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The Standard Model (SM) & Flavor Phys.

B-factories+LHC have an experimental (exp’) support that the CKM
picture described nature (up to possibly small corrections):

Talk by: Krizan

Based on several exp’ observation (started in 64 many came in the last
10 years or so).

CP violation (CPV) 1n the Kaon and B system => within the SM
correlated => consistent with SM. Talk by: Buras

Flavor conversion => precision data confirmed the SM.

New bounds on CPV in the D mixing also confirms SM picture.

Talk by: Gersabeck

This implies: severe bounds on non-SM phys. / does it exist?
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s this the end of the story!?

Baryogenesis => SM cannot be the only source of CPV.

(otherwise, rapid proton-antip-protons annihilation of yield baryon asym’ of < 10-'8)

Almost any SM extension give new sources of flavor & CPV.

Integrating out new physics (NP) => di. 6 Ops.: (J,;dj)2 JA% p

Precision measurements => Ay p > 10*TeV > My,

v

Flavor NP hierarchy “problem” (puzzle not a problem, see later)
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What are the problems of the Standard Model*
(SM), before & during the LHC era!?

WW!/unitarity, fine tuning,

neutrino masses | flavor puzzle
masses naturalness

dark matter (strong CP)
unification,
baryogenesis charge

quantisation

* Let’s set quantum gravity aside for simplicity ...
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What are the problems of the Standard Model*
(SM), before & during the LHC era!?

data driven,
no clear conceptual
reachable scale

data driven, conceptual

clear scale vague scale

WW!unitarity, fine tuning,

neutrino masses | flavor puzzle
masses naturalness

dark matter (strong CP)
unification,
baryogenesis charge

quantisation




What kind of new phys. might be motivated
during the LHC era?

data driven,
no clear conceptual

data driven, conceptual

clear scale vague scale
reachable scale

WW!unitarity, fine tuning,

neutrino masses | flavor puzzle

masses naturalness
.
dark matter (surong CP)
unification,
baryogenesis charge
quantisation




Reminder: sym’ structure of SM quark flavor sector

Talk by: Buras

Int’ basis, the gauge part 1s trivial:

—1 I 51
q'i ﬁqjé , 4€Q,U,D - qi_>Ui(J{3><3)qj

global sym’: U(3)g x U(3)uy x U(3)p

Yukawa sector 1s interesting:

The quark Yukawa interactions are given by

_‘quua.rk.s }f(lQL ()DR_] 1+ } u I ()[ _I_ h c..

Yukawa /

global sym': U (1)% x U (1)} — U(1)



Flavor puzzle vs. problem, tuning vs fine tuning

Flavor puzzle: parameters are small and hierarchical.

Is the flavor sector finely tuned? (quantum unstable?)

't Hooft’s-technical-naturalness: a parameter is natural if
when it's vanishing a new non-anomalous sym’ is obtained.

Light masses are protected by residual U(2)p x U(2)y sym’.

Mixing angles are protected by U(1){, sym'.

v

Flavor puzzles => matter of tuning (nothing unnatural)

Higgs mass => fine tuning (unnatural)!
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Conventional naturalness => vague scale => LHC perspective

Screening away UV sensitivity => new partners, potentially within the LHC reach.

7 ~ ~ 2
Lo om? m
R h — s
m3 400 GeV
tuning ~ 1:10

(LHCS: m; ~ 700 GeV)

natural SUSY
(mg ~ 400 Ge@ tuning ~ 1:102

j (LHC14 : m; ~ 2TeV)

The LHC naturalness ruler:
(~ half way through)

The LHC is a very limited telescope
but this is the best we have ...
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With NP new flavor problem might arise

Hierarchy see-saw

Standard Model up to some AZ, > 1TeV

AL, HH

* _Yi; HFF;

® © ©

o Rattazzi (12)



NP, model indep’: AF' = 2 status

Isidori, Nir & GP, Ann. Rev. Nucl. Part. Sci. (10)

Operator |Bounds on A in TeV (¢;; = 1)|Bounds on ¢;; (A =1 TeV)| Observables
Re Im Re Im
(5.y*dr)? | 9.8 x 102 1.6 x 10* 9.0 x 1077 3.4x107° Amp; ex
(spdr)(5rdr)| 1.8 x 10* 3.2 x 10° 6.9x 107 2.6 x 107 Amp; e
(ry*ur)? | 1.2 x 103 2.9 x 103 5.6 x 1077  1.0x10"" |Amp; |q/p|, oD
(erur)(cLug)| 6.2 x 10° 1.5 x 10 5.7x107%  1.1x107% |Amp; |q¢/p|, oD
(bpy*dp)? |5.1 x 102 9.3 x 102 3.3x107%  1.0x 1076 Amp,; Syks
(brdr)(brdg)| 1.9 x 103 3.6 x 103 56 x 1077 1.7 x 1077 Amp,; Syks
(bry*sp)? | 1.1 x 102 3 x 107 7.6 x1075 2.5x107° Amp.
(br s)(brsgr) | 3.7 x 102 1.1 x 103 1.3x107® 4x107° Amp.
(tryHur)? same sign ¢’s




However little is known on tFCNC

Operator

Bounds on A in TeV (¢;; = 1)

Bounds on ¢;; (A =1 TeV)| Observables
Re Im

9.0x 1077 3.4 x107? Ampg; €x

6.9x 1072 2.6 x10~H Ampg; €k

56 x 1077 1.0 x 107
57x107% 1.1x10°8

Amp; |¢/pl, ¢p
Amp; ’(J/P’mbp

3.3x107%  1.0x107°

Ade; Sszs




An experimental natural irony ...

Our most precise probes are made of light quarks;
our initial states are made of light quarks and gluons.
However, natural phys. is about Higgs, top & massive gauge fields.

:’_"t,. ? ! Operator |Bounds on A in TeV (¢;; = 1)|Bounds on ¢;; (A =1 TeV)| Observables
\\ H ~ -
~\ Re
spyHd 9.8 .6 b

Im

9.0x 1077 34x107° Amg; ex
6.9x 1072 2.6 x 107 Amg; ex
56 x 1077 1.0x 1077 |Amp; |q/p|, or
57x107%  1.1x107% |Amp; |q/pl, or
3.3x107% 1.0x107° Amp,; Syks
6 x 10~7

(BL’YMSL)Q 1.1 x 102
(I_)R SL)(Z_)LSR) 3.7 X ].02
(ty*ur)?




Reverse the logic with light flavors

D. Grossman, Hochberg, GP & Soreq, private com.; see also: Barbieri et al. JHEP (10).

¢ How large of non-univ. cutoff to sustain < 1:100 fine tuning?

