


Bounds on New Flavour Phys

q u,c,t b q w b "

W W u,c,tYy AU, Ct
b wof  q B w5
Ly = Loy + ). Z 0“”

Isidori, 1302.0661 D>4 k
Operator Bounds on A in TeV (exp = 1) | Bounds on exp (A = 1 TeV) Observables
Re Im Re Im
(5pyMdp)? 9.8 x 10? 1.6 x 10* 9.0x 107" 34 x 107" Ampc; ex
(5rdp)(5pdg) | 1.8 x 10* 3.2 x 10° 6.9x 107 2.6 x 107! Amp; ek
(ery ur)? 1.2 x 10° 2.9 x 103 5.6 x 1077 1.0 x10~" | Amp:|q/pl. oD
(érur)(crug) | 6.2 x 10? 1.5 x 104 57x107%  1.1x107% | Amp:lq/pl.ép
(bpyHdr)* | 6.6 x 102 9.3 x 107 23x107% 1.1 x107° Amp,; Sykq
(brdp)(brdg) | 2.5 x 10? 3.6 x 103 39x1077  1.9x 1077 Amp,; SyK
(bry*sp)? 1.4 x 10 2.5 x 107 50x 1077 1.7x107° Amp; Sye
(brsp)(brsg) | 4.8 x 10? 8.3 x 107 88x107%  2.9x107F Amp_; Spo

= Generic flavour structure [c,,~O(1)] ruled out at the TeV scale

* Ayp ~ 1 TeV requires cyp to inherit the strong SM suppressions (GIM)

Minimal Flavour Violation: The up and down Yukawa matrices are the
only source of quark-flavour symmetry breaking

D’Ambrosio et al , Chivukula-Georgi
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Two Higgs Doublet Model: ¢, @-12

016T(x)I0) =L (0,v,e®) ,  G=0 , 0=0,—0
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Yukawa Interactions in 2HDMs

LY:_Q'L (Fl ¢+, ¢2)d'R _Q'L (AI&I—FAz Jz)u'R

sssl R AR SN T
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M,/ and Y, unrelated ®=mm)  FCNCs w_
q q \ .
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Phenomenological disaster!
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Pich-Tuzon, 0908.1554

Aligned 2HDM

Ya1 =<d. Mg, Y. =<, M,

Yukawa alignment in Flavour Space:

0 _
g = Rit+ (Ri2 +1Riz)<a,

+

h.c.

0
vi' = Ri1 + (RQ — IR:?)) Su

map [New sources of CP violation without tree-level FCNCs

Sf
Model Sd Sy S/
Type | cot 3 cot 3 cot 3
Z2 models: Typell | —tanf | cotf | —tanp Only one ¢, couples to fr
Type X cot 3 cot 3 —tan 3 _ ‘
Type Y _tan cot B cot 3 (Glashow-Weinberg, Paschos 77)
Inert 0 0 0

Flavour Physics
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Flavour Alignment

Celis-llisie-Pich, 1302.4022, 1310.7941
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Flavour Physics

Pich-Tuzon

(Aligned 2HDM)

General setting without FCNCs
& new sources of CP violation

Yd,l =G4 Md,l )

* Rich phenomenology @ LHC

Altmannshofer et al, Barger et al, Celis et al,
Cervero-Gerard, Lopez-Val et al...

Many allowed possibilities
Search for light H*, H, A
CP violation

= Flavour constraints fulfilled

Celis et al, Jung et al, Li et al

= EDMs

= Usual Z, models recovered in
particular (CP-conserving) limits

Jung-Pich, 1308.6283
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1-Loop Constraints on H= Couplings (95% CL)

— NN
W§ §W ucty AU ct
- —— 5 —S—JUUUUU‘—(—
b u,ct q b w q

Virtual H* /W*. Top-dominated contributions

3.0 Fr :
2.5¢
2.0f

1.5}

1l

1.0}

0.5F

(0.0 | —— :

Su|/My+ < 0.011 GeV ™!

