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Why Are We Here?

* We are curious.
* We are like kids that have many many questions.

* We receive great pleasure from finding things out.

What are we curious arout?
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A Curiosity List:  Farfetinno
particular order.)

Is there any physics beyond the standard model?

What sets the EWV scale? Is it natural?

Is the world supersymmetric?

Is there a Higgs boson?

What is Dark Matter?

Is there a dark sector?

What is Dark Energy!?

Can the CC be natural?

Are we part of a Universe or a Multiverse?

What sets the fermion masses!?

Why is there more matter than anti-matter?

Are neutrinos their own anti-particles!?

Are there sterile Neutrinos!?

Do neutrino interact in a non standard way?

What solves strong CP?

Is there an axion? Is it Dark matter?

How many space-time dimensions do we live in?

Do the forces unify?



IR R BRI K R K BEE BEE CBEE B B CBEE CBEE BN B K B

A Curiosity List:  Farfetinno
particular order.)

Is there any physics beyond the standard model?

What sets the EWV scale? Is it natural?

Is the world supersymmetric?

ls-there-aHiggs-bosonl. s it the SM Hicas ROSON?

What is Dark Matter?

Is there a dark sector?

What is Dark Energy!?

Can the CC be natural?

Are we part of a Universe or a Multiverse?

What sets the fermion masses!?

Why is there more matter than anti-matter?

Are neutrinos their own anti-particles!?

Are there sterile Neutrinos!?

Do neutrino interact in a non standard way?

What solves strong CP?

Is there an axion? Is it Dark matter?

How many space-time dimensions do we live in?

Do the forces unify?



LK CBEE B NN B B K N X B CBEE CBEE CNEE CBEE CBEE CBEE R

*

(Partiall In no

A CuriOSit)’ LISt particular order.)

Is there any physics beyond the standard model?
What sets the EWV scale? Is it natural?

Is the world supersymmetric?
ls-there-aHiggs-bosonl, Is it the SM Hices ROSON?
What is Dark Matter?

Is there a dark sector?

What is Dark Energy!?

Can the CC be natural?

Are we part of a Universe or a Multiverse?
What sets the fermion masses!?

Why is there more matter than anti-matter?
Are neutrinos their own anti-particles!?

Are there sterile Neutrinos!?

Do neutrino interact in a non standard way?
What solves strong CP?

Is there an axion? Is it Dark matter?

How many space-time dimensions do we live in?

Do the forces unify?

Notel
These qQuestions do
NOt BeloNng to any
frontier

They are Questions
that drive our fleld.



Frontier-ology

The more technical reason we’re here is - we want
to know how to best answer these questions.

We have a bunch of experimental tools that can
(hopefully) answer them.

At some point (for practical purposes) the tools
we use were divided into 3 groups, or frontiers.

The questions, and the physicist that are curious
about them, do not fall into these groups.
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Curiosity

* What drives the field is our childish curiosity.
How does Nature work!?

* So lets think like children!

* |f a child is curious about something she goes at it

with all her senses.

All her tools.

All “frontiers”. \
v

‘Usually done
Sivultaneousiy!



Speaking Of child-like curiosity..
What's that roOx over there?
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Speakinag OF child-like curiosity..
What's that BOx over there?

Goody! a8 presentll
What is it?7 oh rOY!

S0, how does a child approach this?
lets dissect her actions IN slow motion.
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The theorist springs into action: Y

wow! mommy! what is it?!
| Bet it 8 Bikel | asked for a rike..
mayee its a rus! or a doll?

| can £it a8 Bunch of extra dimensions in there..

2.0bserve:

Cosmic frontier type observation:

COS M iQ /"

Wow! cool wrapping paper!
|OOks very homoageneous,
rut Hs too small to re a Rike...



3. Open the box:

Answer the question directly. Head on.
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3. Open the box: Enere,y

Answer the question directly. Head on.

But.. sometimes you dont get the answer
But just a clue.
Or just another BOX ... and another.

