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@ More than a decade has passed since Higgs boson Discovery
® No new particles seen in LHC ! New Physics soon or far in the future?

©® New Physics may come from precision measurements rather than new
on-shell states.

® Motivates us to understand the new Physics effects by utilizing standard EFT
techniques to Standard Model(SM).

©® EFT Lagrangian built out of higher dimensional operators O; s with coupling c;
S,

LEFT—£SM+ZA[O] 2O

® Experimental goal: To constrain the space of the Wilson coefficients (WC), ¢; s.
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Space of EFTS

* Experimental goal: To constrain the space of the Wilson coefficients, ¢; s.
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Space of EFTS

* Experimental goal: To constrain the space of the Wilson coefficients, ¢; s.

€2
Exp Bounds

- & Is entire parameter
space of EFT Wilson

coefficients consistent?
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Space of EFTs

UV theories that respect

Avy —_— . [P :
Poincare invariance, locality,

causality and unitarity.

Arr IR EFTs
Do all IR EFTs admit
Consistent UV completions?
Ayv
Constraints on ¢;s
Positivity Constraints
Example:

Arr IR EFTs

— L0 + E (0p) 4
L= 500 + 15 (90)" +

. . . Allowed space of EFTs
Only ¢ > 0 admit consistent UV-completions!

Fig. Concept: S.Chattopadhyay Ref. Pham, Truong’85; B. Ananthanarayan et al. ’95
A. Adams et al. ’06
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Positivity bounds
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Froissart-Martin Bound:

lims_y00 [M(s,t — 0)]/8% =0

Im s

4m?
IR poles

Constrains WCs of irrelevant operators of EFTs that |Figure: Analytic structure of M(s) in

give rise to at least s? growth in M(s, t — 0).

complex s plane.
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Space of EFTS
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Figure: Positivity constraints puts theoretical priors in the space of WCs
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Positivity Bounds on Dim-8 SMEFT operators

359 b (13 TeV)
— e —
& ool |-preeexe |
— ~ Expect L
= L7 S~ — oi’éi%%%?‘;&
-« Fo Ny H
< so- \ ]
M—w : \
o N
F \
i\
_50- \I ]
/
. N i / 4
—1001- [N : ‘ N R
-50 4 50 "
fs /At (Tev?)

Figure: Positivity Bounds on WCs of SMEFT Dim-8 operators. Fig courtesy: Q. Bi et al. (2019)

® Positivity constraints for Dim-8 SMEFT operators are well studied.

® For Dim-8 bosonic SMEFT operators including aQGCs see Remmen, Rodd'19; Q. Bi,
Zhang, Zhou'19, Zhang, Zhou'19, D. Ghosh et al.”22.

® For Dim-8 fermionic SMEFT operators see Remmen, Rodd'20.
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Positivity bounds on HEFT

® In this work, we explore positivity constraints on space of WCs of HEFT operators
contributing to longitudinal gauge-Higgs scattering process such as the following
processes,

ViV, — v Vv, ViV, — hh, V.V, — V h hh — hV, and hh — hh (V € {Wi,Z})
® Most general parametrization of s2 piece of these amplitudes given by HEFT, not SMEFT!

SM
Figure: SMEFT C HEFT for a given order of EFT expansion.

For UV perspective: Ref. Falkowski, Rattazzi ‘19; Alonso, Jenkins, Manohar ‘15, ‘16; Cohen,
Craig, Lu, Sutherland 20

Debsubhra Chakraborty December 2, 2024 9/23



HEFT/SMEFT Operators contributing to these processes

Og cP Type oun? , cp

050 | [Butt @) [(0rH)T 0V H)] + m m:i (VEVY) :
Os.1 [(D“H)TD#H]Z n v (V1) TV, ) (VA n
Os2 [(DuH)T(DuH)] [(D”H)T(D”H)} + WW (TV,) (TVE) (VVV,,) +
. ) W ((TV ) (TVH))2 +
Table: List of SMEFT dim-8 operators. Wh (V. VF) (v, D78 _
) VWh (V V) (TVI # _

® In SMEFT at Dim-8, only 3 wh (TV,0) (TR T,y DB |
operators contribute to s?-piece wh [TV, vy ) (v DR ¥

of gauge-Higgs scattering Whh (V,qu% +
process. Whh <VHV“>L§’”" +

® HEFT lagrangian contains 15 whh | () vy PR
operators that give rise to s? whh [ (v, (rve) utpTR *
pieces. (identified using Vhhh <TVWW -
Goldstone boson equivalence hhnh | P (Du Dy (OHDYh) | +

theorem.) Table: List of HEFT operators at NLO giving rise to s?

