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Motivation

• S Matrix: Central Object in QFT


      : No scattering/interaction              : scattering from  to 


• Fulfills Unitarity                      & Analyticity (S analytic in kinematic vars)

T | i⟩ | f⟩
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Motivation

• S Matrix: Central Object in QFT


      : No scattering/interaction              : scattering from  to 


• Fulfills Unitarity                      & Analyticity (S analytic in kinematic vars) 


• Example: Bhabha—Scattering

T | i⟩ | f⟩

e→(q1) e→(q3)

e+(q2) e+(q4)

+

e→(q1) e→(q3)

e+(q2) e+(q4)

t-channel

+

e→(q1)

e+(q2)

e→(q3)

e+(q4)

s-channel
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Motivation: Aharonov—Bohm Effect

But: Identity    not always trivial 

 
QM (non relativ.) : Charged Particle and Solenoid
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Static potential ⃗A

i
∂Ψ
∂t

= [ 1
2m (−i ⃗∇ − q ⃗A )

2] Ψ
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Motivation: Aharonov—Bohm Effect

But: Identity    not always trivial 

 
QM (non relativ.) : Charged Particle and Solenoid
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Static potential ⃗A
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Motivation: Aharonov—Bohm Effect

But: Identity    not always trivial 

 
QM (non relativ.) : Charged Particle and Solenoid


Interference depends on flux  even where Φ ⃗B = 0
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Ψi = exp(iq∫γi

⃗A ⋅ d ⃗r) Ψ0

Wilson Loop  topol. phase 
from enclosed flux 

→
Φ

Static potential ⃗A

i
∂Ψ
∂t

= [ 1
2m (−i ⃗∇ − q ⃗A )

2] Ψ

Ψ1

Ψ2
= exp(iq∮γ1−γ2

⃗A ⋅ d ⃗r) eiqΦ
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QFT description of Aharonov—Bohm by Matter Chern—Simons in  


                                      


 

• Charged Matter carries magnetic flux  acts as Solenoid 

d = 2 + 1

→

ℒ =
k

4π
ϵμνρ Tr(Aμ∂νAρ +

2i
3

AμAνAρ) + ℒghost +

Matter Chern—Simons Theory

ψ̄ i (iγμDμ − m) ψi

(Dμϕ)2 − m2ϕ†iϕi
⊃ AμJμ ∼ AμϵμνρFνρ ⟹ ρ =

k
2π

B
{

[Boz, Fainberg, Pak, Annals of Physics 246, 347-368 ’96]
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QFT description of Aharonov—Bohm by Matter Chern—Simons in  


                                      


 

• Charged Matter carries magnetic flux  acts as Solenoid 

Particle Exchange:

d = 2 + 1

→

ℒ =
k

4π
ϵμνρ Tr(Aμ∂νAρ +

2i
3

AμAνAρ) + ℒghost +

Matter Chern—Simons Theory

ψ̄ i (iγμDμ − m) ψi

(Dμϕ)2 − m2ϕ†iϕi

1 2 = 1 2 1

e+iπν

e−iπν

⊃ AμJμ ∼ AμϵμνρFνρ ⟹ ρ =
k

2π
B

   modified by topol. phase
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{
[Boz, Fainberg, Pak, Annals of Physics 246, 347-368 ’96]

Gauge inv. states dressed  
       with Wilson lines



                                     


• 2015:  fund. Matter Scattering @ planar large-  , fixed 
2 → 2 U(N) N λ = N/k

ℒ =
k

4π
ϵμνρ Tr(Aμ∂νAρ +

2i
3

AμAνAρ) + ℒghost + ℒmatter

Matter Chern—Simons Theory: 2  2 Scattering→

Pi(q1) + P̄j(q2) ⟶ Pk(q3) + P̄ℓ(q4) Pi(q1) + Pj(q2) ⟶ Pk(q3) + Pℓ(q4)

[SPP̄]k;j
i;l ≃ Ssing ⊕ Sadj [SPP]k;l

i;j ≃ Ssym ⊕ Sasym

[Jain, Minwalla et. al., JHEP 04 ’15, 129]
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• 2015:  fund. Matter Scattering @ planar large-  , fixed 


