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Motivation

* S Matrix: Central Object in QFT .S = <f|5|2> = 421

. No scattering/interaction T scattering from |i) to | f)

e Fulfills Unitarity S .S T —T& Analyticity (S analytic in kinematic vars)
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Motivation

* S Matrix: Central Object in QFT .S = <f|5|2> = 421

. No scattering/interaction

T: scattering from | i) to | f)

e Fulfills Unitarity S .S T —T& Analyticity (S analytic in kinematic vars)

 Example: Bhabha—Scattering

Crossing: M, «— M using g, < — g3

e (q1) e~ (g3) e (q1) e (g3)

e*(q2) et (qa) et (g2) et (qa)

t-channel 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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Motivation: Aharonov—Bohm Effect

But: Identity || not always trivial

QM (non relativ.) : Charged Particle and Solenoid

0¥ 1 — 2
[— = —(—zV—qA) b 4
ot 2m

Static potential A
B#0

—
Interference depends on flux ® even where B = 0
double slit screen

wall
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| 2 _
& i Wilson Loop — topol. phase
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Matter Chern—Simons Theory

QFT description of Aharonov—Bohm by Matter Chern—Simonsind = 2 + 1
[Boz, Fainberg, Pak, Annals of Physics 246, 347-368 ’96]

k 2 ' (iy”Dﬂ — M) Wi
L =—e"Tr(A0,A, +—AAA) + L pros +
A1 H-v-p 3 wovop §NMOS , 0

DA~ Ak, P = p= 2_7zB

 Charged Matter carries magnetic flux — acts as Solenoid
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Matter Chern—Simons Theory

QFT description of Aharonov—Bohm by Matter Chern—Simonsind = 2 + 1
[Boz, Fainberg, Pak, Annals of Physics 246, 347-368 ’96]

k i tﬁi(iy”D —M)vfl-
P =— e Tr(A QA+ —AAA) +ZL s + -

UV p wevt ghost |
i ) k (D,,t@z — m2¢h¢i
D Aﬂ]ﬂ ~ AMGI/WPF P = P = 2_7[B

 Charged Matter carries magnetic flux — acts as Solenoid

_ Gauge inv. states dressed
Particle Exchange: /e”’w with Wilson lines

O -0 © © =P [ modified by topol. phase
’\e_”y




Matter Chern—Simons Theory: 2 — 2 Scattering

+ &£

matter

k 2i
S =—e""Tr(A0,A +—AAA)+F

A u-vtp 3 wrvttp ghost

¢ 2015: 2 — 2 U(N) fund. Matter Scattering @ planar large-N , fixed A = N/k
[Jain, Minwalla et. al., JHEP 04 *15, 129]

P(q)) + P(q;) — Pi(g3) + P"(qs) P{q)) + P(q,) — Pi(q3) + P/(q,)

[SPP]Z] = Ssing D Sadj [SPP]ZZ = Ssym D Sasym
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Matter Chern—Simons Theory: 2 — 2 Scattering

K 2i
S = Tr(A,0,A,+ ?AﬂAyAp) +

+ &£

ghost matter

¢ 2015: 2 — 2 U(N) fund. Matter Scattering @ planar large-N , fixed A = N/k
[Jain, Minwalla et. al., JHEP 04 *15, 129]

P(q)) + P(q;) — Pi(g3) + P"(qs) P{q)) + P(q,) — Pi(q3) + P/(q,)
[SPP]Z] = Ssing D Sadj [SPP]ZZ = Ssym D Sasym
» Used Crossing to obtain S;,, from S, ;: ¢\ 4sym DU SsingS;ng # || Violated Unitarity

e Fails non-relativistic limit Violated Aharonov—Bohm
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Matter Chern—Simons Theory: 2 — 2 Scattering

¢ 2015:2 — 2 U(N) fund. Matter Scattering @ planar large-N , fixed A = N/k

qQnaive _ ]:[_l_ jTnaive S, S’r = ]I

sIng sIng S~ sing
[Jain, Minwalla et. al., JHEP 04 °15, 129]

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

2022: Generalized conjecture for all channels [Mehta, Minwalla et. al., Adv.Theor.Math.Phys. 27, 193-310]

