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Outline

¥ Application opartial wave unitaritp the di-photon excess:

1) range of validity of the = T—— thistalk

, 2).perturbativity boundé iIn weakly coupled m dels—> see backup slides
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The LHC di-photon excess

¥ Hopefully not a statistical Buctuation !
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EFT of a di-photon resonance

¥ Assuming a spin-0 SM gauge-singlet scalar resonance S
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EFT of a di-photon resonance

¥ Assuming a spin-0 SM gauge-singlet scalar resonance S
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¥ Fit cross-sectionee e.g. 1512.04933, 1603.06566
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EFT of a di-photon resonance

¥ Assuming a spin-0 SM gauge-singlet scalar resonance S
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EFT of a di-photon resonance

¥ Assuming a spin-0 SM gauge-singlet scalar resonance S
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¥ SM gauge-invariant EFT
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- matching: T
B

- leading interactions of S to SM Pelds via dimetatgrs

-~ UNtil which scale we do expect the S+SM EFT description to be valid ?
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Partial wave projection

¥ Scattering matrix: S=1+iT
¥ 2# 2 scattering amplitude in momentum space

$_
(T =D*® (P # P)Tri (S, cosH)

¥ Dependence on cok) eliminated by projection onto J-th partial waves:ob, wick (195p
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Partial wave projection

¥ Scattering matrix: S=1+iT
¥ 2# 2 scattering amplitude in momentum space

$_
(T =D*® (P # P)Tri (S, cosH)

¥ Dependence on cok) eliminated by projection onto J-th partial waves:ob, wick (195p

l
1/ 4 2 2 1/ 4 2 2\ -
;& (ssmp, mEy)$T (s, ma,mS) T

$_
J
a; = 3 | 1d(cos#) d oy () Tri (S, cOSH)

- $(X,y,2) = X*+ y*+ z2°# 2xy # 2yz# 2zx # Kkinematics (zero at threshold)
- W= % # % and K = %a# %2 #  helicity formalism

- dy.. (¥ # Wigner d-functions (e.d}, = P;  Legendre polynomials)
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Partial wave projection

¥ Scattering matrix: S=1+iT
¥ 2# 2 scattering amplitude in momentum space

$_
(T =D*® (P # P)Tri (S, cosH)

¥ Focus on J = 0 partial wave

1/ 4 2 > \qpl/4 5 oy |
5 (s,mpy, mE)ET (s, ma,ms) !
321's 11

d(cos#) Ti; ($ S, COSH)
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Partial wave unitarity

¥ Unitarity (an axiom of QFT)

ss =1 —  Gasa % &) )

h" 2-particle

¥ For f =i (optical theorem)
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¥ In practical perturbative calculations S-matrix unitarity is always approximate

- scattering amplitudes grow with energy in the EFT o
IRe@)™" & 5 |

- perturbative expansion breaks down for
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Di-photon scattering

¥l & !l scattering (high-energy limit) [see also 1604.010p8
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Di-photon scattering

¥l & !l scattering (high-energy limit) [see also 1604.010p8
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- scale of unitarity violation Pxed in terms of a OmeasuredO quantity

L. Di Luzio (Genova U.) - Implications of unitarity for the di-photon resonance 09



SM gauge boson scattering

¥ Bounds can be strengthened by looking at the fulk v'v' scattering matrix

-V (VO) any of the 8 + 3 + 1 (transversely polarized) SM gauge bosons
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SM gauge boson scattering

¥ Bounds can be strengthened by looking at the fulk v'v' scattering matrix

-V (VO) any of the 8 + 3 + 1 (transversely polarized) SM gauge bosons

g2
SW; % ——SB..

Lo $% -8 93 SG2. % 92 -
B

| .

2 2 2
32 1z 12z 12

R

s 0. .% . 9
o 8@+3|\2N 1z !

