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Flavor Physics




In the Standard Model

]
X Gauge sector entirely fixed by symmetry

i D D, = 0, —igste A, —igT - W, —ig' =B,

X Flavor sector loose (a bunch of parameters)
|3 of 19 are fermion masses and g.mixing parameters




We know

fermions come in 3 generations

(ca) (i) (74)
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X All generations interact equally with gauge

bosons
X Neutral currents: .
eQsfrfAY, 5 foulvy —agys)f 27
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X Charged currents: Oi%%;
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We know

X P and C broken by weak int. but CP is a symmetry (| gen)
X Going from the gauge to mass basis

LM = —YIQ, oD% — YIQ,pUZ + h.c.

U

C%M = — (1 h) [mchd My UU meée]
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We know

X P and C broken by weak int. but CP is a symmetry (| gen)

X Going from the gauge to mass basis

LM = _Y9Q, ¢D% — YIQ, UL + hc.

LM — _ (1 h) (madd

U

M, UU

meée]

X With 3 gen trickier - cannot simultaneously diagonalize u

and d — mixing: CKM matrix

X Vcam unitary = 3 real parameters + | phase (CPV!)

A A P

Y



CKM-ology

A A P

1—)\2/2 A AN (p —in)
Verkr = —A 1— )\2/2 AN? + O()\4)

AN (1 —p—in) —AN? 1

A =sinfc ~ 0.224 A~ (.82 V2 +n? ~0.45

X Fix CKM entries through tree level processes; over constrain
by loop-induced ones

X Vcm unitary = 3 real parameters + | phase (CPV!)



Example : Kaon physics

Tree level decays
hadronic uncertainty!

K — 1ty (T]5Ypu|K) — f0,+(q2)
K — pv 037, 15u|K) — fk
fK/fﬂ'

Nonperturbative QCD - symmetries help (eg. Ademollo-Gatto) but ultimately
needs LQCD

Huge coordinated effort! (cf. recent FLAG review - 2019)
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Experiments

X K-factories u,d,s [NA62, KOTO]
X Tau-charm ,c  [BES I}
X B-factory b,c,7 [Belle Il]
X LHC t,b,c
X FCC (£),t,...
X VF
T %_ :
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Impressively — TL UT and LP UT agree to less than 10%
[Experiment will do better! Lattices will do better too!]
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Only tensions in Vub and Vcb (inclusive Vs. exclusive) but all in all, CKM is very unitary!

2008, Nobel Prize
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Strategy:
fix Vij by tree level processes, then look for NP in FCNC

=l
aul

B(Bs = 17 )theo. = 3.34 (F32) x 107°  B(Bs — p" p” )Lucb+oms = 2.9(7) x 1077

Cij 1 Vi Vi

1

— oY To W *al
B, = putu~ >10TeV > 2.5 TeV O —@%Qﬂ Q;H'D,H
K — mvo > 100 TeV > 1.8TeV




Strategy:
fix Vii by tree level processes, then look for NP in FCNC

O = _C, QZ'Y“QJQ'L’YMQ]

—0

K9 K > 2x10*TeV > 8 TeV
BB S 05x10*TeV >5TeV
BB S 01x10*TeV >5TeV



Flavor puzzle

Cij 1 Vi Vi

B, —putps  >10TeV > 2.5 TeV

K mvs  >100TeV > 1.8 TeV  For natural C~O(1), NP scale is huge

 Need lots of fine tuning to reduce NP
scale to O(1TeV) as needed to mend
the hierarchy problem

- Way out: NP is (almost) aligned with

Ci; 1 Ve V5|2 the SM
KO- K > 2x10*TeV >8TeV - MFV
BB S 05x10*TeV >5 TeV

B -B., >01x10*TeV >5TeV



MFV

To protect quark flavor mixing BSM, assume flavor symmetry
is the one present in the limit of vanishing Yukawa'’s, U(3)3,
and that two quark Yukawa, Yu and Yd, are the only symmetry
breaking and CP violating terms

LM = _Y9Q, ¢D% — Yi9Q, U + h.c.

