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What is EFT matching? Why do we need it?

How to perform EFT matching calculation?

--- Amplitude approach vs functional methods

Functional supertraces

--- General: Log-type and Power-type

--- SuperTrace Evaluation Automated for Matching

Prescription summary and application to SM + Singlet
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Prototype of EFT matching
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Modern examples of EFT matching

|
|
Lger : Loy
? >
| M Energy
SMEFT (or HEFT) '
Psn :{Gﬂiwﬂ’By’W1H} P+ DPooy
Low-energy Effective Field Theory (LEFT)
B = do I {t., 1, W*,Z, 0} p . ©={t t,W"Z hdy,}
Heavy Quark Effective Theory (HQET)
iMgV-X 1+V imgV-X 1_V
= —Q , &, =" —
¢V ¢V 2 Vv 2 Q

Mesonic QCD Chiral Lagrangian
p=r1m CI):{Gﬂ,q,ﬁ}



Matching at loop level

Energy
L =A) 4 {2 (N)} Scale of theory
(0)] 1 log A
(1) | 1 log m
(2) | 1 log log?
(3)| 1 log log® log®

T {A (p?~ mz)} Scale of experiments
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Matching at loop level

Energy
L(,=A) 4 {2 ()} Scale of theory
(0)] 1 g
(1) | 1 log m
(2)| 1 log log’
(3)| 1 log log® log’
..
Improvement
\/

L(u, =m) T {A (p2 ~ mz)} Scale of experiments
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Matching at loop level

Energy
‘C(lul :A) 4 {Zk (A)} I £Uv (¢’CD,,U1=A)

(0)| 1 0g
(1) | 1 log m
(2)| 1 log log’
(3)| 1 log log* log’

e O T

Improvement - —————————
M
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Matching at loop level

Energy
‘C('ul :A) 4 {/lk (A)} I Ly (¢’CD’/11 :A)
(0)| 1 oA
(D) |1 log o0 I RGE
(2)| 1 log log’
(3)| 1 log log® log’ »CUV (¢,CD,,u M )
GE N DT
Improvement - —————————
M
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Matching at loop level

Energy
E(ﬂle) 4 {/Ik (A)} I Lov (¢’CD’/11:A)
(0) | 1 oA
(D) |1 log o0 I RGE
(2)| 1 log log’
(3)| 1 log log® log’ Lo (4.0, = M)
GE N DT
Improvement - —————————
M
Leer (¢’,U =M )
I RGE

E(,lezm) T {A(p2~m2)} T LEFT(¢’:”2:m)
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Matching at loop level

Energy
L(m=A) 4 1A (A)] I LoD =1)
(0) | 1 0
0|1 oo log— IRGE
(2)| 1 log log’
(3)| 1 log log® log’ Ly (¢.P,u=M)
or U PR ' :
Improvement _I\/I_.-___ _ MatChmg
Leer (f11=M)
I RGE
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Summary of Lessons

Effective Field Theories (EFTs) describe physics with only
accessible degrees of freedom, i.e. (modes of) fields

At tree level, one can obtain the EFT by “shrinking” heavy
propagators

At loop level, calculating with a theory defined at a UV scale
typically results in large logs

Running the theory down to the scale of experiments resums
leading large logs, and helps with precision

A mass threshold in between the UV scale and the scale of
experiments blocks a smooth RGE, and matching is needed



Matching by Amplitudes

‘CUV = LSM +£BSM (¢SM ’CDBSM)

)¢

LSMEFT = ESM + ZCi O. (¢SM)
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Matching by Amplitudes

Ly =Ly + Lgsw (¢SM1CDBSM) ‘ {Auv (ﬂ“uv)}
I

)¢

LSMEFT_LSM+ZC ¢SM)
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Matching by Amplitudes

Ly =Ly + Lgsw (¢SM1CDBSM) ‘ {Auv (ﬂuv)}
I

)¢

LSMEFT - ESM + ZC ¢SM ) ‘ {ASMEFT (CI )}
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Matching by Amplitudes

Ci(Auv)

LSMEFT - ESM + ZC ¢SM ) ‘ {ASMEFT (CI )}
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Matching by Amplitudes
£’UV = ESM +£BSM (¢SM’CDBSM) ‘ {Auv (ﬂ'uv)}

Ci(Auv)

Loverr = Low + iZCi O (¢SM) ‘ {ASMEFT (Ci )}

Challenges in amplitude approach:

1. Need to know the effective operators O,(¢) in advance

2. Need to figure out the set of amplitudes {.4} to compute
--- often complicated by linear redundancies among O. (¢)

3. Computationally expensive
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Matching by Amplitudes

Ly =L+ Lggum (¢SM’ BSM) ‘
deal Iy ‘ EFT UV P UV
SMEFT

|
ESMEFT = ESM + ZC O ¢SM

Challenges in amplitude approach:
1. Need to know the effective operators O, (¢) in advance

