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EVWSB & Flavor
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) composite Higgs vs. MFV
(EWPT, top mass, EDMs)

w/ Michele Redi (CERN/INFN)
and ideas by R. Rattazzi

2) chromo-electric dipole moment

- ofthetop  w jemej Kamenik (IS, Liublana)
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Old Flavor problem of composite Higgs

Higes as bound state, naively DH:@W S
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Old Flavor problem of composite Higgs

Higes as bound state, naively DH:@W S
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Two ways of giving mass to fermions...

Bi-linear (like SM):
L=yfLOufr, Om~(1,2)

1
p)

Linear: DB. Kaplan 9|
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Two ways of giving mass to fermions...

Ri-linear (like SM):
L=yfLOufr, Om~(1,2)

il
2
Linear: D.B. Kaplan ‘9|

=i Oisimimilis (OO O Sl s (37 2)

1
6

Quarks & Leptons mix with
strong sector

Mass o< compositeness




Partial compositeness
\SM) = cos ¢|elem.) + sin ¢p|comp.)

lheavy) = — sin ¢|elem.) + cos ¢|comp.)

Composites are heavy (m, ~ TeV ).
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MIXING & Mass

strong sector elementary fields

nggS&EWSB u, d7 C, S, ba A,u
top
resonances
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Kaplan; Contino,
Kramer, Son, Sundrum



nigh pT

Resonance production (option |)
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nigh pT

Resonance production (option 2)
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nigh pT

Resonance decay

e

decays dominantly
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CP problems

Csaki, Falkowski, AVW; Buras et al; Casagrande et al

gy =Y, ~=3...6

K > < i M*El()(g/—*)TeV

AF = 2 (strongest from €k )

AF =1 (strongest constraint from €’ /€) Gedalia et. al
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~lavor breaking external

Michele Redi, AW
Postulate flavor agnostic strong sector

Usually tension between large top mass &

universal mixings and EVWP
Cacciapaglia, Csaki, Galloway, Marandella, Terning, A.VV,, 08,
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MFV with split LH doublets

Michele Redi, AW
Main Idea: mixing w/ split LH doublets*
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EVWP [ &compositeness

Michele Redi, AW
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Hadronic width
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Dijjet search (by ATLAS/CMS)
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high pTin MFV

Resonance production
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“Ultra-visible”

Michele Redi, AW

production cross-section of color octet spin-1:

(similar conclusions for spin [/2)

35 [ s | sy | o(ob) | T(GoV) | Bi(ut) | Brlez) | Brltae)

2 1 | a5 | m | oo | om | oos | oar

> |0 x anarchic (RS) model !



Flavor Gauge Boson @ Teva’rron?
Csaki, Kagan, Lee, Perez, AW

@ Can partially explain
Aerg with the usual
constraints:

b — geffuRVM —fyMuR + h.c.

SM

|) 50700800 Gev/ T700—s00 Gev S 47%

SI\I < 10%

@ Mece <900 GeV, gesr ~O(1)
AR (Mipy > 450GeV) X 10%

® Onp/Osm(pT>400GeV): 2-3




2) chromo-magnetic EDM
of the top




Measure CPV of the top!

Chromo-electric and chromo-magnetic dipole

/ /
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Lia = —gs 17" Gt — i 10" 75Gut — % Lo Gt
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Can be sizable in partial compositeness, RS, susy
(light top partners required by naturalness)



ttbar cross-section

P Haberl, O. Nachtmann, A. Wilch
afa mdm

dt 2 9

2

S i see e.g. Hioki et al, Peskin et al,
and similar for gg initial state  many more



cxperimental constraints

gL96 TeV — 7 5 4 0.31(stat) & 0.34(syst) % 0.15(lumi) pb

obs

Tevatron _
00 = 07(700 GeV < M;; < 800 GeV) = 80 & 37 fb,

ATLAS five-channel combined | 180 + 9 (stat)) + 15 (syst.) + 6 (lumi.)

