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Getting Started

[ Jelele]

Motivation for Hidden Sectors

» The Standard Model describes nature well up to the electroweak
scale, but fails to provide satisfying explanations for several
puzzles, including dark matter, non-zero neutrino masses, and
the hierarchy problem

» New physics at or below the weak scale is strongly constrained by
experiments

» Least constrained models for new physics involve a “hidden
sector” (HS) populated by new particles uncharged under SM
gauge groups
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Getting Started
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Hidden Sector Portals

» Hidden sectors interact with the SM through “portals” of the

form

L D OgmOns

» The lowest dimensional portals are most likely to produce
observable effects

We study the three lowest dimensional portals:
Higgs Portal Ogy = HTH
Neutrino Portal Ogy = (H

Hypercharge Portal Osy = B,
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Getting Started
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How to Search for HS Portals?

» Direct searches for HS particles that couple through these portals
exist, but these searches often face challenges:

- HS particles may decay invisibly
- HS particles may be too heavy to be produced in a collider

» However, we can also gain sensitivity to heavy HS particles using
Electroweak Precision Observables (EWPO).

» Constraints have been determined for the specific case of portals
to weakly interacting HS with a small number of degrees of
freedom.
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Getting Started
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Our Goals

Considering a general HS that interacts through the Higgs, neutrino,
or hypercharge portals, we

» show that for each of these portals, the forms of the leading
dimension-six terms generated when the HS is integrated out are
fixed and independent of HS dynamics.

» perform a global fit of the dimension-six EFT terms induced by
each portal to EWPO, Higgs measurements, and diboson data to
determine the current bounds on their coefficients.

Assumptions: portal coupling is small enough to be treated
perturbatively, HS states have masses above the electroweak scale.
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Higgs Portal

Higgs Portal

L5 -AH'HOg
where Og is a generic HS gauge invariant scalar operator.

Examples: elementary/composite operator of a weakly coupled HS, or a
primary/secondary operator of a strongly coupled theory that is conformal
in the UV

> At O()), leading effect is a H H
correction to the Higgs mass N ,
term — no observable N .
consequences. @ @

> At 0()\?), we consider
H(pl)vH(pQ) - H(pB)aH(p4) s X

and match to terms in the low , N
energy EFT.
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Extracting the HS Dynamics

From H(p1), H(p2) — H(ps), H(ps) we have matrix element

<p3,p4|T{(*M)Q/d41’/d4y[HTHOs](w)[HTHOS](y)}Ipl,pz>

_ 2 / it / d'y (9 T{Os(x)0s(y)} 1)
x (ps, pa| T{H H(x)H"H(y)} |p1, p2)

The HS dynamics are all contained within (Q| T{Og(z)Os(y)} |2)!
We need to simplify this term.
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Higgs Portal
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Simplifying the Matrix Element

First, insert a complete set of HS energy-momentum eigenstates

QU T{Os(x)0s(y)} ) = ZT{ Q| Os(x) [n) (n| Os(y) [V}

Next, use translation invariance of vacuum state |2) to set
(] Os(z) |n) = (2] Os(0) |n) e~»* Finally, define a spectral density
function

p(k) = > (27)°6*(pn — k) [(Q] O(0) [n)?

n

so we can write (Q T{Og(x)Os(y)} |2) as

d4k —ik-(x— —ik-(y—x
= [ G0 =y a(y? — a0 )

7 /20



Higgs Portal
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Matrix Element in Terms of EFT Operators

Applying unitarity and Lorentz symmetry we can rewrite our matrix
element as a sum of two terms of the form

o0 .
D N VT 0 i) I —
/O p( )pngQH.e
with p = ps — ps or p = p1 — pa.

Because we assumed HS states are heavy, we can expand in p?/M?