2. Need to figure out the set of amplitudes {.4} to compute
--- often complicated by linear redundancies among O. (¢)

3. Computationally expensive
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Matching by Amplitudes

'C’UV - £SM + £BSM (¢SM’ BSM) ‘ uv 1LPI [¢]
Functional
Ideally ‘ (L) P UV Matching
ESMEFT - ESM + ZC O ¢SM SMEFT EFT, 1P| [¢]

Challenges in amplitude approach:
1. Need to know the effective operators O, (¢) in advance

2. Need to figure out the set of amplitudes {.4} to compute
--- often complicated by linear redundancies among O. (¢)

3. Computationally expensive
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05
L =Ly, (¢’(D =, [¢]) ! b =0
oD D=, [4]
L'eer e [¢] =1Ly, am [¢] =) ' _ 5°S _
d*x L") = L STrlog| - .y
j 2 B 5(¢’(D) P=%¢ llhard

e B. Henning, XL, H. Murayama, “One-loop Matching and Running with
Covariant Derivative Expansion,” arXiv: 1604.01019

 S.A. R.Ellis, J. Quevillon, T. You, and Z. Zhang, “Mixed heavy-light matching
in the Universal One-Loop Effective Action,” arXiv: 1604.02445

« J. Fuentes-Martin, J. Portoles, and P. Ruiz-Femenia, “Integrating out heavy particles
with functional methods: a simplified framework,” arXiv: 1607.02142

o Z.Zhang, “Covariant diagrams for one-loop matching,” arXiv: 1610.00710
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-

(tree) _ 5SUV —
Leer = Lyy (¢’(D_(Dc [¢]) B =0
D= [¢]
Lerr 1p) [¢] =14y, 11 [¢] = _ i s i
4 (1-loop) __ I uv
jd X Lir —ESTrIog — >
5(¢’ (D) D=0
L - ~ ¢ dlhard
M. Beneke and V. A. Smirnov, “Asymptotic expansion of Feynman integrals near
- threshold,” Nucl. Phys. B522 (1998) 321-344, arXiv:hep-ph/9711391 [hep-ph].
Method of regions | T T (1998) 321-344, arkiv:hep-p R
V. A. Smirnov, “Applied asymptotic expansions in momenta and masses,” Springer
Tracts Mod. Phys. 177 (2002) 1 262.
: 1 1 ¢ dig 1 1
—iSTr PZ—M2U1 P2—m2U2 =—|jd XJ(Zﬂ)d (qx){ x|tr PZ—MZUI P2—m2U2 q
d
=—ijddxj dqd tr 12 -U, 12 -U,
(27)" | (P,-q,) -M?* "(P,-q,) -m
: d’q 1 1
d
:>—|_[d xj(zﬂ)d t{qz 7Y P U2}+O(Py)
1 1 m m
|q|~M>>m = > 2:_2+_4+_6+
qg-m g q (
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05
LT = Loy (p@ =D [g]) ,
oD =[]
FEFT,lPI[¢]:FUV’1LP|[¢] =) ' _ 5°S _
d*x L8 = 2 STrlog| ——0—u
j 2 B 5(¢’(D) P=%¢ llhard

Applicability:

» Any spin: scalars, fermions, vector bosons
Contributions from heavy-light loops
Derivative interactions in UV

Non-renormalizable interactions in UV

vV V VY V

Non-relativistic EFT matching, e.g. HQET

04/15/2021 HEFT Xiaochuan Lu, UO



rEFT, 1P [¢] - FUV, 1LPI [¢] =

Applicability:

>

vV V VY V

04/15/2021 HEFT

Any spin: scalars, fermions, vector bosons
Contributions from heavy-light loops
Derivative interactions in UV
Non-renormalizable interactions in UV

Non-relativistic EFT matching, e.g. HQET

Xiaochuan Lu, UO

LY =L, (D=0 [¢]) |

J'd“x LE0P) = IE STrlog| —

5SUV _
oD o, [4]
5°S,y
2
§(¢’(D) (D:@C—hard

How to compute this
functional SuperTrace?

0




(Cohen, XL, Zhang, arXiv: 2011.02484)

[dtx £l =

K and X are matriceson ¢ = (ij

04/15/2021 HEFT
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[
—STrloqg| —
5 g

:IESTrIog(K—X)

5°S,y

5(¢’(D)2 D=

hard

c

hard



(Cohen, XL, Zhang, arXiv: 2011.02484)

jd“x LE0P) = IE STrlog| —

K and X are matrices on ¢ = (ij

Focusing on relativistic EFTSs:

r

P?-m’ (spin - 0)
K,=<P-m,
- (P*—m?) (spin - 1)

04/15/2021 HEFT

"

(spin-1/2)
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5°S,y

:IESTrIog(K—X)

5(¢’(D)2 D=0

hard

c

—lhard

7 2
X;=U;+PZi+ZP,+O(P?)

ij ~u



(Cohen, XL, Zhang, arXiv: 2011.02484)

[d*x gz

K and X are matrices on ¢ = (ij

Focusing on relativistic EFTSs:

:iESTrIog K|hard —Li

P2y’ (spin - 0)
K,={P-m (spin-1/2)
- (P*—m?) (spin - 1)

