Flavour & New Physics
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Flavour & New Physics

e How much can NP still contribute to flavour
observables?

e Example:

Vaal® + [Vis|? + [Vip|? — 1 = —0.0008(7) .

e |Vud| extracted from 0"—0"ev super-allowed
nuclear 3 decays

e |V from semileptonic kaon decays K™—n"lv

e | V| measured using charmless semileptonic B
decays B— X,lv
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Flavour & New Physics

e (Consider NP contributions to observables which are
(loop, CKM) suppressed in SM

e (Can use CKM determination from tree-level

observables:

o | Vud|, |Vus|, | V| and | V| as well as y from B —
DK decays

= allows to predict SM contributions also to loop

suppressed observables!
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NP in B mixing

excluded area has CL » 0 68

St(ﬁ{)s = sin(20 + 264) g
SM -
a,(d) _ % ( F12 ) S111 Hd
b M ra ' S
SM
M12 TCQZ
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NP in B mixing
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The NP flavour puzzle

SM is not a complete theory of Nature
e (quantum) description of gravity < 10¥ GeV

e neutrino masses < 10 GeV

e EW fine-tuning suggests NP @Q 4nv ~ 1 TeV
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The NP flavour puzzle

SM is not a complete theory of Nature

Unification { 10
_ ofinteractions | 1 L.ygs 7
L. Origin of flavor |
?
: 14 Lo
EW scale i 0’ ) Dark matter
_ stabilization LS (WIMPs)

A [GeV]
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The NP flavour puzzle

SM as effective field theory

e valid below cut-off scale A

(d)

Cn

Ad—4

L="Lsm+) D> 500

d>4 n

e for natural theory: et ~ O(1)

e NP flavour puzzle:

If there is NP at the TeV scale, why haven’t we seen
its effects in flavour observables?
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The NP flavour puzzle

SM as effective field theory

e Flavour as indirect probe of BSM physics beyond

direct reach A I

408 ? Origin of flavor j

?
-106
A ¢
[ EWscale | ) 3'104} Dark matter

stabilization ){ e o
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(Over)constraining the
SM flavor sector

Lsm
Aweak W./’Z’?
(~100 GeV] Weak scale operators

Lot~ Gr Y ¢9Q;) + Loop+QED x n %

Non-perturbative matching

(or quark-hadron duality) : ' i
An [~GeV] LYw N,K,D,B,...) .—.
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(Over)constraining the
SM flavor sector & NP

mNP>ANP —|- -|—
Axe Lesw  BSM dynamics > -<
_I. J_

(d)
Lanm + Z Q

Aweak d>4 WZ @ _|_
(~100 GeV] Weak scale operators
~ Gr Z ciQ,;)+ Locp+QED x %

Non-perturbative matching t

(or quark-hadron duality) : i
An [~GeV] LYw N,K,D,B,...) .—.
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NP in AF=2

e InSM:(M = KO, B° B,)

SM __
Mp5™ =

(72912 ) - _ m2
LT ViV (@) PIDF (25 ) 4
o P %%
2
(YuYy )iz F(z) ~ O(1)
12872m? F(oo) =1
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NP in AF=2

e In SM-(M — K° BY B,)

Gmy * (T ' /
Mip' = —E=L (ViiVi)* (M |(dpyudy)IMO)F ( — ) + ..
1672 T
) —_— 2 7
(YuYy )iz F(z) ~ O(1)
12872m? F(oo) =1

e Hadronic matrix elements:

S N - 2 . .
(M \( 7)) (dyy*d) | M) = = fRm3 By Bas ~ O(1)

(0|d*y,vsd |M (p)) = ip,fu

e tremendous progress in past 30 yrs - Lattice QCD
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NP in AF=2
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NP in AF=2

Zsd ,~5— Rew — “bd 5 Rbs
LAap=2 = A; (dryusL)® + A%(CL'YMNL)Z + AT(debL)2 +- ATS(SL’Y,ubL)
NP NP NP NP
CPC NP
)
Amg/mg ~ 7.0x 107", VZsa 1 X 10° TeV  Ampg
Amp/mp ~ 8.7x107%, — Ayp > VZew 1 X 103 TeV  Amp
AmB/mB ~ 0.3 X 10_14, A /Zva 4 X 102 TeV Amp
AmBS/mBS ~ 21X 10_12, | V/ bs 7 x 10! TeV AmBS
CPV NP
e ~ 2.3x1073, («/st 2 x 10* TeV  ex
A < 0.2, Zew 3 X 103 TeV  Ar
e = = Axp 24 Y :
S¢KS = 0.67:|:0.02, \/Zbd8 x 10° TeV SwK
Sps <L VZbs Tx 101 TeV Sy

NP with a generic flavour structure is irrelevant for EW hierarchy
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NP in AF=2

Amc/nf 106 |
A 4 :

mo/m 105 | e
Amp/m :

Amp, /m| 107 .
10°)

10° |

NP with a generic flavour structure is irrelevant for EW hierarchy
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NP in AF=2

