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Flavorful Hadron Colliders

Visiting Cornell

• My first ever conference talk

• CDF report: Top quark ex-

cluded in the mass range 30

to 60 GeV
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Flavorful Hadron Colliders

Why is flavor physics interesting?

• Flavor physics is sensitive to new physics at ΛNP ≫ Eexperiment

FCNC suppressed within the SM by αnW , |Vij |,mf

• The New Physics flavor puzzle:

If there is NP at the TeV scale, why are FCNC so small?

Degeneracy? Alignment?

The solution =⇒ Clues for the subtle structure of the NP

• The Standard Model flavor puzzle:

Why are the flavor parameters small and hierarchical?

(Why) are the neutrino flavor parameters different?
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Flavorful Hadron Colliders

Plan of Talk

1. Flavor and Att̄FB

2. ATLAS/CMS and flavor

3. (Flavor and abSL)
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Flavorful Hadron Colliders

Att̄
FB

Blum, Hochberg, Nir, 1107.4350
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Att̄
FB

Evidence for New Physics

• Att̄FB =
σ(cos θtp>0)−σ(cos θtp<0)
σ(cos θtp>0)+σ(cos θtp<0)

• The Standard Model:

Att̄FB(Mtt̄ > 450 GeV) = 0.11+0.02
−0.01

[Ahrens et al., 1106.6051]
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Att̄
FB

Evidence for New Physics

• Att̄FB =
σ(cos θtp>0)−σ(cos θtp<0)
σ(cos θtp>0)+σ(cos θtp<0)

• The Standard Model:

Att̄FB(Mtt̄ > 450 GeV) = 0.11+0.02
−0.01

[Ahrens et al., 1106.6051]

• CDF:

Att̄FB(Mtt̄ > 450 GeV) = 0.47 ± 0.10 ± 0.05

[CDF, PRD 83, 112003 (2011)]
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Att̄
FB

Hints for New Physics

Att̄FB SM Exp

inclusive 0.07 ± 0.01 0.20 ± 0.05

Mtt̄ > 450 GeV 0.11 ± 0.02 0.47 ± 0.11

Mtt̄ < 450 GeV 0.05 ± 0.01 −0.11 ± 0.15

|∆y| > 1.0 0.15 ± 0.02 0.61 ± 0.26

|∆y| < 1.0 0.05 ± 0.01 0.03 ± 0.11
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Att̄
FB

What New Physics?

• Order one modification to SM tree-level strong-interaction

• Enhanced Att̄FB ⇔ No substantial changes in σtt̄total

⇓
• Interference effect with tree-level electroweak-scale NP

• New vector-boson or new scalar that mediates uū→ tt̄

• If scalar – it must have an off-diagonal (up-top) coupling
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Att̄
FB

Scalar-mediated uū → tt̄

• The possible SU(3) × SU(2) × U(1) representations:

– (3, 1)−4/3

– (6̄, 1)−4/3

– (3, 1)−1/3

– (6̄, 1)−1/3

– (3, 3)−1/3

– (6̄, 3)−1/3

– (8, 2)−1/2

– (1, 2)−1/2

• Only three relevant parameters: mΦ, λΦut, (ΓΦ)

• Sign of leading interference terms, and possibility of forward

kinematical features, dictated purely by color representation
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Att̄
FB

Scalar-mediated uū → tt̄

• σh ≡ σtt̄(700 GeV < Mtt̄ < 800 GeV)

Nh ≡ |σNP
h |/σSM

h

Nh < 1

• σi ≡ σtt̄inclusive

Ni ≡ σNP
i /σSM

i

−0.1 < Ni < +0.3

When enhancing the forward-backward asymmetry to

Ah ≡ Att̄FB(Mtt̄ > 450 GeV) > 0.20:

• All colored representations (triplet, sextet, octet) in severe

tension with the measured differential tt̄ producton cross

section: Nh > 1 and/or Ni > 0.3 or < −0.1
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Att̄
FB

Φ(1, 2)−1/2-mediated uū → tt̄

Only Φ(1, 2)−1/2 can enhance Ah while being consistent with σh,i

• mφ ∼< 130 GeV

• |λφūt| ∼> 0.6

• σ(gu→ tφ) large

Consistency with single top (tbX) production?