HH

st = A, <2x104TeV
c: = A. <2x10°TeV

b: = Ay <4x102TeV



Reverse the logic with light flavors

¢ How large of non-univ. cutoff to sustain < 1:100 fine tuning?

s: = A, <2x10*TeV

Y

c: = A. <2x10°TeV

b: = Ay <4x102TeV

D. Grossman, Hochberg, GP & Soreq, private com.; see also: Barbieri et al. JHEP (10).

Operator |Bounds on A in TeV (¢;; = 1)
Re Im
(5py*dr)? | 9.8 x 102 1.6 x 10*
(5pdr)(5rdgr)| 1.8 x 104 3.2 x 10°
(v ur)? | 1.2 x 103 2.9 x 102
(erur)(crugr)| 6.2 x 103 1.5 x 10*
(bpy*dr)? | 5.1 x 102 9.3 x 102
(brdr)(brdg)| 1.9 x 103 3.6 x 103
(bry*sr)? 1.1 x 102
(br sz)(brsR) 3.7 x 10°




Reverse the logic with light flavors

D. Grossman, Hochberg, GP & Soreq, private com.; see also: Barbieri et al. JHEP (10).

¢ How large of non-univ. cutoff to sustain < 1:100 fine tuning?

Operator |Bounds on A in TeV (¢;; = 1)

Re Im

512 Ay 2% 104 TeV e (ud)? 98107 L6
(5rdr)(5r.dR)| s>t —a 3.2 x 10°

c: = A, <2x10°TeV « (Crytur)? 1.2 x 10 2.9 x 10°

(ER uL)(ELuR) 6.2 X 10°—> 1.5 x 10*

. < 2
b: = Ap $4%x10°TeV <« Fradid )2 | 5.1 x 102 9.3 x 102

Q% 10° > 3.6 x 103

Tension with LLRR L0

3.7 x 102

CP violation (CPV)!



Reverse the logic with light flavors

¢ How large of cutoff to sustain fine tuning of less than 1:100 ?

Operator |Bounds on A in TeV (¢;; = 1).
Re Im
s = A, 5 2 % 104 TeV (5py*dp)? | 9.8 x 102 1.6 x 104
(5pdr)(5rdr)| 1.8 x 104 3.2 x 10°
c: = A, <2x10°TeV (Erytur)? | 1.2 x 103 2.9 x 103
(erur)(crugr)| 6.2 x 103 1.5 x 10*
b: = Ay S’ (b dL)? oI X 10" *@
brdr)(brdr)| 1.9 x 103 3.6 x 103
B system: only case with S35 1.1 x 102
tension with LLLL operators; 1G22 3.7 % 10°

Improvement in Bs will

get us there as well.



Top partners & LHC Searches

Naturalness => new colored partners, potentially within the LHC reach.

t ,f—é'? 2
m3 400 GeV

2 leading frameworks
of naturalness => top reach final state

ion, R=
= 500 L e R
[}

E CMS Preliminary 3
S, 4501 " Oneory 196h ' s5=8TeV -
E‘Nmo; f Ldt=20.51b", Vs =8 TeV === Expected limit (+10,,,) 9 s oV

E All hadronic channel - -~ Expected limit (2011)

350 —
E Al limits at 95 % CL E 102
300 = :
250F e o 3 [ :
E P e 3
S H

150 ,
E 107 « Observed Limit

E & Z
100 < 4
E / I’

. E } Expected Limit
s0F- 3 ) Expected Limit * %o
E ; | R 3 W Expected Limit * 20
%00 300 400 500 600 700 800 Signal Cross-Section

m; [GeV] 4\
10 550 600 650 700 750 BOO 850 900 9501000

Mstop Z 700 GeV M, ., (GeV)
16 mrsss 2, 800 GeV



Top partners & naturalness

Naturalness => new colored partners, potentially within the LHC reach.

O sm? m ’
h---- ----h \ i ) _h ¢
hooo-aa? o = 2 (400 GeV)

my,

2 leading frameworks
of naturalness

7\

Supersymmetry Composite Higgs

top partners=stops top partners = "T”




Before discussing flavor violation,
crucial info in flavor diag’ NP sector

Basic question regarding NP: what structure is realised in nature ??

JE3) UJ(2) Udl)
spectrum 1 0 C
or = 1 0 b
coupling 1 1 a




Before discussing flavor violation,
crucial info in flavor diag’ NP sector

Basic question regarding NP: what structure is realised in nature ??

JE3) UJ(2) U(dl)

spectrum (1‘\ N\ 6)\\ é\\
o > (NN NN NN
coupling \\1) \\y \\_59

Info’ not related to flavor conversion or CP violation,
thus accessible at high energy measurements!



SUSY ex.: new physics spectrum, open question

>

8 dof
i,d)r, g, dg,

(¢,5)L, Cr, SR

~

Everything degenerate

A M
_ ({’J?CZ>L5 (67 g)L
JR) §R
QIR, 6R
Split, but MFV

]

Anarchy

-

- SR
— (&),
q2,R
— (@.4),
43,R

Flavorful Naturalness



Naturalness & the two top frontiers

tuning ~ |:10
(LHCS: m; ~ 700 GeV)

natural SUSY
(mf ~ 400 Ge@ tuning ~ 1:102
/ (LHC14 : m; ~ 2TeV)
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Naturalness & the two top frontiers

tuning ~ |:10
(LHCS: m; ~ 700 GeV)

Elusive regime

— Boosted regime
natural SUSY —

(mf ~ 400 Ge@ tuning ~ 1:10?
/ (LHC14 : m; ~ 2TeV)




Outline

¢ Supersymmetry & flavorful naturalness.

¢+ Composite pseudo Nambu-Goldstone boson (pNGB) Higgs:

i. Alignment: non-degenerate composite first two generation;

ii. Anarchy:importance of top flavor violation & naturalness.

( + See appendix for recent development on Higgs-quarks phys. )

¢+ Conclusions.
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Supersymmetric Flavorful Naturalness

&
implications of split first two generation squark spectrum
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“mini intensity frontier”:
partners are elusive;

why? how to search!?

Partner are elusive because of non-trivial flavor physics effects
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Supersymmetric (SUSY) Flavourful naturalness

¢ Standard model: 3 copies (flavours) of quarks;
same holds for new physics. (say supersymmetry)

¢ “Hardwired” assumption:

top partner (stop) 1s mass eigenstate.

