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“Positivity bounds”

+ Not all EFTs have a UV completion.

+ Bounds from axiomatic principles of QFT (causality, unitarity, etc.), on the signs of
(combinations of) Wilson coefficients.

+ 2-to-2 elastic amplitude As_,a(s,t) = co + cas® + (:2,1821& + g8t 4+ CnomS "

+ c2>0; Often in SMEFT: C® > 0. [A. Adams et al., JHEP 06]



Positivity from elastic scattering

+ Unitarity: A(s,0) < O(sIn?s)
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“Positivity bounds”

+ Not all EFTs have a UV completion.

+ Bounds from axiomatic principles of QFT (causality, unitarity, etc.), on the signs of
(combinations of) Wilson coefficients.

+ 2-t0-2 elastic amplitude  Az2(s,t) = co + c28° + c2,18°t + €45" + - -+ + ¢ ms" "
+ c2>0; Often in SMEFT: C® > 0. [A. Adams et al., JHEP 06]

+ More bounds on higher-s (and t) dependence.

See recent developments [B. Bellazzini et al., 2011.00037] [A. Tolley et al., 2011.02400]
[Caron-Huot and Van Duong, 2011.02957] [Arkani-Hamed et al., 2012.15849]



Positivity in SMEFT at dim-8

+ From a “phenomenological” point of view: SMEFT beyond dim-8 seems hard.
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+ Study the “generators” of the parameter space
[CZ, S.-Y. Zhou, 2005.03047] [Remmen, Rodd,1908.09845]

+ Connection with the so called “inverse problem”

+ Alternative approach, using the dual space and semidefinite programming
[X. Lietal., 2101.01191]



The inverse problem

Many BSM models

¢ The SMEFT space )

® SMEFT is useful because it describes
(infinitely) many models by finitely
many Wilson coefficients.

e They are being determined by global S€€ €.9. |
ft to LHC data [1901.05965 N. P. Hartland et al. [SMEFiT]],
' [1910.03606 J. Ellis et al.]

and more
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® SMEFT is useful because it describes
(infinitely) many models by finitely
many Wilson coefficients.

® They are being determined by global
fit to LHC data.

Many BSM models

(__ The SMEFT space )

e The inverse problem: once coefficients are known
from low energy EXPs, how, and to what extend,

can we go up and deftermine the models?
[Gu, Wang, 2008.07551] [S. Dawson et al. 2007.01296]
[N. Arkani-Hamed et al. hep-ph/0512190]



The inverse problem

Many BSM models Many BSM models
- A A .
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(__ The SMEFT space )

® SMEFT is useful because it describes ® The inverse problem: once coefficients are known
(infinitely) many models by finitely from low energy EXPs, how, and to what extend,
many Wilson coefficients. can we go up and determine the models?

® They are being determined by global [Gu, Wang, 2008.07551] [S. Dawson et al. 2007.01296]
fit to LHC data. [N. Arkani-Hamed et al. hep-ph/0512190]



The inverse problem

Many BSM models Many BSM models

«._The SMEFT spate
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'S The SMEFT space )

® SMEFT is useful because it describes ® The inverse problem: once coefficients are known
(infinitely) many models by finitely from low energy EXPs, how, and to what extend,
many Wilson coefficients. can we go up and determine the models?
® They are being determined by global [Gu, Wang, 2008.07551] [S. Dawson et al. 2007.01296]
fit to LHC data. [N. Arkani-Hamed et al. hep-ph/0512190]
e Positivity tells us when this is impossible, and
much more.



A toy example

+ Consider a two scalar EFT, with
two discrete symmetries:

+ P1 — —P1

+ P1 & P2

+ 3 dim-8 operators (E4):

= 0u010"$10,$10" p1 + 0,,20" 920, 020" 2
= 0u910"$10, 920" P2
O3 = 0,¢10"¢$20,$10" ¢2

+ Superposition:  |¢1) = 7 [¢1) &
1 d?

2 ds? 5 Mp1 314161 (S s) = 4CIS > 0,

1d*

+ Each elastic channel gives one bound:

\/_ |p2)

1 d?
5 752 Mér6-—s16-(5) = 4(2CT — C3) > 0,

1 d? 8
9 ds? M¢1¢2—>¢1¢2( ) =C3 > 0.

+ Four bounds in total

+ Any other superposition gives
redundant bounds
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Q: where do the UV models live? Tree level UV completion:

particle | spin (61 = Iia(‘;fl;j & b2) Interaction ER ¢ =(C,Cs,C5)
Sy 0 ++ M (2 + 6281 v 2x(1,2,0)
S’Z 0 +— 92M2(¢% - ¢%)S2 v 2x(1,-2,0)
S3 0 —+ g3 M3p192S3 v 2 x (0,0,1) ,
Vi 1 _ 9i($1 Dud2)VF v 2x(0,-1,1) x-L

M4

Exactly on the edges!



Edge vector < “one particle extension”

+ Positivity bounds describe the 4 faces of the pyramid.

+ Alternatively, the pyramid is generated its edge vectors.
They are the generators.

+ On the physics side, integrating out
each heavy particle gives:

2

C = (C,Cy, C) = %5

+ In total: = . 2
C = Z WxCx, Wx = IX >0
X=5123,V

+ One particle extension are the generators.

+ |t is also (often) the unique UV completion of EFTs on edge vectors.




Extremal rays

+ Extremal Ray (ER): A ray is an extremal ray of
cone C, if it cannot be split into two other vectors
in C, which are linearly independent.

+ In polyhedral cones, ERs are the edge vectors.

+ Being not splittable, the corresponding UV
completion cannot have more than one (type of)
particles.

+ |f the measured coefficients are on an ER, the
UV particle content is uniquely determined.

+ Not true at dim-6.

10
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— R g
C = E WwWxCx, Wy = IX >0
X251,2,3,V

+ To what extend can we determine
the weights w, given the
measured coefficients C?

(With less coefficients than
particle types X)

+ ER: unique solution.

+ Face: (in this example) unique
solution.

4+ |Inside -> more arbitrariness

Uncertainty on w’s

1.0

0.8
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Outline

Positivity bound from the generator point of view

The inverse problem

A realistic example: e+e- scattering at ILC

12



Positivity bound
from generators

13



Positively constructing the SMEFT space

+ |dentify the generators and edge vectors (or ERs) of the dim-8 SMEFT
coefficient space [CZ, S.-Y. Zhou, 2005.03047] [T. Trott, 2011.10058]

+ Tool: dispersion relation

+ We are going to work under the assumption of SM masses -> 0O, focus
on the 2nd s derivative of the forward amplitude, but not necessarily
elastic

d2
ds?

Mijkl — Ar]:j_>k;l(8)

s—0

14



iR / / dSDlscAwékl(s 0)
42 3 — 2m2)

e\ .
1 / (en)? +/ dSD1scAZ~j_>kl2(83, 0)
271 \ J_ (eA)?2 (s —2m?)

1 [ 1 DiscA;jki(s,0) + DiscA;;x5(s,0)

271 J(ep)2 (s —2m?)3

e\ is some scale comparable but below cutoff so the EFT is still valid;

see “improved positivity” of [C. de Rham et al., 1710.09611]; and the
“arc”s in [B. Bellazzini et al., 2011.00037] Im(s)

Re(s)

A

h Im(s)
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Alm(s)

iR / / dSDISCA”_ﬂ{;l(S 0)
42 3 — 2m2)

e\ .
1 / (en)? +/ dSD1scAZ~j_>kl2(83, 0)
271 \ J_ (eA)?2 (s —2m?)

