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Introduction

SM phenomenologically very successful

Most likely just effective theory
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Introduction

SM phenomenologically very successful

Most likely just (experimentally accessible) effective theory
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SM phenomenologically very successful

Most likely just (experimentally accessible) effective theory
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Introduction

Twofold role of 3avor (B) physics

(1) Indirect probe of BSM physics beyond direct reach

?
Qi A 9)
Lesm ! Lisw* > w97 —10° .~ Origin of Ravor J
, (d> 4) 2
-106
A S
(" N a - 1N4
EW scale 2= 10 '} Dark matter
bilizat {. (WIMPS)
_ Stabilization 102
A 4



Introduction

Twofold role of 3avor (B) physics

(1) Indirect probe of BSM physics beyond direct reach

g (6) o A 2 B
ATeVE Qi U 29 [@lMq;] " (@l g5
Lesm ! Lism 00, n of [avor
1(}5; CPV 2" 1 exp(i! np )
10% .
;; CP(
10°
( L
EW 10%.
10 :
. stal
KO—R_O [)0—750 BO—EO BS—ES UTFit, 0707.0636
Isidori, Nir & Perez, 1002.0900

Lenz et al., 1203.0238
A [GeV] ETMC, 1207.1287 6



Introduction

Twofold role of 3avor (B) physics

(2) Test sources of RBavor symmetries & their violation

Suggestive pattern of masses and mixings
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Introduction

Twofold role of 3avor (B) physics

(2) Test sources of RBavor symmetries & their violation

Global Ravor symmetry of SM broken by Yukawas:

Gg = (SU(B)Q)X SU(3)u x SUB3)p

SM contributions highly
7P Au" (YJY,)s, hierarchical & aligned
Ad" (YaYy)w
Severe constraints on

/
ééd o Ad! Ay generic BSM sources
Au




Introduction

Twofold role of 3avor (B) physics

(2) Test sources of RBavor symmetries & their violation

Global r{ 2 (A=1TeV) Yukawas:
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Reclaiming Bavorful NP at EW scale



Reclaiming (3avorful NP at EW scale

Global Bavor symmetry of SM broken by Yukawas:
Gp = [SU(s)Q]x SU(3)y x SUB)p

Formally, NP _f3avor cannot be completely triviay d*xT{Qnp Hsm}
z:1+a1Au+a2Ad+...
a-2! a. OMinimal Flavor ViolationO O anasi o 6307 631

AlGeV |
l(ﬂ 3

il Q1 [AL (&1, Q)
107 . Most stringent bounds
o} from B sector
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http://arxiv.org/abs/hep-ph/0207036
http://arxiv.org/abs/hep-ph/0207036

Reclaiming (3avorful NP at EW scale

Flavor triviality imposes degeneracy in NP spectra -
problematic for naturalness@LHC

Pne-tuning in Higgs potentiakz

In SM, top Yukawa imposes largest o /t\ .....
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Reclaiming (3avorful NP at EW scale

Flavor triviality imposes degeneracy in NP spectra -
problematic for naturalness@LHC

In SM, top Yukawa imposes largest o C_T\ _____
bne-tuning in Higgs potentiakz __/

2 > M | 2
prefer light top partners (mr<1TeV) .
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Reclaiming (3avorful NP at EW scale

Flavor triviality imposes degeneracy in NP spectra -
problematic for naturalness@LHC

In SM, top Yukawa imposes largest o C-T\ _____
bne-tuning in Higgs potentiakz __/
2 My |
!mh! %—I—?m-rlogm_r—l—
prefer light top partners (mr< 1TeV ) . iy
avoiding Ravor bounds though triviality z.x.: e
<zpresence of u,d,... partners fny~mr) .- e
Strong LHC direct search constraints 1200 |
(MSSM example) 122;0;; AT1I;£S ?z:)'\l . '124?)3 3 33070" | |18|00| | '20|oo | 22|oo | 2;oo 14
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Reclaiming (3avorful NP at EW scale

EW hierarchy stabilization only requires light 3rd generation
partners <z LHC bounds then imply 3avor nontrivial spectra

Possible Iin 3avor models mimicking the SM SU(3)/SU(2) Ravor

breaking pattern (i.e. U(2) suras & Gach, 1206 3678

Barbieri et al., 1105.2296
1108.5125

Example: natural SUSY 12034218
1206.1327
i} 1211.5085
BSM Ravor effects mediated by 3rd A ; T 412;;/4
generation squarks (& sleptons) ROJED-
Key observables: |
ROQ'F'Bf