Flavour Physics

Z — bbb (|sq| < 50)
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M, /GeV

Jung-Pich-Tuzon, 1006.0470
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P.(D*)

/-\ [ I T T T T I T T T T I T T T T I T T T T I _]
F I A I % 0.5 = BaBar, PRL109,101802(2012) 5 3
avour noma y B YFE —— Belle, PRD92,072014(2015) Ay = 1.0 contours -
Qﬁ - == LHCDb, PRLI115,111803(2015) . -
0.45 - — Belle, PRD94,072007(2016) === SM Predictions I
= """ ——— Belle, PRL118,211801(2017) R(D)=0.300(8) HPQCD (2015) .
(@) ISCre pa n cy - ——— LHCb, FPCP2017 R(D)=0.299(11) FNAL/MILC (2015) =
0.4 [ [ Average R(D*)=0.252(3) S. Fajfer et al. (2012) _]
n ), .~ 035 =
— — (*) p— o B ]
Br(B - DV(7,) 03 ll
025 =---.
02 P(y%) = 71.6%
I L 1 1 1 I L L L L I 1 1 1 L I 1 L L L I ]
0.2 0.3 0.4 0.5 0.6
BaBar had. tag
BaBar had. tag ‘ 0332 +0.024 £ 0.018 —
0440 £0058 40042 | 7 R Belle had. tag
: 0.293 £ 0.038 + 0.015 >
Belle, 1612.00529 Belle had.tag ; | S
15 = 0375 £0.064 % 0.026 ‘_‘__' 0302 + 'ofobm +0.011 —
£ . B ot )
F 0.407 £ 0.039 + 0.024 1 )
0.5 LHCb
E FNAL/MILC (2015) 0.336 £0.027 £0.030 —_—
ol o0 -+ LHCb (hadronic tau)
E 0.299=0.011 i 0.285+0.019 + 0.029
-05F HPQCD (2015) Average
F 0.300 £+ 0.008 U G0 0TSO0 T |
1= S. Fajfer et al. (2012)
o 0.252 £ 0.003
15
- _ o= Bigi-Gambino-Schacht
2
E . L T ! ] 1 H 1 | | | 1 i | | |
01 015 02 025 03 035 04 . 0.2 0.4 0.6 0.2 0.3 0.4
R(D*) R(D) R(D*)
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Model-Independent Analysis of R(D™)

4G ~ _
Leff = —T; Viwaa [Gu (877 PL+ 2% Pr) qa] [(PL1]

SJ o C c m

Scalar my (mp — M)
Form Factors | m2
OR(D*) D — o Aﬁb = (gfbf —gEbE) - B
my (Mp + Mc)
95% CL Celis et al.
1612.07757

ob)
Im (Ag)

Im (

- -
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LHCDb, 1711.05623

- B(BI — JhTTr;)
- BB = Jfopty,)

R(J/) = 0.71 £ 0.17 (stat) + 0.18 (syst)

2 o above SM prediction

R(J W)y ~ 0.25-0.28

Yu et al, Ivanov et al, Kiselev, Hernandez et al

Flavour Physics A. Pich — TAE 2018 10



Capdevila et al, 1712.01919
1) New physics only contributes to the SM operator [cy"Pbl(Ty, Fv.]

— RJ/w/RJ/qp = Rp/Rp" = Rp- /Ry

2) At higher scales, it originates from (avoids b—svv constraints)

[Qz?” Qs][ 37# 3]+ [Q27ﬂ5 Q3][ 3V O L] ~ 2 [(ELy,ubL)(z_-Ly/ﬂer)+(EL7/,ubL)(Z_-L7/'uTL)]

ms) Large Br(b—>stt1)

B Ry» &Ry 20
| B Rywm&Ry 10
B Br[Bs— 1]
| W Br[Bo>K"11]
B Br[B-Kr11]
[ Br[Bs—¢r1]

Br x 104

See also:

Alonso et al, 1505.05164
Crivellin et al, 1703.09226

Flavour Physics



Loop & CKM suppression
Rare Decays mm)p NP sensitivity

Bs,d —> P Sensitive to (pseudo) scalar contributions

F5) 0 + -
R = B(BS > HH) Li-Lu-Pich, 1404.5865

su— ppo + -
v v B(B; = 11 sy
” ISd el ~Isul=2
3.0 - 7
\ My-=80GeV /
258\ — My:=200GeV /
_ ‘ My:=500GeV '
j: E Su

