVOR HIERARCHIES |2 FLAVOR ANOMALIES

<
standard LFUV non-standard LFUV =

. AVE
NP couples mostly to 3rd family, ‘ \
D smaller couplings to 2nd and 1st. I

Y3 >y, >

UQ2) =UQR),xUQR),;x UQ), xUQR),x UQ),
Y = (Y1 P2) ¥3)

SM masses & mixings, “flavored”
alternative to MFV [Barbieri et al.,1105.3396]

0 0 O]

Y = ¥ 00 0 exact U(2)5

0 0 1.

AV minimally broken
Y=yl U(2)5

|Vq| — €q — @(ytlvtsl) |Au,d,e| NyC,S,ﬂ
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Why both?

FLAVOR HIERARCHIES _ 2 | FLAVOR ANOMALIES

< >
standard LFUV non-standard LFUV =

7
NP couples mostly to 3rd family, “ \
_smaller couplings to 2nd and 1st. ) ]]

Y3 >y, >

UQ2) =UQR),xUQR),;x UQ), xUQR),x UQ),
Y = (Y1 P2) ¥3)

SM masses & mixings, “flavored” Same pattern?
alternative to MFV [Barbieri et al.,1105.3396] [Barbieri et al.,1512.01560]
0 0 O] NP |
Y=y, [0 0 0 exact U(2)5 coupled only to 3rd family
0 0 14

A minimally broken NP max for 3rd family,
r'=s [0 ‘1/] U(2) suppressed by €, (€))

for each 2nd family quark (lepton)
| Vql = €q = @(yfl VfS l) | Au,d,el ~ yc,s,,u

10



EFT for combined explanations (LL)

0.006 ————
) L [CC, Fuentes et al 210316558]
Lapr = ——=CP (g r"17) [
EFT = V2 LL <qL}/ )( Ly/“l qL) other b — su™ ™ observables
_ 0.004 .
» Data support U(2) scaling, - |
bﬁm-z?
N C33T’L’ ~ 0.1
it . Es 0.002]
Q@Necfiﬁr G,GZNO.l %f ' _ _
e \\"LL ) 9
T ~23 '
o CLL,“/" ~ € €l C33TT : 03 0.2 .
0.000 —
» good consistency between the anomalies
0002+ v L L L
0.000 0.005 0.010 0.015 0.020

C33TT

RD(*) Vv
— 1 =2Re C33‘n + _cs C23m
Rgl(\:[) < LL Vcb LL
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EFT for combined explanations (LL)

0.006 :
) L [CC, Fuentes et al 2108 16558]
Lrir = ——=CH (g,y17) (1
EFT — 2 LL <qL}/ )( L}/MqL) other b — sy~ observables
_ 0.004 .
» Data support U(2) scaling, -
5 I bﬁm-z? g
SN
T CL327:T ~ 0°1 = |5(AmB )| > 10% for Abs =1TeV Lé%/
< 200028 0T ST T T T . =
’C23T%\ -~ € C33m‘ €q’ €; ~ 0.1 ) | -
v \LL ) LL %
T] 23 33 ' =
N CLLIM'M ~ € €l C r i 0.3 02 0.1 % &
0.000}= = |
» good consistency between the anomalies =
_ o
| | —0.002 T S S S s
» several constraints (driven by Rp) 0,000 0005 0010 0019 0020

O =
07 ..

pp — 17T 7 LFU tests




EFT for combined explanations (LL + LR)

2
LN = = |Gl (g 1) g + (Cl @ )Ed) + .. ) + Clel (diy, e @ d)

12

» LR helps saturating Ry

— 7 LFU and BB, less stringent.

» Both chiralities enter pp — t7T

— stronger high-p; bounds.

0-006 1 1 1 1 | 1 1 1 1
L[CC, Fuentes et al., 2103.16558]
other b — su™ = observables
0.004 _
=)
@)
. f ‘5 AmB )‘ > 10% for Ab =1TeV %
PN S L e C A S
23 0.002f ~ -
D .
b— cri T
S
03 4
i 0.1
0.000 = —
_0 002 1 ] ] | ] ] ] ] I 1 ] | ]
0. OOO 0.002 0.004 0.006

337T
CLL
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Which mediator?