"

04/15/2021 HEFT
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—STrIo —
5 g

:IESTrIog(K—X)

Xi =U; +PZ“+Z”P +0

5°S,y

5(,®)

ij | u

hard

1STr (ixj
253N K

O=0

c

hard

(P)

hard



(Cohen, XL, Zhang, arXiv: 2011.02484)

jd“x LE0P) = IE STrlog| —

K and X are matrices on ¢ = (ij

Focusing on relativistic EFTSs:

r

P?-m’ (spin - 0)

- (P*—m?) (spin - 1)

04/15/2021 HEFT

"

:IESTrIog K., —in STrK%Xj }

253N

K,={P-m (spin-1/2)

Xiaochuan Lu, UO

:IESTrIog(K—X)

5°S,y

5(,®)

O=0

hard

c

hard

Y

positive operator dimension

ij ~u

X, =U, +PZL +ZP,+ O

(PY)



(Cohen, XL, Zhang, arXiv: 2011.02484)

: 2
jd“x (o) :'ESTrIog A 5
| §(¢’(D) O=0; | hard
. ¢ |
K and X are matrices on ¢ =) = ESTHOQ(K =X, .,
i i <1 1,
—STrlogK — > =STr|| —X
{2 g |hard 2 ; n |:( K j :|
Focusing on relativistic EFTS: Log-type Power-type
P*—m’ (spin - 0)
K ={P-m (spin-1/2) ,  X;=U;+PZy+Z/'P,+O(P})
- (P*—m?) (spin - 1)

\
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iSTrlog(P? -

iSTrlog(P—M)|_ =i[d’x]

2 - d ddq 2 2
M )hardzlfd xj 2y trlog[(Pﬂ—qﬂ) -M }
1 M*)1 Lo 11 S T
=Id4X16ﬂ2 tr[£|097JEFWFﬂ +Wa(PﬂFﬂV)(Ppr )_—MZ%IF;: FVpr”+...
d’q
| P—-q)—M
(27) o0 (P-)-M]

=Id4x

16

T

1 M2Y1_ ., 11 11
z”[['Og?]EFWF” +W%(P”Fﬂv)(Ppr )+W@|Fﬂ F7F " 4o

Universal across UV theories

Focusing on relativistic EFTSs:

e

\

P?—m’

P —m

—n* (P2 —m

04/15/2021 HEFT

i i1
—STrlogK — ) ZSTr
{2 9 |har}2;n

(spin - 0)
(spin-1/2)

) (spin-1)

Xiaochuan Lu, UO

Log-type

Xy =U; +P,Z{+Z{P,+O

K

(PY)

10




. d’q 1
_ d

) \
1 (Ioga—+gJ[ZU1(PﬂZ“)U3U4+Ulzﬂ(P#U3)U4]

2
' \+ [Iog/’l—+gj(PﬂU1)ZﬂU3U4+O(UlZyU3U4P5)

1
(P-q) —m’ (P”_q”)Z#

Focusing on relativistic EFTSs: Power-type
P?-m’ (spin - 0)

K. ={P-m (spin-1/2) ,  X;=U;+PZy+Z/'P,+O(P})
- (P*—m?) (spin - 1)

\

04/15/2021 HEFT
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—|STr|: 2 2U1 P2 _m? PyZ” P2U3 Pz_m2U4:|hard
i ddq 1 1 1
1 LP—q)Z—MZ Pyt
- 1 lu2 . \
4 1 2M4(IOQW+§J|:2U1(P!IZ#)U3U4+Ulzﬂ(P#U3)U4:|
:_[d X o2 tr+ . .
7,
\+2M4[IOQW—FEJ(P“Ul)Z#UsUA'+O(UlZyU3U4P5)

Depend on UV theories

How do we find all of them?

n=1
Focusing on relativistic EFTSs:
P2y’ (spin - 0)
K.=<P-m (spin-1/2)

\

04/15/2021 HEFT

- (P*—m?) (spin - 1)

Xiaochuan Lu, UO

X, =U, +PZL +ZP,+ O

ij ~u

Power-type

(PY)

10




Use “covariant graphs” to enumerate

dem Ly Ly iy
K_ 12 K 2'3 K n'l

h I I

hard \
| &

i 1 1,
How do we find all of them? ~ =% STrlogK],, E;HST{(EX) }

Focusing on relativistic EFTS: Power-type
P? —m? (spin - 0)

Ki=<P-m (spin-1/2) X; :Uij+PyZifl+Z_iflPu+O(Pu2)
- (P*—m?) (spin - 1)

\
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Use “covariant graphs” to enumerate

» All distinct sets of propagator sequences

» At least one heavy propagator

» Truncate according to the desired operator dim

_iST{Kix%ix_ ixj

KK vl TN
i | 1,Y
How do we find all of them? ~ =% STrlogK],, E;EST{(EX) }
har
Focusing on relativistic EFTSs: Power-type

P?-m’ (spin - 0)