+z/\2/ a0 [<1+(p1_p3)2+...> + <1+(pl_p4)2+...ﬂ

M? M? M?
The constant terms are absorbed into the unknown SM Higgs quartic
coupling, but the p?/M? terms correspond to an EFT operator
8H(HTH)8/‘(HTH)
@ 2
My

where « is positive because p(M?) > 0.
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Higgs Portal
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EFT Operators in Standard (Warsaw) Basis

Integrating by parts, the EFT operator we found can be written in
terms of the Warsaw basis operator Oy

o
a2
M

(H'H)OH'H) = ——-0Oypn with  a>0.

The positivity of a can be traced to

1. positivity of the spectral density function, a consequence of
unitarity, and

2. the spectral representation’s form, which is dictated by causality
because the spectral representation is a special case of a
dispersion relation.
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Higgs Portal
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Comments on our EFT Operator Derivation

» Loop diagrams involving the SM fields will give rise to other
dimension-six SMEFT operators at order A? at the matching
scale. However, these effects are loop suppressed and therefore
subleading.

» We have assumed that the integral over M? does not diverge in
the ultraviolet. In general, this assumption is not valid. For Og
scaling dimension Ag > 3, the coefficient « of the higher
dimensional term is UV sensitive at order A% and receives most of
its support from unknown UV physics. It therefore now requires
a counterterm, and our argument that a > 0 no longer applies.
For Ag < 3 our argument that o > 0 is expected to hold.
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Higgs Portal

000000e

SMEFT Operators Generated at Order A3

HY H
A e
N 7

. AN A
» At this order we generate N P

(HTH)3 = Op in the Warsaw

HY Joal
N @ ;
AN 7
basis. X V3
AN
» There is no restriction on the ’
sign of the coefficient for this
operator. v N
7/ N
7/ AN
H H
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Neutrino Portal

LD —yOpH!

where ¢, Op transform as left-chiral spinors under the Lorentz group

» Assume HS does not violate
lepton number and for now
consider only one fermion
generation.

» Since O is not a singlet under
Lorentz transformations, effects
from integrating out the HS begin
at O(y?).

» We consider the process
{(p1)H (p2) — £(p3)H (ps) and
match to the low energy EFT.
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Matrix Element in Terms of EFT Operators

Using constraints set by the spinor structure and Lorentz invariance
of the spectral density function, we can simplify the matrix element
for the process we are considering to

[eS) 2\ (i 7
. p(M?)(ip.o")
(—iy)*a" (p3) [/o szpzTQiie z(p1)
where p(M?) > 0. To leading order in p?/M? we obtain
< dM?

2
T p(M=)

in xT (p?))(pu&'u)x(pl)

corresponding to the dimension-six EFT operator

« —~ «
H0)ichd, (Hl) = —
M12 (H"0)ic"0,,(HC) 12

Ovm -

« is again constrained to be positive because p(M?) > 0.

13 /20



Neutrino Portal

ooe

Neutrino Portal Operator in Warsaw Basis

» We have again assumed that our integral over M? does not diverge in
the UV. Our argument that o > 0 is valid when the scaling dimension
of O satisfies Ap < 5/2.

» Expressing the operator O,y in the Warsaw basis we have
1 3 1
O = 1 [0 - 0] . ()

where the Warsaw basis operators are defined as

oM HY D, H) (i7"
He = (H'i D, H)(y"),

oY DL HY(E
(H'i D, H)(tr +"L).

S
S
~—

|

» For the case of multiple fermion generations, we obtain

where ¢ and j index over flavor generations.
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Hypercharge Portal

000

Hypercharge Portal

LD —eB,, 04

where O is a real antisymmetric rank-2 tensor HS operator

> O4 is not a singlet under
Lorentz transformations, so
effects from integrating out B B.
the HS begin at O(e?) l @ @
» Corrects the hypercharge
gauge boson propagator
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SMEFT Operators from Hypercharge Portal

Simplifying the relevant matrix element using Lorentz symmetry, we
obtain to leading order in p?/M?

