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Flavor physics: a wall of the SM edifice

Building up the Standard Model

@ 7 — 6 puzzle = Parity violation

@ Cabibbo angle =
weak coupling universality & quark mixing

@ GIM mechanism = no FCNC at tree level, charm
@ CKM paradigm = (at least) three quark families
@ Large B-B mixing = heavy top quark

@ Rate of radiative B decay =- top quark mass
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weak coupling universality & quark mixing

@ GIM mechanism = no FCNC at tree level, charm
@ CKM paradigm = (at least) three quark families
@ Large B-B mixing = heavy top quark

@ Rate of radiative B decay =- top quark mass

The standard model looks complete now,
with no confirmed signals of BSM physics at the LHC yet !
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Is there just a desert beyond ?

We may find some pugmarks

In the light of the high-energy and high-intensity colliders,
(Need not be of the camel we are seeking) J




Flavour physics: a window of the SM edifice

Precision tests of the Standard Model
@ CKM elements: do they explain all CP violation ?
@ Rare decays: new particles contribute through loops ?
@ Asymmetries: are the predicted SM relations obeyed ?
@ What are the features of New Physics (if any) ?
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Precision tests of the Standard Model

@ CKM elements: do they explain all CP violation ?

@ Rare decays: new particles contribute through loops ?
@ Asymmetries: are the predicted SM relations obeyed ?
@ What are the features of New Physics (if any) ?

v

How to look at the multidimentional flavour data ?

@ Identify patterns of correlations

@ Correlations within a meson system give information on
BSM operator structure (V-A, tensor, LR, etc.)

@ Correlations among different meson systems tell about
underlying flavour symmetries (MFV, universality, etc.)




Hints and constraints

@ The hints: from precision measurements
@ CKM matrix elements
@ Mixing and decay in neutral mesons
@ Rare FCNC processes

e Quantifying constraints on NP
@ Model-independent constraints
@ Constraints on specific new physics models

e Concluding remarks



Hints and constraints

@ The hints: from precision measurements



Hints and constraints

@ The hints: from precision measurements
@ CKM matrix elements



Global fits to CKM elements
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Global fits to CKM elements

CKMfitter:

Constraints in the p— plane:
@ the ratio | Vp/ Vep|
@ e fromK — o
@ Mass differences AMy and AM;s

° AngIeS «, 57 v (Or ¢27 ¢1 ) ¢)3) of
the unitarity triangle

2016-fits

KM paradigm
mostly vindicated !
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***** Devil may be in the details | *****




Measurements for determination of CKM elements
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Precision measurements of | V|

Unitarity vs. semileptonic K decays vs. hadronic 7 decays

@ Semileptonic K decays = | V5| = 0.2258 + 0.0009

@ Strange vs. non-strange hadronic ~ decays
= |Vus| = 0.2216 + 0.0015

@ > 20 discrepancy !

® K, PDG 2016
0.2237 +0.0010

[P Ko, PDG 2016
0.2254 + 0.0007
e CKM unitarity, PDG 2016

0.2258 + 0.0009
} PY T — sincl., HFLAV Spring 2017
0.2186 + 0.0021
® i T — Kv/ 1 — nv, HFLAV Spring 2017
0.2236 + 0.0018
° T average, HFLAV Spring 2017
0.2216 + 0.0015
P PR | "
0.22 0.225 HFLAV

Vel Spring 2017




Kz vs. Kz tension in |V
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Inclusive vs exclusive |Vq| and | V|
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@ Excl: (3.72+£0.19)
@ Incl: (4.49+0.16+0.18)

@ Excl: (39.2+0.7)

@ Incl: (42.2+0.8)
CKMFitter



Effective |V,p|: through B(B — 7v)
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. i Belle Comb.:0.93:0.24
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2D fits instead

PDG 2014:1.14 + 0.2

of 1D E|
WA 2014:1.10 +0.21
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BR(B — t v)x 10*
P. Urquio, CKM14

@ Apart from the latest Belle measurement, all others
indicated excess B(B — 7v).



