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What are these bounds

e Positivity bounds: a set of theoretical bounds on dim-8 SMEFT
operators, coming from the fundamental properties of the QFT
(analyticity, unitarity, Lorentz...)

e Certain linear combinations of Dim-8 operators must be positive

ZCES)%ZO or c-x>0
;

¢ Applies to Dim-8 operators, independent of
e the presence of Dim-6 operators

o Unitarization
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Outline

¢ How to derive the bounds

o How is the aQGC parameter space constrained

o How does it affect VBS measurements



aQGC parametrization
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aQGC parametrization

:(DM<I>)TD,,<I>] X
(D,®)" D a] x
(D,®)'D, 2] x

(Dr®)t DY @]
(D,®)'D"®
(D*®)! DL@]

x [(Dp®)t DH®]

| (D)t D%
(Dg®)1 D]
(DM@)TW&,D“(I)] x BB
L [(DP}I))TW&,D”CI)] x BB + h.c.

[(Dué)fﬁfgyﬁfﬁ“Dyé}

M-type: both longitudinal
& transversal

[Eboli, Gonzalez-Garcia, Mizukoshi, PRD 06]
[C. Degrande et al. Snow Mass Proceedings 13]
[Eboli, Gonzalez-Garcia, PRD 16]

S-type: longitudinal only

Org=Tr 'WWWW-
Or1 = Tr |[Wa, WHE
Ors = Tr | W, W8
Ors = Tr | W, Ww]

Orpg = Tr |W,, WHS
Or7 = Tr Wy, WHP
Org = BWB’“’ X BagBO‘fB
OTg = BauB“ﬂ X B,B Bua

x Tr WQBW"‘ﬁ
x Tr |W ,3W°‘”
x Tr WB,,W”O‘
x BoagBo®
X BMB“”
X Bﬁ,,B”a

T-type: transversal only



Deriving the bounds



Positivity bounds

e First established in 06, based on dispersion relation and optical
theorem on a forward 2-to-2 scattering.
[A. Adams, A. Arkani-Hamed, S. Dubovsky, A. Nicolis, R. Rattazzi, JHEP 06]

There are similar positivity conditions in more familiar effective field theories in particle physics.
Consider for instance the SU(2) chiral Lagrangian, parametrized by the unitary field U = e 7",

L = ftr(0,U0"U) + Ly [tr(0,U0*U))* + Ls [tr(0,UT0,U)]" + - (52)

L4,5 > 0

Of course the pion chiral Lagrangian follows from QCD which is a local quantum field theory,
so these conditions must neccessarily be satisfied. The situation is perhaps more interesting
for the electroweak chiral Lagrangian governing the dynamics of the longitudinal components of
the W/Z bosons. While it is most likely, given precision electroweak constraints, that the UV
completion involves Higgses and a linear sigma model, there may also be more exotic possibilities,
including in the extreme case a low fundamental scale close to the electroweak scale. This physics
should manifest itself through the higher-dimension operators in the effective Lagrangian, and
assuming custodial SU(2) is a good approximate symmetry, the constraint on the electroweak
chiral Lagrangian is the same L,5 > 0 (with the derivatives covariantized for the SU(2) x U(1)
gauge symmetry 0, — D,). These operators are not associated with the well-known constraints
of precision electroweak physics— instead, in unitary gauge U = 1, they represent anomalous
quartic couplings for the W/Z, which must be positive.



Positivity bounds in VBS

e In SMEFT, QGC measurements are interpreted with 18 dim-8 coefficients



Positivity bounds in VBS

e In SMEFT, QGC measurements are interpreted with 18 dim-8 coefficients

o 1 0OP: L4,5 >0 Or FS,i>0



Positivity bounds in VBS

e In SMEFT, QGC measurements are interpreted with 18 dim-8 coefficients

o 10P: Lys >0 oOr FS,i>O
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Positivity bounds in VBS

In SMEFT, QGC measurements are interpreted with 18 dim-8 coefficients
1 OP: Lys >0 oOr FS,i>O
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Positivity bounds in VBS

e In SMEFT, QGC measurements are interpreted with 18 dim-8 coefficients
o 1 OP:

Lyss>0 or Fsi>0 ¢ Adding polarization:
o 2 OPs: o
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Positivity bounds (simple version)
[C. Cheung, G. Remmen JHEP 16]

¢ Assume theory only has one particle, mass = m
e Consider 2-to-2 forward elastic scattering amplitude, A(s,t=0)
e A is analytic apart from poles and branch points on real axis.

e A satisfies Froissart unitarity bounds:

A(s,0) < O(s1n? 5)



Positivity bounds (simple version)

e Consider a contour integral

o b 1 s A(s, 0)

2mi Jp o (s — p?)’

e Deform ' to ''. Boundary contributions
vanish due to Froissart bound.

= 5 o - (/ Amz)ds

DiscA(s O)

8_
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Positivity bounds (simple version)

e Consider a contour integral

1
dS A(S7 O)
2mi r(s—p?)?

e Deform ' to ''. Boundary contributions
vanish due to Froissart bound.