• Used Crossing to obtain  from  but 


• Fails non-relativistic limit

2 → 2 U(N) N λ = N/k

Ssing Sadj,sym,asym SsingS†
sing ≠

ℒ =
k

4π
ϵμνρ Tr(Aμ∂νAρ +

2i
3

AμAνAρ) + ℒghost + ℒmatter

Matter Chern—Simons Theory: 2  2 Scattering→

Pi(q1) + P̄j(q2) ⟶ Pk(q3) + P̄ℓ(q4) Pi(q1) + Pj(q2) ⟶ Pk(q3) + Pℓ(q4)
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Violated Aharonov—Bohm

[Jain, Minwalla et. al., JHEP 04 ’15, 129]
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[SPP̄]k;j
i;l ≃ Ssing ⊕ Sadj [SPP]k;l

i;j ≃ Ssym ⊕ Sasym



• 2015:  fund. Matter Scattering @ planar large-  , fixed 


Proposed Resolution: Modify physical S matrix  Restore Non-Relativistic Limit and Unitarity 

 

2022: Generalized conjecture for all channels

2 → 2 U(N) N λ = N/k

→

Matter Chern—Simons Theory: 2  2 Scattering→

Snaive
sing = + iTnaive

sing , SsingS†
sing ≠
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[Mehta, Minwalla et. al., Adv.Theor.Math.Phys. 27, 193-310]

[Jain, Minwalla et. al., JHEP 04 ’15, 129]

→ Sphys
sing (Sphys

sing )† =
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Motivated by braiding of Wilson-lines 

Modified Crossing Modified Identity+



                              


• We (present work): Test modifications @ large-  & finite  at one loop 


 

 One loop ( ) : Modification only in identity piece  

    

k N

→ 1/k2

2  2 Scattering: Testing Conjectured Modifications (We)→

<latexit sha1_base64="qPMUNg5N3qtQ5G/2Gu4MrY1FDhM="></latexit>

Sphys
M = I+ iT̂M , T̂M = [1 +O(1/k2)]T naive

M → i [cos(ωεM )→ 1] I

 : channel—dep. phase νM ∝ 1/k
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Sphys
M = I+ iT̂M = Snaive

M +
iω2

2
(εM )2I + O(1/k3)
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Modified Crossing Modified Identity

Tnaive
M = 𝒪(1/k)



                              


• We (present work): Test modifications @ large-  & finite  at one loop 


 

 One loop ( ) : Modification only in identity piece  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 One loop ( ) :   

 

 : Unitarity in Singlet Channel
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2  2 Scattering: Singlet Channel→

<latexit sha1_base64="5V/ZE/t1HNk8qYq8raxNxYKsZ3o="></latexit>

→i
(
T̂sing(s,ω)→ T̂ →

sing(s,→ω)
)
=

N2

k2

[
ε2e↑iω

2s
↑
s

(
→ 8s(s→ 4m2) +

[
16m4 + 8(4N + 3)m2s+ (8N + 1)s2

]
cosω

+8im
↑
s
[
4m2 + (4N + 1)s

]
sinω

)
+ 8ε3↑s ϑ(ω)
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+O(1/k3).
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 One loop ( ) :   

 

 : Unitarity in Singlet Channel


                                         


 

 

Analogous checks for other channels & scalar matter

→ 1/k2

ℒmatter = ℒΨ

2  2 Scattering: Singlet Channel→
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• Naïve                         violates Unitarity & Non-Rel. Limit in Matter Chern—Simons 


• Restored by modified forward scat. & crossing


•  fund.  matter @ one loop: Only mod. forward scat. 


• Our work: First perturbative verification of forward scat. @ finite N


 

Future Work:  higher loops: check modified crossing 

                        other theories:  ABJM, …

U(N) 2 → 2 ∝ δ(α)

1/k3 →
𝒩 = 6

Conclusion & Outlook
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S = I+ iT
[Jain, Minwalla et. al., JHEP 04 ’15, 129]

[Mehta, Minwalla et. al., Adv.Theor.Math.Phys. 27, 193-310]

[Aharony, Bergmann, Jafferis, Maldacena, JHEP 10 ’08, 091]

1 2 = 1 2 1

e+iπν

e−iπν

9  — Max Uetrecht
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Motivation: Analyticity and Crossing

• Example: Bhabha—Scattering
e→(q1) e→(q3)

e+(q2) e+(q4)

+

e→(q1) e→(q3)

e+(q2) e+(q4)

t-channel

+

e→(q1)

e+(q2)

e→(q3)

e+(q4)

s-channel

Re s

Im s

→t 4m2

u-channel cut
(→↑,→t]

s-channel cut
[4m2,↑)

t-channel
diagram

s-channel
diagram

s = x+ i0

s = x→ i0