Promote Yu and Yd to non-dynamical fields. Higher dim
operators made of SM fields and Yud.
Eigenvalues of Yud small except for top, off-diagonal elements

n

suppressed =>[Yu(Yu)T]i¢j ~ Y Vi Vi



X X X X X

X X

Questions and progress

Why is there a flavor? Why families? Why 3!

Why such a strong hierarchy!?

Why quark mixing is small (and lepton mixing is large)?
Why is there quark alignment!?

How to solve strong CP-problem!? [Peccei-Quinn elegant
solution, but where are axions?]

Need CPV in quark and lepton sector for BAU

Does the scalar sector play a non-trivial role in the
questions of flavor?

Work to figure out a symmetry which imposed on
SM+2HDM provides a structure of Yukawas such that
there is no FCNC at tree-level and their strength

controlled by CKM (!)



LHC era

Before LHC was switched on we expected

(a) exciting physics in direct searches with many
new resonances at TeV scale

(b) boring but useful flavor physics

After the first two runs at LHC we got

(a) slightly boring direct searches with no new
resonance at TeV scale

(b) exciting flavor physics



b——s anomalies



Basics
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41 1 4 20 80
—Cr— 30— Ci— 5 Cs — - Cs
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4 04 64 1 4 64
Y(¢*) = §C3+ 3054‘?06 — (C3+ §C4+1605+§06)

4 1 4 64
(5 Ci+Cy +6C5 + 6005) — (703 + g Cy + 76C5 + ? Cﬁ)

Very slowly varying functions of g2
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M =
V2r

Vib Ve [(Au‘ + 7o) aey™ ve + B, tey" s Ve],

2mb v * | = ~ * | = —
Au:—?q Cr (K™ 5iou *55b |BY + Co (K™| 37,52 b | B)

By = Go (K| g’Yul__zﬁ/&b B)

0, Séj", Og,10
0| ° . < +0 0| ° " [ g0
B y K B ] K

Can be and are computed on the lattice



 Gra

M = Jon Vib Ve [(.Au + T, ) aey" ve + Butey" s ve],
—16i7° o e .
To= =g 3 G [d'x KT 0(0)ju(x) B)

i=1...6;8

Cannot be computed on the lattice
- work either at very low or very high g2



Better sensitivity to NP:
B =K ¢+

P T L LY

[y

P L L L L L L L T e L L L L LT T,

d*T(B° — K*0¢+y-
= —1 q )9€> 9Ka
dg? dcosby dcosOx dp 32w



Full decay distribution
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J 1(¢%,00,0x,0) = Ii(q°)sin® Ok + I7(q°) cos® Ok + [I3(q*) sin® Ok + I5(q”) cos® Ok | cos 20,
+ I3(g*) sin® Ok sin® B, cos 2¢ + lein 20 sin 20, cos 0]
+ ﬂﬁ) sin 20 sin 6, cos ¢
+ [I5(¢%)sin’ Ok + I§(q°) cos® O] cos O, + Ir(q”) sin 20 sin b sin ¢
+ Iy (q2) sin 20k sin 260, sin ¢ + Ig(q2) sin @ sin® O sin 2¢



b——s anomalies

2-3c deviation from SM [esp. Ps’]

| ' ' | | ' Watch out here!

| — Cog could be a rescue routeh
0.5 ! — Iff hadronic uncertainties

B are under control (charm
r production threshold!)

- _L0 ‘ —

05 .++ M

g’ (GeV?)



b——s anomalies

47 o ]
L - Branching Ratiosi
_ 3 _ ol [ \\\ | Angular Observables (P) |
3+ | - [ ] Al '
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Theory errors still subject to controversies.

Some quantities are more sensitive to hadronic uncertainties than
others (maybe sticking to the clean observables only?)

Rome group claim the whole discrepancy can be absorbed into
(unknown) power corrections due to charm loops.



Global analyses also suggest
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b——s anomalies

3.16 in Bs>¢uu bellow SM at low g2

1506.08777

LHCb
SM pred.