1 s A(s B / / dleSCA s,0)
T om Jp (s— A2 (s — pu?)3

IRt tuv

Can be calculated in EFT, We will show the Disc
which gives C8+C62 IS positive
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Positivity bounds (simple version)

e For the discontinuity in the + real axis:
use optical theorem

DiscA(s,0) = 2iImA(s, 0)
ImA(s,0) = so(s)y/1 —4m2/s > 0

e For the discontinuity in the - real axis:

use crossing then optical theorem
A(5,0) = A'(u,0) = A’ (4m? — 5,0)

o (Disc at large s is where NP enters)

¢ This implies

d? A(p?
f o d3(2 ) — ZCES)ZE@' + ZC§6)C§-6)%J‘ > (

g 2,]
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Positivity bounds (for SM

CFT)

e In SM, branch cuts cover the entire real axis. Define a new amplitude with

the same disc. above scale ~A but subtracted below ~A (i.e. the “improved

positivity”)

A Im(s)

[C. de Rham, S. Melville, A. J. Tolley and S.-Y. Zhou JHEP 17]

1 [T Digc A% ()
B2 = A9192 o d / ab
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e SM loop contributions: need to be estimated, and the subtraction

term helps. Negligible compared to the best experimental precision.

E.g. fo"" =0038TeVv™ compared with O(1) Tev=*  with current bounds

e Can be completely removed in weakly coupled UV, by using the LO amplitude.

12



Positivity bounds: remove dim-6
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Positivity bounds: remove dim-6

Z c§8>$i n Z 0,56)05-6)%,3' ~0 or Z 67(;8)337;
i i\ p

e By explicit calculation the RHS is positive definite -/
e For example WZ:
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External polarization

o WW:
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Positivity bounds: remove dim-6
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Positivity bounds: polarization dependence

e With FS, FM, FT operators, the spin of VV’ can take any direction, leading to
(continuously) many different positivity bounds.

¢ Amplitude depends on external polarization. We will parametrize by

3

€ (Vl) — E CI,Z'E(.) =\|(a3—,0a1,0a2,03 )
— my, my,
1=

3
E
6“(V2) — szeg) - (b3p—27b1)b2ab3 2 > 9

i=1 mv, mv,

e For example, from WW channel: (Similar for all other channels)

Positivity bound

2A1(8Fr0+ 12Fr1 + 5Frs) + 6 AsFro + (As + A5)(—2Fp 1 + Farr)
+2A4(8Fr 1 + Fra) +2A4(8Fro +4Fr1 + Fro) + As(4Fyv0 — Far + Farr)
+ 4A6(2F5,0 + Fg1+ Fs,g) >0

Spin dependence

Ar = |a1]?|b1]? + |az|?[be?, Ay = ara3bi1bs + c.c.,

Ay = |a1|?|ba|? + |az]?|b1]?, W = a1a3bibs + c.c.,

Az = (|b1|? + |b2]?)]as]?, As = (a1b1 + agbs)azb; + c.c.,
Al = (laq]? + |az|?)|bs]?, AL = —(a1b] + a2b3)albs + c.c.

A5 = |b1|*|as|” Ag = |as|*[bs]?,



Positivity bounds: polarization dependence

e These results are complete, but difficult to use, because the
polarization (a,b) show up as free parameters.

e To understand better the parameter space, need remove them:

o Go through all possible (a,b) polarization, combine all the
resulting bounds.

e Or equivalently, we “solve” these conditions, identify a set of (a,b)
values that are the most crucial (e,g, once positivity bounds are
satisfied for them, they are guaranteed to be satisfied for the
rest.)

e The result will be 19 linear, 3 quadratic and 1 quartic polynomial
iInequalities that describe the allowed parameter space.
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¢ Unitarity bounds # Positivity bounds

Amplitude Unitarity in EFT

Amplitude
A Al < 327 A Unitarity in UV
0 Al < O(sIn?s)
l EFT
EFT l
Full theory

Full theory
> >
Energy Energy

Implies positivity in IR

e This is assuming the 18 QGC parameters form a

complete set for VW->VV. This is why only VV->VV is
used to derive bounds.

e G. N. Remmen and N. L. Rodd, in progress.



Understanding of the parameter space
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1D case: individual limits
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Improvement by
allowing for complex polarization
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D case: Individual lImits
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2D cases

e Consider Fsp and Fs;+
e Think of positivity as F.7= fix; >0, F = (Fso0,Fs1,---)
e 1.e. F vector is positive once projected on x direction
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2D cases

o Consider Fmo and Fm1

¢ Now we have polarization dependence...

.’fWW = — (4(&151 + agbg)agbg, (CL% + a%)b% — (albl + agbg)agbg + (b% + bg)&g)
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2D cases

e Consider Fmo and Fu

¢ Now we have polarization dependence...
fWW = — (4(&151 —+ agbg)agbg, (CL% -+ a%)b% — (albl -+ agbg)agbg -+ (b% -+ b%)a%)
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2D cases

e Consider Fmo and Fu

¢ Now we have polarization dependence...
fWW = — (4(a1b1 —+ agbg)agbg, (CL% -+ a%)b% — (albl -+ agbg)agbg -+ (b% -+ bg)a%)
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3D cases: the pyramid case

e Consider Fmo, Fm1, Fus.

TWww = (—4TaTb cos ¢, —T2 + T, Ty cos p — T, 0)
77 = (0, —2c%, s%/)

Twz = (0, —2cyTe — 213, —syyT7)

Tw~ = (0,—2,1)

Tzy = (0,-2,—1)

To = 03 ) Ty = b3 '
Vvai+ a3 \V/ b% + b3
cos b = a1b1 + asbs
Va2 + a3\/b? + b3
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3D cases: the pyramid case

o Consider Fmo, Fm1, Fus.

o Useful fact: if some x is a |
positive linear combination 0-5
of some other x’s

S

— — [ — 7 E 0.0 L
r = Zci,jxi(aj,bj) Ci,j >0 S CWW
i (M)

Then it gives no new 05
exclusion: |

Wy
77
wWZJTL)
I WW
WZ(LT) (31,
4 2 o 2
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3D cases: the pyramid case

o Consider Fmo, Fm1, Fus.

e Useful fact: if some x is a
positive linear combination
of some other x’s

—

T= ci%(@5,b5), ci;>0

i,
Then it gives no new
exclusion:
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3D cases: the pyramid case

o Consider Fmo, Fm1, Fus.