K. ={P-m (spin-1/2) ,  X;=U;+PZy+Z/'P,+O(P})
—n* (P2 - mf) (spin - 1)

"
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Use “covariant graphs” to enumerate

» All distinct sets of propagator sequences
» At least one heavy propagator

» Truncate according to the desired operator dim

Evaluate them all by hand?

hard \

i i <1 1 Y
=—STrlogK — Y —STr|| —X
2 9 |hard 2;” |:(K j:|

har

Focusing on relativistic EFTSs: Power-type
P?-m’ (spin - 0)

Ki=1P-m, (spin-1/2) ,  X;=U;+PZ{+Z!'P,+O(P})
- (P*—m?) (spin - 1)

"
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Evaluate them all by hand?

hard \

i i <1 1Y
=—STrlogK —» —STr|| —X
2 g |hard zzn |:(K j:|

n=1 har
Focusing on relativistic EFTSs: Power-type
P?-m’ (spin - 0)
K. ={P-m (spin-1/2) ,  X;=U;+PZy+Z/'P,+O(P})
—n* (P2 - mf) (spin - 1)

\
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General form of power-type supertraces:

Cf :[ "'(PM"'Pun)(Ai orAi)(pV1...me)Uk ]

i i1 1 Y
=—STrlogK — Y —STr|| —X
2 9 |hard 2;” |:(K j:|

har

Focusing on relativistic EFTSs: Power-type
P?—m’ 1
1 P )
Ki=<P-m, —=i . Xy =Uy +PZi+Z/P, +O(P?)
v (P2 m?2 ! B = A, _
77 (P mi) P-m X (Pﬂl--- ) ( Vm)

04/15/2021 HEFT
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General form of power-type supertraces:

—iSTr[ f]

N f=[---(PM--°Pyn)(Ai orAi)(Pvl...me)Uk...}

Log-type can also be converted into power-type:

o T. : 1 0 r. : 1
8M2[IST”OQ(PZ_MZ)]:_ISTr(PZ—sz , a—MDSTrIog(P—M)]:—lSTr(P Mj

04/15/2021 HEFT Xiaochuan Lu, UO 12



STrEAM.m and STrEAM_examples.nb
https://github.com/EFTMatching/STrEAM

—iSTr[ f]

o f:[“'(PM"'Pyn)(Ai or A;)(P, -+

STrEAM

Cohen, XL, Zhang,
arXiv: 2012.07851

@ @ @ & Ge

@O E
SEEEe s
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STrEAM.m and STrEAM_examples.nb
https://github.com/EFTMatching/STrEAM

~isTr[f] f:[---(Pﬂl---Pﬂn)(Ai or A )(P, -+

A different calculator:
STrEAM
_D_l.l-l'_:_ll Cohen, XL, Zhang,
1 rimueErn arXiv: 2012.07851

J. Fuentes-Martin, M. Konig, J. Pages,

A. E. Thomsen, and F. Wilsch, “SuperTracer:
A calculator of functional supertraces for
one-loop EFT matching,” arXiv: 2012.08506

04/15/2021 HEFT Xiaochuan Lu, UO 12



STrEAM.m and STrEAM_examples.nb
https.//github.com/EFTMatching/STrEAM

='fd4x 5

167 12m;

2
t{ml2 (1— Iogm—lzj U, +LZFWF“VU1 +O(dim-8)
u

04/15/2021 HEFT Xiaochuan Lu, UO 13



STrEAM.m and STrEAM_examples.nb
https.//github.com/EFTMatching/STrEAM

4 1 2 ml2 1 My |
=Id X———tr| m/ l—Iog? U, +—F,F“U, +0(dim-8)
hard

~iSTr %UF]
P°—m, 167 12m;

n[2]:= SuperTrace[6, {A;, U;}, Udimlist » {2}, display - True]

~isTr[ Ur] |hard = |d*x tr{
P? —m] ora = | 16 7?
f m2 .
R Log| "2 | | m? (Ur) (dim-2)
1 .
207 (Fugsip) (Fug,up) (U1) (dim-6)
}
m? 5 1
ouz= {{{{-[-1+vog| || m}}, ceuny, 2h {{{=5 1] (Rt (Fui)s U133, 61}
L 12 m]
04/15/2021 HEFT Xiaochuan Lu, UO

13



STrEAM.m and STrEAM_examples.nb
https.//github.com/EFTMatching/STrEAM

Tt B S (] I R (1 1og M L F FmU 1 O(dim8
-iSTr| U\ _j Xx—tr|m;| 1-log— (U, + —F, F*“U +O(dim-8)
—m | H

167 12m;

|hard

dimension

truncation
In[2):= SuperTrac{Al, U:}, Udimlist -» {2}, display - True]

_iSTr[Pz_m%ul] hard = |d*x — tr{
f 2
—L—1+Log[:—ﬂ m? (Us) (dim-2)
121m% (Fiq,up) (Fuy,uy) (U) (dim-6)
}
outzl= {{{{(1Log[2—i mlhs (1), 2}, {{{121"]2}}, ({(Fugsigds (Fupip}s (U1}}, 6}}
1