- Data

T
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O = N W s W N 0 O

T

dB(B?—ouu)/dg? [10°GeV-2c4]

——
g2 [GeV?/c*

B(Bs — dup)t ™% — 0.26(4)Lucy, < 0.48(6)sm



b——s anomalies

3.16 in Bs=¢uu bellow SM at low g2

_1506.08777

LHCb
SM pred.

- Data

O = N W s, N O 00 O

:"”I""I""I""I”"I':*E'I""F"'IE
+

4
|||‘l7

—5 10 15

g2 [GeV?/c*
What is ite Statistical fluctuation® Hadronic uncertainties®
NP2 Theory error - subject to controversies... If OK, then NP in

Cs could fill the gap between experiment and SM.

dB(B’—ouu)/dg? [10°GeV-2c4]




LFUV

B(B — D(*)TD) ex SM
Ry = - & RTP > RYY.
L D B(B N D(*)(V) te(e,p) D (%) D(*) J
B(B — K(*)/L/L) ex SM
RK(*) = & RTP <R N
(*) op K (%) K (%)
. B(B _) K (/(/) qze[qglin’qg)ax] )
R7E >R, = Axp S3 TeV
R?(Ii) < R%\({) = Anp 5 30 TeV

Di Luzio et al. 2017



Rk Ry

B(B — K" pp) SM
= 1.00(1
B(B — K™ ee) 00(1)

g2 €[1,6] GeV?2

RSP = 0.745T0-9%9 (stat) + 0.036(syst)

2014 - 2015



Fitting to clean observables

o Use fzo" = 224(5) MeV and B(By — pp) = 3.0(6)(3) x 1072, [LHCb, 2017]
B(B. — u* ™) = Fi, (fi., Co = Clo, Cp — Ch, Cs — C%)

o Use fB_)K( )Latt. and B(B — K“H)q2€[15,22] GeV2 = 195(16) X 10_7.
[LHCb, 2016]

B ~ / / /
(B — Kp"p”) = Fpi (f+ 0.7(¢*), Cog + Cy, C10 + Cio, Cr.5.p + C'7,s,p)

MILC [1509.06235]
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Fitting to clean observables

1.5
1.0
& 0.5
> 0.0
0.5 'B_) // Allowed \\*
- '—(-)2.5—2.0—1.5—1.0—0.5 00 05 1.0
Co

e We find Cy = —Cj € (—0.76,—0.04) at 20.

= This value can be used to give model independent predictions for
Ry (+) In the central bin:

Ryg = 0.82(16) and Ryg- = 0.83(15).




Interestingly...

Different choices of Wilson Coeffs: (Cy, Cig) or (Cy, C{y)

15,
1L

l25-2 -15—1 -05 0 05 1. -3. —25—2—15 1—050 05 1

(& '

O = (57, Pyp)b) (Ey"0), O\ = (57, Pyir) b) (E7"4°0),




Interestingly...

Model independent predictions for R and Rg-:

£ ; | .8 :
o) | © i
= (),9: ; 3 1.2:
S 0.8 | § 1.0
9 : 1 & :
i0.7; | 20.8]
S ; | -

0.6} | 06!

-10 -08 =06 -04 -02 0.0 -1.0 -08 =06 -04 -0.2 0.0
Co=—C)o (Co)'=—(C0)'

= The scenario (g = — () predicts .., < 1, as observed.

(—0.85,-0.50)




Before and after Moriond EW 2019

w 2.0 Moriond EW '19
~ |
- ] - LHCb
1.5_— Il
S S S
] [ — ¥ —
SM 7 05:_ = BaBar
LHCb 1 D[ I s Belle
| - e LHCbRun 1+ 2015+ 2016
0 1 2 3 4 5 6 T R
q2 G €V2] q? [GeV¥c4]

e NEW [LHCb]:

f ; | [REY] ave = 0.85(6)

SM e Discrepancy between
LHED Run 1 and Run 2 [~ 20]:
o 1 2 3 4 5 6
7 [GeV?] R run 1= 0.71(8)

R5],un 2 = 0.92(8)



Rp Rp*

e Tree-level process in the SM: (
B — DWrp Wf\”’\/
RD(*) —_— B( - TV) g —_ (3,/1. L -