®

e

Points inside polygons
formed by other points can 05
be removed: but the largest |
polygon is the convex hull

77
WZ(TL)

WW

R 7 WW .
WZ(LT), M)

Now we have 4 key vectors: o
Wy, Zv, WW with parallel |
polarization, and WW with
“anti-parallel” polarizaton.

-05)

They are all we need to -4 =2 0 2
characterize the parameter Fuo
space.
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3D cases: the pyramid case

o Consider Fmo, Fm1, Fus.

e

Points inside polygons
formed by other points can

05"

T —ZFM,1+FM,5 > 0,

be removed: but the largest

polygon is the convex hull | —4Fu,0 — £, >0,

Wy

/}FMO—?)FMl > 0.

=
Now we have 4 key vectors:

Wy, Zv, WW with parallel
polarization, and WW with
“anti-parallel” polarization.

They are all we need to

characterize the parameter

space.

VNV,

- Z¢)
- WW WW
: (MII) WZ(LT) (]WII)

-05)
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3D cases: the pyramid case

—ZFM’1+FM,5>O, —4FM,0—FM,1 > 0,
—2FM,1—FM,5>0, +4FM,0—3FM,1>0.

Jan 2019 cms —
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3D cases: the cone case

e Consider Fso, Fmo, Fro.

1.0 <—WZ,ZZ(L),
* WWL) |
05" ]
@ ]
5 00- WW 77 WW |
| f f
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3D cases: the cone case

e Consider Fso, Fmo, Fro.

1.0
0.5

00- WW wWW

(Fso—Fro)/N2

~0.5

-1.0
10 -05 00 05 10

Fuo

Fs0(T,Ty/ cos $)? — Faro(TuTy/ cos @) + 2Fr g

Fso>0 and  8FsoFro— Fyo>0




FS,O > ()

Frp0-

05+

-1.0

0.5

D) cases: the cone case

and  8Fg0Fr0— Fyo >0

P

In this case the allowed area
IS a cone.

The inequality becomes
quadratic.

This is because we
“marginalize” over the
external polarization
directions of WW. This
“upgrades” the degree of
resulting inequality.
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D case: linear bounds
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18D case: S and M subspaces

¢ Bounds are convex multidimensional pyramids or prisms

Fs»
_q 0—0.50“?00-5 o

10

0.5

Fr300
-05
-10v . — . N \ L Y
-1.0 -05 0.0 0.5 1.0
Fuys
3D triangular pyramid 3D pentagonal pyramid

e T subspace: 8D pyramid with 11 edges...
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18D case: quadratic and quartic bounds

WW, My_&M, _
32(2Fso + Fs1+ Fs2)(2Fpo + Fri + Fro)

— max(0,4Fn,0 + Far, —4Fm0 + 3Fm1 — 2Fup7)? > 0 (3.107)
WW, Mj&M,
8(2Fso + Fs1 + Fs2)(8Fr o+ 12Fr1 + 5Fr3)

— max(0,4Fn,0 + Fara, —4Fm0 + 3Fm1 — 2Fp7)? > 0 (3.108)
ZZ, Mi&M;

8(Fs,0 + Fs,1+ Fs2) [4cS, (2Fr0 + 2Fr1 + Fr2) + 2¢iy sy (2Frs + 2Fr 6 + Fry7)

+syy (2Frg + Fr9)] —max [0,2 (2¢y Faro + Fu 28w — Farasw + Farasiy)

2
—cy (4F 0 — 2Fu1 + Farr) — 26y Farasty — sy (2Fu2 — Fus) — Fus (sfy — si)]” >0
(3.109)

WZ, M|&M!

16(Fs,0 + Fs,2) [Acyy (4Fr1 + Fr2) + sy (4Fre + Fr;7)] — max [0, +2¢y Fa,7

— 2\/(2FM,1 — Furr) (chy (2Faa — Far) + Sy Faa sty + Fusty) + 4Faasiy + Fassiy,

— 2¢iy Farr — 2\/(QFM,l — Fur) (i (2Fwm1 — Faryr) + iy Fassiy + Farasiy)

2
— AFy45%, — FM,5s%V] >0 (3.110)
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18D case: quadratic and quartic bounds

WW, M, _&M,_

32(2Fso + Fs1+ Fs2)(2Fro + Fri + Frs)
—max(0,4Fn,0 + Fun,1, —4Fa0 + 3Fu,1 — 2Fum7)?

8(2Fs,0 + Fs1 + Fs,2)(8Fro + 12Fr 1 + 5Fr3)

—max(0,4Fn,0 + Fun,1, —4Fa0 + 3Fu,1 — 2Fum7)?

(3.108)

77, M&M;

8(Fs,0 + Fs,1+ Fs2) [4cS, (2Fr0 + 2Fr1 + Fr2) + 2¢iy sy (2Frs + 2Fr 6 + Fry7)
+svy (2Fr,g + Fr,9)| —max [0,2 (265 Faro + Fu28% — Faasiy + Farasiy)

2
_6%4/(4FM,0 — 2FM,1 —+ FM,7) — 2C%VFM,4S%V — s‘%,V(2FM,2 — FM,3) — FM,5 (S%V — S%V)] > 0
(3.109)

WZ, M\&M!