Work in progress
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Att̄
FB

Φ(1, 2)−1/2 and flavor

LΦ,u = 2ΦQ†
LiXijuRj + h.c.

= 2φ0u†LiXijuRj + 2φ−d†Li(V
†X)ijuRj + h.c.

• λφūt = X13 or X31 must be O(1)

• Cannot avoid φ-mediated FCNC simultaneously in the up and

the down sectors

• “Minimum flavor damage”:

A single Xij entry in the up mass basis (“up alignment”)

or a single (V †X)ij in the down mass basis (“down alignment”)
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Att̄
FB

X13 = O(1), up-alignment

• LΦ,u = 2φ0u†LiXijuRj + 2φ−d†Li(V
†X)ijuRj + h.c.

• Align in the up mass basis (φ0ūLtR):

X = λ




0 0 1

0 0 0

0 0 0


 ; V †X = λ




0 0 V ∗
ud

0 0 V ∗
us

0 0 V ∗
ub




• t+ φ− contribution to K0 −K0 mixing enhanced by∣∣∣VudVus

VtdVts

∣∣∣
2

∼ 105 compared to the SM t+W− contribution

∆mK =⇒ |λ|4F
(
m2

t

m2
φ

)
< 4 × 10−4

( mφ

250 GeV

)2

• Excluded as an explanation of Att̄FB
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Att̄
FB

X13 = O(1), down-alignment

• LΦ,u = −2φ0u†LiXijuRj + 2φ−d†Li(V
†X)ijuRj + h.c.

• Align in the down mass basis (φ−b̄LtR):

X = λ




0 0 Vud

0 0 Vcd

0 0 Vtd


 ; V †X = λ




0 0 1

0 0 0

0 0 0




• φ0-mediated contribution to D0 −D0 mixing enhanced by∣∣∣VudVcd

VubVcb

∣∣∣
2

∼ 106 compared to the SM W -mediated contribution

∆mD =⇒ |λ|4F
(
m2

t

m2
φ

)
< 2.7 × 10−4

( mφ

250 GeV

)2

• Excluded as an explanation of Att̄FB
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Att̄
FB

X31 = O(1), up-alignment

• LΦ,u = 2φ0u†LiXijuRj + 2φ−d†Li(V
†X)ijuRj + h.c.

• Align in the up mass basis (φ0t̄LuR):

X = λ




0 0 0

0 0 0

1 0 0


 ; V †X = λ




V ∗
td 0 0

V ∗
ts 0 0

V ∗
tb 0 0




• φ−-mediated contribution to b→ uūs enhanced by∣∣∣ VtbVts

VubVus

∣∣∣
2

∼ 2500 compared to the SM W -mediated contribution

BR(B0 → π+K−) =⇒ |λ|2 < 0.06
( mφ

250 GeV

)2

• Excluded as an explanation of Att̄FB
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Att̄
FB

X31 = O(1), down-alignment

• LΦ,u = 2φ0u†LiXijuRj + 2φ−d†Li(V
†X)ijuRj + h.c.

• Align in the down mass basis (φ−b̄LuR):

X = λ




Vub 0 0

Vcb 0 0

Vtb 0 0


 ; V †X = λ




0 0 0

0 0 0

1 0 0




• No φ-mediated contributions to ∆mK,B,Bs
and to B-decays

Suppressed contributions to ∆mD

• The only viable explanation of Att̄FB
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Att̄
FB

Φ(1, 2)−1/2-mediated dd̄ → tt̄?

• LΦ,d = 2Φ̃Q†
LiX̃ijdRj + h.c.

