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Introduction

 See talk by Z. (Kevin) Zhang for introduction to matching:

energy Luv|essm, ©sm|
Mppsm @ match (UV €2 EFT dictionary)

Lerr|psm] = Lsm + Z ci O (b~ My )

@ run (resum large logs)

Lerr|psm] = Lsm + Z ci O; (b~ Eexp)

s

mSOSM '
I observables (cross sections, etc.)

Slide from Z. Zhang

Tevong You (University of Cambridge)



Introduction

e Standard approach is to use Feynman diagrams

energy

mQOBSM

Feynman diagrams

PLPL - -°90L>

Luv]|eBsMm, ©sMm] =

@ 4"”’

Lerr|psm] = Lsm + Z ci O (b~ My )

@ run (resum large logs)

Lerr|psm] = Lsm + Z ci O; (b~ Eexp)

s

observables (cross sections, etc.)

Tevong You (University of Cambridge)



Introduction

* Functional method more elegant and direct way of matching
e But many ways of doing this:

energy Luv|essm, psm]
I
Mypsm @ ; Functional path integral evaluation

Lerr|psm] = Lsm + Z ci O (b~ My )

@ run (resum large logs)

Lerr|psm] = Lsm + Z ci O; (b~ Eexp)

s

observables (cross sections, etc.)

Tevong You (University of Cambridge)



Introduction

* Functional method more elegant and direct way of matching

* But many ways of doing this:

e.g. Schwinger proper time, Covariant
Derivative Expansion methods, Various

energy Luv [SDBSM log expansions, heavy-light subtraction
[| procedures, integration by regions,

Mg @ 'l covariant diagrams, etc.

Lerr|psm] = Lsm + Z ¢ O; (1L~ my,)

@ run (resum large logs)

Lerr|psm] = Lsm + Z ¢i O; (0~ Fexp)

s

m‘PSM _
- observables (cross sections, etc.)

Tevong You (University of Cambridge)



Outline

* Overview of recent developments in functional approach to matching
 Original Gaillard-Cheyette CDE method (though now redundant)
* Including heavy-light loops

* Universal One-Loop Effective Action (UOLEA)

* Examples of applying the UOLEA
* MSSM Stops
* Real Singlet Scalar

* Conclusion



Functional methods: Gaillard-Cheyette CDE

* Gaillard-Cheyette (35 335 method of doing CDE reviewed/revived in HLM

(Henning, Lu, Murayama, 1412.1837)

 Evaluate the path integral of the action in the usual way:
e Expand action around minimum

15, _ 1S[p, P
* Write Gaussian integral as determinant ¢ Serl?] — /[D‘I)]e @)

* Write determinant as trace of log in exponent . 1 828 2L O3
_ [ (6t il 7o)
* This is common to all functional methods S6.0.] ld . ( 528 )}‘%
et e ——
0D |4 g

* Gaillard-Cheyette also do momentum shift ~— ~ ¢ %1 2" (- 52, |

before expanding logarithm (see later slide)

* Also, different methods used for expanding log

Tevong You (University of Cambridge) 7



Functional methods: Gaillard-Cheyette CDE

* For a UV Lagrangian of the form

Luy = Lgu + (D

etSettld] — /[D(I)} S[¢, @]
. 2 . P
_ / Drle’ (swaa+i 55, _, wrou™)

_1
~ 5190l [det (—62—3 )} )
002 |4 g,

; 1 525
~ 615[¢;‘I>c]—5Tr 1n<— W‘@:q%) ’

—

S(‘ﬂ

1-loop —

Tevon

g You

()| + hoe.) + @ (P2

= 1c. Ir ln

—sg/d‘i /

(Univers

P, =1D,

— M2 —(U(1))® + O(@?),

ity of Cambridge)

—P%+ M? )

Model-
dependent
light fields
encapsulated
in Fand U

P, —q.)° + M? —I—.



