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Dispersion Relation

Scattering process ij — kl with amplitude A;;;, and i, j, k, [ =1, 2,..., N, particles
in the low energy effective theory.

1 ,Ai-kl(sl t) Im [s]
Aiii(s. t) = dg’ 2B 0 77
it (3,1) 2771'% s —s
> Analyticity — =

» Froissart-Martin bound

(M. Froissart, 1961; A.
Martin, 1963)

Figure from Caron-Huot & Duong, 2011.02957
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UV Unitarity of S-matrix: STS=1,8=1+:T,

Positivity : [ 2ImT =TT =0

» The allowed space of Wilson coefficients is a convex cone.

2112.1665)

(C. Zhang & S.-Y. Zhou, 2005.03047; B. Bellazzini, L. Martucci & R. Torre, 1405.2960; C. Zhang,
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Unitarity and Positivity

Also inequalities from the relation 2ImT =TT |itself: non-positivity part of UV

unitarity conditions.

» The convex cone is capped from above and we have two-sided bounds.
(QC, Ken Mimasu, Tong Arthur Wu, Guo-Dong Zhang & Shuang-Yong Zhou, 2309.15922)

positivity part of UV unitarity fuller use of UV unitarity
(Ima* = 0) + null constraints
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Unitarity and Positivity

For a subspace of the whole external particle states space,

STS <1
(1 —ImT)* + (ReT)* < 1

A weaker condition (1 — Im7)? < 1 leads to

Im7T >0, 21 -ImT >0 ]
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Partial Wave Positivity

Partial waves expansion: Im A;jp (1, t) = 167 Y2 (20 + 1) P, (1 + %) Imazjkl(u),

P;: Legendre Polynomial, pzjkl = Imazjkl: partial wave spectral density

Unitarity: Im azjkl = Z aZJ—>X <a/£€l—>X>

J l
it — i Imal® > 1| b2 — 1 (I %“1)2 i 1 (R mz)Q =0 < Imdii <9
. ¢ = B ay = B may B Sy < lIlma,” < 2,

ij —> i Imaéjij > ]aéjijlz + ]aéjﬁlz > 2(Imaéjij)2 = 0Z Imaéjij <1/2,

Qing Chen (Anhui U. of Sci. & Tech) Two-Sided Bounds of Higgs Operators 7/ 22



Null Constraints

The Mandelstam s, t, u crossing symmetry leads to a set of constraints on
pole-subtracted amplitude Azjp = >0 Y02 ey (5 +5)" 1"

S U Aijkl(sa t) = Ailkj (u, t)
st Auls, t) = Ayt s)

Null constraints:

. 1,n In | _
S U Ciikl + Cilkj | = 0
a,pt+g—a b,p+q—b
e rta Dla+1) ¢y rta T(b+1) ¢y
o= - =0

B Z 20T (p+ Dl(a—p+1) - 20=4aT(p+ 1)I'(b—p+ 1)
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Semi-definite Program

Dispersion relation:

LHS IR | ¢fy = /pgjkl UV RHS

Positivity bound of dim-8 coefficient C?j'zz by semi-definite program:

Variables

ijkl
Py

Maximize/Minimize

d
”kl 216 2041 / /7/; {p”kl(u) + i ( )} (dispersion relation)

Subject to Positivity inequalities of p”kl

ijkl

(UV unitarity)
Null constraints of p, (crossing symmetry)
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Single-field Positivity Bound

A single real scalar odd under Zs, we only have one dim-8 coefficient ¢

Variables
Pen
Maximize
N

1 1n
2,0 § E
C = F (2£ + 1) a NNBQW’”

£=0,2,....001 3800

Subject to
0<ppn<2
N1
@+ Z (7) <f4+2€3—7€2—8€)pg7n:0
0=0,2,....001r 000 n
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Single-field Positivity Bound

The upper bound of single scalar dim-8 coefficient is solved numerically by Linear
Programming.