Effective |Vy|: semileptonic B — Drv and B — D*tv
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@ Affect b — crv, indicate lepton-universality violation ?



Consolidating observations before going ahead

@ Semileptonic decays s — ufv as well as b — ulv
systematically give lower values of | V4| as compared to
those given by the leptonic decays of K and B.

@ For semileptonic B decays b — ufv and b — clv, inclusive
decay rates are systematically larger than the exclusive
ones.



Consolidating observations before going ahead

@ Semileptonic decays s — ufv as well as b — ulv
systematically give lower values of | V4| as compared to
those given by the leptonic decays of K and B.

@ For semileptonic B decays b — ufv and b — clv, inclusive
decay rates are systematically larger than the exclusive
ones.

@ Lepton non-universality at play in b — clv ?

@ Lepton non-universality is severely constrained in the first
two generations, not so much for the third one. Models with
H*/Z' are natural candidates.

@ A single hint may not be sufficient, but overall trends may
point the way..



Hints and constraints

@ The hints: from precision measurements

@ Mixing and decay in neutral mesons



Mass and width differences: theory and experiment

AM Measurements

® AMy/Tg = 0.769 £+ 0.003 = | V|
® AMs/Ts =26.80 +0.08 — | V|

v

ATy and AT g: predictions and measurements

@ INSM, ATy /Ty = (424+8) x 1074
@ Measurement: Aly/Iy = (20 & 100) x 10~* (HFAG)

@ In SM, Als/Ts = 0.137 £ 0.027

@ Measurement: Al'g/I's = 0.135 + 0.008
(mainly from Bs — J/v¢¢ at LHCb)

A




Lifetime difference in Bs and By decays

Contours of A(log £) = 0.5
&

@ ATl measured through Bs
to flavor-specific modes,
e Bs — KTK—,J /v,
. By — J/10.
o0 Cofgl @ Some enhancement
N possible, has to be
/ ]\ X, 2 Db through b — st7
e 0% A transitions.

[AT,/ATSY vs. direct bounds on b — dr7 transitions ¢

@ Al 4 should also be
controlled by new
physics b — drr
transitions

1ar, /8ty

e oo o St Lenz, CKM2014

Al’s are sensitive to models with Z’ )




The angles of the unitarity triangle

sin(2B") =sin(20;") vs Cep=-Agy

Moriond 2014

CCP = 'ACP PRELIMINARY
- Belle 3 Combined
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sin(2p°") = sin(205™
5 Gl for 2 dot

Gantours give -2A(n L) = A® - 1, corrssponding to 60.7-

@ The value of 5 consistent across multiple modes
@ The value of v consistent across experiments
@ a=1m—F—~vby definition True test of unitarity:

sin Bs = ‘ Vs Sinﬁ_ S(E(’H)‘ﬁs) [+ (’)()\4)]
sin(B+
K Aleksan et al, 1994

@ Measurements of 55 needed



The tale of two betas in Bs-Bs mixing

B trom Bs — J /¢
Y B;j/’/)o 1Arg< (Vcbvcs) >

125

e 3/Y(SM) = 0.019 + 0.001

Bs! from ag

© ag = (Als/AMs) tan ¢
@ ¢% = Arg(—Mi2s/T12s)

@ Arg(Ty2) # Arg(Vyp Vi)? since the (c-u) and (u-u)
intermediate states contribute to 5.

@ ¢$(SM) = 0.0041 + 0.0007
BS'(SM) = —0.0020 + 0.0003




’ Angular analysis of Bs — J/vo

Tm HFLAV
= DO 8 fb~!
2 68% CL contours
(Alog £ =1.15)
C \CMS 19.7 fb!
D, CDF 9.6 fb
LHCb 3 fb ! \‘
ATLAS 19.2 fb-! /
/
-0.4 -0.2 -0.0 0.2 0. 4
6. [rad]

ps = —287/"

@ Results for Al'g very close to SM now: enhancement by
only a few tens of per cent possible.

