HIGGS THEORY: GENERAL AMPLITUDES
FOR HIGGS AT COLLIDERS
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Current LHC data shows that Higgs Is Standard Model-like,
but as we enter the HL-LHC era, are we using the Higgs to look
for new physics in the most general way?
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Higgs EFT Analyses (SMEFT)
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EFTs parametrize new physics, but make assumptions
(e.g. linear vs nonlinear EWSB, power counting) and are nonintuitive

Parameter value
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On-shell amplitudes as intermediary
between theory (EFT, models) and
experiment
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On-shell amplitudes as intermediary
between theory (EFT, models) and
experiment

Theory

On-shell local
amplitudes in one to
one correspondence
with independent EFT
operators

(e.g. SMEFT operator
basis from amplitudes
Ma et.al. 1902.06752)
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On-shell amplitudes as intermediary
between theory (EFT, models) and
experiment

Theory Experiment

On-shell local Experiments directly
amplitudes in one to search for amplitudes
one correspondence not Wilson coefficients.

with independent EFT Since EFT is indirect,

operators this motivated signal

mapping (e.g. BSM
(e.g: SMEFT ope.rator primaries 1405.0181,
basis from amplitudes oseudo-observables

Ma et.al. 1902.06752) 1412.6038, Higgs basis)
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EFT operator redundancies
and on-shell amplitudes

Redundant Operators

Total Derivatives

0,0" = 0

Equations of Motion
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EFT operator redundancies
and on-shell amplitudes

On-shell Amplitudes
Redundant Operators

Momentum Conservation

Total Derivatives

0,0" = 0

Equations of Motion Mass Shell

550 =06 +mP+ )0 =0 P
K-
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INndependent Amplitudes

On-shell amplitudes M; can be related to an operator 0; of
lowest mass dimension, work in increasing dimension
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INndependent Amplitudes

On-shell amplitudes M; can be related to an operator 0; of
lowest mass dimension, work in increasing dimension

Example: hhhh 4-Point Interaction

Dimension \Y

S+t+u=4mp?

241242

stu
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2 10 2 scattering analysis
(w/ Chen, Liu, Luty)

Amplitude redundancies
(M = 0), Taylor expansion
of Min
cos O, Ipinitiail, Ipfinail, Ecom
all coefficients must
vanish

Allows numerical
determination of
independent amplitude
terms

Spencer Chang (U. Oregon)




2 10 2 scattering analysis
(w/ Chen, Liu, Luty)

M(f1fa = Zzhy) =
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vanish

Allows numerical
determination of
independent amplitude
terms
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2 10 2 scattering analysis
(w/ Chen, Liu, Luty)

M(f1f2 = Z3hg) =

* 0 p p [ 0 [ 0
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Hilbert Series Cross Check

A cross check comes from counting independent operators
using the Hilbert series (Lehmann, Martin; Henning, et.al.; ...)
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Hilbert Series Cross Check

A cross check comes from counting independent operators
using the Hilbert series (Lehmann, Martin; Henning, et.al.; ...)

Gives a generating function for number of operators

e.g. hhhh

q4

Hhhhh = (1 gl g

- 0l e

Interpretation: A term c¢ " indicates ¢ operators at dimension n
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Hilbert Series Cross Check

A cross check comes from counting independent operators
using the Hilbert series (Lehmann, Martin; Henning, et.al.; ...)

Gives a generating function for number of operators

e.g. hhhh

q4

Hhhhh = (1 gl g

- 0l e

Interpretation: A term c¢ " indicates ¢ operators at dimension n

Note: Consistent with amplitude analysis, higher dimension
operators are Mandelstam descendants of a single primary

operator h%, where denominator expansion gives factors of
s?+t2+u? and stu
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More detalled case h/ff

o a4
hejjp £ q2)2
Numerator suggests

primary operators
2atdim5,6 atdim 6, 4
atdim 7
Denominator gives
factors of s, t to
get descendants

Spencer Chang (U. Oregon) 9




More detalled case h/ff

2¢° + 6¢° + 4q"

SIS

OhZFf

Hhfo - £ q2)2

Numerator suggests
primary operators
2atdim5,6 atdim 6, 4
atdim 7
Denominator gives
factors of s, t to
get descendants

hZ'u\TfL’y,u\IfL
hZ'U’\TJR’yM\IJR

]’LZ’“V\IJLO‘ILW\PR + h.c.
hZMVi\TfLO"uV\I/R + h.c.

ihZ"(T,0,U5) + hc.
nZr9,(TLWR) + hc.

ihZ19, (VLU R) + h.c.
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INnteractions characterized

Higgs
(w/ Chen, Liu, Luty 2212.06215)
3pt: hhh, hff, hVV
4pt: hhhh, hhVV, hhff, hVff, hVVV
whereV=W,Z, v,

Top
(w/ Bradshaw 2304.06063)
4pt: qqff, qqVV
WhereV=W,Z,v,g
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INnteractions characterized

Higgs
(w/ Chen, Liu, Luty 2212.06215)
3pt: hhh, hff, hVV
4pt: hhhh, hhVV, hhff, hVff, hVVV
whereV=W,Z, v,

Top
(w/ Bradshaw 2304.06063)
4pt: qqff, qqVV
WhereV=W,Z,v,g

Interestingly for qqff and qqVV, there are complete
cancellations for some coefficients in the Hilbert Series
numerator, where at certain mass dimensions, number of new
primary operators requires amplitude analysis
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Pheno Estimate Example (h—Zee)

1) Given an operator, e.g. at dim 6

C .
Z—QhZ’uéLa’ueR 0 h.C.
U
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Pheno Estimate Example (h—Zee)

1) Given an operator, e.g. at dim 6

C .
Z—QhZ’uéLa’ueR 0 h.C.
U

2) Find SMEFT realization
to give conservative proxy for
unitarity bound

; b2 e
(| H| ——3)([-] DFH)(LpDyer)H + h.c.

