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The Flavor Problem

©® Theoretical arguments based on the hierarchy problem — TeV scale NP

15
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The measurements of quark flavor-violating “
observables show a remarkable overall = oof

success of the SM
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New flavor-breaking sources of O(1) at the TeV scale are definitely excluded
=6
Lo =Zsu + Z — 07" (NP)

500 TeV - B

| Cyp| ~ 1 Ayp ~ 2000 TeV By
10°—10°> TeV : K°



The Flavor Problem

Bounds on A (TeV) Bounds on ¢;; (A = 1 TeV)

Operator Re Im Re Im Observables
(Frytdp)? 9.8 x 107 1.6 x 10* 9.0 x 1077 34 x 1077 | Amg; ek
(Grdr)GrdR) 1.8 x 10% 3.2 x 10° 6.9 x 1077 2.6 x 1071 | Amg; ek

Ly ur)? 1.2 x 10° 2.9 x 10° 5.6 x 1077 1.0 x 1077 | Amp; lg/pl, ¢p
(Crur)CLuR) 6.2 x 10? 1.5 x 104 5.7 x 1078 1.1 x 1078 | Amp; lg/pl, ¢p
(bry*dr)? 5.1 x 107 9.3 x 102 3.3 x 1079 1.0 x 107 | Amp,; Sp,~yk
(brdp)(brdR) 1.9 x 103 3.6 x 10° 5.6 x 1077 1.7 x 1077 | Amp,; Sp;yk
(bry"sp)? 1.1 x 102 1.1 x 102 7.6 x 107 7.6 x 107 | Amp,
(brsi)(brsgr) 3.7 x 102 3.7 x 102 1.3 x 107 1.3 x 107 Amp,

@ if we insist with the theoretical prejudice that NP has to emerge in the TeV
region, we have to conclude that NP have a highly non-generic flavor structure

Flavor symmetry



Flavor symmetry in SM

fermion __
Zz SM =Z gauge + 7 Yukawa

«t

L\
fermion sector Z Wiy,
=1
® in gauge sector & oause » there is 3 identical replica of the basic fermion family
[l// — QL9 uRa dRa LLa eR]
= Dbig flavor symmetry is found in gauge sector

UB) = U@B)y, x UB3), x UB), x UB), x UB3),
= SUQB)’ x U(1)°

controll flavor dynamics can be identified with B, L and hypercharge



Flavor symmetry in SM

fermion __
gSM =7 gauge +Z Yukawa

3 - L e,
fermion sector Z Z piby, Ly = QlLYngJQH + QlLYgu;eH + LlLYge;eH + (h.c.)
=1
®in gauge sector £, ... ,
[l// — QL9 uRa dRa LLa eR]
= Dbig flavor symmetry is found in gauge sector

UB) = U@B)y, x UB3), x UB), x UB), x UB3),
= SUQB)’ x U(1)°

controll flavor dynamics can be identified with B, L and hypercharge

there is 3 identical replica of the basic fermion family

& U(3)5 flavor symmetry is broken only by the Yukawa couplings V), ;,



Flavor symmmetry in SM + NP

fermion __
°CZSM+NP =7 gauge +Z Yukawa+ <z NP

3 L e
fermion sector Z Z piby, Ly = QlLYngJQH + QILYZM;QH + LlLYge}eH + (h.c.)

=1

® in gauge sector £ oause » there is 3 identical replica of the basic fermion family
ly = QL9 Up, dR9 LLa eR]
= Dbig flavor symmetry is found in gauge sector

UQR) = UQB)g, x UB), xUQB), xUQB), xU®),,
= SUQB)’ x U(1)°

controll flavor dynamics can be identified with B, L and hypercharge

® U(3) flavor symmetry is broken only by the Yukawa couplings D.UE

® Assumption that flavor structure in NP is also controlled by Yukawa is the most
reasonable solution to the flavor problem

= Minimal Flavor Violation paradigm



Minimal Flavor Violation (MFV) S

Ly = Qngd{eH + QlLYZ”;gFI + LiYgeéH + (h.c.)