1 [ 1 DiscA;jki(s,0) + DiscA;;x5(s,0)

271 J(ep)2 (s —2m?)3

e\ is some scale comparable but below cutoff so the EFT is still valid;
see “improved positivity” of [C. de Rham et al., 1710.09611]; and the
“arc’s in [B. Bellazzini et al., 2011.00037] Im(s)

Re(s)

Generalized optical theorem:

DiSCAij—>k:l(3) — Aij—>kl( ) Akl—>zg — ZZMZJ—LX( )Mkl—>X( )
1 [ ds
11kl
MY 2— 3 (MZJ—LXMM%X + le—>XMk:y—>X)
70 (eA)2 S B%




+ .. + S<->u crossing

Mijk:l _

1 [ ds

27T (GA)2 8_3

X

(Mij%XMZl%X + Mif—)XMZE—>X>
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+ .. + S<->u crossing

i 1 oC ds * *
MURE — — (Mij—>XMk:l—>X + Mz‘l_—>XMkj—>X>

27T (GA)2 8_3 X

Mikl can be mapped to coefficients
e.g. 2-scalar theory

K11 padpa d102 P2t

Up1¢1(4C1 | Co | Cs | Cs

Mgkl — 9292 Cy |4C3| Cs | Cg
p2¢1| Cs | Cg | Cy | Co

p1¢2| C5 | Cs | C2 | Cu

Okt = (0,0:0"¢;)(0,010" 1)
O1 = 01111, O2 = 01122, O3 = O2222,
O4 = O1212, Os5 = 01112, Og = O1222.

(_72 =(C9y + %04



+ .. + S<->u crossing

g 1 [ ds
gkl __ )
MM = | 3 (Mijox M + M x Mis
Mikl can be mapped to coefficients Mii-x describes unknown UV physics.

e.g. 2-scalar theory

Klp1d1 pagpa 12 Pachy

Upr1|4C1 | Co | C5 | Cs
Mgkt — P202| C2 |40 | Ce | Cg
p2¢1| Cs | Cs | Cy | Oy
p192| Cs5 | Cs | Co | Cy
Oijki = (0,9:0"¢;) (00" ¢1)
O1 = 01111, O2 =O0Or1122, O3 = 02292,
O4 = O1212, Os5 = 01112, Og = O1222.

02 =(C9y + %04

Restricted by only symmetries.

Magnitude does not matter (remove
positive factors)

Deal with tensors and matrices

( ML — Z)\X (mxmﬁfl +m’§l<m§?3), A x >9




[/\/lijkl Z)\X (m 5 —I—me}M) . AX >(ﬂ

Define the “directional” information of mm3 + mf};m*’” as the “generator”

kl kj
GRM = mmi + mimy

Define all allowed values of M by “C”. If we enumerate all possible m
matrices (up to normalization), then

(C = {/\/lijkl} — cone ({Qijkl}))

The physical parameter space is the “conical hull” of all generators.

17



Convex cones, hulls, representations of cones

C = {/\/lijkl} = cone ({gijkl})

Is a convex cone: closed under addition and positive ~
scalar multiplication (e.g. polyhedral cone, circular cone,...) b

18
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Convex cones, hulls, representations of cones

C = {/\/lijkl} — cone ({g@'ﬂ"fl})

Is a convex cone: closed under addition and positive
scalar multiplication (e.g. polyhedral cone, circular cone,...)

“cone”: conical hull, the set of all positive linear combinations of elements
of X = {x}, is a convex cone, denoted by cone(X)

Conical hulls of finite number of generators are polyhedral cones.

Face representation:
the cone is bounded
by hyperplanes (bounds)

Edge representation:
the cone is generated
by its edge vectors




Convex cones, hulls, representations of cones

Vertex enumeration: computes one representation from the other.

Allows to derive bound from “generators”

E.g. reverse search
[Avis & Fukuda, 92°]
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Convex cones, hulls, representations of cones

Vertex enumeration: computes one representation from the other.

Allows to derive bound from “generators”

E.g. reverse search
[Avis & Fukuda, 92°]

Salient cone: does not contain straightline. = #0, © € C= —x & C

. . . . ] .. .. = k—.
Dispersion relation describes a salient cone. G7" = m’Im¥ + milm*}

always has a strictly positive projection on §*¥§7°.

Krein-Milman theorem: a salient cone C is a conical hull of its ERs.
C = cone(“ERs”). ERs always exist, they are a subset of {G"/**}

19



Example 1: two scalars with SO(2)

4+ Operators:

Oijkl = (0,0:0"¢;)(0, 010" ¢1)
O1 = 01111, O2 = 01122, O3 = 03292,
O4 = O1212, Os = 01112, 0Og = O1222.

4+ Amplitude:
D191 P2g2 P19 P21
$191|4C1 | Cy | C5 | Cs
Mgkl — 9292 Cy [4C3 | Cg C
¢2¢1 05 06 C4 Cz
p1¢2| Cs5 | Cs | Co | Cy

Co=Co+ %04

Start with symmetries, and gradually relax

20



Example 1: two scalars with SO(2)

4+ Operators:

Oijkl — (augbzaﬂ¢])(av¢kay¢l)

4+ Assuming a SO(2) symmetry. Write

In terms of complex field

/I |2
b= b1 +ichs O = |0,90"¢| 2
0l = (am*a%
d161 P22 P12 201
b191|4(C1+Ch)|  2C5 0 0
D202 2C§ 4(0{4‘0&) 0 0
P201 0 0 401 2CY
P12 0 0 2C}, 40

O1 = 01111, O2 = 01122, O3 = 03292,
04 — 012127 05 — 011127 06 — 01222 .
4+ Amplitude:
G101 G202 P102 P20

¢1¢1 4_0'1 C’2 C5 05

Mkl — Pa92| Co |4C3 | Cp qﬁ

p201| C5 | Cg C_'4 Co

$192| Cs | Cg | Co | Cy

Co=Co+ %04

Start with symmetries, and gradually relax

4+ To enumerate the generators: SO(2)
fixes the m matrices in

ijkl 4§ skl il . xkj
Gy =mymy +myxymy

202=15P 14 P2
15 XX+yy 1A Xy-yX
2 . (XX-VYY, Xy+YyX)

20



Example 1: two scalars with SO(2)

4 m matrices: the CG coefficients

¢1 P2 ¢1 P2
my. O[]0 _e[0]1
> ¢e| 0|1 ¢2/—1| 0
b1 P2 $1 P2
— ¢1 1 0 ’ ¢l 0 1
¢2/ 0 |=1| @2/ 1| O
g@jkl me;fl—l—mgl(vm;?;

4+ Generators: the projective operators,

with (j,l) symmetrized

P{(sjlk”) — 25235kl

pillkll) _ (5ik5jl . 5il5jk)

14

PN — % (67670 + 6757 — g175H1)

21



Example 1: two scalars with SO(2)

4 m matrices: the CG coefficients

¢1 P2 b1 P2
my. O[]0 _e[0]1
o2 0 | 1 ¢2/—1| 0

b1 P2 o1 P2

ma=|¢1| 1 |0} ¢1] 0 |1
¢2/ 0 |=1| @2/ 1| O

*xkl

*kg
XmX

—I—meX

g@]kl

4+ Generators: the projective operators,
with (j,l) symmetrized

P;(Sjlk”) 52.7 5kl
Pi(jlk“) (é%ké‘]l . 5il5jk)
P;'(jlkll) _ % (5ik5jl 4 gilsik _ 5ij5kl)

2/1/01]0 1/0{0|0
id 112(0|0 ikl ijkt 10111010 i(j|k|0)
¢ =groror <P % =lolo]1]0|*
0/(0(1]0 0001
o[-1]0]o0
ikl |[—1[ 0100 pililklD)
Gis = o021 Pry
00 -1]2
4+ Compare with the amplitude:
P11 P22 P12 P21
$141|4(C1+C5)| 205 0 0
D202 QCé 4(0{+C§) 0 0
P201 0 0 4C4 2CY,
D102 0 0 2C}, 4C4
j=(C1,C%)
g = 1y ~2
ng — (O 1)7 glA — (1a _1)a g2 = (170)

21



Example 1: two scalars with SO(2)

1.0 T
| g1s
(-
0.5 n
_ O
o 5 |
@) 0.0_* ’j
| 7)(9 g1A
I 40
10 . L

O} = |0,$0"$|"
2
O) = |9,90%¢

22



Example 1:

two scalars with SO(2)