® These HEFT operators are more growth.
important than SMEFT as they
already appear at NLO.
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Complete set of positivity bounds for HEFT at NLO

Type OU”D4 cpP
wWw (V V)2 +
VW (VMVU) (VHVYy +
* We will obtain positivity VW | (V) (TV) (VEVY) +
constraints on WW ] (V) (V) V7V ) -
15-dimensional space of | () v a
these WCs. o -
VWh (VHV,,)(TV“‘) = -
* Dim-8 SMEFT is a wh [ (v (vi) v, P7R -
3-dimensional sub-space. x:: iCVC:VLéLV:JhD# -
° Gauge-Higgs scattering is " iv:vuif’vﬁ’”” N
the only process that can Wi | T vy PR
grow as s® in HEFT at NLO. o | vy v D,,liD"h "
® This is the complete set Vhhh (TVM)%;D‘L" -
operators that are subject to hoh | 70 Dyvh)(DM ovh | +

positivity bounds.
Table: List of HEFT operators at NLO giving rise to s?
growth.
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Anomalous Couplings

® These 15 HEFT operators can be mapped to the following 15 anomalous

couplings.

® So, constraints derived on WCs of 15 HEFT operators can be translated to
space of these 15 anomalous couplings.’

ALgee = chgw [69?212#ZVW;L_ W, *59§222“ZHW_VW;]
92 508 W HWHW- W+ — saQ Wﬂtw+2 g hQ zZrZ,)?
+ S 99w o W = 69ums ( ) +4 2(2"2,)
9W
2 (8,h)2Z,ZM 2 9,hdy,h " v h —
ALpp2y2 D 5’1’%%4‘9%% g 2 44 +ghh92( > WﬂLW
C@W v CBW 2v
) ha}/
+ QWZQZ # (W+”‘W +hc)
Achv ahVSLLzU WHw-v — hc. onv Wl 7 (Wrw + he.
21w ae, Ty (W )+ G 209w v 2 e
onve g> Ouh + - onvd_G> Ouh v
+  gws MTZHWMW "tz ETZ”ZUZ
w
(ony*
acfv = gV_9__g noho.hze,  acont = I o, honho,ho
209W v
Talso TGCs.
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Positivity bounds on HEFT at NLO

® We calculate contributions from HEFT operators at NLO
to longitudinal gauge-Higgs scattering amplitude.

o We present coefficients of s? terms
in these amplitudes using the following matrix equation.

Kijk = -
R ds?

o101

D192

P193

G201

D202

G203

G301

D302

D303

b1h

T\ Bah
VVVh
@3

hoy

hoa

hos

hh
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0 0 a2 0 0
a3 0 0 a5 an
0 aj 0 0 0
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Positivity bounds on HEFT operators at NLO

To derive the positivity constraints we utilize the following,

* 0k
@i Bj0q B Kijia > 0 for Va, B
See for example Remmen and Rodd’19,’ 20.
‘We extract positivity constraints on the WCs from the positive-definiteness of the matrix,

(8);; = BiB Kiji = 0 for V3

For example,with, 0, 05 =0, a 2x2 principle sub-matrix of 3 is given by,

[_ 2a7R(618)
/ 2a7R(6157)

Only CP-even WCs appear
in the main diagonal. Al}nC %3 8(1(;%}7\/ %?gg:rﬁo

Positive definiteness of this matrix, gives us the following constraints,

ay, ag, a1, a1z >0
4a2 < (fagar + Jaras)”
In particular, if the WCs of the RHS is zero,then the WCs of LHS must vanish.
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Positivity bounds on HEFT operators at NLO

First set of positivity constraints: Second set of positivity constraints:
Some specific linear combinations magnitudes of some WCs - including

of WCs of CP-even operators all CP-violating ones - must be
should have a definite sign. smaller than product of CP-even WCs.
2
¢ +e>0 443 < (ag + /a1as)
All CP-odd, all VV'Vh and
>0 Vhhh anomalous coupling lax|ay
d(er +e2) +2(e3+cq) +¢5 >0 < |aislas
deo +c3 >0 < laislais
c10 <0 -< \/asau + \/ala13)
2¢10+c12 <0 &g < (vacan + \/a4’113)
c15 >0 4(18 < (au + \/alam)

(3 -+ s+ 2a14)” < (a5 + a1z + 2a12) (a13 + arg + 2a15)

Using correlations between SMEFT couplings
the constraints can be projected into the

3D SMEFT parameter space, reproducmg the
well-known bounds on SMEFT WCs'.

a; s are linear combinations of WCs, ¢; s

%utude of WCs of all CP-odd operators
ounded by CP-even WCs.

