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§ New physics may be somewhat decoupled from weak scale.
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§ Appropriate and convenient framework: EFT.
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§ Conventional approach to matching ––
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§ I will introduce a more direct and elegant approach.
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§ I will introduce a more direct and elegant approach.
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§ Fuentes-Martin, Portoles, Ruiz-Femenia [1607.02142].
See talk by Tevong You.
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§ Preliminaries.
§ Path integral at tree and one-loop levels.

§ Core techniques.
§ Expansion by regions.

§ Covariant Derivative Expansion (CDE).

§ Covariant diagrams (to systematically keep track of expansion).
§ Basic rules with a simple example.

§ Application: SUSY threshold corrections in the MSSM.
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§ Tree level = stationary point approximation.

§ Solve classical equations of motion:
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§ One-loop level = Gaussian approximation.

§ Background field method:

§ Path integral is Gaussian at this order                                    
=> functional determinant of the quadratic operator .
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§ This is what we would do if we were to compute the 1LPI 
effective action (Legendre transform of the path integral):

§ cs is spin factor (= +1/2 for real scalar, -1/2 for Weyl fermion).

§ Notation:              (“kinetic momentum operator,” hermitian). 

§ But we are interested in a different quantity:
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§ After careful functional manipulations, 
we can show (ZZ [1610.00710]):

§ Previously argued in Fuentes-
Martin, Portoles, Ruiz-Femenia [1607.02142].

§ Expand integrand before integrating.

§ Full integral = hard region + soft region
contributions.
§ See e.g. Beneke, Smirnov, hep-ph/9711391; 

Jantzen, 1111.2589.
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§ After careful functional manipulations, 
we can show (ZZ [1610.00710]):

§ Previously argued in Fuentes-
Martin, Portoles, Ruiz-Femenia [1607.02142].

§ Intuition:
§ 1PI effective actions encode quantum 

fluctuations at all scales.
§ Extract short-distance fluctuations => 

local operators in EFT Lagrangian.
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§ After careful functional manipulations, 
we can show (ZZ [1610.00710]):

§ Previously argued in Fuentes-
Martin, Portoles, Ruiz-Femenia [1607.02142].
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§ CDE = expansion where derivatives are covariant.
§ We never separate      into      and          .

§ General form of quadratic operator QUV:

§ Recall:
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§ CDE = expansion where derivatives are covariant.
§ We never separate      into      and          .

§ General form of quadratic operator QUV:

§ Recall:
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§ CDE = expansion where derivatives are covariant.
§ We never separate      into      and          .

§ General form of quadratic operator QUV:

§ Result of expansion: operators made of fields    and 
covariant derivatives             (rather than corr. functions)

=> automatically gauge-invariant!
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§ Prefactor rule:
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§ Prefactor rule:
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§ Prefactor rule:
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§ Now let’s put the pieces together ––

§ This is part of

§ In fact, this is the only possible contribution to the 2nd term.
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§ Now let’s put the pieces together ––

§ This is part of

§ In fact, this is the only possible contribution to the 2nd term.
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Aside: 1st term comes from other terms in the CDE.
Ø Additional rule: we only need to compute covariant diagrams where no 

Lorentz contraction is between adjacent P ’s –– those are sufficient to fix 
all independent EFT operator coefficients.



§ Similarly, we can compute dim-6 pure-gauge operators.
§ Need covariant diagrams with 6 P insertions.
§ 2 ways of Lorentz contraction => 2 independent operators.
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(Wells, ZZ [1706.xxxxx])

§ Old way of doing this calculation:
§ See classic paper Bagger, Matchev, Pierce, Zhang [hep-ph/9606211].

<lots of Feynman diagrams>

§ In the decoupling limit, we can use covariant diagrams to 
easily reproduce all their results.
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§ This is how we formulate the calculation ––
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Z
[D'BSM][D'SM] e i

R
d

d
xL ['BSM,'SM] =

Z
[D'SM] e i

R
d

d
xLSMEFT['SM]

LSMEFT = LSM + �Z�|Dµ�|2 +
X

f=q,u,d,l,e

¯f �Zf i /Df � 1

4

�ZGG
A
µ⌫G

Aµ⌫ � 1

4

�ZWW I
µ⌫W

Iµ⌫ � 1

4

�ZBBµ⌫B
µ⌫

+�m2|�|2 + ��|�|4 +
�
ū �yu q · ✏ · �+

¯d �yd q · �⇤
+ ē �ye l · �⇤

+ h.c.