® assume that G = S U(3) is a good symmetry, promoting the ¥ .. tobe
dynamical fields with non-trivial transformation properties under Gy :

under G = SU(3), X SU(3), x SU3), x SUB3), x SU3),
Y, ~@3,3,1,1,1), Y, ~(3,1,3,1,1), Yz ~ (1,1,1,3,3)

o; ~G,1,1,1,1D),u, ~ (1,3,1,1,1),dp ~ (1,1,3,1,1),
L, ~(1,1,1,3,1), ep ~ (1,1,1,1,3)



Minimal Flavor Violation (MFV) S

Ly = Qngd{eH + QlLYZ”;gFI + LiYgeéH + (h.c.)

3QL 3QL X 3”R 3”R

G invariant

® assume that G = S U(3) is a good symmetry, promoting the ¥ .. tobe
dynamical fields with non-trivial transformation properties under Gy :

under G = SU(3), X SU(3), x SU3), x SUB3), x SU3),
Y, ~@3,3,1,1,1), Y, ~(3,1,3,1,1), Yz ~ (1,1,1,3,3)

o; ~G,1,1,1,1D),u, ~ (1,3,1,1,1),dp ~ (1,1,3,1,1),
L, ~(1,1,1,3,1), ep ~ (1,1,1,1,3)



Minimal Flavor Violation (MFV) S

Ly = Qngd{eH + Q‘LYZMI{QI:I + LiYgeéH + (h.c.)

3QL 3QL X 3”R 3”R

G invariant

® assume that G = S U(3) is a good symmetry, promoting the ¥ .. tobe
dynamical fields with non-trivial transformation properties under Gy :

under G = SU(3), X SU(3), x SU3), x SUB3), x SU3),
Y, ~@3,3,1,1,1), Y, ~(3,1,3,1,1), Yz ~ (1,1,1,3,3)

o; ~G,1,1,1,1D),u, ~ (1,3,1,1,1),dp ~ (1,1,3,1,1),
L, ~(1,1,1,3,1), ep ~ (1,1,1,1,3)

MNP SEMEN I - . o E " E " E R S S e R G R G e - E I

~ We then define that an effective theory satisfies the criterion of MFV ﬁ
if all higher-dimensional operators, constructed from SM and ¥, , . fields (spurion)

C.
‘ LpiFy = ZA—;@?=6(SM fields+ )




Minimal Flavor Violation (MFV)

® By introducing Y, , . fields, we can write higher-dimensional operators in G
iInvariant way Gr.=SU®3) 0, X SU(3)MR x SU(3) d,

- . Y, ~(3,3,1)
(O, 7,07)



Minimal Flavor Violation (MFV)

® By introducing Y, , . fields, we can write higher-dimensional operators in G

invariant way Gy = SU(3)QL X SU(3)MR X SU(3)dR
_. . G invariant Y, ~ (3,3,1)
i T, ) F Y
(QLYUYUyﬂQL) YUY; is transforming as (8,1,1)



Minimal Flavor Violation (MFV)

® By introducing V', , - fields, we can write higher-dimensional operators in G
iInvariant way Gr.=SU®3) 0, X SU(3)MR x SU(3) d,

v, Vi O G invariant Y, ~ (3,3,1)
(QL }/MQ ) YUYZ] is transforming as (8,1,1)

e.g.) b; — b; FCNC transition
. (P Y
int basis (b7 VY U}’ﬂb 7)

75 VR

—
YU T VCKMllu Wwhere Au — dlag(mu’ m., mt)/v ~ dlag(0,0,l)

" 2
: 2 m
mass basis /, V>I< (bLyu ) X <—t> most big effect



Minimal Flavor Violation (MFV)

A(d; = d) = Agy + Ayp

CSM ﬂz
1672y2" "

x ( CKM factor )

*V .
iy

CSM

Cynp

16722

A2

In MFV, flavor violation is completely determined by Yukawa couplings
and all CP violation originates from the CKM phase

Different flavor transitions are correlated, differences are only CKM

CSM

Cynp

AL = 5) = (V, V)