(highest eigenvalue)

NI -

¥ Tree-level unitarity bound — 2
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SM gauge boson scattering

¥ Bounds can be strengthened by looking at the fulk v'v' scattering matrix

- in terms of OmeasuredO quantities:

1 ! qg | B l I I | 1/2
— = - B s! Mg|Z+f(r)—
T o 1 2 o -
' M EMME 1+, f(r)= 25w * Cw
1 " . ' 1 2 (1+ r)2
12 Ime M2 1+
b, 4 4
TR S Os O 01 1
¥ Tree-level unitarity bound o 8@ + 3q + 17 '3
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SM gauge boson scattering

¥ Bounds can be strengthened by looking at the fulk v'v' scattering matrix

- in terms of OmeasuredO quantities:

. . ' ! gg ! y 172
i) gluon scattering r % ﬁ vs! Mg (I\/I—s +f (f)M—S)
S| 24TeV( 99 ) >4, 4
10 3 _ syt oy
. f(r) L+ 1)
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SM gauge boson scattering

¥ Bounds can be strengthened by looking at the fulk v'v' scattering matrix

- in terms of OmeasuredO quantities:

. . ' ! gg ! y 172
i) gluon scattering r % ﬁ vs! Mg (I\/I—s +f (f)M—S)
S| 24TeV( 99 ) >4, 4
10 3 _ syt oy
. f(r) (1+7)2

1) EW gauge boson scattering

| ) !!”/Ms!l/z
111 TeV —
S O 59 Te 10 4
max f(r) min f(r) e 5 % & & &

)
- future determination of % WW, ZZ,Z # crucial to strengthen the bound
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SM gquark annihilation

¥iQq" SH scattering

1 .
La % &-—S0Q, grH — .
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SM quark annihilation

¥iQq" SH scattering

1 .
Lo %&-SQRH  —pp  a# =
. 16#

¥ Tree-level unitarity bound
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Conclusions

¥ Perturbative unitarity as a tool to infer:

1) the range of validity of a given EFT

- EFT of a di-photon resonance breaks down at scdkes tfns of TeV

! 1 1/2 § i i
Sl 11650 Ty LM s - Independently of production

10 4 | mechanism
| _ TgdM s\ “? L :
s! 24 TeV( 9190 ; ) gg initiated production
|
| T M s 1 1/2 oL _
s! 62TeV o o g-gbar initiated production
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Conclusions

¥ Perturbative unitarity as a tool to infer:

1) the range of validity of a given EFT

- EFT of a di-photon resonance breaks down at scdkes tfns of TeV
- new d.o.f. unitarizing the amplitudesO growth are required below this scale
- a physics case for the 50-100 TeV col(werse case scenario)

(in many models addressing the di-photon excess newealouch below 10 TeV)
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Conclusions

¥ Perturbative unitarity as a tool to infer:

1) the range of validity of a given EFT

- EFT of a di-photon resonance breaks down at scdlas tfns of TeV
- new d.o.f. unitarizing the amplitudesO growth are required below this scale
- a physics case for the 50-100 TeV col(werse case scenario)

(in many models addressing the di-photon excess newealouch below 10 TeV)

2) the range of validity of perturbation theory in renormaliraidiels

- Endangered calculabiliymany weakly coupled modéets ¢e widtlscenarip

- Perturbative models requimen-trivial model building

- Unitarity bounds conceptually different from RGE criteria (but similar results)

[see backup slides
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Production mechanisms

[from 1512.0493]3

! " ! "
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Weakly coupled models

¥C)Everybodyf)s modells'iz.04933, 1512.08500 + same mechanism in O(100) gapers

y Q! (3,1,0)" No S! (1,1,0)

E! (1,LY)" Ng

’ L, ! yoSQQ + ye SEE

[see below for modelsh scalar mediators or g-gbar initiated and related unitarity b
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Weakly coupled models

¥C)Everybodyf)s modells'lz.04933, 1512.08500 + same mechanism in O(100) gapers

y Q! (3,1,0)" No S! (1,1,0)