Tl Modified Identity SR SCAE MU |
sing ~ sing J

Motivated by braiding of Wilson-lines
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2 — 2 Scattering: Testing Conjectured Modifications (We)

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

SJI\?YS =T+ iTa, Toar = [14+ O(1/E) TR — i [cos(mrpy) — 1]

Modified Identity
— One loop (1/k?) : Modification only in identity piece T}“j‘ive = O(1/k)
.2
s

Sphys = + zTM Snawe | (VM)QI[ + 0(1/k3) vy, « 1/k : channel—dep. phase
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2 — 2 Scattering: Testing Conjectured Modifications (We)

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

SJI\)}IYS =T+ iTa, Toar = [14+ O(1/E) TR — i [cos(mrpy) — 1]

Modified Identity
— One loop (1/k?) : Modification only in identity piece T}“j‘ive = O(1/k)
.2
s

Sphys = + zTM Snawe | (VM)QI[ + O(l/k3) vy, « 1/k : channel—dep. phase

Unitarity has to hold for every channel M (center-of-mass frame) — 87T\/§ 0 (a)

2m
—i( T (s, a) — T (s, — a)) = J do T (s,0)T%(s,0 — )
872\/5 0

o 1/k? x 1/kX 1/k
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2 — 2 Scattering: Unitarity

72

(a1 + O(1/K?)

— One loop (1/k?): Sphys — T+ Ty = Shaive

Unitarity has to hold for every channel M (center-of-mass frame)

27
J do T\M(S, 0) T\X}(S, 0—a)
0

—i(?M(S, a) — ?X}(S, — a)) =

872\/5

— 87 \/g 0 (Oz) — How does o(a) result from integral?
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2 — 2 Scattering: Unitarity

72

(a1 + O(1/K?)

— One loop (1/k?): Sphys — T+ Ty = Shaive

Unitarity has to hold for every channel M (center-of-mass frame)

27
J do T\M(S, 0) T\X}(S, 0—a)
0

—i(?M(S, a) — ?X}(S, — a)) =

872\/5

— 87 \/g 0 (Oz) — How does o(a) result from integral?
Ting = W(s) PV cot% + R(s,@) + O(1/K)

Singularata = ( Regularat a = 0
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2 — 2 Scattering: Unitarity

72

— Oneloop (1/k%): SIS =T+ iT); = Shaive 4 ) (V)T + O(1/k)

Unitarity has to hold for every channel M (center-of-mass frame)

27
—i( T\M(S, ) — ?X}(S, — a)) = J do T\M(S, 0) T\X}(S, 0—a)

872\/E 0

— 87 \/g 0 (Oz) — How does o(a) result from integral?

Ting = W(s) PV cot% + R(s,@) + O(1/K)

Singularata = ( Regularat a = 0

7 0 a—0 ,
PV | df cot—cot = 27— 4n°o(a)
0 2 2



2 — 2 Scattering: Singlet Channel

72

— Oneloop (1/k%): SIS =T+ iT); = Shaive 4 ) (V)T + O(1/k)

A

matter — <’y : Unitarity in Singlet Channel [Di Pietro, Di Salvo, Stamou, MU, in preparation — prelim. results]

R N2 2 . —1Q
—i (Tsmg( ) — T (s, —a)) =7 ”286\[ ( — 8s(s — 4m?) + [16m* 4+ 8(4N + 3)m”s + (8N + 1)s°] cos «

+8im+/s[4m® + (4N + 1)s] sin oz) + 812 /s 5(04): + O(1/k%).
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2 — 2 Scattering: Singlet Channel

72

— Oneloop (1/k%): SIS =T+ iT); = Shaive 4 ) (V)T + O(1/k)

L ower = Z g ¢ Unitarity in Singlet Channel [Di Pietro, Di Salvo, Stamou, MU, in preparation — prelim. results]
. (f (s,a) — T (s _a)) _NE e ( — 8s(s — 4m?) + [16m* + 8(4N + 3)m?s + (8N + 1)s°] cos
SINgG sing \ <" ]CQ _ 28[
+8im+/s[4m® + (4N + 1)s] sin a) +8m7/s56(a)| + O(1/k?).
* Sg;}gls Sg?gfs)T — 5-piece O(NV) @ fixed A = N/k
J — visible in planar limit
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2 — 2 Scattering: Singlet Channel