CMS

Ahrens et al. Kidonakis

LHCT
MSTW CTEQ MSTW CTEQ
: +2.95+(0.34) ~+2.16+0.33(0.29) 3549(7)
VS. SM theory: LO 6'66—1.87— 5-40_1.42_0.27 0.24) kY 100t2‘1—8'?‘|

. +0.414-0.47(0.37 +0.4040.50(0.43) 4184-13(11)
NLO|6.72 Al b : 181148 {

—0.76—0.45(0.24) —~0.74-0.40(0.34 —19-12(10)

INT O . +0.07+0.63(0.33) +0.09+0.53(0.46) =n+8+13(11)
NNLO approx.|6.63 " 41 " as(0.25) |9-91 _¢.440.43(0.36) 153 "5 " 15010




Jop Chromo-electric dipole

Kamenik, Papucci, W

Dipol-moments = m,/g

levatron Nep=
7/00<m<3800 GeV

ElmI€ e sty

_08 ~06 _04 —02 0.0 0.2
CMDM Ahrens et al.

mathematica + mstw08 pdf’s, SM normalized to “N"NLO




Jop Chromo-electric dipole

Kamenik, Papucci, W

Dipol-moments * m;/g;

) eavon KRl

700<mu<800 Ge\/

LHC (35 I/pb)

ICEDMy,,| < 0.25/myop
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Constraints from neutron EDM?

Weinberg op. mixes into chromo-magnetic top

But chromo-magnetic top does not mix into
Weinberg operator (which would lead to

neutron EDM)

QFT:no mixing of higher dm op.s in lower dim.
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Constraints from neutron EDM?

Weinberg op. mixes into chromo-magnetic top

But chromo-magnetic top does not mix into
Weinberg operator (which would lead to

neutron EDM)

QFT:no mixing of higher dm op.s in lower dim.

(

—5¢Qqmq 40" 54 Flu, But there’s a
_%'mqggwta%quw finite part at
| loop!

— %fachszngiaew/)\a




Constraints from neutron ED/M?

Ce (mQ_ )=Cg (mQ'"

+CQ(M)

g, (M)

8 mQ

gs (mQ) ] qu/ﬁ—l_ ag (mQ)

oo . Chang et. al, Braaten et.al 90's
Finite threshold correction

g
2or

@ Mtop C{V\/'eilrlberg; == 5 CEDMtop

VWeinberg 89, Pospelov et. al



Constraints from neutron ED/M?

Ce (mQ_) =Cg (mQ'")

+Co (M) | & o5 ]qu/ﬁ_l_ a; (mg)

gs (M) 8n  myg

oo . Chang et. al, Braaten et.al 90's
Finite threshold correction

2
@ Mtop CWeinberg = Sgs 5 CEDMtOp

2T
VWeinberg 89, Pospelov et. al

— Weinberg op contributes to neutron EDM!

dp(w) = e (10 — 30) MeV w(1 GeV)




Jop Chromo-electric dipole

Kamenik, Papucci, W

Dipol-moments * m;,/g;

P TN CDF
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Jop Chromo-electric dipole

Kamenik, Papucci, W
Our new constraint 1s ~ |100x stronger than direct

collider constraints and somehow has been missed.

Cross-section limits are now not sensitive any
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3) Naturalness vs. flavor blind susy
breaking
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susy Is the prime example for flavor
triviality, use flavor blind susy breaking
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Susy & naturalness

o Susy stabilizes the weak scale Mz << Mpianek

o Natural Iff higgsinos and stops not too heavy
< O(few 100 GeV), unavoidablel!




Susy & naturalness

o Gluinos enter the higgs potential @ 2loop,
mass Is bounded too

calihiedides Muisttilnedstansioniiteommys =Rl obs
bound O(| in 100) => talk by Djouadi

iggs tuning may be reduced by extending
thcaMSSIM



A natural (light) 3rd gen?

talks by Hoecker, Boccall

O Present searches do not exclude light stops/
sbottoms, susy can still be natural

CDF Run Il Preliminary f Ldt=2.61b"

— Observed Limit (95% CL) ATLAS Preliminary

—_
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Expected Limit (x10)

b-jet channel, 1-lepton, 2 jets
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Stop Mass [GeV/c?]

o Limrts well below 250-350 GeV if gluinos,
squarksi, ... are decoupled



A natural (light) 3rd gen?

talks by Hoecker, Boccall

O Present searches do not exclude light stops/
sbottoms, susy can still be natural

DO, L=5.2 fb’!
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o Limrts well below 250-350 GeV if gluinos,
squarksi, ... are decoupled



L imits on Squarks & Gluinos

talks by Hoecker, Boccall
Farly (Jets+tMET+(0, 1) lepton) searches put strong limits

on gluinos first two generations of squarks

n
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900F \s=7TeV det‘35pb —
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Already have to be > 500-600 GeV!