B¢ RO v\ ArYy 0 + -
Wie HE , Zo HO, A0 BB, »>pup) = T Br(B, »> u u)

LHCb, 1703.05747: B(B) — 1" 117),,, = (3.010.6t8‘§)-10‘9 , B(B] = p'u),, < 34107 (95% cL)

[SM: (3.65+0.23)-10" | [SM: (1.06+0.09)-107"

LHCb, 1703.02528: B(B! > 7't7),, < 6.8:10° , B(BY >1'r")

exp

< 2.1-107° (95% cL) 12

exp




b —» sutu~ Differential Branching Ratios

> Results consistently lower than SM predictions
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Simone Bifani CERN Seminar
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B > K*utu~ - K ptu-

1 a'r

dI'/dq? dcos 0y d cos O do dg? B

. 1 .
3om 4(1 — Fp)sin® 0 + Fr cos® Ok + é_l(l — Fp)sin® Ak cos 26,
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QP
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Belle, 1612.05014
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Violations of Lepton Flavour

K0

Br(B° - K u* )

Br(B’ — K "e")

2.1 — 2.5 & deviation from SM

T Br(B' = K 'Jhy (= u'ii7))/ Br(B' — K Jly (— e'e))

low-¢? central-¢*

Ryo | 066 51 +£0.03]0.69 04005
95.4% CL 0.52,0.89] [0.53,0.94]
99.7% CL (0.45, 1.04] [0.46, 1.10]

LHCb, 1705.05802
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New-Physics Fits with Effective Operators

Capdevila et al, 1704.05340

NP
CQIJ

Flavour Physics

Altmannshofer et al, 1704.05435

—— LFU observables
b — spp global fit

— all
flavio vo.2 === all, fivefold non-FF hadr. uncert.
T T T l T T
—1.5 —-1.0 —0.5 0.0 0.5 1.0
Re C¥

10 ] [

0.5
v
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= 0.0
—059 P\
—— LFU observables
~1.0 4 e b — sp global fit
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| M ) |
—-2.0 —-1.5 -1.0 —0.5 0.0 0.5 1.0

Re C}

ot

Geng et al, 1704.05446
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Geng et al, 1704.05446

SM: Cg(my) = —Cyp(my)

=4.27

0.6 Vd :
S/ eie AC, =05
06 08 10 12 14
Rk
096 N (§7ﬂ})Lb) (ny”g)
O = (57,86) (17" %)

Flavour Physics
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More possibilites...

di / di {

t ZI Z/

W W Flavour conserving Z'
. t . t

d’ C I (
di / di {

t g I 7 Kamenik et al, 1704.06005

7% W
i r 04 r 14
b S b S Leptoquarks
LQ LQ
— — Hiller- Nisandzic, 1704.05444
D’Amico et al, 1704.05438
B n B + Becirevic-Sumensari, 1704.05835
u u u u
Q Q
Spy
New Fermions and Scalars
7 71
D’Amico et al, 1704.05438
L i L
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Ko>ntvy

TNF(VizVid»mz'z/MVZV> (’7L 7u”L) <7T‘EL 7ﬂdL‘K> o
Br(K' — 7' vp) = (18+0.8)x10°" ~ 4* [ +(1.4—p)’]
Buras et al

Br(K, — n'v7) = (24£04)x107"" ~ 4y’

Long-distance contributions are negligible

T(K, > z'vv) =0 =) (7f>

* BNL-E949: few events! mmsp Br(K™ —'vi) =(1.73"14%)-107°

» KEK-E391a: Br(K, »z°vv) < 26x10°  (90% C.L)

Ongoing experiments: NA62, KOTO

Flavour Physics A. Pich — TAE 2018 21
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LEPTON FLAVOUR VIOLATION

90% CL Upper Limits on Br(l — X") [MEG'16,SINDRUM'88, Bolton’88, BABAR , BELLE, LHC]
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90% CL upper limits on t LFV decays

Spring 2017
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90% CL upper limits on t LFV decays
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SM: Br<10>* New Physics ?
14

1 v €
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10°
10"
107
10°
107
10°
10°
10-10
10-11
10—12
10-13
10-14
10—15
10-16
10»17
10-18

R. Sawada,
ICHEP 2016
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SUMMARY

» Flavour Structure and C];? are major pending questions
= Relatedto SSB mmm)  Scalar Sector (Higgs)
» Important cosmological implications (Baryogenesis)

s (%) is highly constrained in the SM: 1 phase only

= Sensitive to New Physics: Flavour Anomalies!