Dine, Leigh & Kagan, Phys.Rev. D48 (93); Dimopoulos & Giudice (95); Supersymmetric partners, also
Cohen, Kaplan & Nelson (96) come in 3 replicas <=> flavours.
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Flavourful naturalness

¢ Standard model: 3 copies (flavours) of quarks;
same holds for new physics. (say supersymmetry)

¢ “Hardwired” as
top partner (sto

101.

ass eigenstate.

Dine, Leigh & Kagan, Phys.Rev. D48 (93); Dimopoulos & Giudice (95); Supersymmetric partners,also
Cohen, Kaplan & Nelson (96) > 1000 citations ! come in 3 replicas <=> flavours.

¢ This need not be the case, top-partner => “stop-scharm” admixture.

charm

@,

A

o 1
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Flavourful naturalness

¢ Standard model: 3 copies (flavours) of quarks;
same holds for new physics. (say supersymmetry)

¢ “Hardwired” as
top partner (sto

101.

ass eigenstate.

Dine, Leigh & Kagan, Phys.Rev. D48 (93); Dimopoulos & Giudice (95); Supersymmetric partners,also
Cohen, Kaplan & Nelson (96) > 1000 citations ... come in 3 replicas <=> flavours.

¢ This need not be the case, top-partner => “stop-scharm” admixture.

top charm

my

Signatures change, opening the charm front at high energy &
in D-meson CP violation.

Blum, Grossman, Nir & GP (09); Gedalia, Kamenik, Ligeti & GP; Mahbubani, Papucci, GP, Ruderman & Weiler (12); Blanke, Giudice, Paradisi, GP & Zupan (13).
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What is the impact of stop-flavor-violation on tuning !
(flavored naturalness)

¢ Flavor:only tr — up or tr — crsizable mixing is allowed.

‘ N a ive Iy SO u n d S C razy LI Dine, Leigh & Kagan (93); Dimopoulos & Giudice (95).
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What is the impact of adding flavor violation on stop
searches ? (flavorful naturalness)

¢ Flavor:only tr —upr or tg — cr sizable mixing is allowed.
+ Naively sounds crazy as worsening the fine tuning problem.
397 .
h --------h P Smiy, = _8—7%2 (m%L + cos? 045 m? 4 sin® QQRm@

¢+ However, as you'll see soon the scharm can be light...

~

¢ The "tpt%” — tr 1% production is suppressed by (cos 95})%

v

Potentially: new hole in searches, possibly improve naturalness
28



Light scrams at the LHC

What if first 2 generation squark not degenerate?

A M A M AM ~
~ (ﬁ’7 )L
=—— 8 dof =—— (0, d)z, (¢,3)L — g
R
(@,d)r, ir, dr, » » (¢ 3L
(67 §)L7 6R7 §R JR, §R §R
UR, CR Cr

Everything degenerate Split, but MFV Anarchy! Nir & Seiberg (92).




PDFs: all 4 flavor “sea” squarks can be rather light

sea vs. valence u LU

Msea Z 600 GeV

0Q2

2000

> 1500

O
O,

lg mvalence Z 1.2 Tev
S

)| 1000

3

S

S

See also: Heikinheimo, Kellerstein & Sanz (11); Kribs & Martin (12),

500

500 1000 1500 2000
me;, = my;, [GeV]

Mahbubani, Papucci, GP, Ruderman & Weiler (12).
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Single squark can be as light as 400-500GeV!

squark limits

L~5fb!

- CMS razor
1072 -CMS a7

- CMS jets + MET
- ATLAS jets + 1\1[ET

|

1073 e~
200 400 600 800 1000
mg [GeV]

Mahbubani, Papucci, GP, Ruderman & Weiler (12).
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Are non-degenerate first 2-generation squarks
consistent with flavor bounds!?

Surprisingly: answer is probably yes both from low
energy & UV perspectlves

See Galon, GP & Shadmi (13)f micr
lg dSUSb eaking flav dggmdt mdl

32



Sea LH squarks vs. valence LH squarks

Adding flavor constraints ( Amp ) for LH squarks:

2000

1500

1000

My;, =My~ [GeV]

500

500 1000 1500 2000
me;, = my;, [GeV]
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Sea LH squarks vs. valence LH squarks

Adding flavor constraints ( Amp ) for LH squarks:

2000

= 1500
O
O | = alignment: new upper bound
5 | on CP violation (CPV) in D-phys..
g
1000 _

'l':l CPVin D — D : 6., /2Xc 62 < 10% x (0.3/6%2)
E: (56K ~ 1%)

LHCDb started testing
alignment paradigm.

Kadosh, Paride, GP & Soreq to appear.

500

500 1000 1500 2000
me;, = my;, [GeV]
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Are non-degenerate first 2-generation squarks
consistent with flavor bounds?

¢SUSY flavor & CP violation => misalignment between squark soft
masses & standard model (SM) Yukawa matrices.

¢SM: right handed (RH) flavor violated by single source, Y, Yy or Y)Y,
=> RH SUSY masses are alignable removing RH flavor & CP violation:

2, YV =0 & [m2,YY,] =0

S 2 dp d ¢c Cr UR u
>_ ) g X —
K% & b8 KI—=<% ¢ $s DY
3 £ ’
< < S U g e
P €« X« P — €« X —=2

dR §R 34 uR CR



The SUSY left handed flavor challange

¢ SM LH sector consist of 2 flavor breaking sources: YaleJr & Yqu

a2
+SUSY: cannot align LH masses \)\;‘\
simultaneously with both sources! LS
Dangerous direction wins to reduce '\E ; E
bounds ...
AMK,EK AﬂfD,AIl?
~~ 0 \ .»"-
3 ) |
S gL dL d c qr (ﬁ u
—)—<>— —>—)e—>—<>—>— > % ->—>6->—§>—>—
KO & $¢ R° DY ] $¢ D
d EE& (ﬁj) S u EEI% q%j)c
— P e X -« e e I S S




The SUSY left handed flavor challange

¢ SM LH sector consist of 2 flavor breaking sources: YaleJr & Yqu

+SUSY: cannot align LH masses
simultaneously with both sources!

Dangerous direction wins to reduce
bounds ...

o~ 2
N__meQ
&




The SUSY left handed flavor challange

¢ SM LH sector consist of 2 flavor breaking sources: YaleJr & Yqu

a2
+SUSY: cannot align LH masses \)\;‘\
simultaneously with both sources! LS
Dangerous direction wins to reduce '\E ; E
bounds ...
AMK,EK AﬂfD,AIl?
~~ 0 \ .»"-
3 ) |
S gL dL d c qr (ﬁ u
—)—<>— —>—)e—>—<>—>— > % ->—>6->—§>—>—
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The SUSY left handed flavor challange

¢ SM LH sector consist of 2 flavor breaking sources: YaleJr & Yqu

+SUSY: cannot align LH masses
simultaneously with both sources!

