Short recap

Last lecture (yesterday) we have learned that:

o (Effective) BSM models with TeV-scale new particles cannot have
a generic flavor structure: NP flavor problem

o Effective Lagrangians that satisfy the Minimal Flavor violating hypothesis
can satisfy experimental flavor constraints more easily
TeV scale NP is allowed

» MFV models are highly predictive (ex. B, — p'u /B — p'y)

This lecture:

» (More) UV complete models: 2ZHDMs & SUSY

» Flavor physics at high energy:
Higgs and top flavor violating decays

» Experimental prospects for the coming years
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How to discover a new d.o.f.

High energy vs. high precision experiments

Synergy

Producing new particles on shell
at high energy experiments

Collision of protons/electrons
at high energy producing directly
new particles and observe

their decay products
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Most recent examples from the past

» Tevatron at Fermilab
(center of mass energy 1.96 TeV)

discovery of the top quark 1995
» Large Hadron Collider at CERN

(center of mass energy 8 TeV)

discovery of the Higgs boson 2012
What is next?

Testing new particles through
flavor and CP transitions

Some examples from the past
» Measurement of the tiny
branching ratio of the g
decay K — U’y 290 ™ @

— prediction of the charm quark
(Glashow, lliopoulos, Maiani, 1970)

@ Observation of CP violation

in kaon anti-kaon oscillations

prediction of the 3rd generation
" (Kobayashi, Maskawa, 1973)
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What is next?
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1. A Two Higgs Doublet Model (2HDM)

» Several extensions of the SM involve an extended Higgs sector,
with more than one Higgs doublet.
Most studied example: SUSY SM doublet
/

» Atwo Higgs dublet: H = (1,2,-1/2), H = (1,2,1/2) —) Physical fields:

h, H, A, H*

» Most general Lagrangian

A A
V(Hy, Hy) = p?|Hy|* + p2|H,|? + (bHy H, + h.c) + ?1|H1|4 + ?2|H2|4 + As|H1|?|Ha|?

As
-+ )\4|H1H:1*|2 + E(H1H2)2 + AU|H1|2H1H2 + }~7|H2|2H1H2 + hi‘}

These coefficients are generically complex.
Possible new sources of CP violation

HY" = QX DpHi + QX UrH{ + Qr X2 DrH5 + QX 2UrHo

Each Higgs doublet can generically couple to up and down quarks.
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FCNCs in 2HDMs

HY" = QX DpHi + QX UrH{ + Qr X2 DrHj5 + QX 2UrHo

We can rotate to the basis in which only one Higgs has a VEV

((I),U) L ( Cs3 85) (Hl) ((I)I;CI),U>:1)2/2,
P —S3 C3 H, (@1 ®y) =0
on _ \/i _ (H>)
7‘[%, = QL [ Md‘(I)\ —;(Zd(I)H Dy tan 3 = (H,)
3x3 matrices
-
Z4 = cos BX 42 — sin BX 1 Generically It is not possible
< not proportional to diagonalize
M, = 7 (cos BXa1 + sin BX42) to each other! them simultaneously
L ..
(analogous in the up sector) Exercise: what are the conditions on Xd1
and XOI2 not to have FCNCs at tree level?
d /S/ No loop suppression of the
777777 four fermion operators!
s hAH 5 BAD!
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Minimal Flavor Violating 2HDMs

Hy =QrXuDpH, + QX UrH; + QX pnDpH5 + QX 2UpH,

("
X1 Yq

X:;l — E*uYu + Ei}if}it}fu + E;K;KEKL
< X = 6Ya+eY] VY, + YV, Y, +
X:;E }/Tu

- The € are in general complex coefficients

higher orders in the
small Yukawa couplings

Exercise: convince your-self that the several terms are invariant under
SU(3)g X SU(3)uv X SU(3)p
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Minimal Flavor Violating 2HDMs

HE" = + QX UrH{ + + QX 2 UrH,

o
X i1 Yy

X, = &Y, +eYWVY, +eY]Y,y, higher orders in the
< t ; small Yukawa couplings
Xp = 6Yg+ Y, YoYo+ Y'Y, Y, +
-fY:rﬂ — }/Tu
- The € are in general complex coefficients
» The most studied 2HDMs are the so called Type |, I, lll, IV:

these are models where up and down quarks only couple to one Higgs type.