1.0 = 4+ Bounds are
C1>0, Ci+C5>0
A
0.57 S 4+ Same bound from conventional approach
based on elastic scattering
0.0 : P11 Y0 P12 P21
_ $1014(C1+C3)|  2C, 0 0
_ Pagpa|  2C%H  |4(C1+CY) 0 0
_ D291 0 0 4C1 2C)
-0.5/ 7 d1da| 0 0 20, AC!
g g1A
A\ ] .
10 o 4+ Generators correspond to 1-particle UVs
-1.0 -05 0.0 0.5 1.0 State Spin Charge Lint ER ¢/ Ai,—i

C S 0 0 Si¢t¢ v (0,2)
V 1 0 VktiD,p v (—2,-2)

! 4|2
O} = |0,40"¢| So 0 2 Sig2 X (4,0)

2
O = |0,4'0"¢

22



Example 2: two scalars with discrete symmetries

4+ Two scalars with discrete symmetries 4+ Generators
gbl — —q51 and ¢1 < q§2
2 |1/ 010 O (£1] 0|0
Oijki = (0,0:0"¢;)(0,0k0" 1) qikl _|[£1] 2 [0 [0 gkl _|£1[ 0100
! =7l o oo [£1] =100 2+
L = Al [C1(O1111 + O2222) + C301122 + C4O1212] 0|0 |£1|0 0|0 |x1| 2
4 m matrices are fixed by the parities | |
under ¢1 — —¢1 and ¢1 < bo + Compare with amplitude:
1 110 P191 D202 192 P201
my4+ = ) m4_ = ] ¢1¢1 4?1 Cy C5 C'5
0]1 —1 ikt — 9202| C2 |4C3 | Ce | Co
011 01 1 ¢201| C5 | Co | Ca | O
m_y = , Mm__ = Pp192| C5 | Cg | O | Oy
1 -1 0
C_'Q =05 + %04
_ T o OTT Ch =03, (5 =0C=0
2| 0 1] T ge[-1] 0
Previously we had ( b b b ¢2)
mg=1¢1| 1|0} ¢ 0|1
¢2/ 0 |—1| ¢2| 1 |0
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Example 2: two scalars with discrete symmetries

4+ Two scalars with discrete symmetries 4+ Generators
$1 — —¢1 and @1 <> @2
2 |£1{ 0|0 0 |£1| 0|0
Okl = (0u9:0"9;)(0u0r0" 1) gk |E1][ 200 gk |£1]0]0]0
G+:t — ) G—:I: —
1 00| 0 |£1 002 |+1
L = Al [C1(O1111 + O2222) + C301122 + C4O1212] 0|0 |£1|0 0|0 |x1| 2
4 m matrices are fixed by the parities | |
under ¢1 — —¢1 and ¢1 < bo + Compare with amplitude:
1 1 0 g: (01702703)
M+ =g 1 ™7 1)
0 1 0 ] g++ = (17 27 0)
m_4 = y M—__— = g—l—— — (17 _270)
1|0 -1/ 0 .
g-+=1(0,0,4)
my. = ® (ﬁ %2’ —— qf)l Q;Q ﬁ__ — (0, —4,4)
Previously we had EQ Oqﬁl 1@ b1 ;:2)1 :
mi=\|¢1| 1[0 0|1
b2l 0 [=1| ¢o| 1] 0
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Example 3: two scalars with infinitely many ERs

4+ RBemove ¢1 <> ¢2, keep ¢1 — —¢1

Oijki = (0,0:0"¢;)(0,0,0" 1)

1

— F [0101111 + 0201122 + 0302222 + 0401212]

L

4+ m matrices are fixed by the parity
and exchange symmetry (i < |)

110 110

Previousl = , _= :
( y) myq 01 m4 0 -1




L

Example 3: two scalars with infinitely many ERs

4+ RBemove ¢1 <> ¢2, keep ¢1 — —¢1

Oijki = (0,0:0"¢;)(0,0,0" 1)

1
:F[

4+ m matrices are fixed by the parity
and exchange symmetry (i < |)

(Previously) m44 =

1

0

0

1 Y

C101111 + C201122 + C309222 + C101212]

110

0 |—1/

4 Generators

2¢2 | zy | 0 | O

Gkl _ Yy 2y2 0 0
+ 00| 0 |ay /|

0 O |zy | O

ol1]0]0 0l—=1/01]0

g 110[01/0 0 |—=110]0]0

ngkl: G’LJ —

—5 0o/l0/]2 |17 —4 0(01|2]|-1
0|0 /|1]2 0]0/[-1]2

§+($, y) - (332, 2$y, y27 0)7

g—S — (Oa 0,0, 4)7 g’—A — (07 —4, 0, 4)

4+ X,y are free real parameters.
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Example 3: two scalars with infinitely many ERs

§+(.’E, y) = (an 2£Uy, y27 0)7

4+ Bounds (“continuous vertex enumeration”)

C1207 03207 0420
2/ C1C3 > Cy, 24/C1C3 > —(Cy + Cy)

3D “cross section”
of the 4D cone

4+ UV states
g—s =1(0,0,0,4)
Particle | spin Parity(¢1 = —¢1) Interaction ER c
S1 0 + glMl(acqb% + ygbg)Sl <  2X (:1:2, 2xy, yz, 0)
S3 0 — 93M3¢1¢253 v 2 X (0, 0, 0, 1)
Vi 1 _ a6 D)V v (2% (0,-1,0,1)
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Example 3: two scalars with infinitely many ERs

§+(.’E, y) = (mQa 2£Uy, y27 0)7

4+ Bounds (“continuous vertex enumeration”)

CIZ()) 03207 0420
2/ C1C3 > Cy, 24/C1C3 > —(Cy + Cy)

3D “cross section”
of the 4D cone

4+ UV states
g—s =1(0,0,0,4)
Particle | spin Parity(¢1 = —¢1) Interaction ER c
Sl 0 + glMl(acqb% + y¢%)51 v 2 X (:L‘z, Zacy, yz, 0)
S3 0 — 93M3¢1¢253 v 2 X (0, 0,0, 1)
7 1 _ a6 D)V v (2% (0,-1,0,1)

4+ \What if we remove all symmetries?

— 2 2 1.2 -
gS(xa Y, Z) — (CE 72myay 742 ,4$Z,4y2), gaA = (07_17071707 0)
Hard with generator approach. But may resort to the SDP approach. [X. Lietal., 2101.01191]
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Example 4: SM Higgs

4+ Operators 4: H*'D* 4+ Coefficients
[C. Murphy, 2005.00059] Q(1> (D,H'D,H)(D*H'D*H) C,
Q¥ | (D, H'D,H)(D*H'D"H) Ch
®) | (DrH'D,H)(D"H'D, H) Cs
4+ Amplitude in terms complex fields
hehg hCh® h.h® hChg
h®h®| M(hh — hh)®®
MM — hal_zb M(hh — hh)abcd ] ] -
hehy M(hh — hh)%.*| M(hh — hh)%,
hoh? M(hh — hh) L2 | M(hh — hh)abcd
M(hh — hh)® % [ Ca + C3) 6260 + (C1 + Cs) 5@5(4 M(hh — hh)%; = % (C1 + C3) (065 + 0597)
M (hh — hh), % [ (Ca + C3) 6265 + (C1 + Cy) 505b] M(hh — hh) L 4 = ; (C1 + C3) (5352 + 5353)
M(hh — hR)%, ¢ = % [ Ci + C2) 6358 + (Cy + C3) 5g<sd]
M(Rh = ), be, = % (C1+ o) 8508+ (Ca + Cs) 8455
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Example 4: SM Higgs