04/15/2021 HEFT Xiaochuan Lu, UO 13



derivative interaction ~massless (covariant) propagator

: 1 1 1
LisTrl 1y ﬂm 2] Ul
PZ—m? ' P?—m’ P PZom?

in[7= SuperTrace[6, {A;, U, Az‘ . Us, Ay, Uy}, Udimlist - {1, 1, 2, 1}, display —» True];
1 1

hard

~isTr][ Uy P,Z, —u3 ~Ua] [hard = [d*x tr{
PP-m’ "P2-m2 P2 pP2-m 16 t°
2
3- 2Log[m—1] .
.2 (U1) (Zuy) (PuyUs) (Ug) (dim-6)
am}
3- 2Log[ﬁ] .
2 (Ur) (PuyZuy) (Us) (Ug) (dim-6)
2m}
5- 2Log[ﬁ] )
42 (PuyUa) (Zuy) (Us) (Ua) (dim-6)
4mi
}

04/15/2021 HEFT Xiaochuan Lu, UO 13



U [1]

P?-m

fermionic (covariant) propagator

[3/2]

In[8]:= SuperTrace[G, {A;, Uy, A5, U2 Us, A,, Us}, Udimlist » {1,

iSTr [ T TR N TR
—1>1r 1 2 3 a
P2_m? "p2-m? "Pslash "p2_m?
2
3-2 Log[m—l]
2 (Ug) (Uz) (PyyvuqUs) (Ua)
amj
1
E (Up) (P Uz) (v Us) (Ug)
2
5-2 Log[m—l]
2 (PyU1) (Up) (v Ua) (Ua)
amf

04/15/2021 HEFT

Ujs | |har“d

de

tr{

16 72

(dim-6)

(dim-6)

(dim-6)

Xiaochuan Lu, UO

1
U [1] }
2 2 4
P - m2 hard

-5, =5 1 } di pl - T ]
1ls a rue|;
L] ] L] y L]

13



; [i STrIog(P2 —~ mf)} =—iSTr

2
om;

In3]:= SuperTrace[6, {A;}, display - True];

1
~ASTP[— ] |hard = [d*x St
P2 —m? 16 7t

1

12 m% (F—*‘J_J—*Z) (F._ul,..ﬁz)
i

90 m‘zll (lejuz) (lejma) (Fuz,ug)
1

60 m‘zll (PulpuzFuz,ug,) (F-.n.l}-n-3)

}

04/15/2021 HEFT

Log-type

0 r. : 1
a—ml[l STrlog(P-m,)|=-iSTr| ——

P-m

in[4]= SuperTrace[6, {A;}, NoyinU - True, display - True];

1
2
~iSTr[
1
(dim-4) oy
i
(dim-6) 90 m3
1
(dim-6) 15m3

Xiaochuan Lu, UO

q
—— hard = d™x tr‘{
Pslash -m, ] Thar J 16 7712
(F“‘J_J“Z) (le,ﬂg’) (F»2:-—3) (dlm—6)
(PﬂlpMZFﬂz,Mg’) (F“13“3) (dlm—6)
13



rEFT, 1P [¢] - FUV, 1LPI [¢] =

Covariant graphs

<

-

\

LY =L, (D=0 [¢]) |

J'd“x LE0P) = IE STrlog| —

STrEAM

04/15/2021 HEFT

Xiaochuan Lu, UO

How to compute this

o0S,y
oD

5°S,y

5(,®)

O=0

c

=0

D= [¢]

hard

functional SuperTrace?

14



£ = (6,0 =0, . OSuv =0
EFT uv (¢ [¢]) 5D o
Lerr 1p) [¢] =14y, 10 [¢] = _ - , i}
J'd“x £oor) — L grrjog) - 0 Suy :
2 ] 5(4, @) oo, ||

How to compute this
functional SuperTrace?

04/15/2021 HEFT Xiaochuan Lu, UO 14



Prescription for Functional Matching: Functional matching
(our prescription)
tree
1. Derive heavy EOM(s) and £\ Lov]®, d]
2. Derive K and X matrices O[] — K, X
l Enumerate
3. Enumerate supertraces
_ Functional

Covariant graphs supertraces

4. Evaluate supertraces to obtain £ l Evaluate
v
Mathematica package STFEAM.m L) o) LU0oP) 1

(Cohen, XL, Zhang, arXiv: 2012.07851)
Cohen, XL, Zhang, arXiv: 2011.02484

04/15/2021 HEFT Xiaochuan Lu, UO 14



A Real Example: SM + Singlet

1 2 1 2 1 2 1 1
LUV:£3M+E((’B#S) —EMZSZ—A|H| S—§K|H| sz—gysstazss“ = Loyerr
2 —- 1 A ~ Auv 1 I I uv 1 uv 2 2 1 4 = 1.7 T
ESM:‘DHH‘ + Z l//IDl//_ZGqu _ZW;WW _ZBWB —-m ‘H‘ _E)LH‘H‘ _(quUH+qyddH+lyeeH+h'C'>