Dangerous direction wins to reduce : i)

bounds ...

N

o~ 2
P =mg
Vad

&

S ?%,

/ D
AMy, ek AMp, Ap
[ ]
5 ' \
3 6f |
7N %
-’

S gL dL d c q;, qr u
— > X > > >—X >
< < < <
0 ~P P~ —0 0 P P~ _
K* g& re K D g& e D
<> ~1 ~9 D <> ~1 ~2 D
d ¢ %o L s w ¢ 4L L e
— P e X -« e e I S S




The SUSY left handed flavor challange

¢ SM LH sector consist of 2 flavor breaking sources: YaleJr & Yqu

a2
+SUSY: cannot align LH masses \)\;‘\
simultaneously with both sources! LS
Dangerous direction wins to reduce '\E ; E
bounds ...
AMK,EK AﬂfD,AIl?
~~ 0 \ .»"-
3 ) |
S gL dL d c qr (ﬁ u
—)—<>— —>—)e—>—<>—>— > % ->—>6->—§>—>—
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The SUSY left handed flavor challenge

¢ SM LH sector consist of 2 flavor breaking sources: YaleJr & Yqu

+SUSY: cannot align LH masses ?))\
simultaneously with both sources!

Dangerous direction wins to reduce
bounds ...

Nir & Seiberg (93)




The charm frontier: recntly LHCb made impressive
progress in CPV in mixing

SUSY alignment implications: no hope for non-degeneracy?

m —MMAa 0.034 maximal phases (squark doublets, gluino, 1TeV)
Q2 Q1 < AMp, AR

mg, + Mg, 0.27 \vanishing phases N o=
um, Grossman, Nir (09)

With phases, first 2 gen’ squark need to have almost equal masses.

Looks like squark anarchy/alignment is dead!
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The charm frontier: recntly LHCb made impressive
progress in CPV in mixing

SUSY alignment implications: no hope for non-degeneracy?

mé — m@ Omll maximal phases (squark doublets, gluino, 1TeV)
2 1 < AMp, AP
mg, + Mg, vanishing phases | o=
Blum, Grossman, Nir & GP (09)
D i g D’
With phases, first 2 gen’ squark need.to have almost equal masses. mUNIE

Looks like squark anarchy/alignment is dead!

However ...

Successful alignment models guarantee small physical CP phase!

J (03) J(03) Gedalia, Kamenik, Ligeti & GP (12);

Formalism: Gedalia, Mannelli & GP (10) x2




Constraining (RH) flavorful naturalness

¢ RH stops & naturalness, m;, 2 mg = 570 GeV

¢ To constrain, look for:

m. [GeV]

x!

500

i:f; production, f; — ti‘:(BR:I)

450
400
350
300
250
200
150
100

50

|Iu||||||||||||||||||||||||||||||||||

det =205f", (s =8TeV
All hadronic channel

All limits at 95 % CL

—— T
ATLAS Preliminary

"""""" s SUSY
— Observed limit (1 omemy)

————— Expected limit (x10g,,)

————— Expected limit (2011)

8 IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
o

Analysis applies for ATLAS (12); now new
bounds from ATLAS and CMS around 670 GeV.

MET (very qualitative).

squark limits

L~5fb!

8 squarks

el
10! S 4
b \\\
r 1 squark ™«
1072-CMS ar s e
F CMS jets + MET N
L ATLAS jets + MET N , ¥
-3 P S T . .
10 200 400 600 800 1000
mg [GeV]

Mahbubani, Papucci, GP, Ruderman & Weiler (12).
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Flavored naturalness LHC searches

Blanke, Giudice, Paride, GP & Zupan (13)

¢+ The relevant parameters to constrain are:

~ 2 2 ~ 2 2

Define relative tuning measure: £ = mlcﬂ:f 2 (mg = 570GeV)
0

stop,scharm like squark mass, mj 2 & C = cos 044"
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Flavored naturalness LHC searches

Blanke, Giudice, Paride, GP & Zupan (13)

¢+ The relevant parameters to constrain are:

Define relative tuning measure: & = "2 "2% (1) = 570 GeV)

stop,scharm like squark mass, my 2 & C = cos 054"

95% CL mass exclusion 95% CL mass exclusion
T T T T [ T T T T [ T T T T [ T T T T )] 600"

)| Je——

550 ,
i 550 -
500/
g £ 500
450
I 450 -
400 I
350 ;\ A D S D S e 400 L
350 400 450 500 550 600 400

mq m

Can get € ~ 0.5 — 0.8 for 054 ~ 450 L+~
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Open parenthesis

Charm tagging at the LHC ATLAS EPS 2013

¢+ In new ATLAS search for stop decay to charm + neutralino (7 — ¢+ 0)
charm jet tagging has been employed for the first time at LHC

ATLAS-CONF-2013-068

¢ charm jets identified by combining “information from the impact
parameters of displaced tracks and topological properties of
secondary and tertiary decay vertices” using multivariate techniques

e Mmedium’ operating point: c-tagging efficiency = 20%,
rejection factor of 5 for b jets, 140 for light jets.
#’s obtained for simulated {7 events for jets with
30 < pr < 200, and calibrated with data
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Composite light quarks & pseudo-NGB
(PNGB) Higgs: Flavor & Naturalness

Delaunay, Grojean & GP (13);
Delaunay, Fraille, Flacke, Lee, Panico & GP (13);
Azatov, Panico, GP & Soreq (14);

Blanke, Delaunay, Martin & GP, in preparation.
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Two slides on pNGB Composite H Models

¢ Structure of minimal composite Higgs model SO(5)/SO(4):  asste.connoa romaro 09

elementary, composite,

SM-like massless quarks y4’i d full non-linear SO(5) /SO(4) massive content

q,u,
q,u,d QiU +...+EW+H

Chiral gauge theory Linear mixing Vector-like gauge theory

PNGB H, SO(5) special basis: y;{’i,d = y;l,’,i’d x Ugs(H)

See e.g.: Matsedonskyi, Panico & Wulzer;
Azatov & Galloway (12)

Exclusive Higgs interaction

See also yesterday’s talks by:
Archer, Konig, Matsedonski and Setzer.
RS: Today’s talk by Neubert.