B(B — D(*)fﬂ), b Voo €

e Non-perturbative QCD <= form-factors (Lattice QC
e.g. for B — D, (D|evy,b|B) for (g%

e Situation less clear for B — D* = (more FFs, less LQCD results)

INP in 7 — use angular distribution + HQET of Bernlochner et al
2017]



Rp Rp*

BaBar (2012), had. tag

BaBar (2012), had. tag

0.440 +0.058 + 0.042 0.33240.024 £0.018 s
Belle (2015), had. tag E Belle (2015), had. tag
0.375 +0.064 + 0.026 S 0'233 i2°6°3’; + l‘:-‘: . ) ;
: : Belle (2017), (had. tau :
Belle (2019), sl. tag : ; :
0.307 £0.037 +0.016 Ho——i 0270£0.0350.027 :
: : Belle (2019), sl.tag 5
Average S 0283+0.018+0.014 =
0.340:£0.027:£0.013 i LHCb (2015), (muonic tat)
SM pred. average * 0.336 £0.027 £0.030 5 *
0.259£0.003 : LHCb (2018), (had. tau) &
PRD 94 (2016) 094008 ; 0.280+0.018 +£0.029 e
0.299 £0.003 T SM pred. average ||
JHEP 1712 (2017) 060 0.258 £0.005 :
0.299 +0.004 * 0P§5D7 250(3(% 17) 115008
OFl;g%L+ IO%{“IC L) 4 JHEP 1711 (2017) 061
IriPQ(;D.(ZOIS) : 0.260 + 0.008
0.300 +0.008 -»- JHEP AT12 (2017) 060
‘ Spring 2019 \ ‘ Spring 2019 \
| | ! 1 | ! l ! | | - L] | I I
0.2 04 0.2 0.3 0.4
R(D) R(D¥)



R(D*)
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Effective theory

: Her = V2GpViy [(1 + gv) (@9,0) (Cy"vr) + (=1 + ga) (@v,750) (€L ve) |

+ gs(cb) (ZRVL) + gP(E’Ysb)(ZRVL)
+ gr(co,ub)(Cra™ vr) + grs (Eau,ﬁg—)b)(zRa“”z/L)] + h.c.

+ gv, ) @vubL) (o™ vL) + gvi Cryubr) (Coy v) |

+ s, (CrbL) (Crvr) + g5, (CLbr)(CryL)

- 01, (#r0,b0) (T v)] + hc.. |




Effective theory at work
1T ) B

l B R l 3 060

=01
-

~0.2

E
-~
- -03 ol
- b
B0 O u.mm.l(l..u.t(uu.u‘e_
E
; -

Im[gVL]
S

Im[gSk]
(=




Effective theory at work

e SECHVE s (1

Must be less than 30%-ish in order not to upset 75

-3 =2 -1 0 1
Re[gSR]

m?2 ’ 1+ gy + (9sr — 9s,.) M,

m%, VL m.(my +m,)




EFT - exclusive b — clv

Log = —2V2Grp Vg, [(1 + gv,)(CLyubr) ey ve) + gv, (€rYubr)(Cry*vL)

+ 9s, (cLbr)(LrvL) + gs, (erbr)(lrvL) + g1 (ERUWbL)(ZRJ“”VL)] + h.c.

e SU(3). x SU(2)r x U(1)y gauge invariance:
= gy, is LFU at dimension 6 (W¢cgrbg vertex).

= Four coefficients left: gv,, gs,, 95, and gr.

e Several viable solutions to Rpy.): [Freytsis et al. 2015]

oe.g. gy, € (0.04,0.11), but not only!




Before and after Moriond EW 2019

Angelescu et al. '18 In a few weeks Angelescu et al.

e o1 Ao b
~25 -2.0 -1.5 =1.0 0.5 0.0 0.5 1.0 ~25 -2.0 -1.5 =1.0 =05 0.0 0.5 1.0

gi(mp) gi(mp)
Updates of Freytsis et al. "15

Which Lorentz structure to pick?
Observables from angular distribution of B — D*(Dm)fv can help



Before and after Moriond EW 2019

100~
50

0.5 - g5, = —4 g7, real
Rl s, = 4 ar, imag.
gs, =4 gr, real

-----------------------

01
~2.5-2.0 -1.5 -=1.0 =05 0.0 05 1.0

gs, (mp)

In a few weeks Ang t al.