» Only leptoquarks (scalars & vectors) are viable tree-level mediators

v no 4-lepton and 4-quark processes at tree level

v no resonant production in quark-quark initiated processes

» Three possibilities for a combined explanation:

. S + S [Crivellin et al 1703.09226; Buttazzo et al. 1706.07808;
1 3 Marzocca 1803.10972...]

o R2 + S3 [Becirevi¢ et al., 1806.05689]

[di Luzio et al., 1708.08450; Calibbi et al., 1709.00692;
«\U; ~ (3,1,2/3)|Bordone, CC, et al. 1712.01368; Barbieri, Tes

1712.06844; Heck, Teresi 1808.07492.. ]

v no b — suv at tree level

13

Model Ryy Rpe |[|[Rge & Ry
Ss (3,3,1/3)| X X
S1 (3,1,1/3)| «x v X
R, (3,2,7/6)| X v X
Ui (8,1,2/3)| v v v
Us (38,3,2/3)| X X

[Sumensari et al., 2103.12504]




The U, simplified model

Z5 g—l; Ut B @) + B e +he. U~ (3,1.23)
0 0 0 By =1
=10 @ : P = o AR ~ 0(1)
o () c—wr s 00 (B B, ~ 60.1)
RD(*) b — STU [tree] i ﬁd,[ @(001)
b — stt [tree]
Benchmarks: 1. f =0

2. | ﬁf{l = | ﬁbLT| = 1 [models with 3rd family quark-lepton unification]

v Good description of all low-energy data with U(2)-like flavor structure.
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The U, simplified model

8U

z>-L U [ 0 (7l y, £%) + i (ngﬂe;;)] +h.c.

|~ (3,1,2/3)

( ) (0 0 0 Bl =1
L_ pR=10 0 O R o 0(1
p 5 0o @ pi~ O(1)
@@ o T T Y L L, ~ 0(0.1)
Ry b — stu [tree] f}vﬁc[fr ~ 6(0.01)
b — stt [tree]
Benchmarks: 1. f =0
2. | ﬁffl = | ﬁbLT| = 1 [models with 3rd family quark-lepton unification]

v Good description of all low-energy data with U(2)-like flavor structure.
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Low-energy predictions for the U,

»large b — s17 » large 7/u LFV in b — stu and 7 decays
e ] = -1 [CC, Fuentgs-Martin et al., 2103.16558]
1072E Excluded at 95% CL, ; :
- with RH currents : . Excluded at 95% CL | 1
Ay =11 U s
—~ 10_3_— — —8
| g LHCb (300 fb™") 3 107 3
_|_E I - - Belle II (50 ab_l)
i __________________________________________________
k- -9
4 - 1+ 107k -
& 1071 =
) : 199 1] i
< 0 oy
: - : i, with'RH currents 1
107°E - 1071 o (85 =—1] .
- . C g i 2
107121 = i
106 0 T T B B AT T B
0.00 0.05 0.10 0.15 0.20 0= 107" 10° 107 1wt 1077
R p- B(B, — 7 u")
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High-pT bounds for the U,

Expected excess in pp — T+T_ tails [Faroughy et al, 1609.07138]

4.0 e 4.0 e

i — — N ] I [CC, Fuentes-Martin et al., 2103.16558] 4

o I I - 5 _

I e 2 = ] I i

s — Q ] B i

3 B & ] 5 - :

30 S 2 & 4 30 o % -

B :L * N ] N ﬁ i _

S : = & N ]

25F 5 ° 4 25 = o9 N

B /[\ _ B * > (Q@Q 4

[ T o ] [ il IS o> ]

= & = p 5 b /]\ ﬂ,{’( .

gu 2-0f » ) 19u 208 T & o >

I N ] I 2 i

C W% ] C ]

1.5F 17 ] 1.5 B

i i : i ]

I : I »y ]

L ] i P i

0.5 1 05F .
0.0 11 1 I 11 1 1 I 1 1 1 1 I 11 1 1 I 11 1 1 I 11 1 | I 11 1 | I 11 1 0.0 11 1 I 11 1 1 I 11 1 1 I 11 1 | I 11 1 | I 11 1 | I 11 1 | I 11 1

1.0 1.5 2.0 2.9 3.0 3.9 4.0 4.5 5.0 1.0 1.5 2.0 2.9 3.0 3.9 4.0 4.5 5.0
M U [TGV] M U [TGV]
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UV-completing the U, : the gauge path