1 00 0 0
010 0 0
Us=|001 0 0 h=uv+h
0 0 0 cosh/f sinh/f _
00 0 —sinh/f cosh/f (f < decay constant for the SO(5)/SO(4) breaking )
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2nd slide on pNGB Composite H Models & (up) flavor

elementary, composite,
SM-like massless quarks y4 1 . full non-linear SO(5) /SO(4) massive content
q,u,
qau’d Q:!:,U:h+...+EW+H
Chiral gauge theory Linear mixing Vector-like gauge theory
/ \ Agashe, z & S ni (04);
Azatov, Panlc Perez & Soreq (14).
SU( ) XSU XSU Q/4><SU U/1><SU )D/l
Yqgud Mg a,0/1,0/1

Finite Higgs potential extra constraint: mj, o [tr (yfﬁuy;L u) — tr (quuyq u)] A2

Breaks spurion structure: yr, p = y;l’u - yé,u

Composite flavor sector: SU(3)piag
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Anarchy vs. Hierarchy, LHC & Naturalness implications

¢ UV anarchy => low E hierarchy: y% < y](f—{ <K y}%

2 gen approx’ symmetric
NoiAT AL~ 1V Vip~1:4x1072:4 %1072,

me My

Ahw i Apw i Aga ~ 1 ~1:9x1072:2x 1073,

meVey MV

+ Toward “composite flavourful naturalness” from RH anarchy low E,
(a”owed by EVW Precision tests); Delaunay, Gedalia, Lee, GP & x Ponton 2 (10) Redi & Weiler (11).

t
Yr S Yr ~ Yr ~ 1
split 2 gen’

Delaunay, Fraille, Flacke, Lee, Panico & GP (13);
Blanke, Delaunay, Martin & GP, in preparation.
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Collider implications for split 2 gen’ (similar to SUSY case)

Delaunay, Fraile, Flacke, Lee, Panico & GP (13). Portial C t / 4olet
arta ompositeness pie

/-\2000 T T T T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T T T T

(B
(H1800
~—

f, =600 GeV y'=y=1.5
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1400
M, < My =
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800
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L e

200\\\\\\\\\\\\\\\\\\\\\\:\\\\\\\\\\\\\
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My(GeV)
Partial Compositeness / 4plet
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|
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High pr Quark Flavor Phys. at the LHC

¢+ Tops & bottom are relatively easy to tag & measure precisely.

F%/A t ’b

¢+ As the protons are filled \w first gen’ (valence) quarks their

coupling to new physics are severely constrained.

oot —= =g
- -

b

Second gen’ physics is currently in a blind spot of the LHC;

Need to push boundaries to eliminate it.
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Composite t—cZ

¢ t —cZ null test of the SM.

¢ t =cZ 1n composite models could be large.  agashe e & soni (06)

2 2 4 4
g iz v YL.R
BR(t — CZ) ~ 3.5 X (thC,Rv thC,L) ~ (2CW> ((mtvb> ) ch%) M4 X ( M )

500Ge\/)4 ) (yL,R)4 4

~ (85.1.8) % 107°
( ) )X ( M*

¢+ Lesson (1) flavor anarchy: LH coupling 1s suppressed.

+ Lesson (11) strong dependence on level of top compositeness.
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Composite natural 1-cZ

¢ t —cZ null test of the SM.

¢ t =cZ 1n composite models could be large.

Agashe GP & Soni (06)

¢ t =cZ 1n custodial composite models could be small.

Agashe, Contino, Da Rold & Pomarol (06)

¢ t =cZ/ 1n natural custodial composite models should be large.

As both LH & RH tops needs to be composite, Azatov, Panico GP & Soreq (14)

700\ * -
BR(t 7)) ~ 107° .
(t — cZ) (M*>

tL CL

+ One extra prediction tops should be RH polarized.

48 Azatov, Panico, GP & Soreq (14)



Lessons from 7-cZ, anarchy in relation with naturalness

somercary LoTgULe,
Mlee masaien g r,‘ . A nondinaar SOU5) SOH) massive comem
v

Azatov, Panico GP & Soreq (14)

SU(3), x SU(3), x SU(3)4 SU3)qys (B x SU(3)pn
YL.R M 4.1
¢ Anarchy <=> generic misalignment between v's & M's.
t N T M MT y ﬁ t 1 —1 See also yesterday’s talks by:
aL,R 16 2 (yL R) L R ne unlng X Archer, Azatov & Matsedonski.
Nc 2 2 2 2 2 2 2
~ 62 [(yL) — 2(y%) ] (M + AM; SlL M, — AM; S4L) AM? = M7, — M7,

+ Fine tuning & t —=cZ within pNGB depends on misalignment
between flavor breaking sources (& level of charm compositeness).

49 Blanke, Delaunay, Martin & GP, in preparation.



BR(7—»cZ) vs. tuning

Azatov, Panico, GP & Soreq (14)

€=0.3, M,=700GeV, 0<8y <71/4

2.5x107}
2.x1077}

N

1.5x107}

BR(t->cZ

1.x107}

5.x 1078}

000 001 002 003 004 005
I:Tmixing/FTl‘

The correlation between BR(t — ¢Z) and the additional fine-tuning of the model FTmixing /FT: -

50



Conclusions

¢+ Accommodating flavor violation => modifications of the usual

estimation of fine tuning as well as phenomenology.

¢ SUSY: (i) scharms can be light & buried in LHC data;

(i) stop-scharm mixing might lead to improved naturalness.

¢+ Composite pNGB-H:
(i) charm-partners can be light & buried in LHC data;

(i) top-charm partner mixing might lead to improved naturalness;

(iii) new anarchic contributions to sizeable t —=cZ & fine tuning.

¢ Interplay \w CPV in D mixing & b-s transition, tested at LHCb.
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Combining K° — K9 mixing and D? — DY mixing
to constrain the flavor structure of new physics

Two generation covariance description

Xo is 2x2 Hermitian matrix, can be described as a
vector in SU(2) 3D flavor space.

A = \/%tr(AQ), A 5=

The space can be span by using the SM Yukawas (very useful
for CPV, see later):

A, = (YUYJ)% Ag = (YdeT)t/r



Two generation covariance description, cont’

Aud - Ad X Au - 1

Aud_ J = Jog = Ayg X J.
‘Au d‘ ‘Ad X Au‘ | | |
j(<72)
jd (01)
[ Xg
£
Ha:d . R
A, > Aq(03)

: The contribution of Xg to K — KO mixing, AmK, given by the solid blue line. In
the down mass basis, Ad corresponds to o3, J is o9 and Jd 1S 07.