Example: Type II: U_ only couple to H and D_ only coupled to H,
(Xm - Xd2 =0)

Footnote:

The MSSM can be
approximated with a
Type Il 2HDM
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Flavor phenomenology of MFV 2HDMs

@ Constraints from meson mixing observables

Kaon ~

tan® 3 m. mg(V,. Vial?

2

L
Ay

4 2

— tan” 3 MgV, Vid]
£y7)

Larger NP effect

A

A are combinations of the € of the previous slide
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» Some possible NP in rare B-decays |
Br(B, = ptp")

Br(B, — pTp~)sm

2 43 [
M Bqtd 20f /

M2

40f

— (ll + R‘f:lz + |Rf;|2) E‘gné

R,

108
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2. SUSY models (intro). The MSSM

The Minimal Supersymmetric Standard particles ——
extension of the SM includes:

(i) scalar partners of the ordinary
quarks and leptons;

(ii) spin-1/2 partners of the ordinary
gauge bosons [gauginos];

(ili)Two Higgs doublets [H , H ]

with their corresponding spin 1/2 partners

» The SUSY version of Lgauge IS completely determined
by its symmetry properties

» The SUSY version of L, (L£35°M)is also

. ~T
ukawa H. QL Hl Q{‘ .
strongly constrained b < -
DR i, DR

LYSM = QL YpDpHy + QLYyUrH, +
- . - N I
Qf ‘pDprH, + QfﬂIURHZ + .- H, H‘D
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SUSY models & new sources of FCNCs

"Problems" arise when we consider SUSY breaking.
Large number of degrees of freedom!

Zoop = M0 1% + M) i by + Ay & b b

gaugino/higgsino  squark/slepton  trilinear scalar
1Masses Masses couplings
[ ]
Potential new sources of
flavor symmetry breaking

For example, in the down-squark sector:
5 i (M7L)ij (M7g)ij ) ( Q! )
z Dt . 2 ___L
(@ 2 (k! (s ) (5

If the off-diagonal entries in these mass matrices
are not sufficiently small, the model is ruled out

by flavor physics...
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The SUSY flavor problem

Going back to our meson mixings...

SR g SL
> . If these mass parameters are of O(1):
S S
RY ? L PP ( O(1)axs O(1)3xs )
- L - TR O(1
i Pa ()axa O(1)axs
<« - — squark masses have to be larger than ~10° TeV
dr g d.

Tension with the idea of TeV-scale SUSY E} SUSY flavor problem

If we take a MFV SUSY scenario, the soft masses are highly non-generic:

/
M2, =1 (Laca + b Y. Y, + b YoV ]+
< + b Y,V Y, Y] + V.Y IYLY] + )
Mp, =, (Tsxs + bs Y,/ Vi + ..

—, Squark masses as light as few hundred GeV are allowed!
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Take home messages (for NP models)

» Complete NP models generically show a rich flavor structure
:> too large breaking of the flavor symmetry
of the SM gauge interactions

» [f we ask for MFV, it is easier to evade the constraints.
At the same time it is possible to have deviations from the SM
prediction of some flavor observables
(example: B, — p'pvs. B, — p'y)

» Complementarity with LHC direct searches of new physics particles
(example: additional Higgs bosons, ...)
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Some discrepancy. Hints for NP?

In the last ~30 years, there have
been a tremendous experimental
progress in testing the flavor
structure of the SM

o4

Overall, we have a good agreement
Neverthless

There are some measurements of
flavor observables that show some
(small?) deviation with respect to
the SM prediction

f (theoretical cleanliness)

Z.Ligeti

hu (slide 61)

BoKe* e /BKu' &

(slide 21) dimuon CP asym

B—D v

B—-K"u*u angular

Vo] incliexcl
|Vl incliexcl (slide 15)

By

Q-2
efe

1

Some would be unambiguous NP signals
Except for theoretically cleanest modes, cross-checks

needed to build a robust case for NP

2 3
significance (o)
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Flavor at high energy?