— 4ie® [ (p* g — pupv)] /(P + i€)* ¥
{ [e%s) dM2

0o 2
M2 pO(M2) _p2/0 (%)2 (_pO(M2) + M2p1(M2))}

It can be determined that the term inside both integrals is positive.

» The first term contributes to the kinetic term of the hypercharge
gauge boson, has no observable effect.

» The second term is physical, corresponds to the EFT operator

a
OB, ) (O B") = ———0O
MIQR( ABuuw)( ) az, O2n
where o > 0 for scaling dimension of 04" satisfying Ap < 3.
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Hypercharge Portal
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Hypercharge Portal Operator in the Warsaw Basis

Expressing —47-0O2p in the Warsaw basis we have
IR
« 1
——-9"%|Oup +-Opnp
MZ, 4

+ (yq [og;;} ER7 [og;}

11

- + Yy [OHu]ii + Yy [OHd]iq', +Ye [OHe]ii>

k3

+ (Yf [Oé?] + Y2 [Outl iy + Y2 [Ouud] +FY2[0u]

©ijj

2
iijj iijj + Yd [Oadliij; iijj

12Y,Y, [Oé?} +2Y,Y,, [Oflﬂ vy [Oéﬂ 2V Ye [Ogelyj;
1137 v

+2YpYe [Oﬁe}

5]

+2YYu [Opulsss; + 2YeYa [Odl

iijj iijj iijj

+ 2Yqu [Oild)] o +2Y,Ye [Oeu]iijj + 2YdY6 [Oed]iijj ):|
5]

where ¢’ = SM U(1)y gauge coupling, Yy = f hypercharge.
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Constraints on Generated SMEFT Operators
from Data



EWPO Constraints

( 1o}

Constraining SMEFT Operators Using Data

» Parameterize the SMEFT Lagrangian as

(@F
Lot = Lsm + Z poi

» Use EWPO, Higgs measurements, and diboson production data
from the LHC to place constraints on the Wilson coefficients C;
of the operators that arise from portal interactions.

» Use the HEPfit package to determine the constraints.

» We take into account the renormalization group evolution from
the matching scale A down to the weak scale. At one-loop order

C; A ) )
Ci(p) = Ci(A) — 1672 ln<u), with C; = Z%.jcj
J
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Higgs Portal Fit

Global fit with EWPO+Higgs+diboson data

'

Ax?
L o
SN S

[}

—

=

0 05 0.0 0.5 1.0
C/(1TeV)?

Ax? as a function of the Wilson coefficients for our three portal operators for the
matching scale A = 1 TeV. The gray-shaded region is forbidden for some range of
scaling dimension of Opg as described earlier.

No significant preference for any of the portals over the SM.
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Summary

We have performed a model independent analysis of the EFT
operators induced when a hidden sector that couples to the SM via
the Higgs, neutrino, or hypercharge portals. We have shown that

» the form of the leading dimension-six EF'T operators induced is
fixed and independent of HS dynamics,

» The sign of these operators is fixed under certain conditions, and

» there is no significant preference for a hidden sector coupled
through any of these portals over the SM based on fits to EWPO,
Higgs, and diboson data.

Alternative perspective: We have found an equivalent to the S, T, and
U (Peskin-Takeuchi) parameters of universal theories for the three
portals we study.

arXiv: 2412.15067
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Precision Electroweak Data Used

We use EWPO data from W and Z pole measurements. The fit
incorporates the observables:

Oé, G/u MZa MW7FZ7Jh7 AE,FB?‘Ab,FBa Ab7A(:7 AZ7R£7 Rba R(;

» Ay, Ay, and A. are the lepton, bottom quark, and charm quark
asymimetries.

» The contributions to the Z-width are parameterized by Ry, Ry,
and R..

» The forward/backward asymmetries are given by A, rg, Ap rB.

We do not include the recent result for the W boson mass by the
CDF collaboration.