Combining K° — K9 mixing and D" — D° mixing
to constrain the flavor structure of new physics

Notice that:

A 2-gen’ case, 3 adjoints yield CPV: J = Tr {X [YDY[S,YUYJ”

j(O’Q)
jd (U'l)
Projection of Xy onto J is measuring the physical CPV phase. 4XQ
' e
emd .
.A,l -Ad (0-3)
: 1 T
Assuming SU(2)L : AT(QLi(XQ)ij%QLj)(QL@(XQ)M’V“QLJ'),
NP



Combining K° — K9 mixing and D" — D° mixing
to constrain the flavor structure of new physics

L0y = o [Qu(X0)i @] [Q:(X0)i7" Q5] |

2
|01 ‘XQ x Agu g (Sorry Au.a = Agu i)




Composite light quarks

¢+ Custodial sym’ for Z->bb => allow for composite light

Agashe, Contino, Da Rold & Pomarol (06)

quarks \wo tension with precision tests.

Delaunay, Gedalia, Lee, GP & Ponton x 2 (10) Redi & Weiler (11)

¢+ Drastic change to pheno’: large production rates, top
forward-backward asymmetry, non-standard flavor signals ...

d Delaunay, Gedalia, Lee, GP & Ponton x 2 (10) Redi & Weiler (11); Da Rold, Delaunay, Grojean & GP; Redi, Sanz, de Vries & Weiler (13); Atre, Chala & Santiago (13).
‘ s n [ ]

(i) LHC implications for non-degenerate first 2-gen’ partners.

Delaunay, Fraille, Flacke, Lee, Panico & GP (13)

(i) non-standard modification to Higgs decays.

Delaunay, Grojean & GP (13); Delaunay, Golling, GP & Soreq (13).
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Lesson (i): High pr Quark Flavor Phys. at the LHC

¢+ Tops & bottom are relatively easy to tag & measure precisely.

F%/A t’b

¢+ As the protons are filled \w first gen’ (valence) quarks their

coupling to new physics are severely constrained.

oot —= =g
- -

b

Second gen’ physics is currently in a blind spot of the LHC;

push boundaries to eliminate it.
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The model & relevant coupligs

Giudice, Grojean, Pomarol & Rattazz (07); De Simone, Matsedonskyi, Rattazzi & Wulzer (12); Delaunay, Fraille, Flacke, Lee, Panico & GP (13).

Ecomp =1 Q(DM + ’L'€M)’YMQ + Zﬁpﬁ — M4QQ — Mlﬁ(j + <ZC QZ’}/MC[LU + hC) ,

Lelem =@ qriPqr + 1 uglPur — ny@iUgsz — nyﬂ%UgswL +h.c.,

iD — iXs)s
D —|—X5/3
iU +iXy3
—U+X2/3
V2U

O
~——
|
Sl

(ZdL ) dL ’ iuL , —Uur , O)T .

7

U%E (07070707UR)T

. h . h
621’2 = —cos (Qf) qVV}”, ei = —cos’ (é) qVV[f — sin? <ﬁ) g'By,

h .
eﬁj‘%:fsin2 (Qf) le, ei:fcos2 (ﬁ)g'Bufbm (Qf)gVVg,

with W = (WiH+W;)/V2, W2 = i(W,f =W, )/V2, W} = ¢, Z,+s,A, and B, = c,Ay—su2,,

while the d,, components read

(]V[ 1,2
\/7 R

B 'B. — W:}
& =sin(h/ )20 g V2

d,lte2 - §1n(h/f) T , w= 7

a,h.

; hif  w/f
| v \ x
1 \ /
1 . \
up U = Ur V1 Uy
O a s vy
yrf
(a)
v/f
" +
%4 X w
I
I
= ur 1+ U,r (D/X)/B)L (D/X>/3)R
- | -~ - N »
Yrf M,
(b)
v/f v/ f
7Z X Z X Z
| I
| |
UR UpR = ur 1 Upp UPL U[)R + Ur | UL U[}L UPR
ynf M, yrf ¢ My
()

59



The argument: why composite light flavors lead to significant
modifications of pNGB Higgs rates, unlike composite tops

Falkowski (07); Low & Vichi (10); Azatov & Galloway (I 1)

(i) t-partner contributions cancel due to “Nelson-Barr” structure of
mass matrix => easy to see using low energy Higgs theorems (LEHTS).

Shifman, Vainshtein,Voloshin & Zakharov (79); Kniehl & Spira (95).

(ii) Repeat ex. using effective field theory (EFT).

(iii) Modified LHC Higgs Physics from composite light quarks.
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PNGB Higgs couplings: -partner cancellation effects (LEHTS)

¢ Structure of minimal composite Higgs model SO(5)/SO(4):  ase contno & romarr 09

elementary, composite,

SM-like massless quarks full non-linear SO(5) /SO(4) massive content
q,u,d

q,u,d

Qi+, UL+ ...+ EW+ H

/

Typically (anarchy): A; < Ags s ~ M, i=1,2.

‘ t-Partner Cancellation Via the LEHTS: Falkowski (07); Low & Vichi (10); Azatov & Galloway (I 1); Gillioz et al. (12).

(i) Consider a mass matrix of n heavy fermion states, m; > my /2.

Yi;
5 b

7

2

_ SM
Ogg—h = Ogg—h

Yii 0log(det M)

’ — M; ov

?

(ll) ucorollary”: a Mass matriX for Wthh ;1(6(;;./\;1 = F(U/f) X P(Y, M, f) — (O-gg—>h — O-E;v[_)}a

where F'(0) = 0, f is the Higgs decay constant of pNGB models, and Y and M stand Gillioz et al. (12).
for the heavy fermion Yukawa couplings and masses respectively,
00 01
Yy 0y, v )

0

Holds for broad class of models, 2-site, composite Higgs ... "~ (y%” O

6 I Perelestein, talk at ASPEN winter workshop (13).



Cancellation of #-partners modification of Higgs rates, EFT:

¢ t-partners effect Higgs rates in 2 ways in the EFT:

(i) heavy vector-like ¢-partners run in the loop generating H'HG** G,

Us S - < —vY?/M? 4+ - xvY?/M? x A2 /M

h

(i) -partner mix with the top-like SM fields, modifying their Yukawa:

(h) | h (h)
/ | /
. . . / U /
1. integrating out heavy partners: . ey o my X 0 Y2/ M?

<
Y Y

A A
2. substituting into the loop to obtain the amplitude:

(h)
)

/
/

~ -~ x —vY?/M? x A%, /M?

h
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The cancellation of t-partners effects, adding all together

/ /
9 Ui , g Uj: /
v S - o —oY?/M? 4 Us ~ - xvY?/M?* x A2, /M?
h
’ ' Ays
g L ) Aus
+
h
"4y "
! t, 7 I t, 7
’ 2 /72 ’ 2 /72 2 2
t - - xovY*/M* + t - - x =Y /M* x AZs /M
N X }
g t \ g Ays \
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The cancellation of t-partners effects, adding all together

S - o vY?/M? x A2 /M?

h

what if we consider instead of
) TN composite tops composite
light quarks? VY /M? X Al /M

4

63



Cancellation for light composite quarks is ineffective!