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

U, ~ 3,1,2/3) > SU4) —> PS =SU[4) X SUQ2); X SUQ2),

( \ qdrL.R /
- p PS/SM 5 U,,Z
G | 9L
SUA) ~ [ . VLR = al (strongly coupled
- 2, & flavor universal®)

X flavor-blind U, mediates K; — ue = my 2 100 TeV
X *extra fermions can make the U; non-universal, not the Z

X strongly coupled, universal Z" would be excessively produced at the LHC
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UV-completing the U, : the gauge path

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

U, ~ 3,1,2/3) > SU4) —> PS =SU[4) X SUQ2); X SUQ2),

5 qr,
A o PS/SM 3 U,,Z’
G | 9L
SU@4) ~ [ - LU PP (strongly coupled
\ : ) & flavor universal*)

X flavor-blind U, mediates K; — ue = my 2 100 TeV
X *extra fermions can make the U; non-universal, not the Z

X strongly coupled, universal Z" would be excessively produced at the LHC

G131 =SUE) x SUQB) x SU2); x U(1)" 4321/SM> U,Z,G’ ~ (8,1,0)

v SU(4) decorrelated from SU(3),. High-pT problem solved for g, > g, &5

v both Z"and U, can be flavor non-universal [Georgi and Y. Nakai, 1606.05865;
Diaz, Schmaltz, Zhong, 1706.05033;

Di Luzio, Greljo, Nardecchia, 1708.08450]
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[di Luzio, Greljo, Nardecchia, 1708.08450;

Non-universal Ity via mixi NQ  ciLuzio, Fuentes-Martin, Greljo, Nardecchia, Renner 1808.00942]

_ (0O
o 1=123 ¥ = <L>

C 1 = SU@) X SUB) x SUQ); x U(1)

Field | SU(4)[SU(3) [SU2)L |U (1)
qr 1 3 2 1/6
U 1 3 1 2/3 SM fields
: : : " all families
» flavor-universal gauge interactions 7 1 3 1 |-1/3
7 1 1 2 |—1/2
- . L
- all SM families have SM-like charges under 321 eli 1 1 1 1
- only vector-like fermions are charged under 4 U4 1 2 0 [vectorlike
R 4 1 2 0 | fermions
H 1 1 2 1/2
Q3 4 3 1 1/6
e no direct NP couplings to SM fields. 04 4 1 1 |—1/2
(Q3) : . :
noR e flavor structure of U, interactions for B anomalies generated

via hierarchical choice of mixing angles
— 3rd family has to be the “most composite”

« can have U, coupled only to left-handed SM fields

* Yukawa couplings as in the SM. No connection flavor anomalies & hierarchies.
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Non-universal gauge mteractlons

Field SU(4>3 SU(3)1+2 SU(Q)L U(l)y
: : : O ') 1 3 2 1/6
» flavor non-universal gauge interactions =12 i, 1 3 1 2/3
- light SM families: SM-like charges under 321 ol ’ 2 | i
- vectorlike fermions and 3rd SM family charged under 4 | ¢, 1 1 1 —1
3 4 1 2 0
e accidental U2y % = ((¥1 ¥2) ¥3) Uk, | 4 ! 1| #
: : : X7 4 1 2 0
e direct NP coupling to 3rd SM family (L+R) " 4 X 0 0
e TeV scale 3rd family quark-lepton unification H 1 1 2 1/2
0 4 1 1 —1/2
Qs 4 3 1 1/6
Q15 15 1 1 0

[Bordone, CC, Fuentes-Martin,
Isidori 1712.01368, 1805.09328;
> @ @ Greljo, Stefanek, 1802.04274;
CC, Fuentes-Martin, Isidori
1903.11517]

' |SM fields

1st & 2nd
family

3rd family

vectorlike
fermions
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Non-universal gauge mteractlons

[Bordone, CC, Fuentes-Martin,

Isidori 1712.01368, 1805.09328;
> @ @ Greljo, Stefanek, 1802.04274;

CC, Fuentes-Martin, Isidori
1903.11517]

' |SM fields

1st & 2nd
family

3rd family

vectorlike
fermions

Field SU(4>3 SU(3)1+2 SU(Q)L U(l)y

: : : O ') 1 3 2 1/6

» flavor non-universal gauge interactions =12 i, 1 3 1 2/3

- light SM families: SM-like charges under 321 ol . 2 | i
- vectorlike fermions and 3rd SM family charged under 4 | ¢ 1 1 1 -1
3 4 1 2 0