Better control of QCD effects needed

Challenging future ahead: Belle-Il, LHC, NA62, J-Parc, BES-III...

Wait and see...
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Quarks Leptons
06 =\ {
U e | Ty
| L A\
up down electron neutrino e
Y
3
=)
>
-
charm strange muon heutrino p
®

2>

top

heutrino T

Flavour Physics
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CHARGED CURRENT UNIVERSALITY

2,/8.
B,,,/B. . | 1.0018+0.0014
B,,,/B,,. | 1.0021+0.0016
By, /Bk e | 0.9978 £0.0020
By s/ B sme| 1.0010 £0.0025
By /By e | 0.996+0.010
/2|
B,,,7,/7. |1.0030+0.0015
By /By | 1.031£0.013

Flavour Physics

A. Pich, arXiv:1310.7922

g./g,|
B, ,. 7,/t, | 1.0011£0.0015
U /Tes, | 0.9962+0.0027
[k /Tks, | 0.9858+0.0070
By . /By, | 1.034+£0.013
260

d. anomaly cannot be
accommodated with EFT

Filipuzzi, Gonzalez-Alonso, Portoles, 1203.2092

240
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? CP Asymmetry in Tt Decay

F + +K — _F — —K ,
A = (T+ _m+ S‘f) <T _m_ V) = (-3.6+2.3+1.1)-107 Babar 11

F(z' —> T SVT)-I-F(T —> 7 KSVT) (>07")
AiM (7‘+ — 7T+KS?T) = <3.6:|:0.1)-10_3 Bigi-Sanda, Grossman-Nir 2.8¢c discrepancy

I )
¥s) Belle does not see any asymmetry at the 10-2 level
BELLE
g 0O CP T 7T
% [ vkl (b) A7~ <cos 0B cos ¢>. — <cos G cos ¢>.
0.02| - data l I
0-01;F+ control sample bins (i) of W — \/E
| — 3 @ = K direction in hadronic rest frame
Opgreke=s — L
i ¥ = 7 direction
0.01F
0.02- BaBar signal incompatible
00bo with other sets of flavour data
w (GeVIcz) Cirigliano-Crivellin-Hoferichter, 1712.06595
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2006 B >t v Anomaly

b - Belle 2006: (hadronic tag)
W
- A _ +0.56 +0.46 4
Br(B" >z v) = (17771 o35 x 10
u v m=) Large |[V,| ™=) Tensionin CKM fit

Confirmed by BaBar (2008, 2010, 2013)

Belle 2013: (hadronic tag) Br(B- > 7 v) = (0.72 “_Lg% +0.11) x 107

Current status: CKM agreement. Tension between Belle and BaBar
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DIRECT 0P in Ko m

_IK o7 7)) Ep+ & n T(K, —» 7°z°) Ev_0g
_ = ~ — ~ 9.
" T(Kg—>z'z) = °F R Y N ) N
1 ’ NA48, NA31
Re(sf /) ~ — 11— (2 | = (16.8+1.4)-10° |
( " K) 6 n ( ) KTeV, E731
+_

ﬁ = Short-distance OPE
G W Ciuchini et al, Buras et al
u = Long-distance yPT
Pallante-Pich-Scimemi
Re(g;( / € )Th — (19 7:191) 107 Cirigliano-Ecker-Neufeld-Pich
(15+7)x10™ 2017 update  Gisbert-Pich, 1712.06147
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Recent K—(nr), Lattice Results