As = d) = (V)

1672v2

/]

A2

exactly same structure

very predictive



Minimal Flavor Violation (MFV)

® b; — b; FCNC transitions in MFV
(LL) type (b} VY Z] bi)
(LR)type (b} V)Y g}Y f b{e)

(RR)type (b}, Y IJ; Y, Y Z]Y f b{e)



From MFV to U(2)
U3y = UQB3)y X UQB), x UQB), x UB3), x U®3), flavor symmetry

- Largest flavor symmetry group compatible with the SM gauge symmetry

- MFV = minimal breaking of U(3)> by SM Yukawa couplings

MFEV virtue MFV main problem

Naturally small effects in FCNC No explanation for Yukawa hierarchies
observables assuming TeV-scale NP (masses and mixing angles)




From MFV to U(2)
U3y = UQB3)y X UQB), x UQB), x UB3), x U®3), flavor symmetry

- Largest flavor symmetry group compatible with the SM gauge symmetry

- MFV = minimal breaking of U(3)> by SM Yukawa couplings

MFEV virtue MFV main problem
Naturally small effects in FCNC No explanation for Yukawa hierarchies
observables assuming TeV-scale NP (masses and mixing angles)

UQRY = UQ)y x UQ2), x U2), x UQ), X U(2), flavor symmetry



Barbieri, Isidori, Jones-Perez,

S
U(Z) fl avor Sym metry Lodone, Straub [1105.2296]

SM flavor puzzie

SM flavor sector contains a large number of free parameters

[3 lepton masses + 6 quark masses + 3+1 CKM parameters] « fixed by data

Almost diagonal CKM matrix
Striking hierarchy Mass : 3rd >2nd > 1st

M, ~ Vekm ~

u,

® U(2)° symmetry gives “natural” explanation of why 3rd Yukawa couplings are large
(being allowed by the symmetry)

distinguish the first two generations of fermions .
from the 3rd v = (Y1,12,13)

® The symmetry is a good approximation in the SM Yukawa
exact symmetry for m,, m ,m.,m, =0 & Vg =1

= we only need small breakings terms



U(2)’ flavor symmetry

®» The set of breaking terms necessary to reproduce the quark spectrum, while
keeping small FCNCs beyond the SM

Under U(2)° = U2)? x U2)* x U(2) symmetry
Q¥ =(Q'Q)~(2,1,1) @ ~(1,1,1)
quark u? = (ut,u?) ~ (1,2,1) t~(1,1,1)
d® = (d',d*) ~(1,1,2) b~ (1,1,1)
Spurion
(U(2) breaking term)

V,~ @211, A, ~ @201, A, ~(2,12)

Unbroken symmetry After breaking
0 o 0\V(2), V U(2) breaking term
Y,=v (0O O O} | _“ q V|~ | Vi
0 0 1 0 0:1 A | ~y.

U(2) flavour symmetry provides natural link to the Yukawa couplings



From MFV to U(2)
U3y = UQB3)y X UQB), x UQB), x UB3), x U®3), flavor symmetry

- Largest flavor symmetry group compatible with the SM gauge symmetry

- MFV = minimal breaking of U(3)> by SM Yukawa couplings

MFEV virtue MFV main problem
Naturally small effects in FCNC No explanation for Yukawa hierarchies
observables assuming TeV-scale NP (masses and mixing angles)

UQRY = UQ)y x UQ2), x U2), x UQ), X U(2), flavor symmetry

- acting on 1st & 2nd generations only

- The exact symmetry limit is good starting point for the SM quark spectrum
(m,mgm.,m;, =0 & Vg = 1) = we only need

- B-anomalies are compatible with U(2) flavor symmetry



B. Grzadkowski, M. Iskrzynski,

SM Effective Field Theory (SMEFT) V' Misiak and . Rosick

[1008.4884].

® SMEFT is a effective theory based on SU(3). X SU(2); X U(1)y at scale

HEw < H < HUNp
¢
NP < full theory
U

MNP

HEw



SM Effective Field Theory (SMEFT

B. Grzadkowski, M. Iskrzynski,
M. Misiak and J. Rosiek

[1008.4884].