16(Fs,0 + Fs,2) [Acyy (4Fr1 + Fr2) + sy (4Fre + Fr;7)] — max [0, +2¢hy F,7

— 2\/(2FM,1 — Furr) (chy (2Faa — Far) + Sy Faa sty + Fusty) + 4Faasiy + Fassiy,

— 2¢iy Farr — 2\/(2FM,1 — Fuarr) (G (2Fma — Fuyr) + ¢y Fus sy + Fuasiy)

2
— AFy 4%, — FM,5S%V] >0 (3.110) .



Figure 14. Positivity bound from the quadratic
inequality in the WW channel, in the subspace

spanned by Fs 1, Fir1 and Fr ;.
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Figure 16. Similar to Figure 15, but imposing
a restriction Fis0 + Far1 = 0.

Figure 15. Same as Figure 14, but in the
subspace spanned by Fs 1, Fiaso and Fr ;.
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Figure 17. Similar to Figure 15, but imposing
a restriction Fjr 1 = —1/2.
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18D case: volume

e Volume measures “constraining power”. (like the “GDP”)
[Durieux, Grojean, Gu, Wang JHEP 17]

¢ However positivity does not constrain the magnitudes of deviation.
It only constraints possible directions. So the regular volume is .

¢ But we can measure the “solid angle”

~~2.1% of total

¢ Randomly throw points on 18D sphere.

¢ Count how many of them satisfy a given
positivity condition.

98% of the parameter

space is redundant: no UV
completion exists.
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Simplified model

[J. de Blas et al. JHEP 18]

Names scalar S scalar = scalar =1 vector £ Js =an (Du@T D*¢ + aWWﬁVWiW +apB,,, B"”

Irrep (1,1)o (1,3)0 (1,3)1 (1,2) jé = by (DM¢)T o' Dt + bWBW;iuBW

. AT .
Ji =cy (D,@) oD,

1
2

Line =875 + 2Tz + (Elﬁjél + h'c') T (Elmjﬁlu + h.c.) ng = dypD,¢B"" + dgwo'D, W™+
Foo = H By o = GHEW b _ Gwas Fy ,  pbHbws
,0 Mél ’ ]\423 T,5 _M§ , _M%_
Fg1 = 2‘;&% — 2?\273 Fpa = —(]1\1;%"1" Frg= b;v;é; Fars = 2dHAv;ngB
fsa = % ez = af\lg Frs = zﬁg Far = ‘%/
22 &
Fro= % FM’3__ML£
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Simplified model

Mg - Fg

M

- Fyg

\

2 2 2
1 a b 8c
5 jﬁ' + =i - AL
S = El
1 aiI b%{ 40%
2 M?2 + Mg + 31
b2, 2c%,
2 + M2
= =1
2d2ESH:
M
L1 )
d?{WC%V'f‘(dHWC%V‘*‘dHBS%‘/)
M2
L1 a
d%_IWC%,V—{—(dHWc%V—dHBS%V)
M2
1
M%l
(dHB+dHV2V)2+d?{W
Mc12 2
(dHB—dezV) +dyw
M£1

)

My - Fp =

o O

N

g

dajy

M

2 4 4
4bw pSww

(aBs%,V-i-ZaWC%;V) 4+

M3

4b%VBsW

0
0

4
M2

M2
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Simplified model

f(Fs,i)g(Fr;:) > max(0,h1(Far,i), ha(Fari))?

Parameter space in f, g, max(0,h1,ho)

1.0

\u'l‘I

'h il"!le' J |

| '1“1 l‘ 4
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How does this affect the real measurements?
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f you believe it

o If we believe that the BSM satisfies unitarity, dispersion relation
(causality & locality), and Lorentz invariance, i.e. positivity is true:

o It may enter the measurement as a prior, possibly changing the
resulting limits on couplings.
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Modifying the prior

19.4 b (8 TeV)
~ 1000 CMS
U) -
L B — — Expected 95% CL
e Observed 95% CL
i e SM
500
0 -
-500—
i Allowed by
i positivity
_1 000 _I | l | | | | l | | | | l | | | | l | | | 1 I | |
-200 -100 0 100 200

FS,O
[CMS, PRL 15]



Modifying the prior

500

-500

-1000

CMS 19.4 fb™ (8 TeV)
— — Expected 95% CL
Observed 95% CL
e SM
Allowed by
positivity
1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 1 1 1 1 1 l 1 |

-200 -100 0 100 200

[CMS, PRL 15]

Without positivity
#dFS,ldFS,QL = 95%




Modifying the prior

19.4 b (8 TeV)
- 1000 S
w
L B — — Expected 95% CL
e —— Observed 95% CL
i e SM
500
0
-500—
Allowed by
positivity
- | | l | | | l | | | | l | | | | ‘ | | | | | |
1000 -200 -100 0 100 200

[CMS, PRL 15]

Without positivity

#dFS,ldFS,QL = 95%

With positivity

‘dFS,ldFS,QL

‘dFS,ldFS,QL

= 95%



Modifying the prior

19.4 b (8 TeV)
- 1000(:“’Is
wn
L B — — Expected 95% CL
m —— Observed 95% CL
i e SM
500
Oi
-500
Allowed by
positivity
_1000111111111111111111111111
-200 -100 0 100 200
FS,O

[CMS, PRL 15]