Functional methods: Gaillard-Cheyette CDE
* For a UV Lagrangian of the form yPu=iD,
Loy = Loy +[(@)F(z) + he) 4 @) P2 — M2 — U(@)[0}+ 0(@%), HeavyTields

etSettld] — /%l)@} S[é,®

. 2 P
_ / Drle’ (swaa+i 55, _, wrou™)

1
. 528 ~z
~ e’LS[¢,<I>C] |:det <_ >:|
P=0,

P2

; 1 525
~ 67,5[‘17;‘1%]_5']} 1n<_ Ery “P:‘Pc> ,

—

can be boson
or fermion

S{i{oop 'Pl" In _P2 + AIQ + U)

&./(14 /

—tr In ( —q.)° + M*+U)
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Functional methods: Gaillard-Cheyette CDE

* For a UV Lagrangian of the form

Lyv =

etSettld] — /[D@} S[¢,®]
:/[Dm (sorars i,

oo 55

/P“ =i,
Lsm +|( F( ) + h.e.) (P2 — M? —U(x) + O(®3) Heavy fields
can be boson
) or fermion

n+O )

n

iS ,<I><—1Tr1< 82s )
~e [d) "] 2 Er d=d, ,

* Gaillard-Cheyette also do

dl
—icS/ 1
. /dq
= 1Cy4
J (2m)4

Eeﬁ

1-loop

—

tr In[e»?/%% (—(P, —

—P?>+ M* +U)

oi[
1 loop — 'PI' 111

&./(14 /

tr In (—(P, — q,)° + M? 4+ U)

: . +P,,0/0q
by inserting € "7 "

q,ug)2 + M? + U)e_P“amq“]

tr ]11[—8/(9% +q.)* + M?

* So covariant derivatives are explicitly in commutators from beginning

G =3 P - Par G

n=0 n+ 2)'

o 0 =Y il Pos ol Pay Ul 5

aqal "'qan n=>0 H, qan
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Functional methods: Gaillard-Cheyette CDE

* For a UV Lagrangian of the form
Luv = Lan + ((I'iF(I) + h.c.) + il (P2

eWSert[d] — /[Dq)] iS(¢,]

i 2

>~ iS[¢7(DC] [ —
e [det( 50|,

. 2
iS[$,®e]— 1 Tr In (— L )
~ e b=t/

—

—

VAL

St Noop = ¢sTr In (

—ic, [ d's f

after expansion evaluation.

See e.g.
Fuentes-Martin, Portoles, Ruiz-Femenia, 1607.02142;

Z. Zhang, 1610.00710.

* So covariant de

= n+1
Z:: n+ 2)!

Tevong You (University of Cambridg

— M?

=D,
~U(x))® +0(2%),
—P*+ M*+7U)
ctr In (—(P, — q.)> + M* 4+ U)

J]

e)

by incerting ©

But simpler to avoid momentum shift!

—P,8/9q
I Instead, gather result into commutators e ]

+P,8/0q,

ors from beginning
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Functional methods: Heavy-Light loops?

* Linear coupling = tree-level; quadratic coupling = heavy-only one-loop

()[4 h.c.) + ST (P — M —|U(2))® + O(D%),

Luy = Lgu + (@17

* What about loops involving both heavy and light fields?
* Naively not accounted for in functional method

See e.q. Bilenky & Santamaria, hep-ph/9310302; Del Aguila, Kunszt, Santiago, 1602.00126.

 Solution: apply background field method to both heavy and light fields

o= op.+¢ , P— D+

1 PP M?—Uss —Usg P’
ﬁquad - 5 ((I) , Q ) ( _U’@Il PE _ TH-2 [ /Tqi)qir (:}f
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Functional methods: Heavy-Light loops?

* Just apply background field method to both heavy and light fields?

O — b, +¢')’ . =D+ P
* Actually, this gives the one-loop 1PI effective action and not L
* Feynman diagram intuition: Heavy-light loops in UV theory match onto both

EFT operators inserted at one-loop, and one-loop-
generated EFT operators inserted at tree-level

f ¢ )
4 & ¢ I ¢ ¢
o ® = & n
¢ ! g ¢ k4 ¢ o
(soft part) (hard part)
* The is not part of Lot , must be subtracted to keep only the latter

Tevong You (University of Cambridge) 13



Functional methods: Heavy-Light subtractions

e Various subtraction procedures proposed

See e.g.

Boggia, Gomez-Ambrosio, Passarino, 1603.03660;
Henning, Lu, Murayama, 1604.01019;

Ellis, Quevillon, TY, Zhang, 1604.02445;
Fuentes-Martin, Portoles, Ruiz-Femenia, 1607.02142.