4+ Intermediate states couple to hh, hh, hh, hh: 11,31, 10s, 104, 30s, 304

4 Generators

b hy h? hy hb  h hb hy
e he| € 0 i _h° [er! ]ab 0 - h*| 0 Op ml h* 0 %
1 —+ 9 = _ —_— — y = _
hal 0 | 0 3 T hal 0 0 AR, [E0E | 0 ASA T he|[H,] 0
ijkl ijkl
Oi's 913054
P 3™ Py’
P1,3Cdab P1,3cbad
P 3%, : Py 3% ¢ TP 3% + P13%,°
P1’3C ad :l:Pl,3bacd + P1,3bcad P1a3cdab

1 — (]-a 07 _1) ng — (0a072) 535 - (470’ _2)
53 — (Oa ]-7 O) §1A — (_2, 270) §3A — (27 2? _4)
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Example 4: SM Higgs

4+ 1, 1S, 1A are extremal. Triangular cone.

gl — (17 Oa _1) ng — (Oa(), 2) §35 = (4a Oa _2)
53 — (07 1’ 0) ﬁlA — (_2a 27 O) §3A - (27 2) _4)

4+ Take the cross section of triangular cone

2.0 - o 1 ]
A
1.0; 340 ©3s
0.5" ;

C1-0C3
2C1 +3C2+C3
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Example 4: SM Higgs

4+ 1, 1S, 1A are extremal. Triangular cone.

gl — (170a _1) ng — (Oa072) §3S = (47()’ _2)
§3 — (07 ]-a 0) §1A — (_2a 270) §3A - (27 2) _4)

4+ Take the cross section of triangular cone

2.0 o 1 ]
. A
1.0; 3,0 ©3s
0.5~ -

C1-0C3
201 +3C2+C3

C1 +C3

2C1+3C2+C3

4+ Bounds on “aQGC”

!

a q
W= 0g0 = [(D,®)!D,®] x [(D*®)! D" ®]

Os1 = [(D,®)'D"®] x [(D,®)'D"®]

7z Os2=[(D,.®)'D,®] x [(D"®)' D"®]

q q’
359" (13 TeV)

—~ T T T T T T T T T T T T ]
b i g . — — Expected 68% CL |
> 100 - . Expected 95% CL

(O] L ST T~ — — Expected 99% CL |
b e ~ | —— Observed 95% CL |
* |

u—w =

0 .

~1001-

50
fs o/ A* (TeV?)
WZjj (CMS-PAS-SMP-18-001)
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Example 4: SM Higgs

4+ 1, 1S, 1A are extremal. Triangular cone.

gl — (170a _1) ng — (Oa072) §35 = (4a0a _2)
§3 — (07 ]-a 0) ﬁlA — (_2a 270) §3A - (27 2) _4)

4+ Take the cross section of triangular cone

C1-0C3
2C1 +3C2+C3

4+ Bounds on “aQGC”

~1001-

359" (13 TeV)

— — Expected 68% CL i
1l — — Expected 95% CL

\ — — Expected 99% CL |
~. || —— Observed 95% CL |

4 20 4
f A% (TeV)

WZjj (CMS-PAS-SMP-18-001)

Oso = [(D.®)'D,®] x [(D"®)'D"®]
Os1 = [(D,®)'D"®] x [(D,®)'D"®]
Os2 = [(D,.®)'D,®] x [(D"®)'D"®]
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Example 4: SM Higgs

4+ 1, 1S, 1A are extremal. Triangular cone.

gl — (17 Oa _1) ng — (Oa(), 2) §35 = (4a Oa _2)
53 — (07 1’ 0) ﬁlA — (_2a 27 O) §3A - (27 2) _4)

4+ Take the cross section of triangular cone

C1-0C3
2C1 +3C2+C3

4+ Bounds on “aQGC”

~100~

359" (13 TeV)

— — Expected 68% CL |
— — Expected 95% CL

\ | — — Expected 99% CL |
~. || —— Observed 95% CL |

4 20 4
f JA* (Tev?)

WZjj (CMS-PAS-SMP-18-001)

Oso = [(D.®)'D,®] x [(D"®)'D"®]
Os1 = [(D,®)'D"®] x [(D,®)'D"®]
Os2 = [(D,.®)'D,®] x [(D"®)'D"®]
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Example 5: photon

4+ Operators

C’l (Buy,B*")(BysB*?)
Cy (Bu,B")(B,eB)

COg (BWB“”)(BPUEP"D Parity violating

[C. Murphy, 2005.00059] Q%)
Q5
Q%
4+ Amplitude
B, B,
Midkl — gy B, B,
B,B,
B,B,

B,B,  B,B, ByB, BB,
2C1 C1 — Cs C3 —(C3

C1 — Oy 2C Cs —(Cl3
Cs Cs 2C5 C1 — Cy
—Cs —Cs C1— Cs 207

4+ Very similar to 2 scalars with SO(2).

4+ Difference: (i,j) exchange in mi was a symmetry (either symmetric or antisymmetric) in

the scalar case, but here it corresponds to parity.




Example 5: photon

4 m matrices: same as 2-scalar EFT

$1 P2 b1 P2
my. ~O[ L]0 _a[0]1
o2 0| 1 ¢2/—1| 0

b1 P2 b1 P2
mg: ¢1 1 0 ) ¢1 0 1

®2 0 |—=1| @2/ 1| O

With ¢1 — By, ¢2 — B,

4+ Generators: SO(2) projectors

PGk _

1J Skl
i =615

1
2
; 1 o
Pl(jlk”) 2 (é%ké‘]l 5zl53k)
pillkly _ 1

2 2 (5Zk(sjl + 6’Ll5]k 5236kl)
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Example 5: photon

4 m matrices: same as 2-scalar EFT

¢1 P2 b1 P2
my. ~O[ L]0 _a[0]1
o2 0| 1 ¢2/—1| 0

b1 P2 b1 P2

mg: ¢1107¢101
¢21 0 |=1| ¢2| 1| O

With ¢1 — By, ¢2 — B,

4+ Generators: SO(2) projectors

iGlED) 1 i okl

Py 2535

iGlRD) 1 (cikeil sl ok
P = = (697" — 67 57H)
pillkly _ 1

P (5zk53l_|_5zl53k 5ij5kl)

4+ If parity is violated, the first 2 mix

1 r
—r | 1

..e. Infinitely many ERs

4 (Generator vectors

g1 = (1,7%,2r), go = (1,1,0)
Particle | Spin Parity Interaction ER c
S, 0 — 151 (B B*) v 3(1,0,0)
S 0o - 2.5 (BuB) v/ 10,1,0)
Sinix 0 7 £S5 (BWBW +rx BWBW> /oola,r2 o)

30



Example 5: photon

4 m matrices: same as 2-scalar EFT

) ¢1 @2
my. O LT0] a0
o2 0| 1 ¢2/—1| 0

b1 P2 b1 P2

mg: ¢1107¢101
¢21 0 |=1| ¢2| 1| O

With ¢1 — By, ¢2 — B,

4+ Generators: SO(2) projectors

iGleD) L ik
Py 2535

iGlRD) 1 (cikeil sl ok
P = = (697" — 67 57H)

; 1 y
2(J|k|l) (5zk53l +6zl53k 5135kl)

4+ If parity is violated, the first 2 mix

1 r
—r | 1

..e. Infinitely many ERs

4 (Generator vectors

g1 = (1r 2r), go = (1,1,0)

Particle | Spin Parity Interaction c
S, 0 + 151 (B B*) 1(1,0,0)
S 0o - .8 (BuB™) 1(0,1,0)
Snix 0 7 S (BWB“” +rx BWBW> 1(1,r2,2r)

P violating| < P conserving
[Remmen, Rodd,1908.09845] [T. Trott, 2011.10058]
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Example 6: SM W boson, gluons

4+ W boson: SO(2) x SU(2)
OT,O - ﬁ[WuVW“V]ﬁ[WaBWaﬂ]
OT’Q = H[Wauwuﬂ]ﬁ[ﬁ/ﬁkua]
OT,l = ﬁ[Wauwuﬂ]ﬁ[Wuﬂway]
Or.10 = Tr[ W WH | Tr[WosW 7]

Ow = "KW w,/ew fn

4+ Bounds (elastic only covers first 4)

Fro >0,

4Fr 1 + Fro > 36a3y,

Fro+ 8Fr 10 > 36aiy,

8Fro+4FT1 +3Fr2 > 0,
12Fro+4F71 +5Fr9 + 4F1 10 > 0,
4Fro + 4Fr + 3Fpg + 12Fp10 > 723y,

4 See [Yamashita, Zhou, CZ, 2009.04490]
for more W+B cases and
applications in aQGC.

4+ Gluon: SO(2) x SU(3)

Qg
Q%)
Q)
Q4!