Splitting the generations

berturbatively

Stop mMass

Flavor universal boundary condrtions:

Ms, Ay, mpy,, Mg, , M,, bounded from above —
splitting between |,2 vs. 3 I1s bounded from above




Fall 2011 (20127)

Difficult to extrapolate experimental constraints,
(analysis Iin final stages), BUT

Stop/Bottom: most holes closed this summer,
increased limit (350~400 GeV)
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Fall 2011 (20127)

Difficult to extrapolate experimentz
(analysis Iin final stages), BUT

onstraints,

»
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Stop/Bottom: most holg =

increased lImrt (354
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General message

Natural Susy surviving this fall (w/ no observed
signal) likely involves flavor non-universal susy
breaking (“flavortul susy™).

=> talk by Isidori, Lalak
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Conclusions

-V with split doublets solves flavor and EVWP

broblems of partial compositeness, early

discovery at LHC.
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new & very strong bound on the CEDM




The SM ftlavor puzzle

Yp ~ diag (2-107° 0.0005 0.02)
6-107° —0.001  0.008 4 0.004:
3

1-10° 0.004 —0.04 + 0.001
1079 +2-1078; 0.0002 0.98

YU%

Origin of this structure!

Other dimensionless parameters of the SM:
P e T T ATE D VO R I | PP | P




UTfit 08, Isidori, Perez, Nir ‘10

Operator Bounds on A in TeV (¢;; = 1) | Bounds on ¢;; (A =1 TeV) Observables
Re Im Re Im
(5.y*dr)? 9.8 x 107 1.6 x 10* 9.0 x 107 3.4 x107? Amp; e
(5pdr)(5rdr) | 1.8 x 10* 3.2 x 10° 6.9x 1072 2.6 x 1071 Amp; €
(ervHur,)? 1.2 x 103 2.9 x 103 56 x 107 1.0x10™" | Amp; |¢/pl,¢p
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(bry*dr)? 5.1 x 107 9.3 x 107 Jxd sl Dbuctitn dall. ST OED Amp,; Syks
(brdr)(brdgr) | 1.9 x 103 3.6 x 103 BiGese izt Tk (i Auizied St oo
(bry"sr)? Tl clie 7.6 x 107° Amp.
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UTfit 08, Isidori, Perez, Nir ‘10

Operator Bounds on A in TeV (¢;; = 1) | Bounds on ¢;; (A =1 TeV) Observables
Re Im Re Im
(§L’y'udL)2 9.8 X 102 1.6 X 104 AmK; (7€
(ER dL)(ngR) 1.8 x 10% 3.2 x 10° Ampg; €x
(ery"ur)? 1.2 x 103 2.9 x 103 Amp; lq/pl, oD
((_ZR UL)(ELUR) 6.2 x 10° 1.5 x 104 Amp; |q/p|,q§D
(bry*dr)? 5.1 x 107 9.3 x 107 Amp,; Syks
(BR dL)(BLdR) 1.9 % 103 3.6 X 103 Ade; SQPKS
(bry"sr)? Tl clie Amp.
br sp)(b - Amp,

(brsL)(bLsR)
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UTHit 08, Isidori, Perez, Nir‘ |0

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

(517"de) Amg; €k
(ngL)(ngR) Ampg; €x

(cLy ur)? Amp; |q/pl, o0
(cCrur)(CLur) Amp; |q/p|, ¢p
(bry*dr)? Amp,; Syks
(brdr)(brdr) Amp,; Syks

(bL")/'LLSL)2 AmBS

~ (brsL)(bLsr)
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Yp ~ diag (2-107° 0.0005 0.02)