72

— Oneloop (1/k%): SIS =T+ iT); = Shaive 4 ) (V)T + O(1/k)

A

= < p : Unitarity in Singlet Channel [Di Pietro, Di Salvo, Stamou, MU, in preparation — prelim. results]

matter
e X N? [mie" 2 4 2 2
i (Tsmg( o) — T (s, —a)) -7 |50 (— 85(s — 4m?2) + [16m* + 8(4N + 3)m2s + (8N + 1)s2] cosa
+8im+/s[4m® + (4N + 1)s] sin a) + 812 /s 5(@)_ + O(1/k%).
phys gPhys\f _ - 0 - _
* Ssmg sing )]L — J 0-piece O(N") @ fixed A = N/k
— visible in planar limit

Analogous checks for other channels & scalar mattev
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Conclusion & Outlook

e Naive S = [ 4 ¢/I’ violates Unitarity & Non-Rel. Limit in Matter Chern—Simons

[Jain, Minwalla et. al., JHEP 04 °15, 129]
[Mehta, Minwalla et. al., Adv. Theor.Math.Phys. 27, 193-310]

* Restored by modified forward scat. & crossing

e U(N) fund. 2 — 2 matter @ one loop: Only mod. forward scat. & o()

 Our work: First perturbative verification of forward scat. @ finite N 4 N
€

O—/0 © O

e

other theories: ./ = 6 ABJM, ... [Aharony, Bergmann, Jafferis, Maldacena, JHEP 10 '08, 091]

Future Work: higher loops: 1/k> — check modified crossing
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2 — 2 Scattering: Adjoint Channel

k 2
P =—eTr(AdA +—AAA)+F

A u-vttp 3KV ghost +Z matter
2
— One loop (1/k?) - Sphys =1+ iTy = Shatve @7; (V)T + O(1/k?)
— i (va wi(8:0) =T (s, —a)) ng = 1for UN) , ng = 0 for SUN)
7!'26_20
= — 8(1 — ng)s(s — 4m?)
Zkzstd/z{ 7 o-piece O(1/N) @ fixed A = N/k

+ [Nz(s2 + 24m*s + 16m") — 8N (1 — ng)s(s + 4m2)] COS (x — not visible in planar limit

+ 8imN\/§[N(s +4m?*) — 4(1 - nc)s] sina} | 8“3‘/52(;; 77‘;)5(&) + O(1/k%).

[Di Pietro, Di Salvo; Stamou, MU, 2609. XXXXX]



2 — 2 Scattering: Symmetric Channel

k 2i
S == Tr(A,0,A,+ ?AﬂAyAp) +

72

2

+ &£

ghost matter

— One loop (1/k?) - Sphys =1+ iTy = Shatve (V)T + O(1/k?)

Ng = 1 for UN) , n; =0 for SUN)

wle " (N — 2(s — dm?2
(Twu Us (s8,) — w‘, Usg (s, — )) — 8k2\/_ (N -1 7’]](\;;)2 ( 4m?)
| Sﬂk‘;/‘ ( _]lv;'- 770) [5(&) — 5((1 — 71')] + O(l/kd)

[Di Pietro, Di Salvo, Stamou, MU, 2609. XXXXX]



2 — 2 Scattering: Antisymmetric Channel

+ &£

matter

K 2i
S = Tr(A,0,A,+ ?AﬂAyAp) +

72

2

ghost

— One loop (1/k?): SJI\’;YS = + ifM — S]I\l}‘ive | (VM)Q]I + O(l/k?’)

Ng = 1 for UN) , n,; = 0 for SUN)

8m3y/s (N +1 — ng)?

12 Nz [6(a) + 0(a — 7)] + O(1/K?).

— (TG

U, Ua (8, Q) — T(.;* T A (S, —Q)) -

vw,U,

[Di Pietro, Di Salvo, Stamou, MU, 2609. XXXXX]



Motivation: Analyticity and Crossing

 Example: Bhabha—Scattering
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