® Complete non-redundant classification of baryon- and lepton-number conserving

dimension-six operators in the SMEFT has been presented (Warsaw basis)

w/o flavor index

59 dim six operators in SMEFT

1:X38 2: HS 3: H*D? 5:92H? + h.c.
Qo | FAECGIGEGS  Qu | (HIHY  Quo | (HHDWHE) Q| (HUH)(GeH
Qa f"‘BCC?Z‘”Gprf“ Qup | (H'D,H)" (H'D,H) Qua | (H'H)(Gyu H
Qw | KWW lew e Qan | (H'H)(gpd,H
Q| KWW W Kn
4:X2H? 6:9?XH +h.c. 7:9?H?D

Que | H'HGA,GAw Qew | (o e, ) T!HW], ) (H'i'D . H)(1,"1,)
Qua | HIHGLGY Qe | (l,o"e,)HB,, i (HYi D LH) (1,77 541,)
Quw | HIHWI Wi Quc | (@ T4u,)H G4, QHe (H Ti(ﬁuH )(epyter)
Quiv | HHHWLW™  Quw | (g™ u,)r HW], o (D, H)(@7"ar)
Qup | H'H B, B" Qus | (@o""u,)H By, Qi) (H'i D LH) (g7 v a,)
Qus | H'HB,,B" Quc | (qpo*TAd)H G2, QHu (H'$D ) (@)
Quws | HFTHWL B Quy | (qomd.)r H W, Qra (H'i'D . H)(d,y"d,)
Quivp | HITTHWLB™  Qup | (30" d,)H By, Qrua + e | i(H'D,H)(uyn"d,)

8:(LL)(LL) 8: (RR)(RR) 8:(LL)(RR)

Qu (Lol ) (1s#1) Qee (epvuer)(Esy'er) Qie (Lpvulr) (€ er)

Wl @) @) Quu | () (@ ) Qu | (pyule) (™)

D (@ )@ ) Qaa (dpypudy)(dsy™dy) Qua (LpYule) (dsydy)

QW | Gl @ a)  Qew | (Epvuer) (s ur) Qe (@ Yuar) (Es7er)

QY | Gy 1)@V T ) Qea | (Epyuer)(deydy) W (@) @)
QU | (@pyuu)(dindy) G | (@ruTq,) (A" T u,)

QW | (@ TAu)(deTAd) QY | (@vuar) (deydy)

)

8: (LR)(RL) + h.c.

8: (LR)(LR) + h.c.

(Qp')/,uT qr WMTAdt)

Qledq

(l_g;er) (qu’fj)

QW | (@uren(dhdy)
QW | (@Tur)eju(@TAdy)
Qe (er)esn(qhue)
qu (Bouver)ejn(qior uy)




SM Effective Field Theory (SMEFT)

w/o flavor index

59 dim six operators in SMEFT

1:X3 2: HS 3: H*D? 5:9?H3 + h.c.

Qo | FAPCGIGEGEY Q| (HIHY  Quo | (HUHOWHIH) Q| (HUH)(Ge H

G fABcéﬁ”Gprf“ Qup | (H'D,H)" (H'D,H) Qua | (H'H)(Gyu H
Qw | KWW lew e Qan | (H'H)(gpd,H
Qi | VKWW W Kn

4:X2H? 6:9?XH +h.c. 7:9?H?D

Que | HIHGAGA™  Quy | (Lo e,) T HW, o (Hi'D ) (1,7"1,)
Qua | HIHGLGY Qe | (l,o"e,)HB,, i (HYi D LH) (1,77 541,)
Quw | HTHW! wim Quc | (@ T4u,)H G4, Qe (H'D H)(e"e,)
Quiw | HIHEWL W™ Quw | (G0 u, )T  HW], o (H1i D\ H)(3,0"a:)
Qus | H'HBWB™ — Quy | (40" u)H By, Q) | DL G ")
Qus H'H B,,B" Quc | (qpo"TAd,)H G4, Quu (H Tiﬁ H) (upyuy)
Quwp | HiTTHW/, B Qaw | (Gpo*”d.)T' HW, QHad (HM D, H)(dyy"d,)
Quivp | HITTHWL,B™  Qup | (30" d,)H By, Qrua + e | i(H'D,H)(uyn"d,)