LT T T T T ‘1‘ T T T T T T T Y‘ \‘j"~\ T
r »

-----------------------------------------

gs, = —4 gr, real
gSL =4 ar, imag.
gs, =4 gr, real

0.1MH“““““““““H‘\www‘\”‘
~25-20 -15 -1.0 =05 00 05 1.0

gs, (mp)

Main worry remain the hadronic uncertainties in the D* case:

No lattice QCD study regarding the shapes of FFs
Keep also in mind the SD part of the soft photon problem



ha,

ha,

0.95

0.90

0.85

0.80

0.75

0.70

+++++-

. Extrapolation

arXiv:1403.0635
a=0.150fm
a=0.120fm
a=0.090fm
a=0.060fm
a=0.045fm

1.00 1.02 104 106 108 110 1.12 114 1.16
w
0.4
Extrapolation
4 a=0.150fm
021 4 a=0.120fm
+ 090fm
00| + .060fm
4+ a=004 —
-0.2 //‘
-0.4
-0.6 -
— —
-0.8 1 =
e -
-1.0
. —
a 1.00 1.02 104 106 108 1.10 1.12 114 1.16

w

1.7

1.6

1.5

14

1.3

hy

1.2

1.1

1.0

Extrapolation
a=0.150fm
a=0.120fm
a=0.090fm
a=0.060fm
a=0.045fm

+4++++

100 102 104 106 108 110 1.12 114 1.6

2.00
1.75
1.50
1.25

S1.00
0.75
0.50
0.25

0.00

w

4+ a=0.150fm
4+ a=0.120fm
4 a=0.090fm
4 a=0.060fm
4 a=0.045fm

Extrapolation $ / y’

I

1.00 1.02 1.04

1.06 1.08 110 112 1.14 1.16
w



Angular analysis (Belle Il - 202x)

d'T 9

dqg?d cos 0 pd cos Oydy T 32r
+

+ 4+ + +

{Ilc cos?Op + Isin” 6

:Igc cos? 0p + I, sin’ HD] cos 26,

:Iﬁc cos?lp + I, sin? OD] cos 6,

:I3 cos 2y + Igsin 2x] sin’ @, sin? 6,

:14 cos Y + Igsin X:

I5cos x + I7sin x

sin 26, sin 260 p

sin 6, sin 299} .



A simple model for Rk Rk

Lz = gos(37" PLb)Z), + guu (" PLp) Z,



A simple model for Rk Rk
Lz = gos (37" PLb)Z, + guu(py" PLp) Z,

What model can have this right?

e Eg. Add an extra gauge symmetry group U (1)’

Luay =9 Qu(a"qr)Z, + ¢’ Qe(l17"1) 7

e Impose 3"%-gen of quarks and 2"?-gen of leptons to be charged under U (1)’



A simple model for Rk Rk

(3 3 2 2
Lyay = 94(G * qb ))Z,’, + ge(é(L)v“f(L))Z,’,

(3) _ (L /2 _ (VuL — Ord
9L (bL) L (#L) 95 = Qryg

bs coupling arises through mixing in the mass eigenbasis

dr, 1 0 0 dy,
(123) = | SL = |0 cosf siné Sy,
by, Cauge 0 —sinf cost by

Other fields don't feel U(1)’

1ASS



A simple model for Rk Rk

Neutrino trident

10~ . -
production (95%C.L.) 3

Ng = Gq/ 9e

| -2
=
1073
[0 e nul sl
102 10! 10" 10!
) | TeV?
~‘:an€:0.12/’1‘ev2 6 = 0.005 8q 81 % my>
ZI

Y,




A simple model for Rk Rk

l0_| Neutrino trident
production (95%C.L.)