__ bd bs —
LAap=2 = e (dryusL)® + A%(CL'YMUL) + AT(debL)2 +- ATS(SL’Y,ubL)
NP NP NP NP
CPC NP
AmK/mK ~ 7.0 X 10_15, Zsd N 8 X 10~" (ANP/TGV>27
Amp/mp ~ 8.7 X 10_15, — Zow S O X 10~7 (ANP/TeV)27
AmB/mB ~ 0.3 X 10_14, Zbd S O X 10~° (ANP/TeV)27
AmBS/mBS ~ 21X 10_12, Zps S 2 X 10~ (ANP/TeV)27
CPV NP
cx ~ 2.3% 1073 < 6x1077 (Anp/TeV)?,
AF/yCP < 0.9 Zgu < 1 x 10~ (ANP/TGV)Q,
- = i, < 1x1075 (Axp/TeV)?
Sykg = 0.6720.02 R NP/EEY)
S : : y
Sps < 1 2. < 2x107* (Anp/TeV)?.

in case of TeV NP, flavour structure needs to be far from generic
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NP in AF=2

Zsd ;5 Zeuw s Zb _ Zbs
Lar—2= 5 (AL yusr)® + 22 (CLyeur)” + ATd(dL’YubL)Z + A%(SL’W?L)
- NP NP NP P

2/ (A=1TeV)
Amg /i I eV)2,
Amp/r 19-2 , eV)?,
Ampg/n eV)2,
B 04 2
Amp_/m eV)?,

1070

10-8 cre -
PNy CPv vy
Sy 10—12§ V)2,
g k0-K0 pO-p0 BO_BO Bs-B; V)?.

in case of TeV NP, flavour structure needs to be far from generic
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NP in AF=2

2a < 8x 1077 (Axp/TeV)?,

u < 1077 (Anp /TeV)?

S50 A, ViR~ 10710 o % 20 e TV

sd Gdm2! Pt 2 <5 x 107° (Axp/TeV)?,

A2 ) B s < 2% 107% (Anp/TeV)2,

RS ~ 25 VeV ~5x 2070 R e TV
\2 ) _

2pg | ~ i — 5 [ViaVip|* ~ 9 x 10 A< 6% 1079 (Anp/TeV)?,

A2 [ < 1x1077 (Anp/TeV)?,

] ~ TVl ~8x 1070 T R S

64 Zbd g 1 x 10 (ANP/T@V) ,

2. < 2x107* (Anp/TeV)?.
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NP in AF=1

2 9 9 9
V¢ g - v g _ v: g - vt g
LAF=1 = Ysd dpZsr + Yeu urZcr + Ypd dp Zbr + Yps s.7br
A% p ew A p ew A% p ew A p ew
SM (Asm=0)
)\2
y5y S ViVl ~ 5 x 1077

B(KT = ntup) ~ 8 x 1071,

2
oM Al ViaVis| ~ 107° — BBy — putp™)~1071,
BBy, = putp~)~4x1077.

aM[ A
Y|~ VisVii| ~ 6 x 107°
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NP in AF=1

?}2 2

| g 3 ) v
dr 2 s+
\fsd A%VP CW‘V Yeu A%VP o
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g _
b
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Total Length 270m

Nab62 Physics Handbook Workshop 1
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NP in AF=1

2 ,02 ’U2

9 - v g |
urZe d Zb + Yps s.2br |
A%Pcwrl; L qu_ L40L M)ANPW’L L’

U g -
LAap=1= Ysd A2 dLZSL + Yeu
NP W

\

update of Straub, 1012.3893

50 using CMS, 1307.5025

0 RSc 10 20 30 40 50
10% x BR(Bs — pp™)
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NP in AF=1

2 2 2

v qg - v g _ v
LAF—1 = Ys dr 7S1 ~+ Yeu ur ey +
AF=1 ydA%\IPCWL L TY A?VPCWL L ybdA%VPC
e By— KV— Kin|utu Y,

o differential rate analysis 6/
'/

e challenging theory uncertainties

1 d’>(I'4+1') 9 3 5 ) ) n
T = —13(1 — F 6 F 6 (1 — F 6 20
I' d cos 0yd cos O dP 29 La(1 = FL)sin® O + Fi cos™ O + 3(1 — F1) sin” O cos 20,
— FY, cos® O cos 20, + S3 sin® O sin® 6, cos 2P

+ Sy sin 20k sin 20y cos @ + S5 sin 20k sin 0y cos ®

+ %AFB sin? @ cos @, + S- sin 20 sin 6, sin @

+ Sg sin 20k sin 260, sin ® + Sy sin” Ok sin® 0 sin 20|
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NP in AF=1

v? g -
LAF=1 = Ysd A2 drZsr, + Yeu
NP CW

U2

AN

J urZcr + Yod
p Cw

2

2 e . -

3
ANP cw

v g _ "
SWAIA

T_d12br Huys

e By— KV— Kin|utu

e differential rate analysis —>
Z
v L L B L S B S B B | "5 I T T T
- 0.8~ SM Predictions LHCb N * 0.8— SM Predictions 7
0.6 — 0.6 —
0.4} —4— Data - 0.4 =+' —4— Data -
0.2} — ool T _
1 o+— ----------- a4 - — o— —| — —- > (= — — = — —
T -0.2- ] -0.2} » N Ieg
i L R B " _
-0.6— + — -0.6— _+_ —
-0.8— — -0.8— —+— —+— —
o el'» 1|0 '15”"2|o '10'"'é”“1lo”“15”“2|0
q2 [GeV¥/c*] g2 [GeV¥/c4]
Py 5= Sa5//Fr(1—Fp) [PRL 111, 191801 (2013)]
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NP in AF=1