®» Complete non-redundant classification of baryon- and lepton-number conserving
dimension-six operators in the SMEFT has been presented (Warsaw basis)

8:(LL)(LL) 8: (RR)(RR) 8: (LL)(RR)
Qu (Lpypulr) (Lsy*1y) Qee (Epyuer)(Esyter) Qie (Lpyulr) (Esy*er)
Wl @)@ ) Quu | () () Qe | Grul) @y ur)
@ | @ a) @ q)  Qua (dpypudy) (dsy™dy) Qua (Lpyuly ) (dsy*dy)
Qi) (Ll ) (@57 1) Qeu (Epyuer) (v uy) Qqe (@) (B er)
QR | Gt )@ Ta) Qe | (Euen)(dsyds) W1 @) @)
Q) (p Yt ) (dsyHdy) S| (@pyuTAge) (Wey" T Auy)
QW) | (@ Thu,)(dy TAd) QLY (@pyuar) (ds*dy)
QW) | @ T ar)(dsy TAdy)

8: (LR)(RL) + h.c.

8: (LR)(LR) + h.c.

Qledq (l_g;er)(czsqtj)

w/ flavor index 2499 dim six operators in SMEFT

(n, = 3)

huge number of

free parameters

CP-even and 1149 CP-odd

flavor symmetry

Qi
Qi
Qir
Q.

(@ur )€k (qEdy)
(@T4u

(lher)ein(qEue)

)
(l Uuller)ejk(q o uy)

e (@8TAdy)

reduce number of independent parameters



Our work

® We analyse how U(3)° and U(2)” flavor symmetries act on SMEFT, providing an

organising principle to classify the large number of dim6 operators involving fermion
fields

No symmetry UQ3)’ UQ2)
Class Operators 3 Gen. 1 Gen.
1-4 X3 HS H*D? X2H? || 9 6 9 6
5  Y2H? 27 27 |3 3
6 Y’XH 72 72 |8 8

7 ?H?D 51 30 |8 1 o | o
(LL)(LL) 171 126 |5
(RR)(RR) 255 195 |7 -
8  (LL)(RR) 360 288 |8 -
(LR)(RL) 81 81 1 1
(LR)(LR) 324 324 |4 4
total: 1350 1149 | 53 23
CP-odd

1) Case for U(3)’ and MFV
2) Case for U(2)°
[ 3) Case for beyond U(3)° and U(2)’ ]



Operator classification

class 1-4 : w/o fermion ope.

59 dim six operators in SMEFT class 5-7 : w/ 2-fermion ope.
1: X3 2: HS 3: H*D? 5: 2 H3 + h.c.
Qc | fAPCGHGErGS  Qu | (HTH)®  Quc (H'H)O(HH) Qerr | (HYH)(Lye,H
g | FAPOGLGRGTr Qup | (H'D,H)" (H'D,H) Qur | (H'H)(gyu,H
Qw | W Wt Qan | (H'H)(gyd-H
QW EIJKWlquI;TpW/;KM

1: X2H? 6: 2 X H + h.c. 71 2H2D

Que | HIHGAGY™  Quy | (o e )r! HWL, 0 (H'iD \ H)(1,1,)
we | HHHGAGA Q. | (l,o"e,)HB,, (3) (i D LH)(I,r 401,

Quw | HHHWLW™  Qu¢ | (g0 T4u,)H G4, Qe (H'i'D  H)(e,n"e,)

wiv | HHHWLWI  Quw | (go*u )t HW], Qi (HYi D H) (47" ar)
Qus | HIHBLB"  Qup | (30" u,)H By, QY | HNDLH) @ ")

L5 | HUH BB Qi | (@™ TAd)H G4, Qs (H''D , H)(@,7"u,)

Quws | HTTHWL B  Quw | (go"d, )t HWI, Qrd (H'' D H)(d,"d,)

Qg | HITTHW], B Qap | (G0t d,)H B, Qrua + hee. | i(HYD, H)(uyy"d,)




Operator classification |
class 8: w/ 4-fermion ope.