) T
QIO 3

10-3E

Luay = 94 (@17"a1)Z;, + g¢ (L17"€3) Z,,
+ 9x (X¥¥x)Z,,



Leptoquarks

Bosons which couple both to leptons and quarks

Arise in GUT scenarios as gauge boson of Ggur
e.g. Gour : SU(5),50(10),SU(4) @ SU(2)L, @ SU(2)r

6 scalar and 6 vector LQ's
Generally very heavy, but some can be light, mpq ~ O(1)
Symbol | Spin | (SU(3)c, SU2)L)uq),
S 0 (3,1)1/3
S3 0 (3,3)1/3
82 0 (:}a 2)7/6
R 0 (3,2)1/6
Ul 1 ("-ja 1)2/3
Us 1 (3,3)2/3




3 (3,3)13

Ls, =y QCirs(m.S¥)L; + h.c.

Ls, = — ylg df, S( /3) \/§ ij dC[L ) S:(34/3)
+V2 (VyL);; .S'( 2/3) —(V*© yL)UUsz 5(1/3)+h.c.

b\\(/f'

A
|

N
AL T %



3 (3,3)113

Ls —yLQ 27‘2(7'kSk)L + h.c.

2 20k (,.80\*
indecd S o () Y

2
‘/tb vt; e m33

v2y’,’f'(VyZ)d Ved yd)®
v, = =gt = g [+ TR+ ]

/ X

SIC!



What LQ scenario for Rk and Rk ?

Model Rpey | R || Rpey & Ryev
Si=(3,1,1/3) | v X X
Ry = (3,2,7/6) | v e X
S3 =(3,3,1/3) X v X
Uy = (3,1,2/3) | v v /
Us = (3,3,2/3) | x / X

N.B. U is the only one to accommodate both!

Observable

b— sup
b—crv
B(T — po)
B(B - Tv)
B(D, — uv)
B(D, — Tv)

Tk

Ry




U

L = iL'[zI] Qi’)’u UIMLJ -+ a:g C—ZRi'Yu UIIJKR]' + h.c. :

0 0 0

e Other observables: 7 — u¢, B — 70, D) — pv, Ds — TV,

K — uv/K — ev, 7 — Kivand B — D®puv/B — D™ew.

Q

. s
Assumptions: o =0 =" 27, TR
bu bt
0 z;" =x;
- e b— T
2
v bT\* bt VCS ST
gvy, = %(:EL ) (xL + Vcbe ) # 0
0 O 0
zp=| 0 z" z7
o b — supu: 0 zzu xgr
pp i mv? bu\*  sp  —
Cy" = -0y x _m%] (z") 2" #0 e LQ pair-production via QCD:
1

o,

-’
’
’
I
|

9 "N LQ

e Di-lepton tails at high-pT:

LQ

.

o~

<
-«

<
-

Angelescu et al '18, Faroughy et al '15

[CMS-PAS-EXO-17-003]

(o)

[assuming B(U; — b7) = 0.5]

> 1.5 TeV

~J

[ATLAS. 1707.02424,1709.07242]

3.5¢ —::-.rr 13 TeV ATLAS, 36 fb~! 1
~---bb - ppt

3.0F o Tr

2.5p TS

0.0

10 12 14 16 18 20 22 24
my, [TeV]




mp.=1.5TeV

—" | ’
300 b, -
-

- -

"36 b = my,=1.5TeV Belle

- l_l L IIIIIJ (BRALI B IR N RIL - lllllJ Liim 1 llllll.‘ T IR P ERTT

vl
10-"7 107" 107 107" 107 1077
xST
L
B(B = Kut) 2 few x 1077
UV completion:
e Pati-Salam group, Gps = SU(4) x SU(2)r x SU(2)g, contains
Uy =(3,1,2/3).
e Viable extensions of Gpg at the TeV scale have been proposed:
= Uy + Z' + ¢’ [+new fermions].

Di Luzio et al '17, Bordone et al. '17, Cornella et al '19



Back to SLQ’s

= (3,1,1/3) v X X

x N> X




R>

kl _ vkl tree
Ot = Ol 2

2 sl (, bk\*
v Yr (yR )
2 '
2V Visem My,

0O 0 0
yr=10 y/ 0] , yr =0
0 y" 0
b u 21
> > s >
I
|
(5/3)
I
< ¢ <
S u’ 32

Okl — _ okl 120p

10 —

‘CRz — y}{? @z’gRj R2 - y}f ﬂRiRQiTQL]‘ -+ h.c.

