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The EFT paradigm

EFT encodes UV-info in the Low-Energy Constant: ¢:

b

Finite set of LECs Is needed at any order N

Powerful and model independent approach
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The EFT paradigm

RG Row respects symmetries H
Golden rule: write down all LECs that respect H

Fit LECs against data
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But we donOt know whether it can be embed in a sensible UV completion



Ebut other constraints apply

¥ (Too) much information lost along the [3ow
I

¥ e.qg. the UV theory Is unitary

|
¥ Not every IR theory can be embedded in a UV-unitary theory
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Example
1 1 1 +const L:%(!“")2+ |%(!H")4+...

f' ds

dispersion relation: N/ A " tot
0o A (S_O)_ | 8_2 Il # anything 10
.. . - . O y
IR-side UV-side
calculable within the EFT
c! (

c<0 never realised in an unitary theory in the UV

Adams, Arkani-Hamed, Dubovsky, Nicolis, Rattazzi hep-th/0602178
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Constraints on EFTs

---------------------------
4 N

" — 1 ny\2 C " “| C — O(n)
L—é(!u)+!—4!u)4+...: IR mAn
I 1 1 forward, t=0 &b 19 forward, t=0
Ec ' We show that:
ol . ¥ Amplitudes coeff. live on planes
c! O ¥ they have boundaries
A

«

(#Operators) > (#Amplitudes): 3at directions in the bt
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Constraints on EFTs

1@y by 19 forward, t=0

A=y Al

B AT(0) =0

PLATO)= P J | (v, A(0)) > 0

IR-side UV-side
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|| a! representation rof H arbitrary (internal); real r for simplicity

CG-decomposition rer=@r;  prark= cP,

COs are unitary

Eigen-Amplitudes A1) (1.8) = 0170apA 1
2 — 2 scattering




l. symmetry

|| a! representation rof H arbitrary (internal); real r for simplicity

CG-decomposition rer=@r;  prark= cP,

Eigen-Amplitudes
2 — 2 scattering

----------------------------------------------------------------------------
L

" Examples SU(2) 33=193d5
SO(N k 4) NI N=1" A" S

SO(4) ~ SU(2) 1, x SU(2) g 41 4=(1,1)" (1,3)" (3,1)" (3,3)
SU(3) 8! 8=1"8," 8" ®W" 10" 27 ;

----------------------------------------------------------------------------
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Il. Crossing Symmetry

s-u Crossing at t;O ‘ Ao cd(S) = Aagti o (Am2 1 S) l
forward scattering

e

A(4m?* — s) = X A(s)

Crossing on eigen-A 1
A =g

Yy cPeyes? o
abcd,!" | |

mr,

General properties of X: X2=1 Involution
XV_|_:V_|_ ”U_|_:(1,1,...,1)

G = diag (dimr;, dimrs,, .. .) X GX = C unitary
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I1l. Analyticity

e

Analytic in s A(s,t=0) =3 %A(m (12)(s — 12)"




I1l. Analyticity

Im s

) Re s

r

Analytic in s A(s,t=0) =3 %AW (12)(s — 12)"

" ! A(s) _ nl~ A(S)
Cauchy AT + RS st T (s ppn
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V. Unitarity

Optical theorem

2
ImA,;(s)=s 1! 4%! ot (s) 11" anything

Reality
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The Sum Rules

analyticity
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The Sum Rules

analyticity

SRR 1 X
4rm? m (s —p)th (s —4m? + p2)

Residues= ¢ ™ + Im A(s + i€)




The Sum Rules

analyticity

crossing

\ .

SRR 1 X
4rm? m (s —p)th (s —4m? + p2)

Im A(s + 7€)

: _ !Z(n)Jr
Residues= ¢




The Sum Rules

analyticity

Ims
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The Sum Rules

analyticity

—pla
: P tot
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The Sum Rules

analyticity
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The Sum Rules

analyticity

Re s
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0 two subtractions

Froissart bound
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The Sum Rules

(a) large mu min < |pl? < Afg
|

(b) symmetric point u* = 2m?

For simplicity, in this talk, just take either (b) or (a), with m->0

ol 1 14+(! "X

(n) — n tot
A (0) = T dsSn > (S)
: 1+ X
projectors | Ps = ( ; )| p2 = Py
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The Sum Rules

P, A(z) =0

AOO is+1)-eigenvector of X
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The Sum Rules

P, A(z) =0

AOOQ is+1)-eigenvector of X >

4 (> 1
P, AR = — / dsSTkP+0tOt(s)J

T Jo

can we extract positivity constraints? YES!