(G, G4)(GE,GPr7)
(G4,GA)(GE GPr)
(G4,GPH)(G4,GPBro)
(G4,GPH)(G4,GPro)

(G72 dABEdCDE(GﬁVGBpu)(GgaGDpa)

Q(gz dABEdCDE(GﬁyéBpu)(GgaéDpa)
[C. Murphy, 2005.00059]
+ D6 3gluon operator

4 Bounds £-¢>0

XS are;
[0,0,0,1,0,0,0] [0,0,6,3,7,2,0]
[0,0,1,1,1,0,0] [8,6,1,6,0,2,0]
[2,0,1,0,0,0,0] [0,6,3,12,5,0,0]
[0,2,0,1,0,0,0] [8,6,1,12,0,0,0]
[0,0,3,0,2,0,0] [0,6,6,9,10,4,0]
[0,0,0,3,0,2,0] [0,12,0,14,0,0,—9]
[1,1,2,2,0,0,0] [0,0,8,8,0,8, —27]
[6,0,3,0,2,0,0] [12,0,14,0,0,0,—27]
[4,2,2,1,2,0,0] [6,8,12,1,0,0,—27]
[0,0,4,0,0,0,—9] [8,16,4,8,0,8, —27]
[6,0,6,0,5,0,0] [0,24,0,12,0,8, —27]
0,0,3,6,5,4,0]  [8,22,1,14,0,10, —27]

[24,0,12,21,15, 14, 0]
[24,32,24,4,8,0, —27]
[48, 36, 21, 27, 25,0, 0]
32, 40,4, 80,0, 0, —27]
[0,48,0,48, 0,40, —81]
24,0, 36, 24, 16, 40, —81]
[0,0, 48,24, 32, 40, —81]
[0,0, 24,48, 16, 56, —81]
88, 32, 56, 4, 40, 0, —27]
[96, 42, 27, 84, 25,0, 0]
(96, 66, 42, 39, 50, 4, 0]
120, 42, 39, 42, 40, 14, ]

[0,0,96, 24, 64, 40, —81]

40, 32, 80,4, 0,0, —189)

[0,0, 24, 120, 40, 104, —81]

[0,0, 120, 24, 104, 40, —81]

96,0, 144, 24, 64, 40, —81]

48,0, 96,24, 0, 40, —243)

[0,192, 168, 96, 112, 120, —405]
[168, 480, 168, 156, 56, 160, —729]
[264, 384, 156, 168, 16, 200, —729]
[288, 384, 216, 168, 0, 200, —891]
[480, 384, 480, 168, 160, 200, —729]
336, 768, 672, 216, 0, 200, —2187]

/D polyhedral cone with 48 faces

[X. Lietal, 2101.01191]
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Example 7: SM fermions

+ Leptondoublet 0" =9, (Inl) 8" (Iv'1), 0*=d, (Iy7"1) 0" (Iy'r"1)
4 Generators State Spin Charge  Liny  ER ¢ 4 Bounds:
B 1 1 B'iiD,J) v L(1,-1)xg
1 1 B D) 2 (1L —1) x4 Ci1+0C2;<0, (C3<0.
= 0 3 By X L(=38,-1) x &
B 1 1g Bilyd) v 3(-1,0) g
w1 30 WI“’(Z_’YHTIZ) X %(0, —1) x ga
Notations following [de Blas, Criado, Péerez-Victoria, Santiago, 2005.00059]
4 up/down quarks  O! = 9, (ay,u) 0" (@y*u), OP =8, (ay,Tu) " (@y"Tu)
4 (Generators State Spin Charge Ling ER ¢ 4 Bounds:
Vi 1 (3,1) s Vi¥emei®i Dy v 3(1,-3) « i
’ _ 3C CH) <0 Cy <0.
Q 0 (6, 1)% leabuc(“ub) X %(—2,—3) X §o 1+ 0220, 2 =
B 1 (1,1) BFiry,u v 3(-1,0) xgs
G 1 (810 GMuyT X 3(0,-1) x gy
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Example 7: SM fermions

4 Quark doublet 4+ Bounds: ( 3 3(1)1\ C
O (@Vvq) 0" (77" ), 102 8 1 ; 22 <0
Ou (@ uTq)f)“(fHT(J) 1001 oi
O (a7 T"q) 8" (v T"q) \ 0001
0, (a7, 7' T4q) 0% (gy" 7! T4q)

More constraining than elastic approach;
See also [T. Trott, 2011.10058]

4 Generators

State Spin Charge Lint ER C m (1 §)
wi 0 (3,1)1 Weape@ Qv 1(-1,1,3,-3) m (1,6)
Vi1 (3,3) 2 VhenQer'iDQ° / 1(3,1,-9,-3) m (3,3)
3
Vi1 (61) VG DY v 1(2,-2,3,-3) W (3,6)
3
T 0 (6,3): TTIach(GETIQb) X %(—6, —2,-9,-3) m(1,1)
3 _ 1 = (1,8)
W1 (1,3) WIkQry,71Q v 1(0,-1,0,0) : (3’8)
G 1 (810 GMQuT*Q v  0,0,-1,0) |
H 1 (8,30 HA*QyTATIQ X 1(0,0,0,-1)
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SM positivity summary

4+ Dim-8 bounds for self-quartics (F4) are all solved from the generator point of view.
4+ Approach:

4+ Compute the amplitude, map the coefficients.

4+ Enumerate the m matrices and construct generators. (VE to get bounds.)

4+ Map the generators to the Wilson coef. space. VE to get bounds.

4+ Some results for cross-quartics (F12F22) (W+B, L+R fermions). Needs a “continuous
vertex enumeration”.

4+ For operators with more fields, may resort to a different approach. E.g. semidefinite
programming.
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The inverse problem
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Inverse problem at the tree level

+ Consider tree level UV completion: SM + {X,,.;}
Lint = Xaigai(li(de, + K}qu + Kydy + Kgdg + K1) + Bede + . .. )
+ Two kinds of information

+ Particle spectrum: masses, widths, overall coupling g.
Not possible from dim-8 measurements.

+ Interaction: the currents (fixed by charge/irreps), and relative couplings
(Kgy Kq,-..) We are interested in determining this.
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Inverse problem at the tree level

+ Q:Knowing €= wafa , OF MK =3 y,GiH
o o

27 Jinys 5 > (MiﬁXMkHX + Mif—)XMkj—U()
€ X

How do we determine w,, G,?  (Matching: RHS -> LHS; Inverse: LHS -> RHS)
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Inverse problem at the tree level

+ Q:Knowing €= wafa , OF MK =3 y,GiH
e o
ijkl 1 ~ ds « *
or MY =351 (eny 5 > (MiﬁXMkHX + Mi[—)XMkj_gg)

How do we determine w,, G,?  (Matching: RHS -> LHS; Inverse: LHS -> RHS)

+ In general impossible: more G (generators) than # coefficients.
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Inverse problem at the tree level

—

+ Q:Knowing C =) wafa , OF M9 =" "y, Gk
or MU — L ds Z (Mij%XMZléX + Mz‘l_—>XMZj—>X)
How do we determine w,, G,?  (Matching: RHS -> LHS; Inverse: LHS -> RHS)

+ In general impossible: more G (generators) than # coefficients.