1. Up to now we have learned about low energy flavor observables

2. Can we say something using more massive particles?
Can we test flavor transitions at high energy environments?

Low energy High energy

We have studied:  We will study:
Meson transitions  Top & Higgs
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Top flavor changing decays

» The top was discovered in 1995 at Tevatron.
By now, we know its properties quite well BUT...

» Let us compare the top quark to the bottom quark

Top Bottom
b c
b
Main decay % ;
mode W
W 4
-
Tt 4o '8 8.2 %1013
m; de
c r s
Sorr_le t W o w
possible
Rare decay W !
e Gr N e _Gr mi y
At—sey X 1672 /2 Vio Vet Ab—rsy 1672 /2 m3, Vit 1|IHISS Gori
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Top flavor changing decays

» The top was discovered in 1995 at Tevatron.
By now, we know its properties quite well BUT...

» Let us compare the top quark to the bottom quark

Top

b

-

Bottom
,/’f c

Maind SM predictigns: Aguilar-Saavedra 0409342
MOC BR(t = cy)~5x 107" | BR(t — uy)~4 x 1071
BR(t — ¢g) ~ 5 x 1072 BR(t — ug) ~4 x 107"
— | BR(t—cZ)~1x10"" BR(t - uZ)~8x10""" [
Som BR(t — ch) ~3 x 107" BR(t — uh) ~2 x 10~ "7
POSSI
Rare decay o, WO,
e Gr e Gr m? .
Aty % J5.2 /5 o, Vo Vet Absr X 752 75 m‘ém Vol
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Top flavor changing couplings at LHC

Flavor changing top interactions are not only probed by searches of

rare top decays. Other probes include:

Higgs decay Single top production  Single production
c 9 7 T
h f
-------- f

t* u u ®

Process Br Limit Search Dataset

t—+29g 5x10°* CMStf — Wh+Zq — fub+0tlg  19.7f ', 8 TeV

t—+2Zqg T7.3x10° ATLASt — Wb+2Zqg— twvb+1tlg 211 " 7 TeV

t—gu 31x107° ATLAS qg — t — Wh
t—+gc 16x104 ATLAS qg — t — Wh
t—~u 1.6x107* CMS qg — ty — Wb~
t—+~vc 1.8x10° CMS qg — ty — Wh~

t—hg 7.9x10°3 ATLAS ff — Wb+ hq — fub + g

t—+hg 56x10"° CMStf— Wb+ hg— lub+ 0igX

14.2fb~" 8 TeV
14.2f " 8 TeV
19.1fb~" 8 TeV
19.1fb~ " 8 TeV
20fb~", 8 TeV

19.5fb~ ", 8 TeV

o7

Bounds are much
much larger than
the SM prediction
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NP models and top flavor changing decays

@ Several NP models can sizably enhance the BR for top flavor changing
decays, while satisfying direct and "indirect" low energy constraints

Some example:

2HDM MSSM
c g c
{ / t‘(\/
" ! t
* X h E > "*"L/\/‘/L Zfl.lﬂ;.;g
1 g Reminder
2HDM™ MSSM?) for the SM:
t —cZ < 10" < 107 10_14
b= ey <107 <10-®  5x10™
t— cg <107° <1077 5x10™
t — ch < 102 <105 3% 1015

Example of
indirect constraint:
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The Higgs flavor conserving couplings

» LHC will measure more and more precisely the couplings of the Higgs
to the massive particles of the SM

19.71" @8 Tev) + 5.115"(7Tev) LHC Runl tests for the relations
IIIII| I IIIIIII| I IIIIIII| T ]

- 68% CL
107F |—95% CL

- | SM Higgs (note: we are speaking about

flavor conserving couplings!)