Summary of SMEFT Operators from Portals

Higgs portal

On (HTH)3 Oy | (HTH)O(H'H)

Neutrino portal

oW | (HYi D, H)(@,~" 0@ | (mii B H) (T,
e | (H'i Dy H)(EyHEy) e | (H' D, H)(pm y"E,)

Hypercharge portal

Onp | (H'D,H)'(H'D*H) || Ono | (H'H) D (H'H)
Olpy | (H'i Du H)(gtq) | 0N | (Y D, H)(@n0e,)

(H'i DH H)(upy*u,) || Opa | (HYi B# H)(dyy"d,)
One | (HYi Dy H)(@1"er)

plus four-fermion operators




Operator Sensitivities to EWPO Measurements

» At tree level, the W and Z pole observables are sensitive to the
operators

OHD7 ngp nga OHEv OH’(M OHd .

» The contributions to Higgs data at tree level are from the
operators

Oun, Oup, 04),0%) O, Onpu, Ona,

» The diboson WW and W Z data are sensitive to the operators

Omp, ngy O, Omna -



Higgs Portal Fit

95% C.L. contours, EWPO+Higgs+diboson data EWPO+Higgs+diboson data with RGE

5 5 1 Rly ; 0.0 05 10
Cir/(1TeV)? Cpo/(1TeV)?

Left: allowed parameter space (1- and 2-0 contours) for the Higgs portal
operators Cg—Cyo with matching scale A = 1 TeV.

Right: Ax? for the operator C'yn with matching scale A = 1 TeV.



Neutrino Portal Fit

5 EWPO+Higgs+diboson data
: F T \\ T T ’
|
3f
Lol
<[
20
£ Oy
E— Om
[ — Global ]
1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 —0.04 —0.02 0.00 0.02 0.04
C( H / (1 TCV)2

Ax? for the Neutrino portal operator Cyz (red) along with individual
contribution from the Warsaw basis operators Cgé) and C’gj at matching
scale A =1 TeV.



Hypercharge Portal Fit

EWPO+Higgs+diboson data
R L

L. | —~ 1
7002 —0.1 0.0 0.1 0.2

Chp/(1 TeV?)

Ax? for the hypercharge portal operator C&5"* (red) along with individual
contribution from the Warsaw basis operators at matching scale A = 1 TeV.



Observable Definitions

CT(Z = 50) —T(Z — 1)

Ao = [(Z — (+i-) ’
A = I'(Z — qrqr) — T(Z — qrar)
q — — .
I(Z = qq)

where ¢ = e, i, 7 and g = b, c.

R — I'(Z — hadrons) R — I'(Z — qq)
‘T T Tz S 9~ T(Z — hadrons) '
where again £ = e, u, 7 and g = b, c.
b — ot
Ajpp= —— 2B
,FB o+ ol )

where o} corresponds to the cross section for angles # between the
incoming and outgoing particles that lie in the range (0, Z

angles between (7, 7).

,2) and of; to



Neutrino Portal Backup



Simplifying the Matrix Element

The HS dynamics is again contained in a similar term as in the Higgs
Portal, of the form (Q T{Or'(2)Or(y)}|). Once again, we insert a
complete set of hidden sector energy-momentum eigenstates |n) and
express the result as

d4k —ik-(x— —ik-(y—x (6769
/ (27)3 (Q(xo —y")em T gy —af)em )) p= (k)

where we define the spectral density function

(2m) 254 k) (@ O (0) [n) (n] OF(0)22) -



Examining the Spectral Density

» Consider an active Lorentz transformation of p®“(k)
P (Ak) = (M1 (M) (k) (M) 5 (A)

where M is the representation matrix of the (%, 0) Lorentz
algebra. Because of the spinor structure of p(k), we can write

P (k) = p, (k) ()3
Under the action of the representation matrices ¢ transforms as
(M~ YHighM—t = AF5Y .
so pu(k) must transform as a covariant vector.

» Because we are summing over physical states where k? > 0, we
have p, (k) = k,p(k?)0(ko).