+ Exception: M is extremal.
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Inverse problem at the tree level

+ Q:Knowing €= wafa , OF MK =3 y,GiH
o o

g 1 [ ds
19kl * *
or MWE = % (n)2 8_3 (M’L]—>XMI§Z—>X + MMC]—LX)
¢ X

How do we determine w,, Go.?  (Matching: RHS -> LHS; Inverse: LHS -> RHS)
+ In general impossible: more G (generators) than # coefficients.
+ Exception: M is extremal.

+ E.g rank-1 sym. matrix M% = [ dsu'(s)u’(s)

( Rank-1 sym. matrix is the ER of the cone of PSD matrices, generated by uiu)
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Inverse problem at the tree level

+ Q:Knowing €= wafa , OF M7 =3 y,GiH
o o
r ijkl 1 ~ ds « *
or MY = 2 Jieaye 5° Z (Mij%XMkHX + Mil‘—»(/\/lkj_»()

How do we determine w,, G,?  (Matching: RHS -> LHS; Inverse: LHS -> RHS)
+ In general impossible: more G (generators) than # coefficients.
+ Exception: M is extremal.

+ E.g rank-1 sym. matrix M% = [ dsu'(s)u’(s)
( Rank-1 sym. matrix is the ER of the cone of PSD matrices, generated by u'ui)

+ Similarly, Mikl cannot be split -> all integrands equal to M up to normalization.
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SM Higgs

4 : H4*D*4

Q')
Qi
(3)
H4

(D, H'D,H)(D"H'D*H)
(D, H'D,H)(D*HtD"H)
(D*H'D, H)(D"H'D,H)

Intermediate states: 11,31, 1os, 1oa, 30s, 304
gl — (1307 _1) ng — (07072) 535 — (4707 _2)
53 — (Oa 17 O) §1A - (_27 270) §3A — (27 2a _4)

<=
Ly =g (HTeD H)WVM + g15(H'H)S,
<=
‘igia(H D H)V§ + g3(H et H) S, "
<=
+ g3s(H'm' H)SS + igsa(H'r'' D, H)V + hec.
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SM Higgs

4 : H4*D*4

Q%) | (D, H'D,H)(D"H'D*H)
Q¥ | (D,H'D,H)(D*HD"H)

¢ | (D+H'D,H)(D*H'D,H)

C'= ) wafa
(8%
Uncertainty of @ = (wy,wa, -+, wg)
(max distance between two valid w’s)

2.0-
1.5~
1.0

0.5-

Ci-GCs
2C1 +3C2+C3

0.0

0.5+

1.0 1 A
-1.0 -0.5 0.0 0.5 1.0
C1 + C3

2C1+3C2+C3

Intermediate states: 11,31, 1os, 1oa, 30s, 304
51 — (]-a 07 _1) ng — (0a07 2) 535 — (4707 _2)
53 — (Oa 17 O) §1A — (_27 2) 0) §3A — (2’ 2’ _4)

<=
Ly =g (H eD H)\VI'" + g15(H H)S,
<=
+igia(HYD JH)VY + gs(H  er H) S,
<=
+ g3s(H'm' H)SS + igsa(H'r'' D, H)V + hec.
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SM Higgs

4: H*D* Intermediate states: 11,31, 1os, 1o, 30s, 304
QSA)L (DuHTDVH)(DUHTDuH) 51 — (19 07 _1) ng — (070’ 2) 535 — (4’07 _2)
Q2 | (D, H'D,H)(D*H'D"H) g3 = (0,1,0) G1a=(-2,2,0) gza=(2,2,—4)

¢ | (D+H'D,H)(D*H'D,H)
<=
Lyg=g(H"eD uH)VlmL +g1s(H'H) S,
C=) wado +igia(H' D H)Vy' + 93(HT€<T—I>H)S2”
o +935(HT7'IH)S§+iggA(HTTIDMH)V3“I—I—h.c.
Uncertainty of @ = (wy,wa, -+, weg)

20"

Ci-GCs
2C1 +3C2+C3

0.5+

1.0

(max distance between two valid w’s)

“““““ _ 1. Unique solution at ERs: perfect dim-8 measurement

1.5
1.0
0.5-

0.0

® 1

A

1 may be able to uniquely determine UV particle
content.

340 3s

! 2. C=0 implies w=0 [positive projection on (2,3,1)]:
] perfect dim-8 measurement can exclude all BSM.

3. Finite uncertainties: dim-8 measurement can set
exclusion limit on all UV patrticles, in terms of g2/M4.
(Model-independent; cannot be evaded by tuning.)

-1.0

-0.5 0.0 0.5 1.0
C1 + C3
2 C1 +3 C2 + C3
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SM Higgs

4: H*D* Intermediate states: 11,31, los, 1oa, 305, 304
Q% | (D.H'D,H)(D*H!D"H) 1=(L,0,-1) gis=(0,0,2)  gas=(4,0,-2)
le (D H'D,H)(D*H'D" H) 53 — (07 1 O) glA - (_27 2, O) §3A — (27 2, _4)
¢ | (D+H'D,H)(D*H'D,H)

<=
Ly =gi(H eD ,H\V}" + g15(H H)S,
- : g I
C = Zwaga _|_Z.91A(I—ITl),UJ]—I)VéM_|_.93(I{TEZ__I)I{)S;L
o + g3s(HITTH)SE 4 igs s (HI7I D ,H)YV + h.c.

Uncertainty of @ = (wy,wa, -+, weg)

(max distance between two valid w’s)
1. Unique solution at ERs: perfect dim-8 measurement

2.0¢ e 1 ] may be able to uniquely determine UV particle
15t ‘ ] content.
S a
sl x 0L 3a @ 3s ! 2. C=0 implies w=0 [positive projection on (2,3,1)]:
Q'S % 05" : perfect dim-8 measurement can exclude all BSM.
S ]
o 0.0~
i 3. Finite uncertainties: dim-8 measurement can set
-0.5¢ exclusion limit on all UV particles, in terms of g2/M4.
_1_0; ] (Model-independent; cannot be evaded by tuning.)
-1.0 -0.5 0.0 0.5 1.0
C1 + C3
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Dim-6 vs dim-8

+ (Generators at dim-8 form a salient cone; at dim-6 this

IS not true.

+ (Can be traced back to a minus sign between mim#

and m'm« at dim-6.

+ C= Z waga has very different implications
(87

Dim-6

0= Zwaﬁ)g*((f) has nonzero solution
o

Unique solutions | No:

W ® £ ap® A >0

o

Zero coefs.

. —(6) +
Ul out all BSM | VO AT, AER

Finite uncertainty;
upper bound on
W.

No:  w® —w® +x0® x>0

Dim-8

Yes: Salient cone -> ERs always exist
ER not splittable -> unique w.

Yes: O is an extreme point of a salient
cone.

C_;()\) =C — \ji = szﬁz + (wr — )Gk
ik
AM = max A > wy
C(\)eC

Yes:
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Photon with parity violation

B, B*)(Bys B Particle | Spin  Parity Interaction ER &
Cl ( 1224 ~ )( pPo ~ ) S+ 0 n JJ\%SI (B,WB;W) / %(1’0’ 0)
CQ (B,uVB'uy)(BpaBpa) S— 0 - 1552 (BWB’“’> v £(0,1,0)
~ Smix 0 ? g3 G, (cos 6B,,, B" + sin HB,WB’“’) v %(cos2 6, sin? 6,2 sin 6 cos 6)
Cs (BywB*™) (B, B7) o

g1 = (cos? 6, sin? 0, sin 26)

+ To set upper bound on one generator, Gk | , 92 =(1,1,0)
when there are infinitely many of them: |

CA)=C = Agrk =Y _wifi + (we — A)gix
ik
AM = max A > wg
G(\)eC
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Photon with parity violation

Interaction

—

Cc

Cl ( B,u,v BH®Y ) ( l}pJ Br° ) Particle | Spin Parity
_ _ St 0 +
Co (BuwB*)(ByoBP?) S_ 0 -
~ Stnix 0 TS

CS (BWBW) (BponU)

+ To set upper bound on one generator,
when there are infinitely many of them:

CA)=C = Agrk =Y _wifi + (we — A)gix
ik
/\M — _’max A Z Wi
G(\)eC

JJ\%Sl (B, B*)
{9 (BB )
(cos 0B, B" + sin HBWB’“’)

N SN E

%(1,0, 0)
1(0,1,0)

%(cos2 6, sin? 6,2 sin 6 cos 6)

g1 = (cos? 6, sin? 0, sin 26)

go = (1,1,0)
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Photon with parity violation

—

Interaction c

Cl (BMVB“V) (lgpJ Bpa) Particle Spin  Parity
~ ~ St 0 +
C' (BuwB*)(Bpo B) S- 0o -
~ Smix 0 ?