Isospin limit: RBC-UKQCD 1505.07863, 1502.00263
\/gRe As = (1.50+0.04 +0.14) - 10~° GeV exp : 1.482(2) - 10~ GeV Al=1/2 Rule
0.1c
\/glm Ay = —(6.99£0.20£0.84) 10" GeV Red, 1
= =
- Red, 22
\/;Re Ay = (4.66+1.00+1.26)-10"" GeV exp :3.112(1) - 1077 GeV
1.0c
\/glon = —(1.90£1.234+1.08)-10" " GeV
Re(c'/s) = (1.3845.15+4.59) 10" exp : (16.6 £2.3) - 107" Large phase shift
2.1c
do = (23.84+£49+1.2) exp : (39.2 £1.5) 290 Sy =3, = (475 " 09)
5 = —(11.6+254+1.2)° exp: — (85+15)° 10o

Anomaly? ‘ New-physics ? (Buras et al, Kitahara et al, Endo et al, Cirigliano et al... )

0, Im 4, Im A45™ 3
Re(ex /& = — 1-Q.)— ~ 2.2-10 B{"Y (1-Q.;)—0.48 B
o = =5 | B0 (1-0) - AT (B0 (1-0,) 048 5
Q. =0.060+0.077 Cirigliano-Ecker-Neufeld-Pich (2003)
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Effective Field Theory: Long & Short distance dynamics

W.Z.v.g AS=1 Ge
Mw T, [, €,V Standard Model Lty - _\f Vid V. Z Ci(p) Qi(p)
t,b,c,s,d,u
l OPE
— Large logarithmic corrections
< /8 M, € Vi (nf=3) ~AS=12
~ Mme s.d,u 'CQ(D Lo
. k
}oveo OPE:  a; () log"(My /1)
" Vi e,-ll/,- BT YPT: log(/my,)
Re(e) 1074 Gisbert-Pich, arXiv:1712.06147
30F ! SM
25} | T 4
20F Exp i ,J—"/ o Re(eg [ex)sm = (15 - 2# - 2 zﬂcff - 61/Nc ) 10
; e
0| g QR0 SO0 S0 :----I:;'-----,---"-":-. """"""""" _
e T =(15+£7)-10
10f -7 Ny 3
§= :
5: : L5Latt|ce ' .
. '1:'2' —— e L0 Large uncertainty, but no anomaly!
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T ViOIation @ Babar Quantum Entanglement

1207.5832

Flavour (BO—>Z+X, EO—>Z_X) and CP (B+ - J/vK,, B_—)J/WKS) tags

(Bafuls-Bernabeu-Martinez-Villanueva)

ere” > Y(43) — (By(ly) =1y, Balty) =) =(f;, ;) : >t
£, B >B b) B, aB‘)
omﬂ%wir + S =S, , =—13740.14+0.06
-0.5[ J»
o2 4 6 8 . =S = 1.17+0.18+0.11
At (ps) B"—B, B,—B
- ) B> > B
<05 e
oi"fff st oy + e -
f + oy +++++ + ” :
05 o5 PR T established at 146
0o 2 4 6 s 0o 2 4 6 8
At (ps) At (ps)
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G* H+
1= T (v+ S +iG% o P2= =5 (S2+1i53)
Goldstones: G*. G°
Mass eigenstates: 22(x) = {h(x), H(x), A(x)} = R Si(x)

CP-conserving scalar potential: A(x) =S;(x) CP-odd

h cos@@ sind 51
= S N P-
( H ) [ —sinix  cosd ] ( ) ) CP-even
Gauge couplings: govv = Rit v
SM 2
ghw + &awy T 8avv = (&)
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Yukawa Interactions in 2ZHDMs

Ly = —Q (M1 +Tada)dr — Q) (A1 01 + Ao ) uf

— EL (|_|1 qﬁl +I1» ¢2)€/R + h.c.

| sse

Ly = —— Q0 (My®1+ Y ) dp + Q (M, 1+ Y, Ps)ug

1’4

=

LM by 4 Y o)l + h.c.}

¢ and Y/ unrelated — FCNCs

V2 M, = vl + volpe? : V2 Ml = viAy + vpDge=?

\/5 YC’, — Vlrgem — wl : \/E YJ — lege_"Q — v\
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