Some Rewriting...

Using our observations, we can simplify the relevant matrix element

i) [ [ a2 ),

p? — M? +ie
where
™ S 2
p(2)0(0) = 0 S 5%(g, — k) Y (] OF(0) ()

From this form we observe that p(k?) must be positive for physical
momenta k.



Matrix Element in Terms of EFT Operators

Expanding our matrix element
) o M?)(ip,o"
il o) | [ an LI o
0

in powers of p?/M?, we obtain leading term

i o () u0)oton) [ G o0?)

corresponding to the dimension-six EFT operator

(H0)ic"d,(Hl) =

o
— O -
Mg My

« is again constrained to be positive because p(M?) > 0.



Neutrino Portal Operator in Warsaw Basis

» We have again assumed that our integral over M? does not diverge in
the UV. Our argument that o > 0 is valid when the scaling dimension
of Op satisfies Ap < 5/2.

» Expressing the operator O,y in the Warsaw basis we have
1 3 1
O = 7 [0, -04)] . )
where the Warsaw basis operators are defined as

oY = (H'i D, H)(Iy"¢
H¢ - ( ZDN )(’Y )v

oI _
o) = (H'i D, H)(Ir'"0).
» For the case of multiple fermion generations, we obtain

Clij TN e—
M—ﬁ{(méi)m“a#(mj) .

where 7 and j index over flavor generations.



Hypercharge Portal Backup



Simplifying the Matrix Element

The HS dynamics is again contained in a single matrix element of the
form (Q| T {O:‘;l’(z)(??ﬁ(y)} |2). We again insert a complete set of
hidden sector energy-momentum eigenstates |n) and express the
result as

d4q 0 0 0\, —iq(z—y) _praf 0 0 _ .0\, —ig(y—x), _aBuv
G (00 o)1 Dm0 ) 4 (3 — aO)e 10 g

where the tensor 7#**# is given by

B (q) = (27) 264 n — ) (2 OF(0) |n) (n] 037 (0) [2)



Examining 7"

mvaB s antisymmetric under the exchange of the indices, p +— v
and o +— 3. Lorentz symmetry constrains 7#**%(q) to be of the form

% (q) = pe(g”)e™ + po(¢)TIE"? + pa (¢TI},
where ¢#¥? is the Levi-Civita tensor, and
mgre? = ggt? - gy,
"’ = —g"q"d" + 9"°¢ ¢ — ¢"Pq"q* + 9" ¢"q" .
It follows that mhvel = gebBuv,

The signs of pg and p; are not immediately obvious. Is there a way to
determine tham?



Determining signs for py and py

1. po(q?) is positive definite

Consider elements of 7#7%% of the form 7#*** (no sum). These
elements are clearly positive definite from their definition. Now
consider timelike ¢*, so that we can choose a frame in which ¢* is
along the time direction, ¢" = \/¢23}.

Choosing p1 and v to be distinct spatial indices i and j, i # j, we
have 117" = 0 and IIJ" = 1, constraining po(¢?) to be positive
definite for timelike ¢*.

2. p1(g?) is positive definite
Choosing ¢+ = 0 and v to be any spacelike index, we find
T = ¢%p1(q®) — pol(e®) 2 0.

Therefore p;(g?) is positive definite for timelike ¢*.



Some Rewriting...

Using our observations, we can simplify the relevant matrix element to

21:2/,2 o o [ 10 i(=po(M?) 4+ p*pi (M?))
—4€® [ (P* gy — pupv)] / (P* + ie) /0 dM R i

noting that the e**” term does not contribute, since there are no
four linearly independent vectors to contract it with. Expanding in
powers of p?/M?, we obtain leading term

— 4 [ (D% G — upn)] /(% + i€)?