@ ¢s = —0.021 £ 0.031 rad
Large (relative) enhancement in BS/W is possible, also
detectable since the SM value is small and precisely
known.



sl: Like-sign dimuon asymmetry

.01 &=
= LHCb
< B(S);hne[::');x 10 ° SM :>
0 o ::World average As/ - ( 0. 023+8 882)%
° Ay =
-0.01- (—-0.787 £ 0.172 +
PO 0.093)%
-0.02 = 3.90 deviation
| ala=al B factory (original DO result)
-0.02 ‘ -0.01 ‘ 0 ‘ 6.01 ‘ 0.02

As(B9)

o Acp(BY) = a5 = A1 tan oy

@ Large Alg and/or large ¢g !



|CPV allowed
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@ Both Am/I" and AT /T significantly nonzero
@ D-D mixing detected.

@ Cannot be sure that it is all SM, long-distance contributions

hard to calculate
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@ Both Am/I" and AT /T significantly nonzero

@ D-D mixing detected.

@ Cannot be sure that it is all SM, long-distance contributions
hard to calculate

@ ltis possible that |q/p| is significantly non-unity.

@ CP violation through mixing possible, not detected yet



Hints and constraints

@ The hints: from precision measurements

@ Rare FCNC processes



Flavour changing neutral current processes

@ Suppressed in the SM due to the loop factor, CKM
hierarchy, chiral structure and GIM mechanism.

CKM hierarchy predicts specific pattern of effects in the SM
ViVia ~5-1070 < VigVig ~1072 < ViV, ~4-1072
N N N

K system B, system B, system

> K decays in general most sensitive to BSM physics

(Slide from M. Blanke)



The rare but clean decay K — wvw ***

Not yet observed, but...

35

ETHT, E949

2

: Cvp < 0.5 G|
rmwé e Chp < A Gonl

[
n

Minimal flavor violation:

’ m Gup X A Gom

L] 5 m 15 0 25 3 35
' & Brik* = x*vi)

]

W' & BriK; = xhw
[

J. Brod, CKM14

@ Models can change the relative BRs of K, — 7% and
K+ — nTvi to a large extent



Branching ratios of Bs — u*u~ and By — putpu~

Br(B ) [10™]

® B(Bs — pp) = (3.14575150) x 107°
® B(By — pu) = (9.557043) x 10~



What NP can affect B(Bs/q — 1) ?

@ Sensitive to minimal SUSY model parameters:
{ - <
l"l) "“A -

m2m?2tan® 3
B(Bg — ppe) o | Vi Vigl —2———

A

@ Severely restricts large tan 8

6

90 5 exp

2, @ MFV models cannot

23 account for the observed
o2 values Buras 2014
E [ S @ Role for Z/ ?

o
N
w
N
o
(-]

BR(B,—u*u") (10779



Angular distribution in B — K*u™u~

1 a4 9 3
- = Floos Gy + S(1— F)(1— cos™ @ +
T dcosfy doos B dpdg? lﬁr[ 5 e+ (1= Rl k)

Ficos® 8y (2cos 8y — 1) +
L= F)(1 - o 04)(2e050, — 1) +
51 —cos® @)1 — cos” 8 ) cos2d +

4
Hamu-mﬁ%”mar +

Apn(1 — cos? 9 )1 — cos? ;) sin 26 ]



q? distribution of B — K*pu* ™

F
Br [1077]

-y N/ q° [GeV?]



e LHCbdata o ATLAS data

» Belle data CMS data

[ SM from DHMV
1 sM from ASZB

roa gl

S. Jager, May 2017

I |

0.5

1
T

! N ol T e
0 o 10 15
2.8 and 3.0 o from SM ) - 27 4
« JHEP02(2016)104  + ATLAS-CONF2017.023 9 [GeV=/cd]
+ PRL 118 (2017) + CMS-PAS BPH-15-008

Simone Bifani, seminar at CERN (overlaid predictions from S1&Martin Camalich 2014)

° P = \/ﬁ largely free from formfactor uncertainties
@ Local discrepancy of 3.7¢ in Pg.



