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- small parameter  

- emerging patterns  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large couplings from a strong sector may help 
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The EFT paradigm
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How fast?
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c > 0

dispersion relation:
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IR-side UV-side

M00
⇡⇡!⇡⇡(s = 0) =

4

⇡

Z 1

0

ds

s3
�⇡⇡!anything(s) > 0

This interacting theory can’t be softer than E4
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Forward elastic scattering is special!

All previous issues cancel against each other out
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Mparticles(s) = Mantiparticles(u = �s)

if so, crossing in elastic scattering t=0 would be become again s        u=-s 



Elastic and Forward

(4)  Locality
analytically continue density matrices off-shell 

⇢�(k) ! ⇢�(k)u�(k)u� †(k) ⌘ ⇢(k)



Elastic and Forward

(4)  Locality
analytically continue density matrices off-shell 

⇢�(k) ! ⇢�(k)

(�1)2Spin · ⇢�(k) = ⇢�(�k) u(p) ⇠
p

pµ�µe.g. spin-1/2

u�(k)u� †(k) ⌘ ⇢(k)



Elastic and Forward

(4)  Locality
analytically continue density matrices off-shell 

⇢�(k) ! ⇢�(k)

(�1)2Spin · ⇢�(k) = ⇢�(�k) u(p) ⇠
p

pµ�µe.g. spin-1/2

u�(k)u� †(k) ⌘ ⇢(k)

[ (x1), 
†(x2)]± = ⇢(�i@)

Z
d

3
p

(2⇡)32|p|
�
e

�ipx12 ± (�1)2Spin
e

ipx12
� ��

t1=t2
= 0



Elastic and Forward

(4)  Locality
analytically continue density matrices off-shell 

⇢�(k) ! ⇢�(k)

(�1)2Spin · ⇢�(k) = ⇢�(�k) u(p) ⇠
p

pµ�µe.g. spin-1/2

u�(k)u� †(k) ⌘ ⇢(k)

propagator’s numerator: 
its parity fixed by Spin-StatisticshT (x1) 

†(x2)i =
Z

d

4
k

(2⇡)4
e

�ikx12
⇢

�(k)

k

2 � i✏

[ (x1), 
†(x2)]± = ⇢(�i@)

Z
d

3
p

(2⇡)32|p|
�
e

�ipx12 ± (�1)2Spin
e

ipx12
� ��

t1=t2
= 0



can amplitudes be softer than E4

(within an EFT)

?

Bound on Softness

M4



can amplitudes be softer than E4

(within an EFT)

?

Bound on Softness

No! Universal statement  
irrespectively spinsM4



can amplitudes be softer than E4

(within an EFT)

?

Bound on Softness

For Spinning particles:   
Analyticity, Crossing, and Unitarity act like for spin-0 in the forward elastic scattering

No! Universal statement  
irrespectively spinsM4



can amplitudes be softer than E4

(within an EFT)

?

Bound on Softness

For Spinning particles:   
Analyticity, Crossing, and Unitarity act like for spin-0 in the forward elastic scattering

No! Universal statement  
irrespectively spins

Re s

Im s

sIR=(m1+m2)2uIR=(m1-m2)2
●●

●
μ2

C̃
C

s-plane

IR-side UV-side

M00(2 ! 2)
��
IR

=

Z 1

0

ds

s3
�12!anything(s) > 0

-terms are strictly positiveE4

M4



Examples

(1) ‘Higher Derivatives partial compositeness’



Examples

 !  + ⇠ L
mix

= � @
µ

 Oµ

(1) ‘Higher Derivatives partial compositeness’



Examples

 !  + ⇠ L
mix

= � @
µ

 Oµ

(1) ‘Higher Derivatives partial compositeness’

Leff =
g2⇤
m6

⇤
(@⌫ 

†)2(@µ )
2 + . . .



Examples

 !  + ⇠ L
mix

= � @
µ

 Oµ

(1) ‘Higher Derivatives partial compositeness’

Leff =
g2⇤
m6

⇤
(@⌫ 

†)2(@µ )
2 + . . . M(2 ! 2) = g2⇤(E/m⇤)

6



Examples

 !  + ⇠ L
mix

= � @
µ

 Oµ

(1) ‘Higher Derivatives partial compositeness’

Leff =
g2⇤
m6

⇤
(@⌫ 

†)2(@µ )
2 + . . . M(2 ! 2) = g2⇤(E/m⇤)

6

doesn’t admit a local unitary UV completion



Examples

(2) Goldstino  (x) !  