�
+ dimension 6 ...

g3 � ge↵3 =
1

2
g3 �ZG , g2 � ge↵2 =

1

2
g2 �ZW , g1 � ge↵1 =

1

2
g1 �ZB ,

m2 �m2
e↵ = �m2 +m2 �Z� , �� �e↵ = ��+ 2� �Z� ,

yu � ye↵
u = �yu +

1

2
(yu �Zq + �Zu yu + yu �Z�) ,

yd � ye↵
d = �yd +

1

2
(yd �Zq + �Zd yd + yd �Z�) ,

ye � ye↵
e = �ye +

1

2
(ye �Zl + �Ze ye + ye �Z�) .



§ This is how we formulate the calculation ––
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LSMEFT = LSM + �Z�|Dµ�|2 +
X

f=q,u,d,l,e

¯f �Zf i /Df � 1

4

�ZGG
A
µ⌫G

Aµ⌫ � 1

4

�ZWW I
µ⌫W

Iµ⌫ � 1

4

�ZBBµ⌫B
µ⌫

+�m2|�|2 + ��|�|4 +
�
ū �yu q · ✏ · �+

¯d �yd q · �⇤
+ ē �ye l · �⇤

+ h.c.

�
+ dimension 6 ...

g3 � ge↵3 =
1

2
g3 �ZG , g2 � ge↵2 =

1

2
g2 �ZW , g1 � ge↵1 =

1

2
g1 �ZB ,

m2 �m2
e↵ = �m2 +m2 �Z� , �� �e↵ = ��+ 2� �Z� ,

yu � ye↵
u = �yu +

1

2
(yu �Zq + �Zu yu + yu �Z�) ,

yd � ye↵
d = �yd +

1

2
(yd �Zq + �Zd yd + yd �Z�) ,

ye � ye↵
e = �ye +

1

2
(ye �Zl + �Ze ye + ye �Z�) .

U-only pieces (14 covariant diagrams)

Z
[D'BSM][D'SM] e i

R
d

d
xL ['BSM,'SM] =

Z
[D'SM] e i

R
d

d
xLSMEFT['SM]

bosonic
fermionic



§ This is how we formulate the calculation ––
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LSMEFT = LSM + �Z�|Dµ�|2 +
X

f=q,u,d,l,e

¯f �Zf i /Df � 1

4

�ZGG
A
µ⌫G

Aµ⌫ � 1

4

�ZWW I
µ⌫W

Iµ⌫ � 1

4

�ZBBµ⌫B
µ⌫

+�m2|�|2 + ��|�|4 +
�
ū �yu q · ✏ · �+

¯d �yd q · �⇤
+ ē �ye l · �⇤

+ h.c.

�
+ dimension 6 ...

g3 � ge↵3 =
1

2
g3 �ZG , g2 � ge↵2 =

1

2
g2 �ZW , g1 � ge↵1 =

1

2
g1 �ZB ,

m2 �m2
e↵ = �m2 +m2 �Z� , �� �e↵ = ��+ 2� �Z� ,

yu � ye↵
u = �yu +

1

2
(yu �Zq + �Zu yu + yu �Z�) ,

yd � ye↵
d = �yd +

1

2
(yd �Zq + �Zd yd + yd �Z�) ,

ye � ye↵
e = �ye +

1

2
(ye �Zl + �Ze ye + ye �Z�) .

P-dependent pieces (16 covariant diagrams)

Z
[D'BSM][D'SM] e i

R
d

d
xL ['BSM,'SM] =

Z
[D'SM] e i

R
d

d
xLSMEFT['SM]

bosonic
fermionic



§ 30 covariant diagrams => full 1-loop SUSY threshold 
corrections in the MSSM.