• λ̃φdt = X̃31 must be O(1) to play a role
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Att̄
FB

X̃31 = O(1), up-alignment

• LΦ,d = 2φ+u†LiX̃ijdRj − 2φ0∗d†Li(V
†X̃)ijdRj + h.c.

LΦ,u = 2φ0u†LiXijuRj + 2φ−d†Li(V
†X)ijuRj + h.c.

• Align in the up mass basis (φ+t̄LdR):

X̃ = λ̃




0 0 0

0 0 0

1 0 0


 ; V †X̃ = λ̃




V ∗
td 0 0

V ∗
ts 0 0

V ∗
tb 0 0




• φ0-mediated contribution to b→ dd̄s enhanced by∣∣∣ VtbVts

VubVus

∣∣∣
2

∼ 2500 compared to the SM W -mediated contribution

BR(B− → π−K
0
) =⇒ |λ̃|2 < 0.07

( mφ

250 GeV

)2

• Cannot play a significant role in Att̄FB
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Att̄
FB

X̃31 = O(1), down-alignment

• LΦ,d = 2φ+u†LiX̃ijdRj − 2φ0∗d†Li(V
†X̃)ijdRj + h.c.

• Align in the down mass basis (φ0b̄LdR):

X = λ




Vub 0 0

Vcb 0 0

Vtb 0 0


 ; V †X̃ = λ̃




0 0 0

0 0 0

1 0 0




• When X31 and X̃31 are both of O(1):

φ0-mediated contribution to b→ uc̄d enhanced by∣∣∣ Vcb

VubVcd

∣∣∣
2

∼ 2500 compared to the SM W -mediated

contribution, but BR(B+ → D∗+π0) < 10BR(B+ → D∗+π0)SM

• X̃31 cannot play a role in Att̄FB
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Att̄
FB

Read the small letters

• B0
→ D+π− = b̄ → cūd transition

• Not a measurement!

• Belle measure BR(B0
→ D+

s π−)...

• ... and then use theory:

BRD0 = BRDs(fD/fDs)2 tan2 θC .

[Belle, PRD 82, 051103 (2010)]
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Att̄
FB

Summary

• 8 possible scalar reps relevant to Att̄FB; Only Φ(1, 2)−1/2 can

enhance Ah > 0.2 and remain consistent with σtt̄

• mφ ∼< 130 GeV, |λφut| ∼> 0.6

• Two types of couplings of Φ can contribute to uū→ tt̄:

X13q
†
L1ΦtR and X31q

†
L3ΦuR:

1. X13 = O(1) excluded by K0 −K0 and/or D0 −D0 mixing

2. Generic X31 = O(1) excluded by BR(B → πK)

3. X31 = O(1) viable only if carefully aligned so that φ−

couples only to bL (but not to sL and dL)

• The flavor constraints might be circumvented if the
contributions to flavor changing processes cancel against
contributions from additional scalar doublets – MFV?
Grinstein, Kagan, Zupan, Trott, 1108.4027
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Flavorful Hadron Colliders

Flavor at ATLAS/CMS

Feng, Lester, Nir, Shadmi et al., PRD77(2008)076002; PRD80(2009)114004; JHEP01(2010)047
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Flavor at ATLAS/CMS

Experimentalists: Flavor at ATLAS/CMS???

• ATLAS/CMS are not optimized for flavor
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Flavor at ATLAS/CMS

Experimentalists: Flavor at ATLAS/CMS???

• ATLAS/CMS are not optimized for flavor

But...

• They can identify e, µ, (τ)

• They can tell 3rd generation quarks (b, t) from light quarks
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Flavor at ATLAS/CMS

Theorists: Flavor at ATLAS/CMS???

• The scale of flavor dynamics is unknown

• Very likely, it is well above the LHC direct reach
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Flavor at ATLAS/CMS

Theorists: Flavor at ATLAS/CMS???

• The scale of flavor dynamics is unknown

• Very likely, it is well above the LHC direct reach

But...