Delaunay, Grojean & GP (13).

() ()
/ /
g U:I: , g U:I: y
Uy - x —uY?/M? 4 Uy ~ - xvY?/M?* x A2, /M?
- h X h
g L ) Aus
+
h h
" gy 4
! t, 7 I t, 7
’ 2 /72 ’ 2 /712 2 2
t - - xovY*/M* + t - - x =Y /M* x AZs /M
N N
g t \ g Ays BN
{h) {n)
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Cancellation for light composite quarks is ineffective!

Delaunay, Grojean & GP (13).

v S - o —oY?/M? 4 vef > - o vY?/M? x A%y /M?

h h
3

", negligible when light quark runs in the,loop

9 OO0 ¢ ,”
t - ! ~ o —vY?/M? x A2y /M?

h

—1
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Cancellation for light composite quarks is ineffective!

Delaunay, Grojean & GP (13).

huge Contribution, generic VeCtor Iike theory Goertz, Haisch & Neubert; Carena, et al. (12)
(h)

Us S - o —oY?/M?) + ~ - xvY?/M?* x A2, /M?

h

—1

/

in the,loop
t, 7

/

~ o —vY?/M? x A2y /M?

h
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Cancellation for light composite quarks is ineffective!

Delaunay, Grojean & GP.

vanishes for pNGB Higgs

+ vep > - o vY?/M? x A%, /M?

h

", negligible when light quark runs in the,loop

9 OO0 ¢ ,”
t - ! ~ o —vY?/M? x A2y /M?

h

—1
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Cancellation for light composite quarks is ineffective!

Delaunay, Grojean & GP.

(h)
g Uj: //
Us - vY 2 /M? x A2, /M>
Ays
g Aus

", negligible when light quark runs in thefloop
s OO0t [/

vanishes for pNGB Higgs

Sizable corrections for composite light quarks!
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Composite light quarks & pseudo Goldstone boson Higgs

Delaunay, Grojean & GP.

— SM
— O-gg—>h/0-gg—>h
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Composite light quarks & pseudo Goldstone boson Higgs

Interesting
theoretically
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Composite light quarks & pseudo Goldstone boson Higgs

Zj Oj—p X Bry_;

Interesting
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Mishima & Silvestrini; Grojean, Matsedonskyi & Panico (13)



Composite light quarks & pseudo Goldstone boson Higgs
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Left handed (LH) SUSY flavorful naturalness

Kats, GP, Stamou, Stolarski & Weiler, in progress.

¢ Is data on b-s transitions allows for large g3 — gomixing?

57 1200 GeV 1200 GeV
LHCb :Sys = sin 2055 < 0.9 x (20(;”52\/) x (ml +7;2> x ( — k )
g

(b — sy weaker fortan 8 ~ few & br ~ 3 TeV)

v

BR (ELBZ, trts — bb, tf) = cos* 033" > 0.5

Y

Seems to allow to apply the concept also on the LH sector
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Efficiencies, strong mass dependence!

Signal efficiency falls very rapidly with decreasing squark mass

Direct Decay: aa%qqx?x?

meff IS the scalar sum of transverse momenta

of the leading N jets with EMISS.

H1000_||||||||||||||||||||||||I||||I||||I||||I||||I||||
o [ ATLAS Preliminary
(5 900F 0 lepton 2011 2m,_ > 1000 GeV
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Charming the Higgs

Delaunay, Golling, GP & Soreq (13)
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Charming the Higgs

¢ Currently not much known directly on the charm Yukawa:

(i) SM - ye=mc/v ~04 % => BR(H — cc) ~ 4%, very non-trivial to observe...

See also: Bodwin, Petriello, Stoynev & Velasco (13), for charmonia production.

¢+ However, as v ~ 2% & BR(H — bb) ~ 60%, Higgs collider pheno’ is
susceptible to small perturbation.

¢ Enlarging charm Yukawa by few leads to dramatic changes, for instance:

Delaunay, Golling, GP & Soreq (13)

m . 2
/‘CEFT D )\;leH[j -+ ?QlH[j (H H) + h.c. \/j 2A
i 1 E|2
S (S (VN PR
S T CRR
Ly = h {CV (Qm%VWJW“_ -+ mQZZNZ’“‘)
’ i . 44TeV
_ Zcqmqq_q — ZCgmggg} , _'l ~ —l
q ¢ Ce —
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Charming the Higgs, current status & projections

Delaunay, Golling, GP & Soreq (1l3)

+ Ball park bounds are from Higgs “invisible” bound:

if all other “visible” couplings
set to SM values: BR(H->bb) is significantly suppressed:

@QS%CL BRM

BRh—}-bE —

~ 40% (20%)
\

with ng>0

1+ (o) = 1)BRGM,.

adding a new physics source of
ggh: @95%CL

Cgy = Cgq+ [1.3 x 107 2¢; — (4.0 — 4.3i) x 1074¢,

— (4.4 —3.0i) x 10~ "¢ |,

SM

assume instead a speculative £,=4070 c-tagging efficiency:

—
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Open parenthesis

Charm tagging at the LHC

¢+ In new ATLAS search for stop decay to charm + neutralino (7 — ¢+ 0)
charm jet tagging has been employed for the first time at LHC

ATLAS-CONF-2013-068

¢ charm jets identified by combining “information from the impact
parameters of displaced tracks and topological properties of
secondary and tertiary decay vertices” using multivariate techniques

e Mmedium’ operating point: c-tagging efficiency = 20%,
rejection factor of 5 for b jets, 140 for light jets.
#’s obtained for simulated {7 events for jets with
30 < pr < 200, and calibrated with data
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An Exclusive Window onto Higgs Yukawa
Couplings to light quarks

Bodwin, Petriello, Stoynev & Velasco (13)
Kagan, GP, Petriello, Soreq, Stoynev & Zupan (14)

sb s§ . -
o (8

db dd - Mg

-~

ds uu / H
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Exclusive path towards Higgs-light quark couplings

¢ Use the eff. Lagrangian: L. =- ) qu—thqR — ) Reg thqg% + h.c.
q=u,d,s qa7q’

5 h h ah .,
—|—/<;sz 2, 7" —|—2/<;me w, W + ry Ay ——F“ F,.,

Notice that: K, = yq/ng

where in the SM: ks = mg/my =~ 0.020
Kd = mgq/my ~ 1.0-1073
Ry = My /myp ~ 4.7 -1072