* Simplification of evaluating CDE from these
developments lead to a Covariant Diagram
formulation (z znang, 1610.00710)

* But Universality of CDE results means
evaluation via all these different methods
gives same model-independent expression

Tevong You (University of Cambridge)

Universality
property also applies
to heavy-light case

Integration by regions method
avoids subtraction, separates
hard and soft part in integral,
greatly simplifies heavy-light

treatment

See e.g. Beneke & Smirnov, hep-ph/9711391;
Jantzen, 1111.2589;

Henning, Lu, Murayama, 1412.1837;
Drozd, J. Ellis, Quevillon, TY, 1512.03003;
S.A.R. Ellis, Quevillon, TY, Z. Zhang; 1705.xxxxx
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Universality of the One-Loop Effective Action

* No need to reinvent the wheel; every slide up to now can be ignored

* Universality of CDE expansion results first noticed in the simplified
case of degenerate mass for heavy fields (wenning, Lu, Murayama, 1412.1837)

* The general Universal One-Loop Effective Action (UOLEA)
subsequently derived without such assumption (p,e.4 . eiis, Quevition, v, 1512.03003)

* Extra structures (heavy-light terms, “open” covariant derivatives, momentum-shifted-gamma matrices) in
CDE expansion not included in initial UOLEA (S.A.R. Ellis, Quevillon, TY, Z. Zhang, 1604.02445)

* Universal heavy-light terms now done (s.a.r. eiis, uevilion, v, z. zhang, 1705.xxxx)
* A complete UOLEA, including all possible CDE structures, is in sight...



Universality of the One-Loop Effective Action

* Neglect these extra structures for now; derivation of universal results
e.g. in Gaillard-Cheyette CDE starts from

d* . ‘ ‘
Eﬁﬁioop ?C‘,/ d trln[e /%% (—(P, — ¢,)* + M?* 4 U)e~Fu0/%]

(2m)*
. d'q = , 2 2 i
— iCq / (2W)4tr 111[—3/0% +qu)+ M
- > on41 o > 1 on
= ! —_ ﬂ:1 PR R -Pt:v-”a Ull| 7/
Gupﬂ — ; (?7,. + 2)| {P(}] i [“'{Pﬂn‘.‘ Gy,u]H aqal .“qan g[) n, [ [ ]]] aqal...qg

* (much easier using Covariant Diagrams, see Z. Zhang talk)

1
<> ’ m ..... = —3 gz[qﬁ]? . 26 tr(P'uPVPpP,uPVPp)

Tevong You (University of Cambridge) 16



Universality of the One-Loop Effective Action

* Whatever the method used to obtain it, the resulting UOLEA can be

written as

T

eff

1-loop

[9] D

{fl i+ 0 + P68 4 [P0

/

+ [ (PuGii)® + 168G ii)(Grg i) (Goppi) + F7 [P, Ul + f§* (UsUjnUki)
+ fS (UiiGy it G i)
+ fio" (UisUikUaUs) + f11 Ui [P, Ui [P, Und]
+ fis.0 [P, [Po, Ul [P, [P, Ujd]) + £33 [Pas [P, Uil [Py [P, Ujs]
lZ([} [Py, Ujl| [Py, [P, Usi|
+ 5 UGUiG o siGruvsi + 13 [Pus Ui [P Ut G
+ (FBUSIP, Usal — SEIP UislUss) [P, Gl
+ fEE™ (U5 UnUaUinUnmi) + f35 U Uk Pa, Und) [Poy Us] + 32U [P, Ui Ust[ Py Usi)

ijklmn
= fl() (l'u jl\( kl[ Iml nm( m)} .

Drozd, J. Ellis, Quevillon, TY, 1512.03003
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Universality of the One-Loop Effective Action

 Whatever the method used to obtain it, the resulting UOLEA can be

written as
(f3 universal term calculated by ‘t Hooft 73)

E‘i‘[l;()o[)[(")] {fl i fZ i T f ('Z?u i + fIJ(' 5

/

+ [ (PG i) + F8(Gis) (G i) (Gop) + F2 [P, Uil + £ (UiiUnUii)
+ £ (UGl i Gl
'*'f;(J)“(( U(Jk( Us) + fljk( U[PH (rjk][[)u (Iu]
+ fiha [Pus [P, Ul [Pus [P, Uil + £33 [Pus [P, Uisl] [Po, [Pay U]
+ fihe [Pus [Py U] [Po, [P, U]

Universal + [ UGUKG 1 1iGoti + 5 [Py Uis] [P, U] G,
coefficients f + (
encapsulate
dependence on
combinations of | 7" (Uil k'(’"*"l“”"'(*’"'”'(”"')}'
momentum
master integrals

vuki

ik ilPu, Uik — {,{,2[1’,‘-(»’,-,](' )[p,, (,,,M,]

15a

+ 15" (UssUitUaUinUnms) + £ UsUse [Py, Unt) [Pa, U] + Fi3" Ui Pu, Uit Unt| P, Ul

Drozd, J. Ellis, Quevillon, TY, 1512.03003

Tevong You (University of Cambridge)
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Universality of the One-Loop Effective Action