6-10° —0.001 0.008 + 0.0043
Yy ~ 1-106 0.004 —0.04 + 0.001
8.1072+2-10"8 0.0002 0.98




Log(SM flavor puzzle)

—log |Yp| ~ diag (11 8 4)

12 7 95
—log|Yy|~ | 14 6 3
18 9 0

f Y =e 2, thenthe A don't look crazy




anarchic (“'structure-less’)

Mass;; o Y;e” MBleite)) split fermions/RS
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uv IR

u,d,c,s,br tr QL

anarchic (“'structure-less”)

Mass;; o Y;e” MBleite)) split fermions/RS
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anarchic (“'structure-less”)

Mass;; l@-je_MR(C“rcj) split fermions/RS
1] lhigh strong dynamics
Q'-Q
P
Qe ado (]\é > ) Froggatt-Nielsen

/

T => hierarchical
'\ masses & MIXINg angles



Flavorgenesis scale?
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Flavor




Flavorgenesis scale?




Flavorgenesis scale?




Flavorgenesis scale?




~lavorgenesis scale!

= =

1
T T — o (9 (%)

—xample: MSSM 1s MV
f flavor 1s generated we

DE

| a

fore susy breaking.

DOVE MeEssenger

scale, eV theory flavor trivial (= MFV).

... B 1 ]
S — / dz <d26d20 * exp (294T2VE) B; + {d29 [W({@i}) +owewe| + h.c.})
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Flavorgenesis scale?

only trace left: MFV
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Minimal flavor violation

UTTit, Buras et. al, Hurth et al

ree
Operator Bound on A | Observables
HY (DRY"Y"Y"5,,QL) (eFL) 6.1 TeV | B— Xy, B— X T4~
QLY "Y",Qr)? 59 TeV | ex, Amp,, Amp,
H}, (DrY Y "Y"0,,T°QL) (9:G4,)| 34 TeV | B— Xy, B — X010~
(QLY"“Y"v,Qr) (ErY.ER) 27TeV | B— X, By = putu~
i (QY"Y“n,Qr) HD, Hy 23TeV | B— Xt~ By — ptp~
(QLY“Y"v,Qr) (LryuL1) 1.7TeV | B— X0, By — uTu~
(QLY“Y"v,Qr) (eD,F,.) 1.5 TeV | B— X 0T(~

It |-loop suppressed Q|1 1

Aloop ~ (E)iAtree ~ 1_0Atree
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Alienment vs. MFV

Lalak et al

Flavour violating

dimension six operator
LQrX¥, Q1)

Hi (DRX TUWQL) »
HY (DRX ;aMVTaQL)

(QLX 'YMQL)(LL”Y;LLL)
(QLXLL%TQQL)(LLWTG’LL)
(QrX 7 vuQr)(HYiD, H)
(QrX% 7.QL)(Drv,DR)

flavon vev

e e £ | i 5
: messenger mass T = (my/myp)?

Here only MFV operators, flavorgenesis scale from
first two generations




Combination of K-K and D-D

Nir O/: Blum et. al '09

Can not simultaneously evade constraints from
=
i
YpYi

DD & KK

no effect In K-K mixing
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Combination of K-K and D-D

Nir O/: Blum et. al '09

Can not simultaneously evade constraints from
e (I
@R Ay
K-K mixing VC/KM,
YpY,

DD & KK

no effect In D-D mixing

i e .
Qri(XQ)ijuQL;)(Qri(XqQ)iv QLj)

o
A%p



Combination of K-K and D-D

| | Nir O7; Blum et. al '09
Can not simultaneously evade constraints from DD & KK

e (I
(QLCQL) T
Yu Y,
A ksi2 = d
Squadrks|,; = degenerate
. Z@ ;mél < 0.05 —0.14,
NS @ <51 Q2 T MG,
K-K mixing | e — .
/> £ 0.02-0.04
"‘ U9 uq

no effect In D-D mixing

i e .
Qri(XQ)ijuQL;)(Qri(XqQ)iv QLj)

o
A%p






Weak scale 1s unstable

elementary scalar Higgs
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Inspiration by QC




QCD

2

o

CBa G
aem
4

due to quark masses
and gauging of EM

Potential tilteq:

2
T

m
coupling to this new sector
MFV or not MFV?