Without positivity

#dFS,ldFS,QL = 95%

With positivity

’dFS,ldFS,QL

= 95%

‘dFS,ldFS,QL



f you believe it

o If we believe that the BSM satisfies unitarity, dispersion relation
(causality & locality), and Lorentz invariance, i.e. positivity is true:

e It may enter the measurement as a prior, possibly changing the
resulting limits on couplings.

e It may help scanning the parameter space (to identify the
confidence region), because there is now only 2% to scan
compared with before... (for channels that are hard to unfold?)

e It may be included in global fits either as a constraint or a prior.
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Or, be more open-minded"?

o Use it to test unitarity, dispersion relation (causality & locality), and
Lorentz invariance?

e If deviation is found in the disallowed parameter space:
o It might imply that BSM violates one of the fundamental principles.
e | think this is less likely but more exciting.

o It might imply that LO dim-6+dim-8 SMEFT is problematic. Either

dim-6/8 loops are dominating, or dim-10 is important, or we need
HEFT...

e | think this is more likely but slightly less interesting.

e But in either case, it is important information about BSM.
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Summary
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Summary

o Once we start to ask for UV completion, interesting bounds on aQGC
parameters show up, carving out peculiar structures in the parameter
space, reducing the parameter space by 2 orders of magnitude. This
is interesting, will guide future BSM searches in VBS.

e It could either affect the measurements, e.g. by modifying the prior
and changing the resulting confidence interval, or could be used to
test the fundamental properties of QFT.

¢ These bounds are summarized by 23 analytic equations that only
involve aQGC coefficients and the weak angle.
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0 0 1 0

2 1 1 Fs,o ( 0 2 1 0
1 1 1 Fs1 > 0 2 1 1 0
voo1 )\ e I S
8cy  8cy 4ch dey,

0 0 4ch 0

FM,O\ 0 1 04 chV 0

0 —2¢ 0 —sy 0 sk Fara 0 Ocyy C4W 0
0 —2¢ 0 —sy 0 —sich cfy Firo 0 0 0
0o -2 0 0 0 0 1 Fus | >0 0 16 4 0
0 -2 0 -1 0 1 1 Fara 0 0 8¢y 0
o -2 0 -1 0 -1 1 Fus 32¢y,  32ch, 16¢f, —16¢
FM,?) 0 0 4 0

\ 8 8 4 4

32(2Fs o+ Fs1+ Fs2)(2Fro+ Fra + Frz2)
—max(0,4F 0 + Fara, —4Fyo + 3Fv1 — 2Fa7)? > 0

8(2Fs0+ Fs1+ Fs2)(8Fro+ 12Fp 1 + 5F7 2)
—max(0,4F 0 + Far1, —4Fuv 0+ 3Fa1 — 2Fu7)? > 0

8(Fs,o0+ Fs1+ Fs2) [40%1/(2FT,0 +2Fr 1 + Fro) + 2¢iy st (2Fr s + 2Frg + Fr7)
+8%(2Frs + Frg)] — max [0,2 (2¢iy Faro + Fr 28w — Fuasiy + Farasty)

2
—Cy(4Fmpo — 2Fmp + Far) — 26y Farasty — siw(2Fm2 — Fas) — Fus (s — si)]” >0

16(FS,0 -+ Fs,z) [40%‘/(4FT,1 -+ FT,z) -+ SLIL/V (4FT,6 -+ FT,7):| — max lO, +2C%VFM,7

- 2\/(2FM,1 — Fu) (¢l (2Fmn — Fur) + Sy Fussty + Fussiy) + 4Fuasyy + Fussiy,

— 2¢iy Far — 2\/(2FM,1 — Farr) (e (2Fma — Far) + ey Fussiy + Fussiy)

2
— AF a8t — FM,5S%V] >0

_—

V)
gﬂk
V2]

OOOO%CO&?%OOOOOO

%M
V)
gl\')
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ShakShe

wogﬂoooooog’moooo
—_
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Thank you
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All 2D subspace

¢ For quick comparison with EXP results.

e There is no correlation across different S/M/T categories.
(Quadratic ones show up only in 3D)

1,

Fs 1

Fs»

46



All 2

D subspace
1,

S 0 A
-1t
1,
f 0
—1L
1,
f 0
—1L
1,
LLE' 0
—1!
1,
LLE" 0
—1L

Ty
g0

10
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All 2D subspace
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2™ QY
—1!
z : K \ B
~1!
z X k \ | )
~1!
2 "Ik A=
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18D case: volume

e Linear ones: completely decoupled in S, M, T subspaces

Ve =038, V=034, Vpr=0.16 VsV Vpr = 0.022

¢ Quadratic:

WW 1st WWa2nd ZZ WZ Al
Volume - 0.20 022 020 0.12 0.05

o All together: 2.1%

Most of the constraining power
Is Iin the linear ones
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Positivity bounds (for SM

CFT)

¢ SM loops give branch cuts covering the entire real axis

e Define new amplitude with low energy discontinuity

subtracted below e/, €<

A Im(s)

Alm(s)

Bipen(s) = Agy” (s) —

L /+(eA)2 1 DiSCAZ})qz (s’)
2T —(eA)? s’ —s

, DiscAT,%* ()

s’ —s

Ad192 (o +(eA)?
_L dS, ab (S)_ 1 / ds

- 2m Jo s’ —s 27 J _(en)2

d®Bgjren (3)

_ L /_(EA)2+/oo dS/DiSCAZ;JQQ(S,)
2mi \J oo Heh)? (s —s)*
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Positivity bounds (for SM

CFT)

e EFT contribution: tree level approximation, gives

ds?

d? A(u?
f = ('u ) — g C,ES)SCZ' —+ E c§6)c§-6)yi,j

o SM loops: subtracted in —(eA)? < s < (eA)?
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Positivity bounds (for SMEFT)

e EFT contribution: tree level approximation, gives

d82 Z 2z, +Z SECH

o SM loops: subtracted in —(eA)? < s < (eA)?

fN

g ¢ Remaining loop can be computed with
° . —(eA)? 00 : q1q2 ( o/
SM dominates 1 (/ +/ )dS/DISCAab ()
(eA)?