0(x0) =  (x) + ⇠

x ! x

0 = x� i⇠�✓ + i✓

†
�⇠



Examples

(2) Goldstino  (x) !  

0(x0) =  (x) + ⇠

x ! x

0 = x� i⇠�✓ + i✓

†
�⇠

Leff = � 1

4F 2
G† 2⇤G2 + . . .

up to field red.

M(GG ! GG)(s, t = 0) =
s2

F 2



Examples

(2) Goldstino  (x) !  

0(x0) =  (x) + ⇠

x ! x

0 = x� i⇠�✓ + i✓

†
�⇠

+light fields

L = � a 
F 2

(G† †)⇤(G ) +
ea 
F 2

(@⌫G
†�̄µ@⌫G)( †�̄µ )

+
ia⇡
4F 2

@µ⇡@
⌫⇡(G†�̄µ@⌫G) + h.c.

� iaA
2F 2

(G†�̄µ@⌫G)Fµ⇢F
⌫⇢ + h.c.

Leff = � 1

4F 2
G† 2⇤G2 + . . .

up to field red.

M(GG ! GG)(s, t = 0) =
s2

F 2



Examples

(2) Goldstino  (x) !  

0(x0) =  (x) + ⇠

x ! x

0 = x� i⇠�✓ + i✓

†
�⇠

+light fields

L = � a 
F 2

(G† †)⇤(G ) +
ea 
F 2

(@⌫G
†�̄µ@⌫G)( †�̄µ )

+
ia⇡
4F 2

@µ⇡@
⌫⇡(G†�̄µ@⌫G) + h.c.

� iaA
2F 2

(G†�̄µ@⌫G)Fµ⇢F
⌫⇢ + h.c.

Leff = � 1

4F 2
G† 2⇤G2 + . . .

up to field red.

M(GG ! GG)(s, t = 0) =
s2

F 2

M(G ! G )(s, t = 0) =
a 
F 2

s2

M(GA ! GA)(s, t = 0) =
aA
F 2

s2

M(G⇡ ! G⇡)(s, t = 0) =
a⇡
2F 2

s2



Examples

(2) Goldstino  (x) !  

0(x0) =  (x) + ⇠

x ! x

0 = x� i⇠�✓ + i✓

†
�⇠

+light fields

L = � a 
F 2

(G† †)⇤(G ) +
ea 
F 2

(@⌫G
†�̄µ@⌫G)( †�̄µ )

+
ia⇡
4F 2

@µ⇡@
⌫⇡(G†�̄µ@⌫G) + h.c.

� iaA
2F 2

(G†�̄µ@⌫G)Fµ⇢F
⌫⇢ + h.c.

Leff = � 1

4F 2
G† 2⇤G2 + . . .

up to field red.

M(GG ! GG)(s, t = 0) =
s2

F 2

a > 0 aA > 0 a⇡ > 0

M(G ! G )(s, t = 0) =
a 
F 2

s2

M(GA ! GA)(s, t = 0) =
aA
F 2

s2

M(G⇡ ! G⇡)(s, t = 0) =
a⇡
2F 2

s2



Examples

(3) Goldstino and R-axion



Examples

(3) Goldstino and R-axion

X2
NL = 0 XNL(ANL �A†

NL) = 0 RNL = eiANL

constrained superfields  Komargodski Seiberg 0907.2441

ANL ! ANL + ✏

L =

Z
d4✓

⇣
X†

NLXNL + f2
aR

†
NLRNL

⌘
+

✓Z
d2✓ FXNL + wR R2

NL + h.c.

◆



Examples

(3) Goldstino and R-axion

X2
NL = 0 XNL(ANL �A†

NL) = 0 RNL = eiANL

constrained superfields  Komargodski Seiberg 0907.2441

ANL ! ANL + ✏

L =

Z
d4✓

⇣
X†

NLXNL + f2
aR

†
NLRNL

⌘
+

✓Z
d2✓ FXNL + wR R2

NL + h.c.

◆

L = LAV + f2
a (@µa)

2 + 2i

✓
f2
a

F 2
� 4

w2
R

F 4

◆
(@µG

†�̄⌫G)@µa@⌫a+ 2
wR

F 2
(G† 2 +G2)(@µa)

2 + . . .