¥ (CPV)in mixing (m g, o) T
\Lx‘*:-?"—— A . . W .
¥ Rare B decays B#(X)l *1,$9 OOV I J

¥ LFV & EDMSs

Isidory @ ICHEPO14 15



Reclaiming (3avorful NP at EW scale

EW hierarchy stabilization only requires light 3rd generation

partners <z LHC bounds then imply 3avor nontrivial spectra

Possible Iin 3Bavor models mimicking the SM SU(3)/SU(2) Ravor
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Reclaiming (3avorful NP at EW scale

EW hierarchy stabilization only requires light 3rd generation
partners <z LHC bounds then imply 3avor nontrivial spectra

Possible Iin 3avor models mimicking the SM SU(3)/SU(2) Ravor

breaking pattern (i.e. U(2) suras & Gach, 1206 3678
Barbieri et al., 1105.2296
1108.5125
Example: natural SUSY 12034218
1206.1327
i} 1211.5085
BSM Ravor effects mediated by 3rd A ; T 4)x*44/$j
generation squarks (& sleptons) ROJED-
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ROQ'F'Bf
¥ (CPV)In K!(K) B mlxmg (m g, ! o) l T
I
P . QOJFD{ |W
areBcays B#(X)I @ J
¥ LFV & EDI\/IS

Isidory @ ICHEPO14 17



Bs,d# & +&

see talk by Misiak

Particularly sensitive to FCNC scalar currents and FCNC Z
penguins
Clean probe of the Yukawa interaction €z Higgs sector)

beyond tree level (virtually no long-distance contributions)

qg W qu g ¥

Z
Leading SM contributions: @qm B’fq@w<
b Ty M b H

AO HO

Examples in natural SUSY: 9@ v\/\/\/\< @ ..............

(Iargetano/csolutlons excluded)
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Bs,d# &. +&

Particularly sensitive to FCNC scalar currents and FCNC Z
penguins

Clean probe of the Yukawa interaction <z Higgs sector)

beyond tree level (virtually no long-distance contributions)

update of Straub, 1012.3893
using CMS, 1307.5025

Latest results beginning
to test possible By/ Bs
enhancement

Nontrivial test of MFV.

Hurth et al., 0807.5039

Example:
SUSY Ravor models

10° x BR(Bg — up™)

102 x BR(Bs — ptp™)
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b#s & &

Similar toBs # & *& In probing semileptonicb #s FCNCs and
Z-penguins

Caveat: LD (charming penguin) contributions need to be
CO ﬂtrO | | ed I see talk by Bobeth

Complementary observablesb # s $$

No non-local QCD contributions (but need precise form factor estimate:
c.f. Altmannshofer et al., 0902.0160

Key measurements for Bellell

20



Flavor portals to dark sector



Are there only SM particles at low-energy?

¥ Experimentally:
¥ Even very light states could be missed if very weakly interacting,
¥ There Is dark matter in the Universe; it could be relatively light.
¥ Theoretically: Plenty of models predict new light particles
¥ Pseudo-Goldstone scalars (axion, familon,...),
¥ U(1) vectors (string, ED,...),
¥ Hidden sectors & messengers (SUSY, mirror worlds,...)

¥ Many others: millicharged fermions, dilaton, majoron, neutralino, sterile
neutrino, gravitino,...



How to probe low-energy particle content?

Visible sector

Dark matter

taken from C. Smith @ LPC - Clermont-Ferrand, 4/2012

¥ Heavy NP can be projected onto effective gauge-invariant operators
built in terms of SM Pelds.

Buchmuller & Wyler, Nucl.Phys. B268 (1986) 621
Grzadkowski et al.,arXiv:1008.4884

I
sM A(HL) 2 Q+


http://arXiv.org/abs/arXiv:1008.4884
http://arXiv.org/abs/arXiv:1008.4884

How to probe low-energy particle content?

Visible sector Dark sector

X = dark sector
[Long-llved States?] state connected

to the SM, or a
light messenger.

[ Hidden forces?]

[Messengers?]