• If new particles that couple to the SM fermions are discovered –

=⇒ New flavor parameters can be measured

– Spectrum (degeneracies?)

– Flavor decomposition (alignment?)

• In combination with flavor factories, we may...

– Understand how the NP flavor puzzle is (not) solved

=⇒ Probe NP at ΛNP ≫ TeV

– Get hints about the solution to the SM flavor puzzle
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Flavor at ATLAS/CMS

Gauge+Gravity Mediation

• Example: High (but not too high) scale gauge mediation

• Gravity mediation sub-dominant but non-negligible

• r = gravity−med
gauge−med ∼

(
πmM

αmP

)2
1
nM

• M̃2
ẼL,R

(mM ) = m̃2
ẼL,R

(1 + rXẼL,R
)

• Degeneracy depends on r

Assume: The flavor structure of X determined by FN:

• XẼL
∼




1 Ue2 Ue3

· 1 Uµ3

· · 1


; XẼR

∼




1
me/mµ

Ue2

me/mτ

Ue3

· 1
mµ/mτ

Uµ3

· · 1




• Mixing depends only on X which is related to the SM flavor
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Flavor at ATLAS/CMS

SUSY flavor parameters from ℓ̃1, e, µ

True Measured

ℓ̃1 135.83 GeV 135.9 ± 0.1 GeV

χ0
1 224.83 GeV 225.10 ± 0.04 GeV

∆m(ℓ̃1,2) 4.95 GeV 5.06 ± 0.06 GeV

ℓ̃4 282.86 GeV 283.1 ± 0.2 GeV

ℓ̃5 303.41 GeV 306 ± 1 GeV

ℓ̃6 343.53 GeV 341 ± 1 GeV

|Ke2/Kµ2|2 0.069 0.054 ± 0.008

[Feng, Lester, Nir, Shadmi et al., PRD77(2008)076002; PRD80(2009)114004; JHEP01(2010)047]
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Flavor at ATLAS/CMS

Lessons from ℓ̃1, e, µ

• Determine ∆m21 and sin θ12:

It is consistent with µ→ eγ?

How the SUSY flavor problem is solved

• Determine ∆m21, ∆m54, . . .:

What is messenger scale of gauge mediation (Mm)?

Probe physics at Mm ∼ 1015 GeV

• Determine |Ke2/Kµ2|:
Is the FN mechanism at work?

How the SM flavor puzzle is solved
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Flavor at ATLAS/CMS

The role of flavor factories (FF)

ATLAS/CMS and flavor factories give complementary information

• In the absence of NP at ATLAS/CMS:

flavor factories will be crucial to find ΛNP

• Consistency between ATLAS/CMS and FF:

necessary to understand the NP flavor puzzle

• NP in c→ u? s→ d? b→ d? b→ s? t→ c? t→ u?

µ→ e? τ → µ? τ → e?

– MFV?

– Structure related to SM?

– Structure unrelated to SM?

– Anarchy?

[Hiller, Hochberg, Nir, JHEP0903(09)115; JHEP1003(10)079]]
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Flavor at ATLAS/CMS

Summary

Excluded

1

1

Kij

0
0

mj-mi

mj+mi

Flavor Factories
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Flavor at ATLAS/CMS

Summary

Excluded

1

1

Kij

0
0

mj-mi

mj+mi

Flavor Factories

Kij
1

1

0
0

Flavor

Factory

ATLAS/

CMS

mj-mi

mj+mi

FF+ATLAS/CMS
[Grossman, Ligeti, Nir, PTP122(09)125 [0904.4262]]
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Flavorful Hadron Colliders

Conclusions

• If ATLAS/CMS discover new particles that couple to the SM

quarks and/or leptons, they can measure new flavor parameters

• We will probably understand how the NP flavor puzzle is solved

• Surprisingly, we may even make progress on the SM flavor

puzzle

• If either or both of Att̄FB and AbSL are true =⇒ new bosons with

elctroweak-scale masses and order one couplings to quarks

• A surprising flavor structure is implied:

MFV with the new bosons in a non-singlet flavor rep?