» The bound is

Number of null constraints
12 3 5 7 9 1215 18 22

1.60
0< e < £ — N = 3200, (3 = 30
T (dm)2 T A 1.58 \
20 1.56
art
(QC, Ken Mimasu, Tong Arthur Wu, 1.54 \
Guo-Dong Zhang & Shuang-Yong L5 \
Zhou, 2309.15922) \_‘\’a_‘_‘
1.50 . . . . i

0 2 4 6 8 10
Order of null constraints (r)
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Higgs EFT

The SM Higgs is an SU(2) doublet complex scalar field H = %(ﬁbl + i, ¢z +igs)T.

The dim-8 Higgs operators are
o\) = (D,H'D,H) (D"H'D"H)
0?) = (D,H'D,H) (D"H' D" H)
o) = (D*H'D,H) (D"H'D,H)

20 2,0

C1 = —cip12 + 2¢1313
_ 2,0

Ca = ci519

20 2,0
Cs = ci111 — 2¢1313
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Higgs Positivity Bounds

Semi-definite program for coefficients of Higgs dim-8 operators:

Variables
RN REGE RPN, o, ik L€ {2,3,4)
Maximize/Minimize
Za[C’I, where
‘gMaloc
6= 3 e+ DY & R mj2 s ol
vafoc
_ 1212
02_A4 Z 2£+1Z N32R ,
41%5
Co= g 3 (s DY % Rt - anf).
Subject to

Positivity inequalities
Null constraints and gauge symmetry constraints
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Higgs Positivity Bounds
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Figure: 2D bounds for Higgs dim-8 operators.(QC, Ken Mimasu, Tong Arthur Wu, Guo-Dong Zhang &

Shuang-Yong Zhou, 2309.15922) o = = = =
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The positivity bounds are complementary to experimental limits.

71 This work

Current LHC
w/o unitarity
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Figure: Bounds of Higgs dim-8 operators coefficients, compared to experimental limits.
(QC, Ken Mimasu, Tong Arthur Wu, Guo-Dong Zhang & Shuang-Yong Zhou, 2309.15922)
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Higgs Positivity Bounds
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Figure: Bounds of Higgs dim-8 operators coefficients. Orange and yellow regions are the results
of semi-definite program in complex basis (Dong-Yu Hong, Zhuo-Hui Wang & Shuang-Yong Zhou,
2404.04479) with nonlinear and linear unitarity conditions. Blue region is the result in real basis
with more decision variables with linear unitarity conditions (QC, KM, TW, GDZ & SYZ,
2309.15922).
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Summary

» UV unitarity conditions constrain low energy effective theory by “positivity”
bounds, which are two-sided bounds.

» The upper bounds are of order O(1) and are complementary to experimental
limits.

» The two-sided bounds of other effective operators can be similarly computed,
providing constraints of new physics.
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Thank You!
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Linear unitarity conditions

- pzzm + ijjj
2
‘1 péjij + plglkl

o< <2 [P <1-]

)

0<péjz‘j§1’ s <L ; :

= 2 t =y

LA ERAD

o
(077 + o) £ (0™ + )] < 2.
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Complex Higgs Basis

More convenient to work in the complex basis to match the effective operators by
considering HH* — H H* scattering.

‘Aijkl_(sv t) = 0550, f (s, 1) + 6,705 f (u, 1) ‘

where H* = %(Hf,Hg)T, i,j, k,1=1,2and 1, j, k, 1 =1,2.

Qing Chen (Anhui U. of Sci. & Tech) Two-Sided Bounds of Higgs Operators 21/ 22



Complex Higgs Basis Program

Variables
s i U
pé,n’ pf,n’ pé,n
Maximize/Minimize

1 eMloo

N
1
=7 S 162t +1)y N% [(1— (=1 (.0 + 05 ) + (1 + (=D pit ]
£=0 n
1 frbeo Y o1n
2= 13 > 16(20+1)) N (=14 (=D (o} o + P 0) + 1+ (1)) o} ]
£=0 n
1 fte N1
C3 = F Z 16(2£ + 1) Z Nﬁ [(1 - (_1)8) (pZ n PZ n) + (1 + (_1)5) PZ ”]
£=0 n
Subject to

Positivity inequalities

~ Null constraints , ,
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