§ Generally, the number of covariant diagrams is 
bounded by dimensional analysis.
§ Building blocks of covariant diagrams represent P, U, Z.
§ dim[Pµ] = 1, dim[U] ≥ 1, dim[Z] ≥ 1.
§ If we have a more complicated UV theory => more terms in U, Z

matrices, but no more covariant diagrams to compute.
§ In contrast, the number of Feynman diagram is unbounded.

§ In a sense, CDE and covariant diagrams are universal.
§ See talk by Tevong You.
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§ Covariant diagrams: a new systematic approach to one-
loop matching, which
§ avoids the detour of computing correlation functions;
§ preserves gauge covariance;
§ can make EFT matching calculations easier.
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LEFT['SM] = LSM +
X

i

ci Oi (µ ⇠ m'H
)

LUV['BSM,'SM]

h'L'L . . .'Li

Feynman diagrams

covariant
diagrams

path integral

expansion by regions

CDE



(Wells, ZZ [1706.xxxxx])

§ The MSSM U matrix (schematic, assuming R-parity):
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§ The MSSM U matrix (schematic, assuming R-parity):
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heavy
fields

light
fields

squark-gluino interaction 
with background quark field

(Wells, ZZ [1706.xxxxx])



§ The MSSM U matrix (schematic, assuming R-parity):
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heavy
fields

light
fields

heavy Higgs-light quark interaction 
with background light quark fields

(Wells, ZZ [1706.xxxxx])



§ Two example operators:
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d̄ �yd q · �⇤ + h.c. and |�|2d̄Cd� q · �⇤ + h.c.

dim-4 => Yukawa coupling threshold correction
[right size for (t-)b-tau Yukawa unification?]

dim-6 => hàbb modification
[observable at future Higgs factories?]

(Wells, ZZ [1706.xxxxx])



§ Two example operators:

where

HEFT 2017, DurhamZhengkang (Kevin) Zhang (U. Michigan)               Covariant diagrams (ZZ [1610.00710]) 40

d̄ �yd q · �⇤ + h.c. and |�|2d̄Cd� q · �⇤ + h.c.

dim-4 => Yukawa coupling threshold correction
[right size for (t-)b-tau Yukawa unification?]

dim-6 => hàbb modification
[observable at future Higgs factories?]

d̃

q̃

g̃ +

ũ

q̃

�̃ + h.c. = � i

2
M3 I111

q̃d̃g̃
tr
�
Ud̃g̃Ug̃q̃Uq̃d̃

�
� i

2
µ I111

q̃ũ�̃ tr
�
Uũ�̃U�̃q̃Uq̃ũ

�
+ h.c.

) �yd ' yd · tan�
16⇡2


8

3
g23 µM3 Ĩ111

q̃d̃g̃
+ y†

uyu s�2
� µAu Ĩ111

q̃ũ�̃

�

˜I111
ijk ⌘ I111

ijk /
i

16⇡2
=

M2
i logM2

i

(M2
k �M2

i )(M
2
i �M2

j )
+

M2
j logM2

j

(M2
i �M2

j )(M
2
j �M2

k )
+

M2
k logM2

k

(M2
j �M2

k )(M
2
k �M2

i )

U

U

U

M
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§ Two example operators:

§ In terms of bottom Yukawa threshold correction

degenerate limit:            6M2 -2M2
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d̄ �yd q · �⇤ + h.c. and |�|2d̄Cd� q · �⇤ + h.c.

dim-4 => Yukawa coupling threshold correction
[right size for (t-)b-tau Yukawa unification?]

dim-6 => hàbb modification
[observable at future Higgs factories?]

d̃

q̃

g̃ +

q̃

ũ

�̃ + h.c. =

q̃

d̃
q̃

g̃

d̃

+

q̃

�̃

q̃

ũ

+

ũ
ũ

�̃

q̃

+

ũ

q̃
ũ

�̃

q̃

+ h.c.

�b = �v2

yb
Cb� = � 2m2

b tan
2 �

I111
q̃d̃g̃

/
�
µ2 I221

q̃d̃g̃

� �q̃d̃g̃b � 2m2
t

I111
q̃ũ�̃/

�
I211
q̃ũ�̃ + I121

q̃ũ�̃ +A2
u I221

q̃ũ�̃

� �q̃ũ�̃b

yb � ye↵b
yb

' �q̃d̃g̃b + �q̃ũ�̃b
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