Spencer Chang (U. Oregon) 11




Pheno Estimate Example (h—Zee)

1) Given an operator, e.g. at dim 6

C .
Z—QhZ’uéLa’ueR 0 h.C.
U

2) Find SMEFT realization
to give conservative proxy for
unitarity bound

; 02 e
(| H| ——3)([-] DFH)(LpDyer)H + h.c.

3) Unitarity bounds (e.g. 2009.11293)
WW—ee: c= 0.1/(TeV/Emax)®

WWW — Wee: c=< 4/(TeV/Emax)®
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Pheno Estimate Example (h—Zee)

1) Given an operator, e.g. at dim 6

C .
Z—QhZ”éLﬁ’/ﬁR 0 h.C.
U

This interferes with SM

2) Find SMEFT realization amplitude, sensitivity
to give conservative proxy for estimate Nnew =+/Nsm
unitarity bound

- e At HL-LHC, requires \
(IH|" = 5 )(HIDH) (L Dyeg)H +h.c. | g < 57TeV, so this should |

be studied in detail

2

3) Unitarity bounds (e.g. 2009.11293)
WW-—ee: c= 0.1/(T9V/Emax)3

WWW—Wee: c= 4/(TeV/ Emax)6
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Pheno Summary




Pheno Summary

* Unitarity bounds get more stringent for higher
dimension amplitudes
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Pheno Summary

* Unitarity bounds get more stringent for higher
dimension amplitudes

* Estimates show interesting amplitudes for
Higgs and top decays at HL-LHC, e.qg.
h—ff(Z,W)y and Zyy) and t—=c({£, hy, Zy, yy)
can occur at dim 8 and 10 in SMEFT

Spencer Chang (U. Oregon) 12




Conclusions




Conclusions

* Fully characterized general on-shell amplitudes for 3 and 4
point for Higgs and top quark (agree w/ spinor helicity results,
which are up to dim 8 for SM content)
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Conclusions

* Fully characterized general on-shell amplitudes for 3 and 4
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* An intermediary between experiment and theory (EFTs,
models) which allow new physics searches with (fewer)
assumptions
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Conclusions

* Fully characterized general on-shell amplitudes for 3 and 4
point for Higgs and top quark (agree w/ spinor helicity results,
which are up to dim 8 for SM content)

* An intermediary between experiment and theory (EFTs,
models) which allow new physics searches with (fewer)
assumptions

* Point to new Higgs and top decay amplitudes worth exploring
at the HL-LHC (and potentially production amplitudes)

* Understanding of primary and descendant amplitudes may
enable approach to higher order uncertainties (work under
discussion w/ Luty, Ma and Wulzer)
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Amplitude redundancies

m

0-BL > €.

=P+ Qs+ Rp; + Sps+Tsp;, + Uspy + Vpips + Wspipy

PQ,R,S, T U VW are finite polynomials in Ecom, Which due to
singularity structures, each polynomial must vanish exactly

Choose random particle masses and

o numerically take singular value
Xi - Y decomposition of this matrix
Cr 867; to find number of independent

amplitudes (da are polynomial coefficients,
ci are operator coefficients)
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Operator

¢ Unitarity
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B SMEFT c Unitarity
09177 |

Operator Bound
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Hilbert Series (HIggs

Hypp = 24", Hyyz = Hpyy = Hpgg = 2q”,
Hunz = Hppy =0, Hppn = ¢,

Hrp=2¢°, Hypp = Hypp =2¢" +2¢°,
Hwwz = 5¢" +2¢°, Hww, =2¢"+2¢°, Hyyy = 2¢°,

Hzzz=Hzz,=Hz\=Hgz4, = 0.

Hyzz = Hyww = ¢° + 2q°,

2q° + 6¢° + 4¢7 2¢% +4q" + 2¢°

Hyz5r = Hth’f - (1—¢g2)? ) Hhvff = Hyg5p = (1—q2)? )
. . 3"+ 7 +2¢" 2¢" +2¢° + 4¢" + 64" +2¢"
hZ~N~y = d1pZgq9 = ) h - )
" (1= -qY) e (1—¢")(1—¢°)
Hh _ 4q9 _|_4q11 Hh _ 2q11 _|_4q13 + 2q15
R e [ A O S
Hoy, — 2014 +2¢° - 847+ 80 +2q°
O DL To=) =Y
i _ 9% +18¢" ¢ +06q" +8¢° + 7" +5¢"
WMWVYWZ — (1 _ q2)2 ) hzZZZ — (1 — q4)(1 - QG) )
Hhh' — QQ5 i 2q8
-1 —g¢Y)
Hppww = 4"+ 34"+ 5¢° Hyhzz = ¢+ 30 +2
(1= —q") (1=¢*)(1—q")
2¢% + 4¢® 2¢° +¢°
Hphzy = ,  Hppyy = Hppgg = :
R [ M R (RO (D

H —
M= )1 - )
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Hilbert Series top

4¢° + 12¢° + 16q7 + 6¢° — 2¢°
HWWff - HWfo’ — (1 p ) )
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H

qq'qq —
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Hilbert Series Cancellation

H

2)q"

Tiff T (-2 ¢

qqyy
Oi

SMEFT

Operator

c Unitarity
Bound
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