Amplitude approach:
* M. Jiang, N. Craig, Y.-Y. Li, and D. Sutherland, arXiv: 1811.08878
» U. Haisch, M. Ruhdorfer, E. Salvioni, E. Venturini, and A. Weiler, arXiv: 2003.05936

Functional approach:  Cohen, XL, Zhang, arXiv: 2011.02484

04/15/2021 HEFT Xiaochuan Lu, UO 15



A Real Example: SM + Singlet

1 2 1 2 1 2 1 1
LUV:£3M+E((’B#S) —EMZSZ—A|H| S—§K|H| sz—gysstazss“ = Loyerr
2 —- 1 A ~ Auv 1 I I uv 1 uv 2 2 1 4 = 1.7 T
ESM:‘DHH‘ + Z l//IDl//_ZGqu _ZW;WW _ZBWB —-m ‘H‘ _E)LH‘H‘ _(quUH+qyddH+lyeeH+h'C'>

Amplitude approach:
* M. Jiang, N. Craig, Y.-Y. Li, and D. Sutherland, arXiv: 1811.08878
» U. Haisch, M. Ruhdorfer, E. Salvioni, E. Venturini, and A. Weiler, arXiv: 2003.05936

Functional approach:  Cohen, XL, Zhang, arXiv: 2011.02484
1. Derive heavy EOM(s) and £\ ¢=¢,, ={H,q,u,d,l,e,GW,B} , ®=S

~AH (0% - MZ—K‘H‘Z)SC—%,USSCZ—%&SSS _0

S, =S +8! 48 ...

C

04/15/2021 HEFT Xiaochuan Lu, UO 15



Lo, =Le, +%(a#s)2 -

Lo =DH[+ 3 FiDy- 1

w=q,u,d,l.e 4

Amplitude approach:

A Real Example: SM + Singlet

Lmes? —A|H|ZS—%K|H|ZSZ—%;13

WA:VW | uv _EB VB#V

1
A
G 2

- 4

1

S¥_ = 48"
24

* M. Jiang, N. Craig, Y.-Y. Li, and D. Sutherland, arXiv: 1811.08878
e U. Haisch, M. Ruhdorfer, E. Salvioni, E. Venturini, and A. Weiler, arXiv: 2003.05936

Cohen, XL, Zhang, arXiv: 2011.02484

Functional approach:

1. Derlve heavy EOM(s) and £Uf)

¢=¢SM

~AH[ +(-0" - Mz—K‘H‘Z)SC—E,uSSCZ

={H,qu,d,l,e,GW,B} , ®

1

2
s A }|H| a{azw +(K_

O
<S§4)_i{82|H| (—ﬂﬁﬂé)Hﬂ S =5@ 45 4504
s§6>:—i6{(x_&§j|H|ZaZ|H|2+ (K_%L’jj(,(_ ﬂsAj
\ M M 1Y, 2M? ) 6M?
ree A? A? A? A
Lo LSM+2M2|H4_2M4|H|8 Hf 2M4(K_3AI|SA

04/15/2021 HEFT

Xiaochuan Lu, UO

i

— LSMEFT

_EJ’SSS

_mZ‘H‘Z _%AH ‘H“‘ _(c_]yuul:l +qy,dH +1y.eH +h.C.)

S

=0

]

15
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A Real Example: SM + Singlet

2. Derive K and X matrices S H qudl ¢ G W B
S (2 1 \
5°Syy _K_¥X HlL 2 5 5 35 35 3 L1
50" oo, ol 41183
u % 1 % g
P?—m? (spin - 0) dim(X) > ¢ 5 1 5 2
- / > L : 3
K.=<P-m (spin - 1/2) ) 5 . :

-7 (P*=m’) (spin- 1) ol 3131 o
\ W 12 3 5 9

_ ) _

xij=Uij+Pﬂzi§‘+z;Pﬂ+O(Pﬂ) B\ 1 3 3 3 33 2 2

04/15/2021 HEFT Xiaochuan Lu, UO 16



A Real Example: SM + Singlet

2. Derive K and X matrices S H qudl ¢ G W B
S {2 1 \
2 . . .
S| _k ¢ CORNEIE I
S5p° oo, q 5 11 S
u % 1 % %
P? —m? (spin - 0) dim(X) > ¢ ;1 2 ;
' [ 3 | 33
- 2 2 2
K.=<P-m (spin - 1/2) ) ; ) %
—n*" (P?—m?) (spin - 1) g 2 2 2 2
W 13 2 2 2
— U, Z7u 2
Xij_Uij+PﬂZij+ZijPﬂ+(9(Pﬂ) B\ 1 3 3 3 33 2 2
, 1. : N igy (—a’ (D" H) —o'H
Uss =k ‘H‘ + p1g Sc + = Ag S Uns = (A—I— K 50) . U}}{V _ 2 P 92
2 H 2 O..]* (D;/H)* 2 O_J* H*
1 10 |H|*1 +HH'  HHT - 2
/ =[(A Sc — KR SQ A Tl vd — IJK{7Kuy _ Q_Q uv sI.J 2
HH ( + 5 C) (0 1) + Ay ( [ HE e T Upiv” =2g2¢7"" N n o' |H