2 2 2

2 e

2 g - v g V2 g - ( v g )
LAF=1 = Ysd dpZsr + Yeu urZcr + Ypd dp Zbr, Hyps YA
A%\rp Cw A%vp Cw A%\[P Cw A%VP CW‘ )

e By— K= K'n|u'y, BY - K'p'y Jete
e differential rate analysis

e lepton flavour universality tests

+ +,,+,,— ,
Ri = Barprri= = 1+ 0(107%) in the SM
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NP in AF=1

v . v . v . [ v ) |
LAF=1 = Ysd 12 DAL 750 + Yeu A2 T aLZcr + yoa A2 A HYbs 15 I 5,70 |
Np Cw Np CW NP CW NP CW‘ y

e By— K¥— Knluu,B — Kyu'uy /ee

-o-LHCb -m-BaBar —a—Belle

o diffc v 2T
= LHCDb -

® lept 1.5:— o _:
E | :

i +- i

0.5 ]

[arxiv:1406.6482] q2 [GeVz/ C4]
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NP in Flavour

Example: Supersymmetry

e SUSY models in general provide new sources of

flavor violation

e supersymmetry breaking soft mass terms for
squarks and sleptons

e trilinear couplings of a Higgs field with a squark-
antisquark or slepton-antislepton pairs

2\MN ~ ~% ok (M2) ] Afflvq ng
qMZ(M ) dNj = (qu’ qu) ( Aquq (qu)Rkl ~
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NP in Flavour

Example: Supersymmetry

e MSSM contributions to neutral meson mixing

2 2 212
p  asmpfpBpnocp = (Ama) U UK 2
2 2 A~2~)2
a:mi f#BrnocD .. . » ( §
M = K220 111 fo(wa) + Aza fo(wa)) —1— (K5 K2,
108mJ 7
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NP in Flavour

Example: Supersymmetry

e MSSM contributions to neutral meson mixing

2 2 B N Am?2)? .
M = SBIDIND 11 fa,) + da fo(w) | S (KK
2 2 B ~ (A ~ 2~)2
Mf§ = STITIIND (1) o) 4 g fra) -t (K5 K
ms ]
e FExperimental bounds on B ;
A2 q ij | (0;;)mm
(6L i = DI (KT ) (KE):, d 12 0.03
/ mg T g 13 0.2
for my =1TeV, z;=1 d 23 0.6
w12 0.1
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NP in Flavour

Example: Supersymmetry

e MSSM contributions to neutral meson mixing

OzszfQ BD77 CD 3 Am% ’ U Uk
M = SmIDBDIRCD 1y 0y g g e ) AT (R R,
108m,& me
a;mr fi Brnoep 1, 7 (Am2)?
My = = 2 (1 fo(2a) + 4zafo(a)l —— (K5{ K

d d

e Ways to avoid stringent exp. bounds on 12 mixing
e Heaviness: m; > 1 TeV.
» Degeneracy: Am2 < m2.

e Alignment: Kgiu < 1.
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NP in Flavour

Minimal Flavour Hypothesis

e flavour-violating interactions are linked to known

Yukawa couplings also beyond SM
(i) flavour symmetry: SU(3)?

(ii) set of symmetry-breaking terms:

Y, ~(3,3,1), Yy~ (3,1,3).

e tractable due to peculiar structure of SM flavour

n

[YU(Yu)TL#j ~ Yy zj;‘/;f]
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NP in Flavour

Minimal Flavour Hypothesis

e leading AF =2 and AF =1 FCNC amplitudes

1672 M,

A2

Ald — ey = (Vi) ASE Y 1+
167T2M§V_

AMyj — My = (ViVi)2 Ay 1+“2 A2
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NP in Flavour

Minimal Flavour Hypothesis
AlGeV |
e Jeading 1o

: : CLQ — 1
A(dz ) djm; ; . .
102
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NP in Flavour

Minimal Flavour Hypothesis

e LExample: Supersymmetry

i (aal+ by Y Y + boYaV] + beYoV vy )+ )
2 (agn LYY, £ ) |

A (agn +bgYY ] + .. ) Y, .

combination of degeneracy & alignment
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Conclusions

e Absence of significant deviations from SM in quark
Havour physics is key constraint on any extension of
SM (example: Supersymmetry)

e Various open questions regarding flavour structure of
SM itself; can be possibly addressed only using

flavour measurements

e Set of flavour observables to be measured with
higher precision in search for NP is limited, but not
necessarily small (examples: CPV in Bs; and D)

e NP eflects could still lurk in rare K, D and B decays
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