59 dim six operators in SMEFT

8 : (EL)(EL) 8: (RR)(RR) 8:(LL)(RR)
Qu | Gl o) Qec (Epyuer)(Es7"er) Qe (IpYule) (€ er)
W | @) @) Quu | () (s u) Qui | Gyl (e uy)
2| @t e (@ T a)  Qud (dpyudy)(dsy*dy) Qud (Lpyplr) (dsytdy)
QY | Grl)(@"a)  Qew | (Epvuer) @y uy) Que | @rua)(EPer)
QY | Uyt @" T a))  Qea (Epyuer) (dsy™dy) i (@pYuar) (@syHur)
QW | (yyuun) (dytdy) W | @I g @y T )
QW) | (@ T u) @y TAd) QL) | (@) (dsydy)
QW) | (@) (dsy T dy)
8: (LR)(RL) + h.c. 8: (LR)(LR) + h.c.
Queag | Be)(daar;)  Qla | (@ur)esn(dhdy)
QW | (@T u,)en(@FTAdy)
Qe | Her)ejn(ahuy)
Q) | (Bower)em(@io uy)




1) U(3)° and MFV

e.g. class 5 : (LR) bilinear

No symmetry — (# parameters) = (flavor index)/2

non-hermitian ope. & Re + Im

(LR) type ope. — X (G u), (g d) : not allowed in exact U(3)’
- (g¥ u), (gYd):alowedw/Y,
- (g'(Y, Y)Y &) : allowed w/ more Y, oa

No sym.

5: p?H3+ h.c. Chov CPodd|  €xact U3 ~0F,40 ~ O(Y,Y7)
Qe (HTH)(Cye,H) 9 9 0 1 1 1 1
Qur (HTH)(gyu,H) 9 9 0 1 1 1 1
Qarr  (H'H)(qpd,H) 9 9 0 1 1 2 2

27 27 0 3 3 4 4



1) U(3)° and MFV

No symmetry
3 Gen. ‘ 1 Gen.

U(3)5
Exact ‘ O(Yel.d.u)

Class Operators oY, Ydl Y,)

5  ?H? | 27 27 |3 3 |- |3 3 |4 4




1) U(3)° and MFV

No symmetry U(3)°
Class Operators 3 Gen. 1 Gen. || Exact O(l/;d,u) NS
1-4 X3 HS H*D? X?H? || 9 6 9 6 |9 69 6 9 6
5  Y?H3 27 27 3 3 |- 13 3 4 4
6  Y’XH 72 72 8 8 |- —|8 8 11 11
7 W?H?’D 51 30 g 1 |7 |7 -~ 11 1
(LL)(LL) 171 126 |5 — |8 |8 - 14 —
(RR)(RR) 255 195 (7 - ||9 -9 - 14 —
8 (LL)(RR) 360 288 [8 — ||8 —|8 - 18 —
(LR)(RL) 81 81 1 1 (- |- - - -
(LR)(LR) 324 324 |4 4 |- |-
total 1350 114970 53 23 |41 6 | 52

~2500



Il ) Case for UQ2)

Yukawa in U(2)
o Ae 377"/6 o Au xt‘/q o Ad zb‘/q
Ye—yT<O 1), Yu—yt<0 1), Yd—yb<0 |

vV, ~2,1,1), ~ (2,2,1), ~(2,1,2)  y.pandx,,:O(1) free complex parameters

Transformation for spurions

7 0 0 0 o 0 . 0
— Pq(0) —OT [ %e _ 777 [ %u _ g7t (%
Vo = ¢ <€q(e)>  Be=0; (0 5e> o Bu=Uy (O 5u) - Ba=Uy (0 5d)

e = O(y|Vis) = 01071 1>6>0;,>0 >0
L Ye Ys y,LL _ —2
=0 (yt’ Yo yT> O1o™)