2mi \ J_ o (s' — s)3

g. foy¥"™ =0.038 Tev

compared with
BSM

O(1) Tev—* with current bounds

¢ SM can be completely removed in weakly coupled UV.
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t-channel pole?

e Tree level diagram: s/t, vanishes with 2 subtractions.
e Can use finite t as a regulator.

e For indefinite polarization, the bounds will have an
additional term that goes like t1/2.

¢ Loop level pole: Xsec of all channels
except WW>WW

Im (A(s) — AVW(s)) = [(s — M2)(s — M2)]* %oymr(s) > 0,

Subtract diagrams
with WW cuts
(up to additional higher orders)

e Or simply run the positivity argument for the leading BSM
ordet.



18D case

e In general, a, b and be complex, i.e. 12 DOFs. But we can remove
6 of them, by parameter redefinition

las|? =Tz, |bs]? =T;
a3b§ = TaTbei‘s, 0,3b3 = TaTbeiA
alb’{ -+ a2b§ = COS ¢6i(a+6), a1b1 + a2b2 = cos e

a1]? +lag[* =1, [b1] + [b2]* =1

i(B+A)

e Positivity conditions depend on 6 parameters:

To, Ty € [0, —I—OO)
cos ¢, cos ) € [0, 1]
cos a, cos 3 € [—1,1]
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18D case: WW

2A1 (SFT,O + 12FT,1 + 5FT,2) + 6A2FT,2 + (A3 + Aé)(—2FM,1 —+ FM’7)

+2A4(8Fr1 + Fra) +2A4(8Fro +4Fr1 + Fro) + A5(4Fyo0 — Farn + Farr)

A4 = ara5b1b5 + c.c.,

/!
Ay = a1a5b7bs + c.c.,

As = (a1b1 + agbs)azbs + c.c.,

5
AL = (Jay|* + |az|?)|bs]?, AL = —(a1b] + a2bd)albs + c.c.

Ag = |as|*|bs|?,

Before
+ 4A6(2FS’0 + FS,l + FS,Q) >0
A1 = |a1]?|b1|? + |az]?|b2|?,
A2 = |a1|2|b2|2 -+ |CL2|2 b1|2,
Az = (|b1]? + |b2]?)]as]?,
Af = |b1]?|as|?
After

cosp — W
cosy — V
cosa — R

fi=-2Fy1+ Fur
fo=8Fso+4Fs;1 +4Fs o
f3=16Fr o+ 8Fr 1+ 2Fr
fa=—=8Fpo+2Fn1 —2F 7
fs = 16F7 1+ 2F7 9

Je = 6FT 2

fww (Ta, To, RW, V) = f1(T? 4+ T?) + foT*TE + fsW?2 + fiT,ToRW + f5V? + fs >0

Tu,Ty € [0,+OO),

W elo,1], Re[-1,1],

V e [0,1]
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18D case: WW

fwvw (Ta, Ty, R,W, V) = f1(T2 + T?) + foT2T¢ + fsW? + fAT, ToRW + fsV? + f6 >0

To, Ty € [0,+00), W el0,1], Rel[-1,1], V el0,1] Coefs.
e Minimum value of fww has to exist: fi=—2EMa + Far
Jo=8Fgo+4Fg ;1 + 4Fs 2
J1>0, f2>0 f3 = 16FT,0 - 8FT,1 + 2FT,2
¢ Minimum value of fww is fo=—8Fyo+2Fy1—2Fy 7
fs =16F11 4+ 2F1 2
- f6 + min (f5,0) + min (O, fa — max(0, _42;;1 T |f4‘)2) fe =6Fr 2

and has to be positive:

J6 >0,f3+f6>0,f5+ 6 >0,f3+ fs+ s >0

4f2(fs + fo) > max(0, | f4| — 2f1)%,
Afa(f3 + f5 + fo) > max(0, | fa| — 2f1)°,
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18D case: WW

fww Ta, T, R,W,V) = f1(T2% 4+ T?) + foT*T? + fsW? + f,T,T [ R |

i Wy
T, Ty € [0,+0), W e[0,1], Re[-1,1], V¢ 05 .
ﬁ 77

o Minimum value of fww has to exist: g oo T

-0.5¢

fa ) WZ(LT) ()
fl > 07 f2 > 0 i
f3 .