Lepton non-universality in B — K*¢/

=
..,}...
fr—o—1
Lol

0.6
B ® LHChH
0.4 B SM from CDHMY 7|
B 4 SM from EOS ]
0.2 . o ¥ SM from flav.io 7]
[ LHCb Preliminary & SM from JC
n_n'u..J....1....1.,.,J.L,.LJ.H|"
0 1 2 3 4 i) 6

7 (GeV¥/cl

@ The ratio Rx(q?) = B(B* — K*utp~)/B(BT — K*ete™)
@ 2.2 — 2.5 ¢ deviation in each bin



Lepton non-universality in B — K¢/

@ Theratio Rx = B(B* — Ktutp~)/B(Bt — Ktete)
expected to be 1.00 in SM

- lHlh g Slr - Edlc

R

5 L} I5 21}
7 G|

@ Measured value for 1 < g° < 9 GeV?:
Ry = 0.74570:0%9 + 0.035 = ~ 2.60 deviation from SM

@ Non-universality from Higgs not enough since Higgs
contribution is m,-suppressed.

@ Models with Z’ that does not couple to electrons can
explain this anomaly.



Possible enhancement of rare top FCNC decays

2HDM

MSSM

SM 2HDM MSSM RS
e tmeZ ~107 1070 1077 <107
S D by ~108 <107 <1078 <1070
t—cg ~107" <10°% <107 <1071
RS flavor t—=>ch ~ 10—15 < 10—2 < 10_5 < 10_4

Atwood-Reina-Soni 1996, Cao et al 2009, Agashe-Contino 2009
Azatov et al 2009, Casagrande et al 2010
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Hints and constraints

@ Quantifying constraints on NP
@ Model-independent constraints



NP contributions to B—B mixing

ocluckdueahasClo 088 | [ escluckd s has oL > 058

L B
2 -

AT, &t &t (KK) & tyf) ]

__ My _ My
® Ag= Mi2q(SM)* As = M1zs(SSM)’

® [24/5(NP) = 0 assumed (not true in general)



Effective operators for meson mixing

Standard Model
5 a

In general : SM: BSM:
5 - . . . _
01 = (6*7.Lq") (677, La”) 04 = (5°Lg") (B Re%)
Her = Y ()0 () e On — (°La®) (5 Ro®
= 0, = (b*Lg™) (b°Lg?) 5 = (b"Lg”) (b"Rg™)
05 = (b"Lq”) (0" Lg™)
0 WAeC, UTFit 07070636, 14117235
_[lim C 2007—~now
imc, "

NP scale A (TeV)
3

@ Meson mixing measurements
give limits on cNP = 1/A2




Lorentz structure of NP operators in b — suu

Heir(b — sptp™) = HIY + HE + HS + M

HY = TV, {Z ClIOW) + Cr 2y (80, (eP + MoPr)b) ™
+ Cs (Sw PLb) firyups + C1o (Sw PLb) firy. s }
Hy = % Vip Vis {Hv 57, PLb iy + Ra Sy, PLb fiyuysp
+ Rl 87 Pab it + FayuPab i}
HE = %ﬁ ViaVis { Rs SPab jis + Re SPab jinep
+ Rs 8PLb iyt + Rp SPub fivsi |
T\ O\‘/g:r Vi Vis {CT 80,wb fic™ 1+ iCre B0,ub ficasp ewaﬁ}

Alok-et al; 2014



Characteristics of NP Lorentz structures

New SP operators: affect B(Bs — putu™)