4. Rattle the box, feel it, Listen closely:

Though it does not give a definitive answer,

sometimes the giveaway clue come from

Ir\'ter‘\s'_ty "
indirect observation:

hwvivw, Its NOt that heavy.. But it feels sort of hard..
lets shake It a8 eIt and listen..
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Do Intensity Frontier experiments
help satisfy our curiosity?

of course!
Here are examples.



Higgs

Is it the SM Hicas roson?

Nefe
Sfe\fe,d'ﬂpica Y fhe Hﬁs is inthe “e,he,rﬁtjf\fonﬁevu.

Bud’ vecall, fhe qvuesﬁorws c\o ol jej' c‘i\/ic\e,c\.




Higgs

* A timely topic.
* Probing Higgs couplings is a pressing goal.

* A remarkable opportunity to look for NP.

CMS Preliminary
[s=7TeV,L=5.1"b"

\s=8TeV,L=53f0"

H — bb (VH tag)
H — bb (itH tag)

H — ©t (0/1 jet)

H — v (VBF tag)
H — 7t (VH tag)
H— vy (untagged)
H— yy (VBF tag)
H— WW (0/1 jet)
H— WW (VBF tag)
H— WW (VH tag)

H—ZZ
6 4 =2 0 2 4 6 8

Best fit /0y, | Signal strength ()

|

How about non-SM Higgs coupling?




RHiggs & Flavor Violation

* In the presence of new physics, Yukawa couplings can
violate flavor:

Ly = —mify fr = Yii(fLfp)h + he.+ -+

* Any fermion bilinear is possible: T Te le )

(LA\V models are easy tO come By)
tc tu
\§ J

* How large can FV be?
Very roughly- M.
y rougnly Y;; Vi) < - J
AnythinGg Below this |

¢ "natural”



Higgs couplings to ue
* Higgs coupling to pe is constrained, e.g. by:

~u To e GaRNA (1 and Zoop)
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* Higgs coupling to pe is constrained, e.g. by:

~u To e Gana (1 and Zoop)
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Higgs couplings to ue

Harnik Kopp Zupan 1209.1397

Outside of
LHC reach.

Proring
"natural’ models.
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Higgs and EDM’s

* EDM searches also constrain FV & CPV couplings.

* Consider Higgs couplings to e-tau:

e\ Q,Cj—YOh EDM fb \

\V4
e T T Im(Y,,Y.,)| < 1.1 x 1078
\ starting to prore
Y "natural’ models.

Note:
We cet a similar eound on top-up—-Hiaas
couplinas £rom the neutron DM




Higgs and EDM’s

* Higgs couplings to photons can violate CP:

8% 0 . adgy
C’yﬂ__th/u/F'u —|—C7%hFMVF'u

* A potential explanation to an enhanced di-photon
branching ratio....?

% But, it contributes to the electron EDM:

de| < 1.05 % 1072%"e cm
— —,

ABR.,, < 1.6 x 10~*

McKeen, Pospelov, Ritz (1208.4597)



High Scale SUSY



Split SUSY

* SUSY has a “missing superpartner problem”.
* Maybe SUSY addresses most, but not all of the tuning.

* The Higgs mass provides a hint:
Giudice, Strumia (2012)

30 (T rrrmmm T TTTrr T T TTrm T T Trimr T T T T TTIrr T T TTTTI ]

201 m;, = 126 GeV |

68,95,99% CL

tang
w LN X O

1 m L [ R L L [ RNl L Lo
10° 104 100 10° 107 10% 10° 10!

Supersymmetry breaking scale in GeV
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* The Higgs mass provides a hint:

Giudice, Strumia (2012)

30 T T T T T T T TTTI

SUsSyY [ 21 my, = 126 GeV
at such high ; s oot e

scales Is likely to INclude 10

flavor and CP violation. T ¢

4,

3,
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| o

10° 104 100 10° 107 10% 10° 10!

Supersymmetry breaking scale in GeV



Split SUSY

* SUSY has a “missing superpartner problem”.
* Maybe SUSY addresses most, but not all of the tuning.