¢ Minimum value of fww is

- fe + min (f5,0) + min (0, fa — max(0, _42;01 + |f4DX
2

and has to be positive: They are like the endpoints
In the pyramid case
J6>0,/3+f6>0,f5+/6>0,f3+ 5+ f6 >0

4f2(f3 + f6) > ma,x(O, |f4| T 2f1)2a
Afa(f3 + f5 + fo) > max(0, | fa| — 2f1)°,
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18D case: WW

fwvw (Ta, Ty, R,W, V) = f1(T2 + T?) + foT2T¢ + fsW? + fAT, ToRW + fsV? + f6 >0

1o,Ty € [O, +OO), W € [Oa 1]v R € [_1a 1]7 Ve [07 1] Coefs.

e Minimum value of fww has to exist: - fr=—2Fu 1 + Fu- o

o ;
fi>0, f2>0 | |
. . « 03 P
¢ Minimum value of fww Is é | v,z
S 00 wWw WW
, | ax(0,—2f1 + [f4)2\ =
. fe + min (f5,0) +min ( 0, f3 — max( fi+ |/4) S o5l
412 T —
and has to be positive: -1.0-

-10 =05 00 05 10

J6 >0,fs+ f6>0,f5+f6e>0,fs+ fs+ fe >0 i

4f2(f3 + fo) > max(0, | fs| — 2f1)%, y They are like the circle
4f2(fs+ f5 + fo) > max(0, |fa] — 2f1)7, in the cone case
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18

D case: key polarizations

Notation |Example of a;, b; values General form

L a=(0,0,1),b=(0,0,1) (oom)z}’—(o,o,n)

LT a—= (O 0 1) b = (1,0,0) a= (O 0 m3) b (nl,n2,0)

TL @=(1,0,0),5=(0,0,1) |G = (m1,ms,0),5=(0,0,ns)

Linear |7 @ =(1,0,0),b=(0,1,0) G = e (k1, k2,0), b = €' (ko, —k1,0)

T) @=(1,0,0),b=(1,0,0) |G =e(ky,kz,0),b= ¢ (1, k2, 0)

T,y @=(1,i,0),b = (1,—i,0) |&@ = e (ky, xiky,0),b = € (k1, Fikq,0)

T,_ @=(1,4,0),b = (1,%,0) @ = e (ky, +ikq,0),b = € (kq, £ikq, 0)

M, _ a= (z,ix, 1) b= (z,iz,1) |@=e"(ky,Liks, wl~c3) b = €' (ky, ik, eks)

M, a=(z,0,1),b=(z,0,1) a = e (ky, ka, ”kg) b= e (ky, ke, eVks)

M @ = (iz,0,1),b = (iz,0,1) |&@ = e (iky, ik, ks),b = ew(zkl,zkg,k;;)
Quadratic | M, _ a= (x,iz, 1) b= (z,iz,—1)|d@ = e (k1, +iki, ”kg) b= e (ky,+iky, —eks)
and M, a=(x,0,1),b= (z,0,—1) |@=e"(ky,ko,e 7k3) b= € (ky, ke, —ek3)
quartic  |[Mj @ = (iz,0,1),b = (iz,0, —1) |@ = e (iky, iks, ks), b = €' (ik, iks, —ks)

M; a = (iz, 0, \/hY), a= e“’(zkl,zkz, k3),b = €' (iky,iks, kj),

b = (iz,0, /h}) Wyk2 = W/k's, kskh > 0
M| a = (ix, 0, \/W a=e” (Zkl,Zkz,kg),g:Cia(’ikl,’ikz,ké),
b= (iz,0,—/h}) Wy k2 = h'k's, kskl < 0

Wy
77
L e wzgLn ]
L WW . WW
(M) WZ(ILT) (1)
wWw wWw

mq,n; € C, z, ki, k} € R, p,0,v € [0,2m)
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18D case: linear bounds

Ms,ijFs,; >0 Fs;= (Fso,Fs1,Fsz2)"
MM’ZJFM’J > 0 FM,i — (FM,07 FM,l) FM,27 FM,37 FM,47 FM,5) FM,7)T
Mr,ijFr,; >0 Fr;= (Fro,Fr1,Fro,Frs,Fre, Frq, Frg, Frg)’
[0 —2ch, 0 —sh, 0 3,2 ch \ ZZ,LT&TL
211\ WW,L 0 —20‘%,‘, 0 —S%V 0 —S%VC%V C%V Wz,LT
Mg=|111]| 2ZZL My=10 -2 0 0 O 0 1 WW,LT&TL;WZ, TL
101/ WZ,L 0 -2 0 -1 0 1 1 | Wo, LT
\0 -2 0 -1 0 -1 1) ZyLT
o 0 1 0 0 0 0 0\ Ww,T,
o 2 1 0 0 0 0 0 | WW, T,y
2 1 1 0 0 0 0 0 | wwT,._
8 12 5 0 0 0 0 0 | WW,T,
8C%V SC%V 4618/‘/ 40%‘,3%4, 4C%VS%V 20%VSW 28%, s%v 727, T”
0 0 A4y 0 0 2cwsyw 0 S | xZ22,T.
0 0 dcyy 0 0 St 0 0 |[+«xWwz,1,
Mz = 0 16c5, 4ch, 0 4%, St 0 0 | wzT
0 0 4 0 0 1 0 0 |wy1.
0 16 4 0 4 1 0 0 | Wy,Ty
0 0 8¢y 0 0 (C%V — sW)2 0 2s3 | xZv,T.
32¢%, 32¢h, 16¢k, —16¢%,52, 4 (3, — s3,)° 1—8s%,¢%, 8sh, 4sh, | 27T,
0 0 4 0 0 2 0 1 vy, T1
8 8 4 4 4 2 2 1 ) T
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18D case: linear bounds