oo ]lyu#ﬁ[ 0
" 0 1y 17+

*
u 2

vB g3
Ui =%

(,.’,r/ )\BQ)
,.;’_,y /\B* qc

i _ap B 145
Uy = ﬂdy;T" —€il® yg%
= 5 _ 5

' 1 yg B

04/15/2021 HEFT

Xiaochuan Lu, UO

See the full list in App. B of arXiv: 2011.02484
16




3. Enumerate supertraces

A Real Example: SM + Singlet

Log-type: None

Power-type: 16 covariant graphs

1-propagator

-
=<2

3-propagator

4-propagator

S-propagator

6-propagator

/,// \\‘ 2CF=‘ 2 2 . . 2 ) 10"" Ql
\ ~ == S _ - =
'\]\ 1 ﬁ’, \\\‘ ” “ Q\\ s S Id SO Q / Y
A
N <" i Q2 1 4 o1 14 Q1 | ) 16 Q1
Sp=” W uy \ ’ \ / \ ,' b ‘
2 V=% ~o_-’ ©o..0 o.__D 0...0"
2 2 2 1 =71 1 1
2-propagator 2
2 PYeS == 1 1
PSS =T ===
= !,Isoc“\\ 6,, \\“ g’/ oy ’o" Q\
PR ! W 1 1 1 1
g 18 o1 S . F 26
2 72 \ / N o-” oo’ o.__DO
! “ S 3 3 1 ="
\\:_-= ‘d 2 2 2
’I=:‘"\ '9”:*\ ld-;:#ql I,”::::‘:' ,’-;:Q\\
& R 7 Yo ’ \ " \\“ iy W
14 o1 18 Q1 ! | 18 01 16 Q1
\ \ ’ U \ /
/ AY /
Se-v ~o-’ Bs==P, oo %tk?/o%
2
04/15/2021 HEFT Xiaochuan Lu, UO 17




A Real Example: SM + Singlet
3. Enumerate supertraces

4 N i
fy N
8 o1 =—tete| oyl L ypalyea 1o
o 2 2 “SH 2 2 7 Hy wH 2 2 ~ HS
\ P°-—M P°—m P P°—m
H X / H hard
3 3
2 l// 2
1-propagator 3-propagator 4-propagator S-propagator 6-propagator
”/,=="‘7\\ ZCF = 2 2 = 1 2 1 1 1
\Y -3 == =3 — -
'\]\ \" f: ! \\\\ 7 ¢ Q\\ "’/ ) \:\ ;d 2O Q ”o‘ Q\\
\\?:o"”’ " Q2 18 o1 16? 01 | : 14 Q1
- A\ Z \\ ’ \ ’ ‘:\ "l
2 V==? ...t v..0’ o.__D ©...0"
2 2 2 1 == 1 1 1
2-propagator )
-C2)= AN W7 ld—=:=Q1
2= W “x\“ X “n " ‘:\ ; \
§ THEE T A NS L
’ 2 \ ! ~o-7 0_0 o} ¥o)
W _.:=¢-}” ‘-.—’ ‘c2) % % 1 T== 1
==z =52 1d-==~>ql z=3, P
2 W é” i [ \ g,’ b . g T .
1 5\ 01 1d ,(P 1 | 10 Q1 : ?
\\-’/ \\-0’/ 1b¢___=-91 b o, gtko/oé
2 1 1 2 1 2
04/15/2021 HEFT

Xiaochuan Lu, UO
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A Real Example: SM + Singlet

2

+ In'u—2+1
M 2

3. Enumerate supertraces 4. Evaluate supertraces to obtain LElF'TOOp
S
AR :
F” \“ [ 1 1 1 3/2 1 3/2 l 1
18 — ——STr ull —— _yAl-yld_ - gl
H ' / H 2 |:P2_M2 > P2_m2 " P a P2_m2 " hard
00
Py
S - - ) =
(HIDAH ) (@) y,r u—dyjy,rd —eyly,r"e)
2
M D 3 . It (A& t el N
s L'”W*EJ ~2H"(iD,H ) (Ty, y,r*d)+ H. (a, vy, ) (iD,H),
J.d4X16722 YE rs (ﬁ YAMZR +|ﬂyeyey”| )(iD#H)ﬂ+h.C.