_ _ G2a2, m> fTBS
B(Bs—p'p7) = g |V Vil
4m? \|Rs — R Rr—R> 2m
1- S i “(Cio+Ra—R
{( m255> o mb+ms+m55( 10+ Ra )

\

= Strong bounds on Scalar and pseudoscalar operators




A typical B-decay rate calculation (b — spuu)

The effective Hamiltonian: Operator Product Expansion

4G
/Hffy = \fF Vtthb{Z C/(N OI(I'L

+ C7 1672 (sUuy(mspL + mbPR)b) F'uu

+ Go cze (8vuPLb) firyup + C1o (SWPLb) stu}

Decay rate

| \

[(B — f) = [phase space)]|(f|H3|B)[?

Quantities involved

e Masses, e Decay constants, e Bag parameters,

e Wilson coefficients, ¢ Hadronic matrix elements (form factors),
e CKM elements

| \

A




Wilson coefficients in B — K*upu

! !
Cc() ) and C#OJ
Long distance
contributions from CC

above open charm
threshold

C_E_’ ) C_c(;’ )

interference

4 [m(u))? —]




Constraints on Cy' * and Cg "¢

CS’NP

Bhatia, AD, et al.

e
9
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—— LFU observables
b — spp global fit
all

—2.0

L
—1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Re C¥

Altmannshofer et al.



Rare top decays

Ci
Lest = Lsm + Z ﬁoi

Operators that are only weakly constrained by indirect probes

t—c t—u
SU(2) dipole O}% N> 075TeV AZ0.75 TeV
SU(3) dipole O, AZ40TeV AZ58TeV

Higgs penguin Of, N> 073TeV AZ0.73 TeV

J. Brod

@ TeV scales are already being probed here.



Hints and constraints

e Quantifying constraints on NP

@ Constraints on specific new physics models



Two-Higgs Doublet Model (Type-Ill) for Rp and Rp-

Ly = Q;p[YiieaHS — 4 H2din — Q1 [Yi€anHE + % H2]uir + h.c.
f 7

10
0.5}
= TR
¥ 0.0 A 4: iy
b _)_‘_)_ c
_osl L(R) 3 R(L)
€33 (c4a)
1 mr 4 Sin tan?
-1_0]0 Oy b o} ﬂQ B
-1 2v2GF v M

-disfavoured by BABAR!

Allowed lo regions for tan 8 = 50 and

Mgy = 500 GeV Cs, ~ 1 mr <l Slll]»ﬂI;anﬁ
v

[Crivellin at al.(’12), arXiv:1206.2634] 2v2CGFVa

@ AR(D) and R(D*) may be accounted with a single
parameter eg,.

@ Not possible for Type-| or Type-Il models



Constraints on CMSSM with light stop (m; < 1.5 TeV)

m; [Tev]

m; [Tev]

+ Higgs boson mass

Ap[TeV] Aol TeV]

AD, Ghosh, Patel, Raychaudhuri 2013

@ Higgs mass constraints are dominant, at least at low tan
@ At high tan g, flavour constraints come into play again.



Constraints on specific Z' models

5000 F
4000
>
O
Sg; 3000}
qu
2000}
_—— Le_3Lu+Lr
1000k . . . ]
0.2 0.3 0.4 05 0.6
gy

Bhatia, Chakraborty, AD, 2017



Hints and constraints

e Concluding remarks



Concluding remarks

@ B physics: a magnifying glass for testing SM
Thanks to the lattice colleagues for the precision.

@ Rare decays and precision measurements constrain
specific NP models as well as indicate what classes of NP
may be present

@ While rare K decays have the largest precision reach, the
large number of rare B decays offer probing power into the
flavour structure.

@ SUSY, multiple Higgses, Z’, extra qyarks, leptoquarks, ....
many possibilities

@ Only data will tell, one has to look closely, though...



A closer look can take you

From beauty...
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A closer look can take you

... to relativity !




So simply....

Follow the pugmarks
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