VUbV';’ s yu’ k
L
*
‘/tb ‘/ts

2.

uu/ e{u,c,t}

RK ~ RK*

(yzl) ) .7:(:13“, a:u,)

LEP bounds Z = uu

-1 0 1

cu
VL



k — /7
1%
W,z s 4
/
AVAVAVAVAN ¢
— AN
. N
Py A
k + p_y\: N

/ — VUl and Z — vv

Arnan, D.B., Mescia, Sumensari '19 [arXiv:1901.06315]

0] __ £ _SM
gfL(R) o 5’” gfL(R) + 5gfL(R)

gy = —0.03817(47) g4 =—10.50111(35)
gl P — _0.0367(23) g = — 0.50120(54)

gy " = —0.0366(10) 977" = —0.50204(64)

g?lg/l = I?{ — Q7 sin® Oy,

g?gl — —Qf SiIl2 ‘9W



R

cos Oy

125

g 3 ij ij
> I [ngL Pr + gy, PR] 1i Zu

iJ

ij  _ < SM
Ifriry — iy IfLir) T 5gfL<R) |

0.86¢

0.84

O
o)
o

O.78j

08 10 12 14 16

O
o)
N

- Z-ortrforR,
= Z-rtrt for S,

- Z-o7tfor S3

lllllllllllllllllllllllll

1.8 2.0
ma [TCV]

LLA: O(z¢logz:), O(xzzlogzz)
Full: most significant O(zz log ;)

0.86]

08 10 12 14 16

. — a2 2
Tj = m; [mp

g?i“ — I?J: — Q7 sin? Oy

g?}lf = —Qf sin’ Oy

= Z-vvfor R

= Z-vv for Sy

.........................

1.8 2.0
ma [TeV]

Feruglio et al. '17 and '18



S3 & Rz Model

D.B., Dorsner, Fajfer, Faroughy, Kosnik, Sumensari '18 [arXiv:1806.05689]

e In flavor basis

LD 1/;2} _z‘gRjRQ + ?/21 'l_LR,;LjE; + ?/ij QiCiTQ(TkS:;k)Lj + h.c.

Ry = (3,2,7/6), S3 = (3,3,1/3)
e In mass-eigenstates basis
L B (VCKI\[ YR E )L} ,L—L;Jz R R(5/3) ( E}'{)L} C—i;ﬂ R(2/3)
+ (UR YL UPM\IS) uRzVLJ R(2/3) (U YL )L} 'l_l’:?z Lj R(5/3)
( UPI\I\IS)” d/C / 5(1/3) \/5 7] di? 5(4/3)
+ V2 2(Vekm ¥ Upnins) i ﬂL? }4 S(_2/3) (VoM ¥)i ulcg 5(1/3) +hec.

and assume

oo O

0 0 0 0 1 0 0
0 |, Uryr=10 y;" 97|, Ur= |0 cosf —sinb
y}? 0 0O 0 0 sinf cos#f

[Parameters: MRy, Mss, Y5, yi', y§~ and 0]




Effective Lagrangian at =~ mpq:

e b — cTI: NB. ANp/ng%].TeV

ct . b1 % 1

IL y2R (crbp)(TrrL) + Z(ERU#VI)L)(?RU#UVL) + ...

X
mR2

o b — sup: NB. Axp/gnp = 30 TeV
ly,"

m S

o sin 20 (SLY*bL) (AL YupL)

e Amp_:

cp 2 cr\ 212
x sin? 20 [(yL ) +2(yL ) ] (S’L";’“bL)Q
mg,

4 Y

= Suppression mechanism of b — sup wrt b — c7v for small sin 26.

= Phenomenology suggests 6 ~ 7/2 and y2” complex

- .