» accidental U2)° ¥ = ((¥1 ¥2) ¥3) ho | 4 1 1| 12
» direct NP coupling to 3rd SM family (L+R) N ) X X X

e TeV scale 3rd family quark-lepton unification H 1 1 2 1/2

N 4 1 1 —1/2

Q3 4 3 1 1/6
» U(2)° broken by SM-vectorlike mixing Qi | 15 1 1 0

| eading breaking:

« generate U, couplings to light families for B anomalies
e 2-3 CKM mixing
v connection flavor anomalies & hierarchies!

*Mild 2-3 down alignment required to suppress G’ and Z’ contribution to BS—BS

21

Subleading breaking:

constrained by K; — ue,
K-K and D-D



UV-sensitive low-energy observables

L

b S
b

» B,-B, mixing

CNP—tree S

bs ST\ 2 7 42

CSM X ( L ) ML
bs '

9 U(2), breaking (for Rp)

— vector-like leptons must be light,
in the reach of the LHC

0-30— T T T I T T T I T T T I T T T I T T T
0.251 N
0-20F universal 4321 .
— bt __
o R — O]
g 0.15 -
=
o
0.10 N
i non-universal 4321
0.05) 0T = — 1] 4
ool U
0.8 1.0 1.2 1.4 1.6 1.8
ML [TGV]

[Selimovic et al., 2009.11296]
[CC, Fuentes et al., 2103.16558]

» B — Kup
b Z/ 1%

b v
) v \) U

— 20-50% enhancement over the SM (also
driven by Ry ), in the reach of Belle |l

A

2.4(

_ .
Z 2.2k -
fi\ L
A [
= 20F .
<
T 1.8F . _
M f universal 4321 ;
o~ - D 1
Q 16F g = 0] E
N ‘
= 14F _ -
i : non-universal 4321
T 1.2:— gf —= 1] —:
oY 5 o5
o 10F Belle Il (50 ab™")
0.8: o oy o e e e by
1.0 1.2 1.4 1.6 1.8 2.0

22 My, [TeV]



[Barbieri, 2103.15635,
Bordone, CC, Fuentes, Isidori 1712.01368

A three—SCa|e piC‘ture Panico, Pomarol, 1603.06609 Dvali, Shiftman, ‘00, .. ]
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[Barbieri, 2103.15635,
Bordone, CC, Fuentes, Isidori 1712.01368

A three—SCa|e piC‘tu re Panico, Pomarol, 1603.06609 Dvali, Shiftman, ‘00, ...]

B anomalies might hint at a three-scale picture:

BSM A
energy ‘I dynamics | | | , A, L
involving New, non-universal interactions (for us: gauge) acting 3
AT on the i-th SM family switch on at A; > A, > Ay >my,

~U((2)
symmetry

A @@ Yukawa couplings are different because they originate
2 at these different scales.

Ay New Physics is flavor non-universal; universality is a
low-energy accident.

MyiH =
mW,t,H S A3 Can be aS IOW aS feW Te\/.
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Non-universal Pati-Salam unification

> 4D three-site model > 5D construction
._E}_____?T{_!zg.;_l_)f_l_%____(_I_)_I_{.%;__‘_I?ﬁzz-ﬁ%ﬁ%.
o7 R e o
PS, PS, PS,
! X)) \_/ Sﬁ”
A>E>A, @ g
(@R ) ! Q) .
AL,>E>A, SMD PS-3
(@R,
A >E>A, [SU(4)3><SU(3)H;< SUQ),<U(1) |
(Q,,)
[Bordone, CC, Fuentes, Isidori 1712.01368] [Fuentes-Martin, Isidori, Pages, Stefanek, 2012.10492]
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Conclusions

» We have hints of LFUV in b — ctv and b — sll.
In the next years, on-going experiments will have the final word about their nature.

» Taken together, they point to TeV NP coupled dominantly to the 3rd family.
— flavor non-universal gauge interactions”?
— multi-scale picture at the origin of flavor hierarchies & anomalies?

» Consistent picture, but present data in b — ctv require NP to be close.
If they stay, we should see NP effects soon, at low and high energy.
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