.

U_|_:(1,1,...,1)>O

X GX =C

G = diag (dimr{,dimr,,...)
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Positivity Constraints

Ampl. positive quadrant

polyhedral cone

R} intersects the (+1)-eigenspace

v; €0 (Vy NRY) loi, A" # 0 dimV. independent constr.

best positivity constraints live on the boundary
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Example: SO(N)

-scattering

1
e

+ Vv

(2) _
+1

SU(2)! SO(3)
SO(N k 4)

(1,1,1)"

3R3=193D5
NI N=1" S" A
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B M-IZ" 1 ¢ 10 % Mxm =
o 1 1 0

vip + vy =(1,1,2)



Example: SO(N)

11 -scattering SU@2)! SOB) 3®3=193d5
SONE4) N! N=1"S" A

vip + vy =(1,1,2)

posivity constr: 2D cone embedded in 3D
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P A(z) =0

Example: SO(N)

0 o 1 g N#2 1
2N 4N 4
I 1 _ - " 1 N +2 3
- M=" 1L s
MP. M 0 1, N, 3
2N 8N 4
AOO orthogonal Vi 1
4—>) 2AT70)! (N+2)A°(0)+ NAL(0)=0
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1, O "0 0 g
1 1 1 T W VE S
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2N 8N 4
AOO orthogonal Vi 1
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Example: SO(N)

1, O "0 0 g
1 1 1 T W VE S
MP, M 0 0 MP. M 0 1, M N . i
2N 8N 4
AOO orthogonal Vi 1
P A@ =0 +—>r 20 (0)! (N +2)AZ (0)+ NAY (0)=0

4 e
P_|_./4(2) — —/ ds

™ Jo

unitarity

AL+ APO)! 0

e

1

STkP+O-tOt(S)J H

342 (0) — A2 (0) > 0




Example: SO(N)

- 1y N+2 1
. I, O 1 0 0 e N B i
P M 0 0, MP-MZ"= 0 1, M=0 e .
2N 8N 4
AOO orthogonal Vi 1
P A® =0 4> 2AP )1 (N +2)AL (0)+ NAY (0)=0
) unitarity
2
4 [~ 1 AP0+ AP 0
2) e}
P+A()_;/O P J | (2) (2)
3Ag7(0) — AL (0) >0
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WW-scattering: SO(N+1)/SO(N)

---------------------------------------------

2%l = 50w
(4) G(A) ' aa 2, C(A) T 442
L 16! 2f 4 dudu 16! 2f 4 dvdu

--------------------------------------------

theory of pNGBs




WW-scattering: SO(N+1)/SO(N)

-----------------------------------------------------------------------

~

T .~ unitarity+crossing+analyticity *,
g G0N g a2 G(A) ! a2 : E
L@ = Zorg dhdh T+ e ddl T 1 LA@em)+ AP em?) 1 o]

--------------------------------------------

---------------------------

! 02(2m2) 10 ;

]
4

---------------------------




WW-scattering: SO(N+1)/SO(N)

-----------------------------------------------------------------------

~

382 2m?) 1A P (2m?) " 0!

AL 2m?Y)+ AP 2m?) 1 0

--------------------------------------------

---------------------------

“ey2m?) 1 0 ;
L a@md) + (m?) ! O

it OappliesO e.g. for MCHM-SO(5)/SO(4) with P_{LR}
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Recent papers

¥ Rattazzi, Vichi and Low 0907.5413 U(1)
¥ Falkowski, Rychkov and Urbano 1202.1532 SO(3)
¥ Urbano 1310.5733 SO(4)
¥ Grinstein, et al. 1401.0070 U(1)
¥ Espriu and Mesclia 1403.7386 SO(3)

. . h!
Higgs couplingtoWand Z  a- 2mg W+ m2Z2

Longitudinal polarisations give A~(const a-dependent) s

2 - |
e Cri9+3"a(9) 559

~analog sum rule in QCD

Falkowski, Rychkov and Urbano 1202.1532 . . T :
experimentally veribed in pi-pi scattering!

but various subtleties at g=0 in the forward scattering!
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The Sum Rule for the Higgs

The sum rule with all residues, at Pnite g:

! V2 S 4m2 n to n to n to
(1—a2):6—![l2ds \/1— W12 1°%(s) + 3" 5°(s) — 5" £°(s)]

(s—2m3, )2

ue = 2m

¥ arbitrary g, bnite masses, and IR residues included
¥ IR convergent (photon in t-channel removed analogously)

¥ we can look at signs, M°! R

no strict inequality: (-1)-eigenspace is orthogonal to (1,1,1,E)

2 d "
charge basis: 1! a° = \|/— g’(...) "r(s) !
. 4m2

:
")



Conclusions

Universal sum rules & positivity constraints for IR scattering Amp. for
arbitrary symmetry groups

They set constraints on every EFTs in the IR!
Natural question: what are the constraints in custodial extensions of
the SM?)