[ Dark matterj

taken from C. Smith @ LPC - Clermont-Ferrand, 4/2012

¥ Take X as neutral, but include all possible interactions as SM gauge-
Invariant effective operators. 1F K &C. Smith. 11116402

e A(HL)+ Q+ + | Q+

d4
d>3A



How to probe low-energy particle content?

¥ Assumptions about the dark stateXx:

¥Not stable <zNo DM constraints!
¥Long-lived <z Escapes as missing energy.
¥Weakly coupled<z Does not affect SM processes.

¥<z Main impact is then to opennew decay and production

channels



How to probe low-energy particle content?

¥ Assumptions about the dark stateX:

¥No (decay probes) (SM width suppression)

¥Lo Higgs boson loop, helicity, phase-space

Quarkonium Zweig rule
¥We K & B FCNCs loop, CKM
LFV neutrino mass
Light mesons loop, helicity

¥<zMas

chan

Orthopositronium  phase-space



How to probe low-energy particle content?

¥ Assumptions about the dark stateX:

¥No

(decay probes) (SM width suppression)

Ylo 100 Higgs boson loop, helicity, phase-space

10 Quarkonium Zweig rule

¥We

BaBar, 1406.2980

1
¥<zMs 0.1

chan

Recent example:
hidden photons




How to probe low-energy particle content?

¥ Assumptions about the dark stateX:

¥No (decay probes) (SM width suppression)

¥Lo Higgs boson loop, helicity, phase-space

Quarkonium Zweig rule
¥We K & B FCNCs loop, CKM
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Flavor probes of the invisible

¥ FCNC meson decays withEmiss CKM suppressed in SM
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Flavor probes of the invisible

¥ FCNC meson decays withEmiss CKM suppressed in SM

n" 6 2 2
dr o px-eM™m o, 99

I
A4 M2 16l 2 Vi Vol

(n-dim X-NP I SM)

¥ Potentially very high X-operator scales probed:

s —d 3.3410" TeV 130 TeV 2.0 TeV
b—d 1.3410° TeV 26 TeV 1.5 TeV
b—s 2.7410* TeV 12 TeV 0.9 TeV

¢ 1 0(1)

CIJ

Hett (¢ = ¢’ X) = |—nq_| ¢ x X



Flavor - based classibcation of dark operators

Flavor-violating (c'*7 & 0)

X

ds
P’

s,b
P

>

¥ When MFV holds,c'Y ! ' N times appropriate chirality Bip factors
(mu/v).

A9 ($3.1401.3)%10" 4,
APd™ (786 03.1) %10 3,
APS " ($4.0%10.07) %10 2.

A =Y Yo"V Vg # "



Flavor - based classibcation of dark operators

Flavor-violating (c'*7 & 0) Flavor-conserving (c'*7 = 0)

Heavy quark: g = (C),t

s,b
d s

>

¥ Same local operator but with the coefbcients rescaled as
c'J I ct kN times appropriate chirality Bip factorgm j/v).

7 (Sd ~ (—0.8+i0.4) x 10 6,
K = "N kM (21-i0.8)x 10 5,
KPS &~ (—1.1-i0.02) x 10 *.




Flavor - based classibcation of dark operators

Flavor-violating (c' Y & 0) Flavor-conserving (¢ =0)
Heavy quark: q = (C),t ’ Light quarks: q=u,d,s,(c) §
X
s,b
d,s
P p’

>

¥ Due to smallVub, B decays not competitive.

¥ For K decays, g = u contributions are dominant but non local, and
require controlling long-distance hadronic effects.



Beyond the scaling argument: Kinematics

Importance of combining several available modes

ViVe
MFV example:  —5-@1,Q x'"gq1h",

or——————— T " T T T T T T ]
3 + . B —> Ky -
' : "B KWy
1F ]
v 03fF _‘
=~ 0.3 1
< oif
0.03F v
[ CLL f
0.01 . -
1000 10000

Current bounds assuming (3at exp. acceptances



Observational hints




Several recent intriguing 3avor anomalies
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Several recent intriguing [3avor anomalies

Theorists often taken by surprise
= DonOt listen to us too much
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Theorists often taken by surprise

Proposed BSM explanations not always
very elegant
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Several recent intriguing [3avor anomalies

Theorists often taken by surprise

Proposed BSM explanations not always
very elegant

Prompt reevaluation of possible SM
effects

Unfortunately, some deviations of limited
duration

If any such hint would be confirmed,
tremendous implications for high p ssearches