"'c%; —_CMS ¢ f

=~ é < m
= | el Higgs 4
55 B -

C{H_ -

1072E =
We do not know (yet) how
107 M.e)fit | | the Higgs couples to light flavors
=63%cL | 1 (muons? electrons? charm quarks?)
—95%CL | A
10 vl e e ool We know, for example, that it couples
NS HIGO1.21 009 1 Partic?g mass Eg?eV) non-universally with muons and taus

959

but we do not know more than this...
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The Higgs flavor violating couplings (1)

» We have seen that, in the SM, the Higgs does not have flavor changing

couplings at the tree level _ .
Still, these couplings are generated

at one loop in perturbation theory:

Tiny BRs are
predicted by the SM

W

] : ] : : T T
» Some of these "effective" couplings i N A
. 0 - 4
are strongly constrained by O,
L. P =
low energy measurements: o 0 2\
S 10-2 T
o - L *40
8 gl -
&) 101 E.
+ o Lk :
(b / 107"k — E}FW E
- 106 NSRRI
= AEEEEF LR B
£ 10- 7Ll b B R R S
10~ 10-810-510- 10-310-210-110° 10!
he' p* coupling — » ¥ S Gori

60



61

The Higgs flavor violating couplings (2)

» Some other coupling is instead » Some interesting ATLAS and
much more weakly constrained CMS search... )
by low energy measurements > T
g 60 F CMS [ Bkgd. uncertainty ]
Harnik, Kopp, Zupan, 1209.1397 S« F o EEHH ]
10° ' E 505_ =3‘:e: _
T 40— [ ]MisiD'd 1,e, p 7
% C ----—- LFV Higgs, (B=0.84%) |
=) C ]
101} s Wp E
g 5 :
G Our LHC limit Q20 B
= HATEAS 7 TeW. 47870 | @ .
10 ..-._-_i:--- - "'illu ! 10:_ —
g U D

5 5 | Elg0iE - - -
L T =1 o :,.i %s%nﬂ% +_+__+_ +_+_+ +_"_+#:

i e | ol al = 0 700 o
103 102 10 10 Mu), [GeV

¥ - CMS, 1502.07400

BR(h — p1) < 1.51%, 95% C.L.

BR(h — p1) = (0.84703N%

- ATLAS, 1508.03372

BR(h — p1) < 1.85%, 95% C.L.
BR(h — pu1) = (0.77 £0.62)%
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Take home messages

» The measurements of a few low energy flavor observables
seem to show some (small) discrepancy, if compared to the SM
prediction... Looking for a theory and experimentally clean observables
not agreeing with the SM prediction!

u C
We want to repeat: 2 3 ""d 2 @

» Opportunity of testing flavor, performing high energy measurements:
top and Higgs flavor changing couplings

» The Higgs is the ultimate source of flavor. Importance of testing
its flavor structure (both flavor diagonal and off-diagonal couplings)

S.Gori



A rich flavor experimental program ahead

Observables fulfilling the criteria:

(i) sensitive to different NP,

(i) measurements can improve by order(s) of magnitude,
(iii) not limited by hadronic uncertainties

Belle || and LHCDb (some highlight)

@ Difference of CP

asymmetries S e’ S ,S efc.

dks Yo

oy from CP asymmetries in tree-level decays T
(€.9. B —s D K) LHC (some highlight)

High energy measurements
@ CP asymmetry in semileptonic B decays

@ Top flavor changing couplings

» CP asymmetry in the radiative decay Sk. 0~ (in decay and in production)

* B meson decay searches: s Couplings of the Higgs to light
B,,—unB ,—T11,B—T1YV, Generation quarks/leptons?

B— K™¢ e, B, > o7, ...
@ Search for CP violation in D — D mixing

@ Flavor changing Higgs couplings

@ Search for charged lepton flavor violation
63 S.Gori



Concluding remarks on flavor/CP

» We cannot (yet) predict the SM flavor/CP structure
« from first principles (SM flavor puzzle)

» The SM is very well tested by low energy flavor measurements
Overall good consistency

» Great opportunity for testing NP using low and high
energy flavor measurements

: FLAVOR
Evidence for BSM?
yes no
ATLAS & CMs _YE° Complementary info DIStI.FIQUISh models
no | Tells us where to look next | Flavor is the best probe ‘
Now!
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