{ OOO Ci\%po(ﬂﬁ) —p? /OOO (f,l\%)g (—po(M?) + Mzm(Mz))}



SMEFT Operators from Hypercharge Portal

Again, we have leading order term

— 4i€® [*(p* gy — pup)] /(7 + i€)*
0o 2 0o 2
{/0 %PO(MZ) *pz/o (;l\%y (po(M2)+M2p1(M2))}

We have that po(q?) > 0 and ¢?p1(q?) — po(q?) > 0 for ¢*> > 0, so the
term inside both integrals is positive.

» The first term contributes to the kinetic term of the hypercharge
gauge boson, has no observable effect.

» The second term is physical, corresponds to the EFT operator

where a > 0 for scaling dimension of O} satisfying Ay < 3.



Hypercharge Portal Operator in the Warsaw Basis

Expressing ——%-Osp in the Warsaw basis we have
M
IR

«

/2
g
2
MIR

1
Oup + ZOHD
+ (Yq [og;g}

+ (7 o], + 77 0w
5]

e |of)

k3

3 + Yuy [OHu]“ + Yd [OHd]“ +Ye [OHE]Z‘Z‘)

11

2 2 2
iijg T Ya [Ouulyij; + Y3 [Oddliij; + Ye [Oceliy

+2Y,Y, [og(ﬂ +2Y,Y, [OE,}}] +2Y,Y, [Oflﬂ +2YYe [Ogelyy;

iijj ijj

+2Y,Ye [Op]

ijj

+2YeYu [Orulyizy + 2YeYa [Oeal iijj

+ 2Yqu |:O1(tld):| + QYuYe [Oeu]iijj + 2YdYe [Oed]iijj ):|

iijj

where ¢ = SM U(1)y gauge coupling, Yy = f hypercharge.



Higgs Portal Spectral Density Lorentz Transformation

p(k) transforms as a scalar under Lorentz transformations. Consider
p(k'), where k" = A*, k. Then,

p(K') = (2m)*6* (pm — AR) [(Q] O5(0) [m)|*.
where |m) = |U(A)n). We rewrite this as
p(k) = 32 (2m)°6* (b — k) {2/ U (W)U (A)Os )T () ).

n

Under a Lorentz transformation the vacuum state |©2) and the
operator Og(0) are invariant, so p(k) = p(k').



Details on Scaling Dimensions (for Higgs Portal)

» For 2 < Ag < 3, a counterterm for the Higgs quartic suffices to
regulate the theory to order A2, and the sign of our Oy portal
coefficient «v is unaffected.

» For Ag > 3, the coefficient o of Oy is also UV sensitive at
order A% and receives most of its support from unknown UV
physics. It therefore now requires a counterterm, and our
argument that o > 0 no longer applies.

» For Ag = 3, « is only logarithmically divergent and is therefore
expected to receive support from all scales up to some UV cutoff.
We therefore expect that, although a counterterm is still required
to account for the unknown UV physics, o > 0 in this case as
well.



Regulating the Dispersive Integral 1

Consider Og with definite scaling dimension Ag in the UV, so that p(M?)
scales as (M?)2572 for large M?. For Ag > 2 we need to regulate
Mr(p?) = [ dM2p(M?)——
F(p7) A ol )p27M2+Z'E

For 2 < Ag < 3, we may regulate this by noting that the difference,

o S0 2 2
e (p2) — TIm(p2) — AM2 p( M2 i(po —p°)
F(p”) #(po) /0 o )(pz — M2 +i€) (p2 — M? +ic)

is finite in the UV. Here Iz (p?) is the value of IIx(p?) at some reference
off-shell momentum p3 < 0. We can rewrite this as

oo 9 2
Mr(p2) = TIm(p2 AM2 o( M2 i(po —p°)

F(p7) F(Po)+/0 Al )(pz_M2+ie) (P2 — M2 + ie)
where I1p (pg) is a free parameter that incorporates the unknown UV
physics. Since pg < 0, the absorptive part of this new expression is the
same as for our original integral.