* The Higgs mass provides a hint:

Giudice, Strumia (2012

30 [T A 111 o A RN B B RN LI
5(/\5\‘/ . 20 ¢ my, = 126 GeV |
a‘t Squ L\‘G"\ 68.95,99% CL

saales |Is likely to include oy :
flavor and CP violation. E j
4 i

3% _

Goal: try to reach ) %

O(PeV) with as many \ \\\5\\

PrORes as pPOssikle. 105 104 105 10° 107 108  10° 101

Supersymmetry breaking scale in GeV



Meson Mixing

Altmannshofer, RH, Zupan (in prep.)

* K mixing is probing the 6
100-1000 TeV. Particularly )
if CPV phase is of O(1). 4 £
< 3 jj
2
1 =
0102 3107 ‘ 10° 3%x10°

ms (TeV)

* CPV in D decays is also promising (~100 TeV in
the coming years).



EDM’s

Altmannshofer, RH, Zupan (in prep.)
see also McKeen, Pospelov, Ritz (2013)

% Combination of FV and CPV leads to enhanced

ms (TGV)

nucleon EDM.

d, (ecm)

' ‘ [ ' [ [ [ [ [
10—26 10—27

10-28 | |

tanS = 2

30 102 3x10? 10°
mg=Hu (TGV)

Precise limit Is
MmOdel dependent,
rut OO0 TeV is

with reach!



tanf

Altmannshofer, RH, Zupan (in prep.)

LFV

* Sleptons may be lighter than squarks.

% H—eY and |J2€ are Complementary (in tang and ino masses).

BR(pu—evy) BR(u—e in Au)
100 B 4 [— 10 = Al AEmS
{1071 ~14 -16 ~18
T , / 10 10_ 10
// 10—17.7 > 11012 \\ \
30 / . 2
[ ] & % 3 \ \%Q
/ / ” = \ : c;
10 / ) RQ
S \ 3
[l 1
/ 2 g ! \
3 [ | =
[
/ 107" \
1 | - 0.3

3 10 30 102 3x102 310 30 102 3x10® 10°

m:=u (TeV) my=u (TeV)

Nz



Back to the Curiosity List...

How much OFf it can intensity
experiments shed light on?
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Curiosity Li
sity List
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Do the forces unify?
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Curiosity List
Is there any physics beyond the standard model? Everyrody.
What sets the EWV scale? Is it natural?
Is the world supersymmetric!? EDMs \5-2
s it the Higgs boson? EDMs
What is Dark Matter?
Is there a dark sector! APE 3-2
What is Dark Energy!?
Can the CC be natural?
Are we part of a Universe or a Multiverse?
What sets the fermion masses? EDMs QFV
Why is there more matter than anti-matter!? EDMs QRFV
Are neutrinos their own anti-particles? Ovfp.
Are there sterile Neutrinos!?
Do neutrino interact in a non standard way?
What solves strong CP? EDMs
Is there an axion? Is it Dark matter? time varyinag EEDMs
How many space-time dimensions do we live in? QFV

Do the forces unify?
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Curiosity List
Is there any physics beyond the standard model? E.veryrody.
What sets the EWV scale? Is it natural?
Is the world supersymmetric!? EDMs \5-2
s it the Higgs boson? EDMs
What is Dark Matter?
Is there a dark sector! APE 3-2
What is Dark Energy!?
Can the CC be natural?
Are we part of a Universe or a Multiverse?
What sets the fermion masses? EDMs QFV
Why is there more matter than anti-matter! EDMs QRFV
Are neutrinos their own anti-particles? Ovfp.
Are there sterile Neutrinos!?
Do neutrino interact in a non standard way?
What solves strong CP? EDMs
Is there an axion? Is it Dark matter? time varyinag EEDMs

How many space-time dimensions do we live in? QEV

Do the forces unify? NO’t ’tOO
------ Shaeey!



To Conclude

* We are driven by curiosity.

* To satisfy our yearning to find

things out we should use all of
our tools.

The Intensity frontier is
an important tool.

Learn from our kids-
explore the world with
all of our senses
simultaneosly.
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To Conclude

* We are driven by curiosity.