Something completely different?
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Flavorful Hadron Colliders

Ab
SL

Blum, Hochberg, Nir, JHEP 09 (2010) 035
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Ab
SL

Evidence for New Physics

• AbSL =
N++

b −N−−
b

N++
b +N−−

b

• The Standard Model:

AbSL = −(2.8 ± 0.5) × 10−4

[Lenz and Niesrte, JHEP 0706, 072 (2007)]
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Ab
SL

Evidence for New Physics

• AbSL =
N++

b −N−−
b

N++
b +N−−

b

• The Standard Model:

AbSL = −(2.8 ± 0.5) × 10−4

[Lenz and Niesrte, JHEP 0706, 072 (2007)]

• D0:

AbSL = −(7.9 ± 1.7 ± 0.9) × 10−3

[D0, 1106.6308; PRD82,032001 (2010)]
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Ab
SL

Hints for New Physics?

SM Exp

AbSL −0.00028 ± 0.00005 −0.008 ± 0.002 D0

AdSL −0.0006 ± 0.0002 −0.005 ± 0.005 HFAG

φs(Bs → J/ψφ) −0.036 ± 0.002 +0.13 ± 0.18 ± 0.07 LHCb

φs(Bs → J/ψf0) −0.036 ± 0.002 −0.44 ± 0.44 ± 0.02 LHCb
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Ab
SL

Four-quark operators

H∆B=∆S=2
eff = 1

Λ2

(∑5
i=1 ziQi +

∑3
i=1 z̃iQ̃i

)

Qsb1 = b̄αLγµs
α
Lb̄
β
Lγµs

β
L, Q̃sb1 = b̄αRγµs

α
Rb̄

β
Rγµs

β
R,

Qsb2 = b̄αRs
α
Lb̄
β
Rs

β
L, Q̃sb2 = b̄αLs

α
Rb̄

β
Ls

β
R,

Qsb3 = b̄αRs
β
Lb̄
β
Rs

α
L, Q̃sb3 = b̄αLs

β
Rb̄

β
Ls

α
R,

Qsb4 = b̄αRs
α
Lb̄
β
Ls

β
R, Qsb5 = b̄αRs

β
Lb̄
β
Ls

α
R

AbSL =⇒ Λ ∼< 700 TeV
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Ab
SL

MFV

• z̃i highly suppressed;

z1
y4
t (VtsV

∗
tb)

2
= r+1 − r−1 y

2
b ,

z2,3
y4
t (VtsV

∗
tb)

2
= r2,3(v

2/Λ2)y2
b ,

z4,5
y4
t (VtsV

∗
tb)

2
= r+4,5ybys − r−4,5y

3
bys

• r+1,4,5 - real

• AbSL =⇒ ΛMFV ∼< 500 GeV tanβ
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Ab
SL

MFV + small tan β

• If yb ≪ 1: Only Q2,3 can give large CPV in Bs −Bs mixing

• AbSL =⇒ ΛQ2 ∼< 250 GeV
√

tanβ

• Further predictions:

SψK ≈ SSM
ψK − 0.15 ≈ 0.65 ± 0.05

Sψφ ≈ SSM
ψφ + 0.25 ≈ 0.25 ± 0.06

• Most likely, tree-level exchange of a scalar
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Ab
SL

CP violation as a probe of New Physics

The size of new MFV effects on CP violating observables:

yb ∼ 1 yb ≪ 1

i Sψφ SψK ǫK Sψφ SψK ǫK

1 small small large small small large

2,3 large large small large large small

4,5 large small large small small large

• A-priori, seven different patterns

• Four would exclude MFV: SLL, SLS, LSS, LLL

• Within MFV:

LLS =⇒ Q2,3, LSL =⇒ Q4,5+large tanβ, SSL =⇒ Q1,4,5
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