Constraints on the RG evolution?

The sum rule for the Higgs boson (at Pnite couplings and masses)



thank you!
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The Sum Rule for the Higgs
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One Subtraction
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Asymptotics
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Froissart bound Is saturated universally

‘ P, ¢ ™ :ol

AP ~ constslog®s oc vy = (1,1,...)




Once-subtracted Sum Rule

Froissart bound Is saturated universally

AP ~ constslog®s oc vy = (1,1,...) Pc D=0

------------------------------------------------------------------

------------------------------------------------------------------



Once-subtracted Sum Rule

Froissart bound Is saturated universally

AP ~ constslog®s oc vy = (1,1,...) ‘ Pc D=0 l

------------------------------------------------------------------

------------------------------------------------------------------



Once-subtracted Sum Rule

Froissart bound Is saturated universally

AP ~ constslog®s oc vy = (1,1,...) ‘ Pc D=0 l
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e.g. strongly coupled theories
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e.g:. QCD with pomeron exchange, any Regge Theory

------------------------------------------------------------------

see also Foldy and Peierls 1963



Once-subtracted Sum Rule

Froissart bound Is saturated universally

AP ~ constslog®s oc vy = (1,1,...) ‘ Pc D=0 l

-----------------------------------------------------------------

max ac bd 2
abscd | 11 slog” s

. e.g: QCD with pomeron exchange, any Regge Theory ,"l

------------------------------------------------------------------

see also Foldy and Peierls 1963

here taking m<<mu
(later another choice mu=2m~2

once-subtracted sum rules for arbitrary symmetry H
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Custodial Symmetry

~

SU@R)c ! SO@B)c W, = 3! SO@)c

2 —(N+2) N
M=——"—" -2 N+2 3N $
1 3N -2 N

3! 3=1" 5" 3 MP, M'!l=

N=3: 2A(11) (%) — SAQ) (u%) +3 A(Al) (%) = (integrated cross-sections)

calculable within the EFT

/

-

1 |

1 ve_ ! "’ h 1,
L = ZW(;} wha | E( dWHE + myy 1#2)2 + il (D,!) D*! (1+2av)+ é( h)?
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Troubles with gauging

via equivalence theorem? !! -scattering
‘e L N ’
I ‘,_(' +crossing ! (1" a°)s
V 3 ’ N
’ .
vZ ' ' ds .
1! a° = 6l g["1(8)+3"3(8)! 5" 5(s)] g=9g =0
- 0

Falkowski, Rychkov and Urbano 1202.1532

But forward amplitudes are not continuous in g

W I 92 S I 2 ind d |
o m\ZN L V_ZS g-independent!




Troubles with gauging

What about this sum rule?
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Troubles with gauging

What about this sum rule?

S(52+ u)s 1 amg,
V2 6! amz  (s*! p*)? S

[2"1(s) ! 5"s(s)+3"3(s)]

-----------------------------------------------------------------------------
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contribution from the big circle: W% | 92t S _3int-channel
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. ’ 3 I
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------------------------------------------------------------------------------
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SO(4) and Composite Higgs

-----------------------------------------------------------------------------
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SO(4) and Composite Higgs

-----------------------------------------------------------------------------
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SO(4) and Composite HIggs
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SO(4) and Composite Higgs

----------------------------------------------------------------------------
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SO(4) and Composite Higgs

----------------------------------------------------------------------------

‘ SO(4) ~ SU(2)1, x SU(2)g 41 4=(1,1)" (1,3)" (3,1)" (3,3)
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Eikonal approximation

- 2 ay b ) I H
Ay =121 dbe*™ e 'l 1
Abardel, Itzykson (1969)!
| Levy, Sucher (1969)

1 d°g .4 Giudice, Rattazzi and Wells (2002
" b| - = e an b !ABom | ludice, Rattazzi an ells ( )

see also Amati, Veneziano and Ciafaloni
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ladder (crossed) diagrams



Light Resonances
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block diagonal X-matrix