0. [ ¢ se o Cq §q €'
Y Y Yr



Il ) Case for UQ2) b — (Grsathe)

e.g.) leptonic (LL) bilinear L f3
) i 0 0 a . @(VO)
prAZZ'LKT : Ar=10 a1+ 6165 Biep | + 0(52) ﬁ : @(V)

0 BTEE a )
c:0OV?)

% laten (a, b, c, , ,): real, greek(a, f,v,,,) : complex

Spurions Operator Explicit expression in flavour components

Ve a1LL + agl3/3 a1 (0161 + l2ls) + as (£303)

%% B1LVyl3 + h.c. Brep (57283) + h.c.

V? a1 LV,V)L cre? ()

Al AV - -

A? h LA AL ~ hy [02(Lale) — 502(Erlo + laly) 4 (5202 + 62)(0141)]
AZy! MLAAIVs + he. | & Aed2(lals — solrls) + h.c.

A2V? i LAAIVIVIL + hee. | = p1€262(laly — sclils) + h.c.



1) Case for U(2)°

e.g.) leptonic (RR) bilinear

a: oW

ai 0  ofersed,
eplNpper ARRr = 0 ay oi€pde | T O(62) 'B - OV)
0160860, 01640 a9 C . @(Vz)

Spurions Operator (ee type) | Explicit expression in flavour components
& a1 EE + aséses a1 (e1e1 + ésez) + as (ese3)
VI V2 AL |-
Aly! 0183V AE + hc. | = o1e[0c(E3e2) + 5.0, (€3e1)] + h.c.
A2 MEAIAE hy [62(€2e2) + 072 (E1e1)]
A2V/1 B
A%V? mlEAlVgV;AeE ~ mie; [07(e2e2) + Sed.0c (€12 + E2e1) + 5207 (e1€1)]




Il ) Case for UQ2)

Results for bilinear structure

N. indep. U(2)° breaking terms
Class structures VY & % Al Aty
5& 6: (LR) 11 11 11|11 11 |- —|11 11|11 11
7: (LL) 4 8 — |4 4 |4 —|- - |- -
7: (RR) 3 6 - |- - |- —-|- - 13 3
7 QHud 1 1 1 |- - |- —|- - |2 2
total: 19 26 12|15 154 — |11 11|16 16




Il ) Case for UQ2)

4 fermion operator (LL)(LL)

¢ — (¢17¢27¢3)
L 75

Qe Qé};) and Q((f;) case

VO [ay(LPLPY(L'L") 4 ag(LPL7) (L7 LP) 4 az(LL)(f3(3)
+aqg(L03)(L3L) + as(343)(03l3)]
Vi [Bu(LPVPE)(LTLT) + Ba(LVils)(£3l3) + B3(LPVSLT)(L7E3) + hec|,
V2. el (DPVPVTINEPL®) + co(DPVEV] T L7) (U383) + e3(LPVEE3) (63, T L7)
+ea(DPVPLN)ITV] L) + (v (EPVPEs)(L'VEs) + hec)]
Ve [e(LPVPV L) (LPVees) + hel .



(11)

Table 12: The ZZ’"W tensor in the interaction basis as defined in Eq. (27): the entries are as indicated
in rows (ij) and columns (nm), respectively. All terms in each cell should be added.

Il ) Case for UQ2)

4 fermion operator (LL)(LL)

Qe é};) and Qé?(}) case

(11) (12) (13) (21) (22) (23) (31) (32) (33)
a 2a4 Bree Biee as
a9 01€§

2a9 Bie
0463
Bsee a4
2az B3ee
646%
2a4 ay Bree Biee as
cl e% as C1 6? B3€p Bier Co e?
caey | &g ief
Bree Bree 1€l ay Baeg
Bsee 3l
1€}
Bier a4
Bree Biee as Vi€; Baee
Bier 365
&red
as as Baeg Bier as
026§