KZA/ZI{VZI
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Exclusive path towards Higgs-light quark couplings

Kagan, GP, Petriello, Soreq, Stoynev & Zupan (14)

¢+ Use the eff. Lagrangian: L. =- ) nq—thqR — > Ry bthq;-i + hec.
q=u,d,s qa7q’

5 h h ah .,
—|—/<;sz 2, 7" —|—2/<;me WMW“%—fwA ——F“ F,.,

Notice that: K, = yq/yEM

where generically: |k,| <0.98, |kq| <0.93, |kq| <0.70
varying only one at the time (95%CL)

Ru| < 1.3, |Ra| <14, |&R¢ <14

varying all couplings (95%CL)
[Kgqr| <0.6(1)| for q,q’ € u,d,s,c,band g # ¢’

same for the flavor violating case

(FCNC non-robust bound: IKb.wI <8-1072 Harnik, Kopp & Zupan; Blankenburg, Ellis, Isidori, (12))
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Exclusive path towards Higgs-light quark couplings

Kagan, GP, Petriello, Soreq, Stoynev & Zupan (14)

¢+ Use t R —hQLQR — Z ’iqq
Currently little is known directly 74
; : : h ah
on Higgs couplings to light quarks. 4z 2,<;me W, WH 4 ry Ay ——F“”F,w,
They might be huge or zero;
same holds for flavor violating M
couplings. !

where generically: |ka| < 0.93, |Rs| <0.70

varying daly one at the time (95%CL)

Rul < 1.3, |Ral <14, |Rs| <14

varying all couplings (95%CL)

|Kqq'| < 0.6(1)| for ¢,q¢' € u,d,s,c,b and q # q"

same for the flavor violating case

(FCNC non-robust bound: |Kb8| <8- 10—2| Harnik, Kopp & Zupan; Blankenburg, Ellis, Isidori, (12))
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The main idea

h— MV

vector meson

Bodwin, Petriello,

Stoynev, Velasco h — J / w 2y

1306.5770

ol
L 0y

Wy

work in progress

Ye

Ys
Yd » Yu

Kagan, GP, Petriello, Soreq, Stoynev & Zupan (14)

Adding off-diagonal: h — B%y, h — B0y, h — K0*y,h — Dy
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Ex..h — ¢y

Fh_>¢’7 87'(' mp | ’2

direct

+ Two paths to get h — ¢y:

indirect

Ry

---*--

¢ Let us understand them one by one.




Ex.:h — ¢y, indirect contribution

: li ' ( indirect § \
@
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¢+ Two paths to get h — @y =

N from experiment, p—ete
o Y vector meson, p/ ¢ fp é x
| (fs =0.235(5) GeV )

2
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mp ) v
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Ex.:h — ¢y, direct contribution

6 direct 8 \
@

¢ Two paths to get h — ¢y: ___..._@

/ N 5‘ = 1 \ rom experiment, ¢p—e*e
/{/Smb fp7¢ /fo experiment, p—e‘e
_______ X 04
h 5 v mp (f?=0191(28) )
\ ("local” structure : 50, s X F“y

KT
(Mgl)dir ~ S/U bfﬁg_




Final result for the BR(h — gb)/)

direct . indirect

1 1
I'hsoy = 8_7rm—h|Mi}|2’

- - P - -

¢+ The resulting sensitivity:

BRy ¢y Ky |(3.0£0.13)ky — 0.78R,] - 107°

_ ~2 ’
:EB]F{}I——?Z)b ().5377f£l)
BRi—py vy [(1.9£0.15)ky — 0.24K, — 0.12R4] - 107°
Similar holds BR, ..; 0.57F2 ’
for 1st generation: ~ ~ 6
BRjswy Ky (1.6 £0.17)ky — 0.59R, — 0.29R4] - 10
BR, .;; 0.57FR2 ’

Kagan, GP, Petriello, Soreq, Stoynev & Zupan (14)



Experimental sensitivity

Kagan, GP, Petriello, Soreq, Stoynev & Zupan (14)

e focusonh — ¢y, use Pythia 8.1
® main decay modes: ¢ =K K (49%), K, K (34%), ' t(15%)
e for pp—h — ¢y at 14TeV LHC in 70 to 75% cases the kaons/pions
and the prompt photon have 171 <2.4

e within the minimal fiducial volume of the ATLAS and CMS
experiments

® adopt the geometrical acceptance factor Ag =0.75

® do not include other efficiency or trigger factors

no theory error

e assume k, = 1, negligible background, 3¢ reach /.

Vs[TeV]  [Ldt[fb~']  # of events (SM) ks > (<) ke > (<)

two detectors

14 3000 770 0.39(—0.97)  0.27 (—0.81)
33 3000 1380 0.36 (—0.94)  0.22 (—0.75)
100 3000 5920 0.34(—0.90)  0.13(—0.63)

5x SM strange Yukawa

one detector

J. Zupan An Exclusive Window onto Higgs... 15




Future experiments

e only a few events expected at e*e” colliders
e ILC, ILC with luminosity upgrade, CLIC
® probably too small for observation of h — ¢y

e =30 events expected at FCC-ee (TLEP)

® too small to probe a deviation from the SM
prediction

e /i — ¢y measurements unique to future hadron
machines



Thoughts about experimental strategy

o for h — ¢y decay most promising ¢ =K K

® near collinearity of the photon and the ¢-jet in the
transverse plane

® jet sub-structure information
® two close high-p; tracks in a narrow cone
® di-track invariant mass distribution assuming kaons
e 1.5% (better than 15 MeV) resolution (CMS)
e can probably be used to significantly cut on the background
® on jet+y QCD backgrounds
® on h — ¢y+nm®, n(/)(eneutr.) %

e dedicated trigger probably required to enhance the reach



Thoughts about experimental strategy

e 1 — 0° mode

® Br(p°— m'n )~100%

e relatively clean mode, similar to ¢ =K K~ decay
e 1 — wy mode

® Br(w— 1T 1°)~89%

¢ harder to trigger on

® hard-to-identify m° smears the observable
quantities

® a detailed experimental study required



Flavor violating couplings

Kagan, GP, Petriello, Soreq, Stoynev & Zupan (14)

. FV modes h — B*y, h — B%*y, h — K%*y , h — D0*y
® can probe s sh, Zpddb, #sd,ds AN Zew,uc

e 1 — K%y similar expr.as h — ¢y
e but only direct amplitude

e for 4 ~ O(1) = Br(h — K%*y)~O(10-8)

e not observable at planned future colliders

BRj, -0,  (2.14+1.0)-1077 |Rps|? + |Rap|?

BRh—)bE O57R% 2 ’