Flavor as guide to high p



LFU In (semi)leptonic B decays

In SM weak charged current interactions are lepton (3avol
universal

¥ Tested directly at colliders viaV decays ~1%

Additional charged (scalar) interactions could induce LFU
violation In processes at low energies

Can be predicted accurately even in hadronic processes,
since most QCD uncertainties cancel In ratios

¥Pion, kaon, D processes well consistent with LFU
expectations ~(0.1-1)%

c.f. HFAG, 1010.1589
42



LFU In (semi)leptonic B decays

Apparent tension in global
CKM unitarity bts

Discrepancy between Vup|
dEtermlnatlonS see talks by Kwon, Bharucha

Most pronounced for taunicB

decay

Somewhat reduced with
updated Belle result seie. 12084678

BR(B — 1v)

0.20 £
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LFU In (semi)leptonic B decays

However, maybe not CKM issue at all

7(BY) B(B™" 778

- . e
Can eliminate Vuwp| In ratio ! R7, ! B BB D

Similarly in semitauonic decays R,,» = ggg'}, g{f;; e g((g:g! Z))

Fajfer, J.F.K., Nisandzic,1203.2654

J.FK. & Mescia, 0802.3790

Nierste, Trine & Westhoff, 0801.4938
Tanaka & Watanabe, 1005.4306!
Becirevic, Kosnik, Tayduganov, 1206.4977
Bailey et al., 1206.4992

BaBar, 1205.5442 1 4 i
Babar, 1207.0698 .
Belle, 1208.4678
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Khodjamirian et al., 1103.2655
Fajfer, J.F.K., Nisandzic & Zupan, 1206.1872

OIO%*P

./ €— SM predictions very robust



http://de.arxiv.org/abs/1206.1872
http://de.arxiv.org/abs/1206.1872

LFU In (semi)leptonic B decays

Can it be NP? Need to satisfy severe constraints:

¥ no tree-level down quark / charged lepton FCNCs _ _
require [3avor alignment

¥ no LFU violations in pion, kaon sectors

Points towards low NP scale:! ! 100GeV for Q2 1 Vy,[8! aql” [B!5"]

Fajfer, J.F.K., Nisandzic & Zupan,

1206.1872
QL = (B! ") 3 [Qur = i#u(@"*Hbr) ;Jja. ) Predict effects
Qk = (mRr; ! ybr)(H "2F)JIL, ) |Qk. = i#hu(Bri A ") J/% .  intop physics
. pp! tEMSS

!:)reH(E“Ct eﬂ:ﬁCtS Andrea, Fuks & Maltoni, 1106.6199

N | S SICS JFK. &Z , 1107.0623

gg p y lgjglg, 1202.5653

pp — h! Eiss Ezequiel et al., 1310.7600

Agram et al., 1311.6478
CMS-PAS-B2G-12-022

Some of these implications remain largely unexplored
Interesting future research directions 5


http://de.arxiv.org/abs/1206.1872
http://de.arxiv.org/abs/1206.1872
http://de.arxiv.org/abs/1206.1872
http://de.arxiv.org/abs/1206.1872
http://arXiv.org/abs/arXiv:1106.6199
http://arXiv.org/abs/arXiv:1106.6199

Conclusions

Success of SM In describing [3avor-changing processes implies

that large new sources of [3avor symmetry breaking at TeV scale
are mostly excluded

However, NP at TeV scale need not be (3avor trivial!

If (properly aligned) new sources of [3avor breaking present

¥ Precision B observables may hide NP signals @10% level in well motivated
NP models (natural SUSY)

¥ can signibcantly affect & guide NP searches higbr

¥ have implications for EW Pne-tuning

46



Conclusions

Success of SM In describing [3avor-changing processes implies
that large new sources of [3avor symmetry breaking at TeV scale
are mostly excluded

However, NP at TeV scale need not be (3avor trivial!

There are sectors of the theory that are just starting to be tested
¥ Measurements ofBsg! & & probe the Higgs Yukawa sector at loop leve

¥ Several recent anomalies Iin rar® decays need to be claribed.

Worth to improve searches of exotic [3avor-violating effects!
¥ Example b! s Emiss modes as portals to dark BSM sectors
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Thank you!