E! (1,LY)" Ng

’ L, ! yoSQQ + ye SEE

¥ A large di-photon rate is required

me ~ 400 GeV

) 12,08 % t X L 8 N2 4,2
_s: 16..3#NEQEYE e S(#e) S I\/I_S:7'8! 10 ® NEQEYE

- Narrowwidth !'n Ms! 10° # NZQgyz! 10

- Largewidth 'y /Ms! 10'* # NEQgyg ! 100 ——  perturbativity issue !
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Perturbative unitarity bounds

¥ 2# 2 scatterings of charged mediatié#s% ##
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Perturbative unitarity bounds

¥ 2# 2 scatterings of charged mediatié#s% ##
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- O(1) agreement with beta function criteridﬁh: 15(::- > <1 [1512.08500]
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Generalization In [3avor space

¥ N copies of mediator$; (i=1,..., N) interacting via

L| $ ' yij S§i$j

&S Ty g + T L

-e.gy; = Y!'ij Inthe mass basis

exploit U(N) global symmetry to label the irreducible sector of the scatter

N " N = 1%Adj,
|

- singlet channé¢l” & = $1ﬁ "8 # (""" & = TSN +IT,

- adjoint channd! " &y = TA" "8 # L\ 2# """ Ry = iT#E

L. Di Luzio (Genova U.Ymplications of unitarity for the di-photon resonance



Generalization In [3avor space

¥ N copies of mediator$; (i=1,..., N) interacting via

L| $ ' yij S§i$j

&S Ty g + T L

-e.gy; = Y!'ij Inthe mass basis

exploit U(N) global symmetry to label the irreducible sector of the scatter

N " N = 1%Adj,

! —_ — i T .
- singlet channé¢l” & = $1ﬁ "i" 8 # (""" &= + I Ty

s-channel enhancemedty N y2 (Ot Hooft scaling)
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Visualizing the bounds

¥ 5 parameters)e, Yo, Ne, No, Qe )

Neysz < 8!
3NQy(22 < 8 |
2N 2v2\2 VA — | OSI!S/MS
NENGYEYoQe =2.31 1 0.06

&'

st | T

i w85 % ]

- Large width scenarib requires either exotic EM charges or very large N
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Scalar mediators (gg Initiated)

¥ 2# 2 scatterings of charged (scalar) medigdrs $3$°

2 2
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- AIs a relevant couplifg unitarity bounds saturated at low-energy
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Scalar mediators (gg Initiated)

¥ 2# 2 scatterings of charged (scalar) medigdrs $3$°
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- AIs a relevant couplifg unitarity bounds saturated at low-energy
|s# M2
!

- Width effects important near s-pole singularities
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Visualizing the bounds (scalars

¥ Flavor enhancement from s-channel
|

A 2 25
= 750 GeV.
H AQ 2
3N ~ < 400
C 750 GeV
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g-gbar initiated

¥ A vector-like quark mixing with SM quarksBe%(3, 1, &1/ 3)
LB b — 63| IDQ3+ EQl IDbR+ BiD BO/O(M B+yBS)§B%yb63H bR%y863H BR%y'bgL Skk+h.c.

hr _ costyy  sin#gy b R
B, & & sin#X  costg BLr

LB b # Sbi sin!L, (sin! Rys + cos! R y)

LSEb $ (mb/m B)I |I§b

to sl = 0.05(4) | | Y
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g-gbar initiated (bounds)

¥ A vector-like quark mixing with SM quarksBe%(3, 1, &1/ 3)

sintL,\* #sM g\ [(#1 M g\ , 8
— <
( 0.05 ) ¥ =280\ 506 10 < 3

I, | Ms contours

e —
3.0} \  Perturbativity
S

2.5}

<Q

> 2.0F
1.5}

1.0}

0.5}
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sin 65,

- S bb cannot saturate the large width in the perturbative setup
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