CS (BWBW) (BponU)

+ To set upper bound on one generator,
when there are infinitely many of them:

CA)=C = Agrk =Y _wifi + (we — A)gix
ik
/\M — _’max A Z Wi
G(\)eC

85\ (B B™) 2(1,0,0)
&5, (BWBW> 1(0,1,0)

N SN E

1553 (cos 6B,,, B" + sin HB,WB’“’) 2(cos? 9, sin? 6, 2 sin 6 cos 0)

g1 = (cos? 6, sin? 0, sin 26)

— | .
9k ; 92 — (17 170)
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Photon with parity violation

+ What is the maximum contribution from a state that couples with
cos @B, B* +sin0B,, B 7

A Pdl"l'l'y violation MIXIﬂg with 0
1.0 — d=0.999 -
08 d=08
P-odd P-even — | ad=04 ]
3 06 — d=0 ]
K : :
0.2 J L
0.0 ‘ ‘ .
L T
(Cl —Cy 204 ) o
Cr+Cy’ Cp + Oy
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Photon with parity violation

+ What is the maximum contribution from a state that couples with
Gos OBWB“’D-)» sin OBWB‘“’ ?

4 Parity violation Mixing with 6
1.0 — d=0.999 |
i d=08 |
0.8- :
P-odd P-even = d=04 |
© 06 — d=0 |
R :
> 04" il
= :
0.2 * \\ ,
0.0 .
.
2

NS
I
el B
o
el B

(Cl—Cg 2C5 ) o
Ci+Cy CrL+ Oy



Photon with parity violation

+ What is the maximum contribution from a state that couples with

cos 0B, B* + sin 0B, B* 7

A Pdl"l'l'y violation MIXIﬂg with 0

1.0 — d=0.999 |

I d=0.8 ]

0.8 i
P-odd P-even —_ | d=04 :
D 0.6 — d=0 1
= I ]
é 04l ]
= 7 ]
0.2 k ,
0.0 ‘ | .

s s s iy

T2 T4 4 2

(C’l—C'g 203 )
Cr+Cy’ Cp + Oy
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Photon with parity violation

+ What is the maximum contribution from a state that couples with
cos @B, B* +sin0B,, B 7

A Pdl"l'l'y violation MIXIﬂg with 0

1.0 — d=0.999 -

i d=08

0.8 :
P-odd P-even = d=04 |
T 06 — d=0 ]
R :
S O ]
S 04 o |
0.2 k \\ ,
0.0 ‘ .

JT JT JT JT

-2 % 0 4 2

(Cl—Cg 2C5 ) o
Ci+Cy CrL+ Oy



e+e- scattering at ILC

2009.02212 with B. Fuks, Y. Liu and S.-Y. Zhou
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ee scattering at future lepton collider

In ee — ee, Cs does not give an
independent contribution:

6(8) — (017 027 C3a 04)

UV states and interactions

Or = 0%(ev"e)da(ue) Scal ’ Vect
— calar ectlor
Oy = 0%(ev*e) 0, (1 :
2 — (efY 6) ( ) D521/2 M, =1, Mr =15 ’ V=1 V'52_3/2
O3 = D%(le) Dy(el),
O4 = 0%(Iv™M) An(lyul) Lins = gpiLeD; + gar, i L°€LM; + gargpi€eMp;
Os = D*(In*7'1) Do (lnur'l) + gvi (I_L’y“L + mé’y“e) Vip + gV'z'(éc’)’“L)Vi,Jf
+ h.c.,
Ch <0
) (8)
Cs+ C5 <0, = (0,0,1,0),
Cs <0, *(8) = (0,0,0,—1),
C3 > 0, Generators: (8) = (-1,0,0,0),
24/C1(Cy + Cs5) > Co, (8)
¢y’ = (0,0,-1,2),
2\/C1(Cs+ C5) > —(C + Cs). > (8) 2
C(r) = (—k*/2,—k,0,—1/2).
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ee scattering at future lepton collider

In ee — ee, Cs does not give an
\ / independent contribution:
PN G = (01,02,Cs, )

. Dg

) ® M. ‘
O4 = 0%(IvM) Bu(lyul)

-1 actions
01 = 804(6’)’”6)80,(6’)’”6) , = -

Os = 8a(éfyﬂe)8a(l_7ul) ) ﬁ @ Mg

O3 = Da(l_e) Da(él), | 1

Os = D*(Iy*7'1) Do (I, 1)

oV

¢ <0, X -

2 _
Cs+ C5 <0, (0010)
Cs <0, -2 - y -'(8) = (0,0,0, -
C3 >0, Generators: c]\(f) = (—1,0,0 0)
2y/C1(Cy + C5) > Co, & = (0,0,-1,2),
2y/C1(Cy + C5) > —(Ca + Cs). ~(‘;) 2

Cy(my = (=K7/2,

MRE].2 ‘VE].O V’52_3/2

, @ D4 vy iL°eLMp; + gmpie‘eMp;
o OV 5’7“6) Viu + gvi(@y* L)V,

—k,0,—1/2).
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ee scattering at future lepton collider

. Beam polarization Runs (luminosity @ energy), [ab™'] @ [GeV]
Scenario
P(e™,e™) 1 2 3 4
CEPC None 2.6@161 5.6@240
FCC-ee None 10@161 5@240 0.2@350 1.5@365
ILC-500 (—80%, 30%) 0.9@250 0.135@350 1.6@500
(80%, —30%) 0.9@250 0.045@350 1.6@500
ILC-1000 (—80%, 30%) 0.9@250 0.135@350 1.6@500 1.25@1000
(80%, —30%) 0.9@250 0.045@350 1.6@500 1.25@1000
CLIC (—80%, 0%) 0.5@380 2@1500 4@3000
(80%,0%) 0.5@380 0.5@1500 1@3000
20F — 11207 —
SO _ _
& ] 1100+ — 1 W CEPCM
2 s i B FCCM
< 80 | m ILC-500M
o B ILC-1000 M
S
= 10 1 60F | ®m CLICM
% _ B CEPCF
2 _ 0 FCCF
g 5t [J ILC-500 F
é - 0 ILC-1000 F
3 [ CLICF
. 0 . L 6
Dim-8 G G G Cy Cee Cel Cu Dim
FIG. 3. Limits on the new physics characterization scale A. (in TeV) for the various considered future lepton colliders. ‘M’
denotes marginalized limits (all other coefficients being floating) while ‘F’ denotes individual limits (all other coefficients being
vanishing). In addition, we represent by the darkest color the largest center-of-mass energy of each collider project.
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UV states

+ Assume D-type scalar extension, gpo = 0.8, Mp = 2 TeV

+ AtILC (with 1 TeV run), global fit -> | Cee =0+0.0024,  Ce = —0.08 +0.0035,
Cu = 040.0023,

C, = 0+ 0.0074, C, = 04 0.0077,
Cs; =0.04+0020, C,=00.0071.

+ What to conclude at dim-6?

+ If assume the SM is only supplemented by D-type scalar,

Mp/gp € [2.45,2.56] TeV.

+ If assume the SM is extend by D and V’,

912) 9\2/ 2
- , : . i . T o ‘
5 M12) M‘% , 0.08 +£0.0035 TeV

+ If assuming more complicated models, not much to be concluded about the existence
of UV states.