Examples

(3) Goldstino and R-axion

X2
NL = 0 XNL(ANL �A†

NL) = 0 RNL = eiANL

constrained superfields  Komargodski Seiberg 0907.2441

ANL ! ANL + ✏

L =

Z
d4✓

⇣
X†

NLXNL + f2
aR

†
NLRNL

⌘
+

✓Z
d2✓ FXNL + wR R2

NL + h.c.

◆

L = LAV + f2
a (@µa)

2 + 2i

✓
f2
a

F 2
� 4

w2
R

F 4

◆
(@µG

†�̄⌫G)@µa@⌫a+ 2
wR

F 2
(G† 2 +G2)(@µa)

2 + . . .

wR <
1

2
faF



Examples

(3) Goldstino and R-axion

X2
NL = 0 XNL(ANL �A†

NL) = 0 RNL = eiANL

constrained superfields  Komargodski Seiberg 0907.2441

ANL ! ANL + ✏

L =

Z
d4✓

⇣
X†

NLXNL + f2
aR

†
NLRNL

⌘
+

✓Z
d2✓ FXNL + wR R2

NL + h.c.

◆

L = LAV + f2
a (@µa)

2 + 2i

✓
f2
a

F 2
� 4

w2
R

F 4

◆
(@µG

†�̄⌫G)@µa@⌫a+ 2
wR

F 2
(G† 2 +G2)(@µa)

2 + . . .

slightly improved bound  
on VEV superpotential 

Komargodski Festuccia Dine 0910.2527

wR <
1

2
faF



Examples

(3) Goldstino and R-axion

X2
NL = 0 XNL(ANL �A†

NL) = 0 RNL = eiANL

constrained superfields  Komargodski Seiberg 0907.2441

ANL ! ANL + ✏

L =

Z
d4✓

⇣
X†

NLXNL + f2
aR

†
NLRNL

⌘
+

✓Z
d2✓ FXNL + wR R2

NL + h.c.

◆

L = LAV + f2
a (@µa)

2 + 2i

✓
f2
a

F 2
� 4

w2
R

F 4

◆
(@µG

†�̄⌫G)@µa@⌫a+ 2
wR

F 2
(G† 2 +G2)(@µa)

2 + . . .

slightly improved bound  
on VEV superpotential 

Komargodski Festuccia Dine 0910.2527

wR <
1

2
faF �(a ! GG) <

1

32⇡

✓
m5

a

F 2

◆



Examples

(4) SM fermions as pseudo-Goldstini  
 (revive old idea Bardeen and Visnjic NPB 1982)
w/ F. Riva, J. Serra and F. Sgarlata 



Examples

(4) SM fermions as pseudo-Goldstini  
 (revive old idea Bardeen and Visnjic NPB 1982)

shaded region  
violates positivity! 

for illustration only! 
pedestrian bounds

w/ F. Riva, J. Serra and F. Sgarlata 



Examples

(4) SM fermions as pseudo-Goldstini  
 (revive old idea Bardeen and Visnjic NPB 1982)

shaded region  
violates positivity! 

⇤ & 9
⇣ g⇤
4⇡

⌘1/2
TeV for g⇤ > 3

for illustration only! 
pedestrian bounds

w/ F. Riva, J. Serra and F. Sgarlata 



Examples

(4) SM fermions as pseudo-Goldstini  
 (revive old idea Bardeen and Visnjic NPB 1982)

shaded region  
violates positivity! 

⇤ & 9
⇣ g⇤
4⇡

⌘1/2
TeV for g⇤ > 3

for illustration only! 
pedestrian bounds

N = 9

w/ F. Riva, J. Serra and F. Sgarlata 



Conclusions

• Not all EFTs are created equal: 
 some live in the swampland and can’t be UV-completed 

• Universal bounds on softness and positivity of 2-to-2 amplitudes, for arbitrary spins 

• Unitarity crossing, and analyticity work as usual only in the forward elastic scattering 

• 2-to-2 Amplitudes can’t run arbitrarily fast  
(low-energy constraints can’t be made arbitrarily irrelevant). 

• Non-trivial constraints on EFTs beyond symmetries 
(R-axion, Goldstinos, fermionic shift sym…) 

• Boundaries from positivity must be included whenever dim-8 operators are relevant



thank you!
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