a: oW
f:0O(V)
c: OV



1) Case for U(2)°

U(2)° [terms summed up to different orders]
Operators Exact owh OW?2) | oV ALY | OWVZ ALY | OWV2 AWVYH | O3 AtV
Class1-4 || 9 6 6 6 9 6 9 6 9 6
Y2 H3 3 6 6 9 9 12 12 12 12
V2 XH 8§ 8 |16 16|16 16|24 24 |24 24 |32 32 32 32
V> H?*D 15 1 |19 5 |23 5 |19 5 23 5 28 10 28 10
(LL)(LL) |[23 — |40 17|67 24|40 17 |67 24 |67 24
(RR(RR) || 29 — |29 - |29 - |29 - 29 - 53 24
(LL)(RR) || 32 — |48 16|64 16|53 21 |69 21 |90 42
(LR)(RL) || 1 1 |3 3 (4 4 |5 5 6 6 10 10
(LR)(LR) || 4 4 |12 24 |28 28 |48 48
total: 124 23 | 182 111 | 264 123 | 349 208
~600
Normal




1) Case for U(2)

e.g. relevant operators for semileptonic B decays

Oéé) ( MKB)(QQVMQi) ed = (ERY 6R)( R%Ld%%)a
O = (BT 0) (@ vt} O@dq (03 5 (did)).
Ogd (A () Ot = (15 ) ean (@ )
= (g4 qL)(é%%e%), Oéi?]u (CF UuueR)eab(qL a“yuﬁ%)



1) Case for U(2)°

e.g. relevant operators for semileptonic B decays

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

~ O(V?)

1 Lo’ —1 '
04 = (37" 07) (@ ua),)
O = (et o) @t q)),  Oreds = (LreR)(drar)

Oge = (QEVMQi)(é%WMQ%) ,



Summary

@ NP may have a highly non-generic flavor structure

MFV and U(2) flavor symmetry

® We analyze how U(3)° and U(2)” flavor symmetries act on SMEFT

2499 in SMEFT

huge number of
free parameters

flavor symmetry reduce number of
iIndependent parameters

U(3)° and MFV drastic reduction : ~ 25 times smaller

UQ2) drastic reduction : ~ one order smaller

® This classification can be a useful first step toward a systematic analysis in
motivated flavor versions of the SMEFT






U(2)’ flavor symmetry

Yukawa after removing unphysical parameters

TOT iy 37
yu=|yt|<Uq0u V15l )
0 ! : 2 X 2 diagonal positive matrix
i ity 7
Y, = |yb|<U61 [Vl 1%, € q”) O, ,: 2 X 2 orthogonal matrix
0 1 ’

. C s, e'%
e T . iy,
0 | S € C,

Structure of Yukawa is fixed under U(2) symmetry

— elements in diagonal matrixes are described by CKM elements & fermions masses
o — L; Qr dr = Ryfdg

Yf diag(¥y) = L]}LYfRf (f=u,d)
where ( \
( c, —s, eiad 0 \ 1 0 mO
L,~ s "% C, Sp R, ~ 0 : my b
=545 et  _c 5,670 7 ) \O —% s,e” % e~

)
Sglcg = |Vigl Vil sy =— Arg(Vi, IV .5, =8, =V, 5,



U(2)’ flavor symmetry

Yukawa after removing unphysical parameters

TOT iy 37
yu=|yt|<Uq0u V15l >
0 ! : 2 X 2 diagonal positive matrix
i ity 7
Y, = |yb|<U61 [Vl 1%, € q”) O, ,: 2 X 2 orthogonal matrix
0 1 ’

. C s, e'%
e T . iy,

Structure of Yukawa is fixed under U(2) symmetry

— elements in diagonal matrixes are described by CKM elements & fermions masses

O, - L0, d,— Rjd .
Yf L 4=<L R d!“R dlag(Yf) — L;YfRf (f: U, d)

Parameters constrained
quark Salcqa = | Vigl Vis| s o5 = — Atg(Viy/ Vi) .5, =5, =V,

Iepton ST/CT — |x1'| | Vfl > Se

ch > Sy Sb/cbzlxbllvql 9¢q