* To satisfy our yearning to find

things out we should use all of
our tools.

The Intensity frontier is
an important tool.

Learn from our kids-
explore the world with
all of our senses
simultaneosly.

(Mes, that's my son eating Peskin).



Deleted scenes

NP [or wisdilied
Ly ﬂ@ COU/D /@S’

exp
Aau = a,

Secipe:

,u

s ™)
A
125
eV y
N&ﬂ/@f ﬁa’l/or Vic aﬂiﬁ
+ —
\//o/m%/f) Hi Q@S’ Jec@g
= (2.87 4+ 0.63 4 0.49) x 10~*




Flavor Violating Higgs

* UV Recipe for FV Higgs:

l.Rip a page from a paper
that modifies Higgs
couplings.

2. Sprinkle flavor indices all
over the place.

3. Re-diagonalize mass
matrix.
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* UV Recipe for FV Higgs:

l.Rip a page from a paper
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over the place.
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Flavor Violatin~ chcq

* UV Recipe for FV Higgs:

l.Rip a page from a paper
that modifies Higgs
couplings.

2. Sprinkle flavor indices all
over the place.

3. Re-diagonalize mass
matrix.

(HIH)Hf

L = )\fof |

H H

K
' n
+ |
! |

€.g. Kearney, Pierce, Weiner; 1207.7062
Y,
1 (O ue
s (HTH) m1e
—

il%

?ﬁ/’:‘ %31& caf\ jefﬁis ih couﬂaosﬂé #@js Toe.



Flavor Violatin~ chcq

* UV Recipe for FV Higgs:
l.Rip a page from a paper

that modifies Higgs
couplings.

2. Sprinkle flavor indices all

over the place.

3. Re-diagonalize mass

f |
H' H | H |
f | +
l ’ |
M+
{ L E L I

€.g. Kearney, Pierce, Weiner; 1207.7062

Y,
K%DHUN’

?ﬁ/’:‘ %31& caf\ jefﬁis ih couﬂaosﬂé #@js Toe.

i Y,
matrix. P (HTH) HTHC
»—-—- -
2
(V)
my=Ar+ 535)
L ummair 2?




Flavor Violatin~ |;|iccs

H ' |
* UV Recipe for FV Higgs: ; & +' 1
+
l.Rip a page from a paper | | |
that modifies Higgs >
couplings. ‘ E B L g .8
2. Sprinkle flavor indices all ST fw
over the place. . ¥
—L (Ot e B
3. Re-diagonalize mass A2 (OHT) i I
trix. Y f
matrix A%’ (HTH) i ;
2
v
>y = (A + 1z
. (H'H)HJf z
L=AHffA S
1] A2 > yf=>\f+%



Flavor Violatin~ |;|iccs

* UV Recipe for FV Higgs:
l.Rip a page from a paper

that modifies Higgs
couplings.

2. Sprinkle flavor indices all

over the place.

3. Re-diagonalize mass
matrix.

K |
H | H | H |
f A f
l I l
—— M ——
¢ EE I 7 e 8
€.g. Kearney, Pierce, Weiner; 1207.7062 §
iy
Y =
5 (O i £
v <
5 (HH) iy i,
2
()
e my =+ 350 m
f
. B2 —— w7y
> Yr = Ar + ’



Flavor Violatin~ |;|iccs

* UV Recipe for FV Higgs:

l.Rip a page from a paper
that modifies Higgs
couplings.

2. Sprinkle flavor indices all
over the place.

3. Re-diagonalize mass
matrix.

K |
H | H | H |
f | f
l I I
—>— M ——
€y E E L L ey 3
€.g. Kearney, Pierce, Weiner; 1207.7062 d §
43
4
Vi f
w(0HT) i E
Vi : /
s () H e 4
‘'J (éi
2
U
my = (A + -5 )V
A my



Flavor Violating Higgs

* Writing it a bit more neatly, we get:

Loy = fiilDf] + fLilDfh — P‘ij(féf{z)H + h.c.]