Other notable constraints...

o ¥ P —9488(10) x 10~° [PDG], rX SM = 2.477(1) x 105 [Cirigliano 2007]

e/p e/n

- I(K™ = e )
Teln = D(K- — p~ 1)

o R” P =0.995(45) [Belle 2017], RY P = 1.04(5) [Belle 2016]

ple

po _ L(B — D™ uw)
we T (B — D™ eb)

o B(T — po) <84 x107° [PDG]
o Loops: Amyz® =17.7(2) ps' [PDC], Amz" = (19.0 £ 2.4) ps~' [FLAG 2016]
e Loops: Z — pp, Z — 71, Z = vv |PDG]

gT gT H g”’
X =0.959(29), =2 =1.0019(15) L =0.961(61), =2 =1.0001(13)

9y 9a 9y 9a

NP = 2.9840(82)



Im[gSL]

Before and af;

mg, =08 TeV,mg, =2.0 TeV, |6| ~ n/2

04 —02 0. 02 | o4
Re[gSL]

Im[gg]

fer Moriond EW 2019

~Lo4a  -02 00 02 0.4
Re|gs]

Greljo et al. '18

Bounds should be less stringent
when considering propagating LQ!




Br(B—Ku7) [107']

mg, =08TeV,mg, =2.0Te

10




Common lore - Zurich Guide

2¢
NP to CC processes ['BSM A2 (CL'YubL)(TL’Y“VT) + h.c.
ci=1 — A~3.7TeV
= Vb — A~0.7TeV
=Vw/dn — A~0.2TeV
' oY arg \( T a i Vii )
Cr (@i @) (Lo L) o= (i)
. Qv —
NP in FCNC LD A2 (SL7 bL)(,uL*yauL) + h.c.

ci =1 — A~31TeV

— Vts —> A ~ 6 TCV
=Vi/dn — A~0.5TeV

Or Q47,0 Q) (LA o L)) + Cs (Q4u Q) ) (LiA"LY)



Zurich Guide (Models V-A)

Effective theory
1 q/\E O i amJ \(T M aLﬁ O i IN(T uLﬁ
SN [Or (Qio @) (Ly"a" L)) + Cs (QurQ))(LEN L)
CC and NC NC
- Dominant effect in 3rd generation
- Small effects with lighter fermions
- Mixing CKMish
0 0 0 0 0 Aps it
AN=10 A, Ay A = 0 Aes  Abs
V
0 Ay 1 Aos T Aps 1
Parameters: Cs  Cp Ao = O(Vis) Ao = O(N,) A\ =(9()\,2”)



Zurich Guide (Models V-A)

Tricky part

Rp- Vi
Do ~1+2C7 (1 — A%, “’) ~ 1.24(5)
D6 ts
CT =3 4 3v73 . ar3
33 —term : ——-(QpVu0" Q) (Lpyuo®L1)
C A T a
32 — term : —U—gAgs(inﬂga Q%)(Li%ﬁ L)

0d = (Vate+ Veer + Viyur
bL



Zurich Guide (Models V-A)

Tricky part
PSM_ = 1+2CH |1 — )\sb ~ 1 24(5)
D (%) ts
Cr —3 4 3V53_ _ar3
33 — term ——Q(QL"YMU QL (LL’YMU LL)
C —3 —3 o
32 — term : —U—g}gs(QLWMU QE)(LLVMU Li)
Tiny 03 = (Vt",‘)t[, + Vo cr+ VJbuL)
Needs 0.1 - bL

too large NP at 700 GeV - Sic! (direct searches)



Zurich Guide (Models V-A)

Tricky part
Rpe Vib
_\49
s = 14207 (1-X], 77 ) & 1.24(5)
D (*) ts
CT S ar3
35 — term : _U—(QL’YMU QL)(LLWU Ly)
CT a 3 4
32 — term: __/\gs(QL%U QL) (Lyyuo"Ly)
0()pr———————————————
/ :.SM Ay2 <23 |
Large = few -0.2 '
Vcb <2
ey
| |
I
22 -0.6
<
| -0.8
Beware of B — K*)pyy! | .
(C1 — Cs5)Xos (bryus) (7Y 'vr) O |




Zurich Guide (Models V-A)
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