Fermions get masses by

Inspired by QCD




Old Flavor problem of composite Higgs

Higes as bound state, naively DH:@W S

1 e 1 s e
A Dz —1 Yij %H% | A2 Cijkl %%%wz
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Old Flavor problem of composite Higgs

Higes as bound state, naively DH:@W S

1 e 1 s e
A Dz —1 Yij wz%@by | A2 Cijkl %%%wz
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Two ways of giving mass to fermions...

Bi-linear (like SM):
L=yfLOufr, Om~(1,2)
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Linear: DB. Kaplan 9|
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Two ways of giving mass to fermions...

Ri-linear (like SM):
L=yfLOufr, Om~(1,2)
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Quarks & Leptons mix with
strong sector

Mass o< compositeness




Partial compositeness
\SM) = cos ¢|elem.) + sin ¢p|comp.)

lheavy) = — sin ¢|elem.) + cos ¢|comp.)

Composites are heavy (m, ~ TeV ).
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MIXING & Mass

strong sector elementary fields

nggS&EWSB u, d7 C, S, ba A,u
top
resonances

P

g*7m,0 159*547‘-

Kaplan; Contino,
Kramer, Son, Sundrum
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Degree of compositeness:

UV

u,d.c,s,br

KK modes 1
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nigh pT

Resonance production (option |)
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nigh pT

Resonance production (option 2)
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nigh pT

Resonance decay

e

decays dominantly

| Telal




Jop FCNCs

SM Br(t — q(Z,7,G)) ~ 10714

partial compositeness/
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Resonances decay to lops

Agashe et al, Lillie et al

di(pp%tt%bhh ii)

JLdt 100 tb™

Collimation poses
challenge
(mkk ~ 3 1eV vs. Miop)
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FCNC protection

Gherghetta, Pomarol; Huber;Agashe, Perez, Soni;

masses from mixing In composites

mg ~ vsinfy, Y sinf,,
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FCNC protection

Gherghetta, Pomarol; Huber;Agashe, Perez, Soni;

masses from mixing In composites

mg ~ vsinfy, Y sinf,,

-CNCs suppressed by
the same mixings




Little CP problem

Csaki, Falkowski, AVW; Buras et al; Casagrande et al

gy =Y, ~=3...6

K > < i M*El()(g/—*)TeV

AF = 2 (strongest from €k )

AF =1 (strongest constraint from €’ /€) Gedalia et. al
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Arier generate Yyp at high scale

new physics dynamics can
depend non-trivially on Yup




Flavor triviality: dynamical MrV

Cacciapaglia, Csaki, Galloway, Marandella, Terning, A.VV.

strong sector SU(3)g x SU(3), X SU(3)4

Mixing ~ Yukawas

flavor
trivial

SusSd ™ Y’tu Yd

Delaunay et al
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RS allows for sizable Ass

| asymmetry in anarchic warped flavoRaver et al

plot from Blum et al
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Flavor gauge bosons at LHC

Csaki, Kagan, Lee, Perez, AW

get GV 11h  Flavor gauge bosons do not have
massless modes (flavor is broken)

But quar
flavor un

RSO bR ol

< cComposite mixing can be

iversal & large

~ g2 sin® O,
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FGBs at the LHC (preliminary)

@ The flavor gauge bosons & scalars might be observable.

M, vs. do/dMtT for RZ model with M. =1,2,3TeV (LHC with\'s=7 TeV)
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Flavor Gauge Boson @ Tevatron?

5 7§
e geffuRV,uATfY,uuR Xl h.c.

@ Can partially explain
Ars With the usual
constraints:

SM

" NP AT%,
|) 00700800 Gev/T700—800 Gev S 4770

NP /oSM < 105

tt

@ Mece <900 GeV, gesr ~O(1)
AR (Mipy > 450GeV) X 10%

® Onp/Osm(pT>400GeV): 2-3




Conclusions

Most well-motivated models of NP at the TeV

bredict experimentally resolvable deviations from
Haes i