5\ 2
+ DL HYDH — Ay (HTH — )

N
ALy = —A—;(foj%)H(HTH) +hoe 4



Flavor Violating Higgs

* Writing it a bit more neatly, we get:

Loy = fiilDf] + fLilDfh — [Aij(féfé)ﬂ + h.c.]

5\ 2
+ DL HYDH — Ay (HTH — )

A
AEY—__(foR) (H'H) + h.c. + \
V/

\'4
T
v |
| 2 Mafr,x-
or }/;J:mzéij_|_v—)\ij An arélffary e
v VA2 (501‘ =



“Natural” FV

* FV that’s too large comes at a tuning price:

U2 , ; U2

* Requiring no cancelation in the determinant

v

(s,
70 0
T, TN O
uMr a
VoY S v? of{jfﬂw’o%);@f

In an era of data, considerations of fine
tuning are not of huge importance...
But we'll keep it in the back of our mind.



LFV Summary

* T-L is wide open.

Opportunity for LHC!

Our LHC limit

| 47ty

1072 \

!

1

=

<,

3 :
10 -
O|°\]
UI:UI




LFV Summary

* Same for 7-e¢. Opportunity for LHC!

|Y6T|



LFV Summary

Channel Coupling Bound
o— ey VIYiel? + [Yeul? < 3.6 x107°
1 — 3e VY oel? F [You 2 < 0.31
electron g — 2 Re(YeuYye) —0.019...0.026
electron EDM Tm(Ye,Ye)| <9.8x 1078
[ — e conversion VIV iel? + [Yeul? < 4.6 x107°
M-M oscillations Ve + Y2, < 0.079

T — ey VIVre|? + |[Yer |2 < 0.014

T — efuft VIYre|2 + |Yer|? < 0.66
electron g — 2 Re(Ye, Yre) [-2.1...2.9] x 1073
electron EDM T (Y, Yre)| <1.1x1078
T — iy VY2 4 Y2 < 1.6 x 1072
T — 3u \/|Y72M + |V, 2 < 0.52

muon g — 2 Re(Y,r Y7 ,) (2.7 4+ 0.75) x 1073
muon EDM Im(Y,-Y:,) —0.8...1.0
0 ey (1Y7 Yrel? + [Vr Yer [2) /4 <34x10*

many
processes to
consider...



* Meson mixing’s powerful.

b YioPr +YaPr d
i
|
|
|
hi
|
|
|
|
|
d Yoo Pr + YaPr b

C Y P,+Y.Pgr

Meson Mixing

Yo Pr +YuPr
—r

— L

—a—
/(j[/ Y;uPL + YutPR

u

C

Technique Coupling Constraint
Yoel?, |Yeu|? <5.0x107Y
DY oscillations [39]
YVieYeu| < 7.5x 10710
Yaul?, [Yoal|? <23x1078
BY oscillations [39]
Yap Yo <3.3x107Y
Vap |2, [ Yis|? <18x10°¢
BY oscillations [39]
Y Y| <25x%x 1077
Re(Y?2), Re(Y2) [-5.9...5.6] x 10710
. Im(Y2), Im(Y2) [-2.9...1.6] x 10712
K" oscillations [39]
Re(Y}.Ysq) [—5.6...5.6] x 1071
Im(Y},Yq) [~1.4...2.8] x 10713
VIYE] + |Yer 2 < 0.54
single-top production [40]
VIYE] A+ Y] <0.23
VIYE] + |Yer? < 0.34
t — hj [41]
VIYE] + [Yarl? < 0.34
‘Yut)/ct|7 |thqutc| < 7.6 % 10_3
DY oscillations [39] Vi Yer|, |Vt Yiel <22x1073
|Vt Yiu Yot Yie| /2 <0.9x107?
neutron EDM [29] Im (YY) < 4.4 %1078




Top Flavor Violation

* But, top decays are interesting:

~ T
KN

-0.5 ---- BR(h-t"q)
o0 FIOESSSSEEE " "BR(t-hq)

—ip | —————— - BR(t »hc) limit |
1 R e e (arXiv:1207.6794) ||
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