"Remmen and Rodd’2019 and Q.Bi et al.’20. DC, S.Chattopadhyay, R.S.Gupta (in prep)
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Positivity bounds on HEFT operators at NLO

First set of positivity constraints: Second set of fpositivit constraints:
Some specific linear combinations magnitudes of some WCs - including

of WCs of CP-even operators all CP-violating ones - must be
should have a definite sign. smaller than product of CP-even WCs.
c14+c>0 4a3 < (a6+\/a1a5)2

Vhhh anomalous coupling
d(cr+c2)+2(cs+ca)+c5 >0 < |aizlas

e >0 All CP-odd, all VVVh and I< lai1]as

deg +¢3 >0 < |ais|ars )
¢ <0 a3 < (Vasarr + /ararz) R
2¢10+ 12 <0 - < (\/asau + \/ll4a13)

2
c15 >0 4(1§ < ((111 + \/(11(116)

_+-+ 2a14)” < (a5 + a1z + 2a12) (a13 + a1 + 2a15)

a; s are linear combinations of WCs, ¢; s.

'Remmen and Rodd’2019 and Q.Bi et al.’20. DC, S.Chattopadhyay, R.S.Gupta (in prep)
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Capping the positivity cone

Im s

@ Substracting IR poles

and branch cuts fors < A<

SADA PN A

IR poles
UV spectral density s > A2

e’

MEET (5,8) = 3,0 o BV

-1 ) E il

s+ Linear combination of WCs
of EFT at tree level

00
&l = 1 zl:(zl+1) /A \ ds' [

express IR observables in terms of UV spectral densltles

IImM%k‘_’l(u, t)=16mY (2l +1)P (1 + ff) o () Ref: Q.Chen et al.”23
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Capping the positivity cone

MEET (5,8) = X o B

m,

s ~ >
ikt S 1N terms of p;]lcl s F

substitut75

subject to Unitarity constraints

For example: null-constraints on p,”"(s')

s e ezl | e obtain double-sided bounds
to derl\(e positivity —m=2,n=

on ¢ Vs by varying
ijkl X . PR
L . / py™ s subject to unitarity
implies double-sided bounds and null constraints.

on WCs of IR EFT operators.

implemented numerically by casting into a LPP.

Ref: Q.Chen et al.”23
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Bounds for VVVV Processes (aQGCs)

0.0F [ Exp Bounds from Eboli et al.'24

cy x 102

-1.0f

5.0F

c3 %102

e Experimental Bounds:
sop, b Based on Eboli et al.
8o i [ (2024). Process:

X pp — VVjj (VBS).

0.0f 3 F >

€4 x 102
4

-8.0

5.0F H H L

0.0

c5 X 102

-5.0p 1 1 1 L 1 1 1 L 1 1 1 1 1 1
20 00 20-1.0 00 10-50 00 5080 00 80
c1 x 102 cy x 102 c3 x 102 c4 X 102
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Bounds for VVVV Processes (aQGCs)

cax 102 c3 %102 cy x 102

c5 % 102

1of \

[ Positivity Cone
\Q [ Exp Bounds from Eboli et al.'24
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¢ Experimental Bounds:
Based on Eboli et al.
(2024). Process:
pp — VVjj (VBS).

* Positivity Bounds:
Exclude significant
regions of the EFT
parameter space.

¢ Capping Bounds:
Found to be stronger
than experimental
limits for certain ¢;
values.

¢ Can obtain SMEFT
bounds by projecting
to SMEFT planes
(dashed lines).
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Bounds on VWhh
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Bounds on VVVh

5 -
o
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® Exp bounds on WCs for
VW — VVand VWV — hh
processes provide indirect
constraints on WCs for
VV — Vh processes.

Vhhh : |ci4| < 0.0356
hhhh : 0 < ¢15 < 0.0066
for A =2.4TeV
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Summary and Outlook

® Poincare invariance + locality + causality + unitarity leads to positivity
constraints and reduces allowed IR-parameter space significantly.

* we explore positivity constraints on space of WCs of HEFT operators
contributing to longitudinal gauge-Higgs scattering process such as the
following processes,

VLVL — VLV[_, VLVL — hh, VLVL — VLh, hh — hVL and hh — hh (V S {Wi,Z})
® HEFT D> SMEFT, thus our bounds are more general than SMEFT.

* We derive positivity constraints on 15-D space of WCs of HEFT operators that
contributes to these process.
~ 20% of (5-dim) EFT parameter space for aQGCs within the Exp. bounds is
valid.

e Utilizing null constraints and unitarity, we cap the positivity cone, obtaining
double-sided bounds on these 15 WCs.
In some cases, these bounds are tighter than the current experimental limits.
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