Mg ;iFs ;>0 T
S,ij 4 S,3 FS,z' — (FS,Oa Fs,l, FS,Q)
MuriiFar i >0 T
M’ZJ M,J FM,Z — (FM,O7 FM,]-’ FM)27 FM737 FM747 FM’5’ FM’7)
Mt ;i Fr; >0 T
T’ZJ T’J FT’Z — (FT)07 FT717 FT’2, FTa57 FT367 FT’7’ FT787 FT’g)
/0 —2c%, 0 —s%, 2
211\ WW,L 0 —2cy 0 —syy 0 —sjyc
Mg=|111] ZZz,L My=]10 -2 0 0 0 O
101/ WZ,L 0 -2 0 -1 0 1
\0 -2 0 -1 0 -1
[0 0 1 0 0 0 0 0 )
o 2 1 0 0 0 0 0
2 1 1 0 0 0 0 0
8 12 5 0 0 0 0 0
8ch, 8cS, 4ch, Acy st Ach Sty 2y sy  28%y sy
0 0 4cf, 0 0 25 S5y 0 s%
Iy 0 0 4cfy, 0 0 Sty 0 0
r= 0 16c5, 4ch, 0 4%, St 0 O
o 0 4 0 0 1 0 0
0 16 4 0 4 1 0 0
0 0 8 0 o (B —s%)° 0 25},
32¢y, 32ch, 16cy, —16¢3, 5%, 4(c3, — s,)” 1 —8s3,chy, 8sy, 4shy
o 0 4 0 0 2 0 1
\ 8 8 4 4 4 2 2 1 )

1| WH
1 ) Zy,L

WW, T,
WW, Ty
WW, T, _
WW, T,
ZZ,Ty
x4, T
*WZ, T_]_
WZ, T||
W’)/, TJ_
W, Tj
*Z’Y, T_]_
Z7, 1)
¥y, T
Y. 1

0 sico C%V ZZ,LT&TL

0 —sycw C%V WZ,L

1 | Ww, LINTL: WZ,TL

T

77
WZ(TL)

WZ(LT)

WW
(M)
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18

) case: | subspace

/[0 0 1 0 0 0
0o 2 1 0 0 0
2 1 1 0 0 0
8 12 5 0 0 0
SC%V 80%‘, 4C%V 40%‘,3%‘, 46%‘/8%[/ 20%(,3%‘,
0 0 4%, 0 0 2¢5y Sy
0 0 dcj, 0 0 Sty
Mr=1 9 16cq, 4cy, 0 4%, sty
0 0 4 0 0 1
0 16 4 0 4 1
0 0 8% 0 0 (& — %)
324, 32¢h, 16¢k, —16¢%,52, 4 (2 — s3,)° 1—8s,¢3
0 0 4 0 0 2
\ 8 8 4 4 4 2

0 0
0 0 \
0 0
0 0
23%‘, S%V
0 s%
0 0
0 0
0 0
0 0
0 ZS%V
85%‘, 43‘11,‘,
0 1
> 1

WW, T,
WW, Ty 4
WW, T, _
WW. T
27, T||
x4, T
*WZ, TL
WZ, T”
Wn, T,
W’)’, T”
x4, T
27, T
vy, L1
1)

58



18

) case: | subspace

/[0 0 1 0 0 0
0o 2 1 0 0 0
2 1 1 0 0 0
8 12 5 0 0 0
SC%V 80%‘, 4C%V 40%‘,3%‘, 46%‘/8%[/ 20%(,3%‘,
0 0 4%, 0 0 2¢5y Sy
0 0 dcj, 0 0 Sty
Mr=1 9 16cq, 4cy, 0 4%, sty
0 0 4 0 0 1
0 16 4 0 4 1
0 0 8% 0 0 (& — %)
324, 32¢h, 16¢k, —16¢%,52, 4 (2 — s3,)° 1—8s,¢3
0 0 4 0 0 2
\ 8 8 4 4 4 2

0 0
0 0 \
0 0
0 0
23%‘, S%V
0 s%
0 0
0 0
0 0
0 0
0 ZS%V
85%‘, 43‘11,‘,
0 1
> 1

WW, T,
WW, Ty 4
WW, T, _
WW. T
27, T||
x4, T
*WZ, TL
WZ, T”
Wn, T,
W’)’, T”
x4, T
27, T
vy, L1
1)

(M)

77
WZ(TL)

WZ(LT)

58



18

) case: | subspace

(0 N0 0N\ WWw.T, _J

j WW
(M)

wWW
(M)

e Focusingonthe T
perpendicular cases, we
can easily see that ZZ,
W/Z, and Zy are

redundant.

o So Mt describes a 11-
edge 8-D pyramid.
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Some 3D subspace

o SSS & TTT: only linear ones matter

2
(Z aiFS,i) (Z biFT,i> > max (0, Z ciFn i, Z d; F M,z‘)

Trivial if M operators turned off

Fr2
1.0 05 00 _g5 _qp
-1.0
-0.5
0-0F7‘1
0.5
1.0
1.0
0.5
0.0
0.5
1.0 FT,O
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Some 3D subspace

¢ MMM: may have linear and quadratic shapes.
¢ I.e. there may be pyramids or cones.

Quadratic becomes linear if S/T =0

16(Fs0 + Fs2) [4C%V(4FT,1 + Fra) + sy (4Fr g + Fr7)| — max [0, +2¢8, Far

- 2\/(2FM,1 — Funr) (el QFm — Far) + Gy Fussty + Fuasty) + 4Fmasty + Farssiy,

— 2¢hy Frr — 2\/(2FM,1 — Funyr) (6 2Fma — Fuyr) + ey Fussiy + Fazsty)

2
— 4F 485 — Fysssy| >0

Quartic becomes quadratic if S/T =0
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Some 3D subspace

¢ MMM: may have linear and quadratic
¢ Pyramids:
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Some 3D subspace

¢ MMM: may have linear and quadratic

¢ Combinations of pyramids and cones:
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sSome 3

D subspace

o SMT:
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