A (T,y.y0iDa, A, +H. (T, v,ysiDa, +1,y,yliDl, )H

+H[ (ijyuiﬁu +dy!y,iDd +§y§yei5e)

04/15/2021 HEFT

Xiaochuan Lu, UO
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Final Matching Results:

Coefficient x 1672

Operator Coefficient x 1672
iga(DV H)l ! (D H) W, B
igy (DI (DY ) B, e

92 (It D ey (D)

Operator
|H|? [%(.‘;‘UQ —pgd) + :lz(l. - % + RLI,)] (l — log %_;)
i M? A (k _ psA A2
%(—Mﬁ?)+iﬁ(%—ﬁﬁ+ﬁﬁ)
H|* [ (B ) (1= tog 25) —2(n+ 412 ) (3 — low 2 ]
m? A2 [~ ; M2 . 242 y M2 e 2
t \}3 2 |:(J.f\”' (l log ::’2) 3(}\' f 2”12)(1 log ::'2 ) f “”3 (3 log :{2 )]
2 m? (5 M2
\D,H|? ):!‘ | l”:f; (.ﬂ log “.3)
Operator Coefficient x 1672
1 (k2 K Iu A hlu A2 _ AgAt Iu A% i) 2 A%
Mz 12z Mz + 2’11’4 2M7E 6T + ME
+h.o-)12 3 11 l _'1'12 _ A_ 2 _ 1
e A Og? 4 Og Iu—
O A2 4 2 M2
+W— — K g—log?— +)\H 1—10g?—
H|°

3 _1

1

L

A3 12 2
—l—%—[—rﬂ(-ﬁ—log%)—f—?—i(-l—log W ) —|—3/\H(2—10g%ﬂ
51 — log %{—) — 18Ay (— —log & W )}

172
Og"—‘})

s
(g BrH) (07 B,,) _‘tf (?{ 109,%,5)
|H[*W, Wi 1_,(51;_;
\H| B, B %
Mo W, B ﬂie"fff

04/15/2021 HEFT

A* |21k (37
T [T(_
TusA® (15 12 948 (4
T (Tﬁ —log? ) T3 (T
K% BRpgA
2402 120

. Ag M2\ _Ag (9 M2
HREHR)  +2 [zh( —log M7 ) —.2-‘—(1—10g #2) ——.21L(§—10g #2)}
1pZA?  apA® | 344 (90 M2 30342 (5 M2
+omre e + 2 (t_ —log ?) ~ R (E log IT)
2 2 9 M2 3, HeA 39342 (¥ M2
HIF|D,H| 114 [()‘H ) (5 —log iz ) -7+ 2_.1-12} BPITE (E —log 5 )

L(HT D )’

|D?H)|?




Final Matching Results:

Operator

Cocfficient » 167>

{H'a'" fﬁ_,,ﬂ ) (qa'" i)

{yuyu by ]"('r — log —,r)

(BT 1) (a7a)

3 . - Lo [
— i (vl — vaw)) (~'r

— log %’f—)

(H?i'D H) (i u)

]II}U 'r )

—:Tr I.I'u'y'u(

(HYi'D  H)(dv#d)

T’T"y yd{' kmg )

(He'i'D 1) (i #1)

A vl (3 log 247)

(HY D, H) (1)

3 e 2
irrvevd (3 — log —v)

(Ht f"ﬁ_,, H) [Ev4e)

. i M2
— 07w Ye e (i} —log —;)

i {ﬁ*[ D H))(ay#d) (+he.)

— e yuy;[ - ln" )

{H'a’yj{qa’qu]

ol 1 Ty T
_t.-_-_dﬂr:(yuyu — yay}) ('l_r — log ﬁrj_)

—F
H 2|:.r,r." Dq)

. . : 2
o (s !ra'y}l'{*} — log _r'f)

—F
H|* (@i u)

—F
H2(di D d)

(Hia'H) (sa’fF{]

Operator Coefficient x 1677
ig2(D'H) 1o (DVH) W), _%
ig1 (DI (DY H) By, —

(e Dra)(D'W),) =i (5~ 1o 25
|H[*W, Wi 51‘_;
\[T|? B, B* %
Hic!OW/!, B a19242

207
HE(IiD1)
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—F
|H*(gi D e)

H? qu H (+h.c.)

|H*qd H (+h.c.)

LR v

14.3 2‘;_‘__11-1)

oo M2
]-Oc: IQ—):I

3/\H(2 — log %—’Q_ﬂ

1242 [/ M2
i (6 —log i

H2leH (+hc)




Summary

» EFT matching has been systematically solved using functional
methods up to one-loop level

» We derived a streamlined prescription for functional matching

--- arXiv: 2011.02484

» Supertrace evaluation and a Mathematica package STrEAM

--- Manual in arXiv: 2012.07851
--- STrEAM.m at https://github.com/EFTMatching/STrEAM

» Pedagogical example: SM + Singlet matched onto SMEFT

04/15/2021 HEFT Xiaochuan Lu, UO
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Prescription for Functional Matching: Functional matching

(our prescription)

1. Derive heavy EOM(s) and £\ Luv|®, @]

/ \

2. Derive K and X matrices d.[o] —— K, X

l Enumerate
3. Enumerate supertraces

_ Functional
Covariant graphs supertraces
4. Evaluate supertraces to obtain £57°%) l Evaluate
v
Mathematica package STrEAM.m ﬁg;?ﬁ (4 £](31F1§op ]

(Cohen, XL, Zhang, arXiv: 2012.07851) ,
Cohen, XL, Zhang, arXiv: 2011.02484"
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