Regulating the Dispersive Integral 2

For Ags > 2, the Higgs portal interaction gives rise to a divergent
contribution to the amplitude for the scattering of Higgs fields, HH — HH
at order A2, The corresponding matrix element is of the schematic form,

<p1,p2|/d“wHT(x)H(w)Os(w)/d4yH*(y)H(y)Os(y)lpA,pB>,

which scales as
Or([p1 — pA]2) +1Ir([p2 — pAF)

Once I1p (p2) has been regulated by the procedure given in the previous
slide, this matrix element is also finite.



Comparison to Conventional Renormalization Schemes

Our procedure is equivalent to a conventional renormalization scheme such
as momentum subtraction. To illustrate this, we write the Higgs quartic
term as the sum of a renormalized parameter and a counterterm (CT),

—LO A g(HYH)? + 65, (H H)? ,

where A\ is set by the scattering amplitude at reference momenta
(Pa, P P1,P2) chosen s.t. (pa — p1)* = (Pa — p2)* = pj, where [pg| > Miy.
With this definition, we have

5>\H = 2i/\2HF(pg) 5

(neglecting the SM contributions). Then the sum of the contributions to
the amplitude from the interaction in 4 Higgs diagram cancel exactly
against the CT contribution when the incoming and outgoing particles have
the same reference momenta, but sum to a non-zero value for other values
of the external momenta.



Comparison to Conventional Renorm, Cont.

For general incoming and outgoing momenta, the matrix element is
given by

—ixg — A2 {IIp([pr — pal®) = Tr(pg) } — A* {Tr([p2 — pal®) — Ik (p5) }
This is finite and well-behaved in the UV. For |(p1 — pa)?| < My, we can
expand out

{Tr([pr — pal®) = Tr(ps) } = {Ir(0) — Ik (p5) } +

[ 2 p(MP) (p1 — pa)®
’L‘/O dM M2 M2 )

and similarly for |(ps — pa)?| < Mfy. Comparing to the final form of our
expanded Higgs matrix element, we see that the terms of order p®/M? are
unchanged by the regulation procedure. It follows from this that the
coefficient of the operator Oy is finite and unaltered by the regulation
procedure for this range of scaling dimensions, and the prediction for its
sign is therefore valid.



Comparison to Conventional Renorm, Cont.

We expanded out

{Tlp ([pr — pal®) = T (pg) } = {Ip(0) — r(pg) } +

[e'e] 2 2
. p(M?) (p1 — pa)
dM?
! /0 M2 ME

and similarly for |(p2 — pa)?| < M.

In the more general case, Os may not have a definite scaling dimension.
However, it is clear that the same regularization procedure can be applied
provided that p(M?) does not grow any faster than M? in the UV.
Therefore, if this condition holds, the prediction for the sign of the
coefficient of the operator Oy is valid.

We can also see that for Ag > 3, our integral is still UV divergent after the
renormalization procedure outlined and additional regulation is needed.



The Ag > 3 Case

For 3 < Ags < 4, we note that the difference

{1r(@*) - 1p@3) — R03) [p* - 1] } =
2

oo 92
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is finite. This can be rewritten as an expression for g (p?),
p(p®) = Tr(pg) + e (p3) [p* — P

0o o 2
+/ AM2p(M?) ilrg —P°) S
0 (p? — M2 + ie) (pngQ%*ie)
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Here T r(p3) and and I (pd) are free parameters that incorporate the
unknown UV physics. Again the absorptive part of our expression is
unaffected by the regularization procedure.



The Ag > 3 Case Cont.

» In a renormalization scheme based on momentum subtraction, we
will now require counterterms corresponding to both (H'H)? and
(HTH)9*(H'H) related to the parameters I (p3) and I (p3),
respectively.

» Since a counterterm is now required for the operator
(HTH)O*(H'H), the prediction for the sign of its coefficient is no
longer valid, except for the special case of Ag = 3, when the
remaining divergence is only logarithmic.
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