UV states

+ What to conclude at dim-8?

+ Upper bound on all states Ay = max A > wy

+ Take into account EXP errors
l.e. convex optimization

C(\)eC

maximum A\

subject to C - )\C, € C
(€. i)

2
< Xe
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UV states

+ What to conclude at dim-8?

+ Upper bound on all states Ay = max A > wy
C(NeC

+ Take into account EXP errors
l.e. convex optimization

maximum A\

subject to C —\C), € C

+ DisanER: and  x* (G»GEXP>§X3
B min(w) With exp. error:
_________________________________________________________________ D05 e
----------------------- 0.038 o
----------------------- e 0.025 e BB
"""""""""""" 0.013 o
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UV states

Scalar

Vector

LDEZl/z MLEll MRE].Q

VE].()

V' = 2_3/2

Lint gDz'ljeD)-F gr i LCeLMp; + gnrpi€ceMp;

+ gvi (LY L+ kiey'e) Vi + gvri(@y“ L)V,
+ h.c.,

+ Dim-8 measurement would universally exclude all alternative hypothesis:

X ¥ Amax  Mx/\/gx
My (0,0,0,—1) 0.0067 > 3.5 TeV
Mg (—1,0,0,0) 0.0069 > 3.5 TeV
V (with k =1) (=1/2,—1,0,—1/2) | 0.0055 > 3.7 TeV
V (with k = —1) (—1/2,1,0,—1/2) |0.0116 > 3.0 TeV
1% (0,—1,2,0) 0.0109 > 3.1 TeV

Mp//gp € [2.1,3.1]TeV

50



Testing the SM

Vector

V = 10 V, = 2_3/2

Scalar

D521/2 MLE]-I

Lint = gpsLeD; + g Li + gmpi€eMp;

gvi(EAH L)V

+ gvi (E’)’“L + K;€
+ h.c.,

+ If all dim-8 coefficients are consistent with 0O, all states can be excluded to above
certain scales

X A | M /\/g_X\
D 0.0076 | > 3.4 TeV
My 0.0053 | > 3.7 TeV
Mg 0.0054 | > 3.7 TeV
14 0.0056 | > 3.7 TeV
V (with K = 1) | 0.0041 | > 4.0 TeV
V (with k = —1) | 0.0041 (240 TeV

J

51



Summary

Dispersive integral defines the positive generator of the parameter space of dim-8
Wilson coefficients.

- Allowed region is a convex cone and can be systematically determined.

* Outside: no UV completion

* At the ER (or boundary): “uniquely” determine
(the charge/irrep/interactions of) UV particles

* : limited arbitrariness in finding
the UV completion \

* More inside: more arbitrariness

If we care about UV model and not just coefficient measurements, dim-8
operators with s2 dependence contains vital information.
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Thank you
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Backups

54



Ci-GC3
2C1 +3C2+C3

(1s)
(14)

If SM is extended by
“extremal” particles (1,1S,1A):

If SM is extended by “non-
extremal” particles (3,3S,3A):

. . 1a 1s
=-T.0 -U5 00 U5 T.0
C1 + C3
2 C1 +3 C2 + C3
i 06F 1 06F
0147 @1 ] - @18 _ - O1A
012 05¢ — 1 05¢ —_
0.10 - 1 04" 104
0.08¢ 103" 103"
0.06 - : i ] [
; 0.2+ 1 02¢
0.04 - , ] [
002 Lot Lo
0.00 - . —_ == == == =t 4 00 —_—— — . . . . 1 00" . . J ) —_— ——
w(1)  w(3) w(1S) w(1A) w(3S) w(3A) w(1)  w@) w(1S) w(1A) w(3S) w(3A) w(1)  w(3) w(1S) w(1A) w(3S) w(3A)
0.20 1 020f 1 020F
. @3 ] . ©®3s . @®3A
0.15} 1015} A 1
010" o0 © o010 :
0.05- I I 1 005+ 1 005" ]
0.00l l l 4 0.00: - - —— 4 0.00: —_— = - 9
w(1)  w@) w(1S) w(1A) w(3S) w(3A) w(1)  w(3) w(1S) w(1A) w(3S) w(3A) w(1)  w(3) w(1S) w(1A) w(3S) w(3A)
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SM lepton doublets

o'=9, (l_’y,/l) o* (l_'y”l) , 0°=90, (l_'y,,TIl) o (l_’)’V’TIl)

Coefficients: € =) wafa

Wlth g1 = (17 _1)a Go = (_3a _1)7
§3 - (_170)7 §4 - (07 _1) .

0.0 93 ¢ :
o

0.1

02 ]

0.3 92/2 :

04 ° :

05" s ]

—06 | 1 1 1 I L 1 I ! L L I 1 1 1 I 1 1 ] 1 1 1 I L 1 1
-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4

State Spin Charge Lint ER C

B 1 1, B‘ED / @
=1 31 =leril)y X g
B 1 1 Blyld) V3
w1 39 Wk (l’}’/ﬂ'I l) X g4

Solution space of (w1, wa, w3, ws)

w1207 ’lU3ZO,

2 1 1
= —— x — — >
w9 3C1 —+ 3w1 3’IU3 > 0,
2 4 1
Wy = 301—202—511)1-{-510320
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SM lepton doublets

+ There are C values where the solution is unigque (the ERS).

5&(—1,0): wo = w3 = wy = O; 6&(1,—1): w1 = woe = wy = O.
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SM lepton doublets

+ There are C values where the solution is unigque (the ERS).

5&(—1,0): wo = w3 = wy = O; 6&(1,—1): w1 = woe = wy = O.

+ |t C=0, all generators (w’s) vanish.

+ This means that an ideal measurement of dim-8 can rule out all BSM.
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SM lepton doublets

+ There are C values where the solution is unigque (the ERS).

5&(—1,0): wo = w3 = wy = O; 6&(1,—1): w1 = woe = wy = O.

+ |t C=0, all generators (w’s) vanish.

+ This means that an ideal measurement of dim-8 can rule out all BSM.

1.5F 1.5F 15F
' ' ' 1 _
+ The arbitrariness in solutions for w
) o 1.’ 1., 1.0
IS always finite. g g g
05! 0.5 05
i = ] 0.4 ‘ ‘ ‘ 0. ‘ ‘ ‘ 0.4 ‘ ‘ ‘
0.0 93 00 05 1. 15 00 05 1. 15 00 05 1. 15
—O 1 ) ¢ wq Wy Wy
' 15F 15F 15F
—0.2;* ]
0.3 92/2 ] 1. 1. 1.
04 o ] g g s
04 E Y ] 0.5} 0.5} 0.5}
-0.5¢ — —9‘1:
_06 - g,4‘ o ] 0. ‘ ‘ ‘ 0.4 ‘ ‘ ‘ 0. 4
08 06 04 02 0.0 0.2 0.4 0. 05 1 15 0 05 1 15 0 05 1 15
Wy Wy Wy
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SM lepton doublets

+ There are C values where the solution is unigque (the ERS).

5&(—1,0): wo = w3 = wy = O; 5&(1,—1): wy; = we = wy = 0.

+ |t C=0, all generators (w’s) vanish.
4+ This means that an ideal measurement of dim-8 can rule out all BSM.

+ The arbitrariness in solutions for w
IS always finite.

O.r
g 93
0.0 & 1.00
-0.17 _ -0.2-
-0.2 ] (5\, 0.75
0.3 92/2
_o_4§ - [ -0.4 0.50
: Y |
05" ]
04 g1 0.25
060 2T —_0.6-
08 -06 -04 -02 0.0 0.2 0.4 _08 _04
. ) 0
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Ci-GCs3
2C1+3Cr+C5

0.0
C1+C3
2C1+3C2+C3

W w(1a)

114
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Ci-Cs
2C1+3C2+C3

w(1)  w(3)

-_—

(0}1) 1 (0,;1)

-_—

(0}1) 1 (0,;1)