* Universal coefficients in terms of standard master integrals:

dfiq ghr - gHeme

Universal coefficient Operator

-7, Ui

fi=21[q"; GG

jl] — IIH U’ijUfi

f3 =16Z[¢")} [P, G [P GY"]
fi= BT GG G

2 P i3

17 = Tl

[P, Uij][P#. UJ‘,;]

=1 sy Ui Uik Ugi

fo=8I[q")} UGGy,

e =T Ui Ui UiUti
#=um&+a%m Ui [P, Uj] [Py, Ui
fi5 = 4Tq"1% [P*, [P, U] [P, [P, Usil]

fih = A2l
+2Z[¢" 7 +2Z[q"}})

Ui U;:GHY G

J7Px)

M = —87I[¢* } [PEUGI[PY Uil Gy
=AZ[¢"IF + Zl¢"]) (U [P, Usi] — [PH, Uyl Uji) [P”. G
{ém = 5 Zijkim Usj Uk Ukt Utm Ui

s
17 = 22l

+I[(j ]}ﬁ}? + I[qzliljlfgiz )

U U [P*, U] [Py, Uti]

ijkl P
R = P + e

TR + TR

Ui; [PH, Ujk}UH [P‘“ Uy

ijklmn _ 1 111111
19 — 6 Tijklmn

Dvij Ujk UktUpm UninUni

= gHL-ﬂan I[q2nc]ﬂmg---nL

(2m)d (¢ — MZ)"i(g? — E'usz)nj (@) T ij.0

Drozd, J. Ellis, Quevillon, TY, 1512.03003;

Simplified form by covariant diagram computation
shown here from Z. Zhang, 1610.00710.
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Universality of the One-Loop Effective Action

* Universal coefficients in terms of standard master integrals:

Universal coefficient Operator

fi=1 Usi

fi = 2 T[] GG, Degenerate limit (Henning, Lu, Murayama, 1412.1837)
i} _ 1 Iﬂ U U . . i

i = 167[g") [P, Gl P G o= ~ampeome I i e = magg
f[; - %I[GG]? ¢ V'iG,VP’iGIp“"i fe = *% fi2,0 =0, fise = % ,
f;j _ I[q2]22 [P, Ui | [P, Ui (-lrr)z..‘)(]u.lz o : (-lﬁ)%F)m"
;]k 3 Igjlk:l Ui Uik Uki fr = *m Jizp =0, Jis = *m 1
fy=8T[q")} UGl G s , i , , , i

i = 1A Ui U UnaUsi Ja = ~ (4m)26m?’ Jiae = i S = ~ (4m)220ms
= 2T ¢ TR | UglPr Ul (P Ui o=t o= e 8= — s
flz —47[q }dji [Pﬂ. [P, U-ij” [P", [PI,,UJ-.E-H (47) ilZm T (lﬁ)r 30ms
‘ :i(zzz[il;i cozppy |0 GG, fo = Gapaame 1= w0 = (o
M = SI[(I } [PH, UU“P DJZ]GWH

=4 Z[q"F + Z[q")}7) (U P, Usi] — [P, Uy U) [PV, G
fé“m = %Iiljlkll# Uiy U Ut Ui Ui
7 = 2(Zlh? 1
+T[g? ]};2}33 + TR ViUl Ukl Py, Ui Drozd, J. Ellis, Quevillon, TY, 1512.03003;
" = Tl + Tl Uy [P*, Uk Uk [Py, U]
TR T |0 Simplified form by covariant diagram computation
e = gl Uss Ui Ut Ut U Ui shown here from Z. Zhang, 1610.00710.

Tevong You (University of Cambridge) 20



Universality of the One-Loop Effective Action

* Heavy-light extension also done:

O(U# P?) terms

o

P?) terms

(S.A.R. Ellis, Quevillon, TY, Z. Zhang, 1705.xxxxx)

FiIf —g (1[02]?]1*1;;2 + I3 + Tl 2]:713[2) Ust oy Unt s [P, Unt il [Pas Us] ik (Ilr.r 112 + T)g? Jm) | UntiglP*, Unt i 1By Unt il P-only terms
5 . . O(UL UL UL P) terms i 474 Y
T = TR TR TR+ TR sty [P, Ust ) Usria[ P U] = Lol el T f3 = 2I[q"]; GG,
1A = Ui [P, Un L) 1B, Ui -
3 . i 616 1PV
O(U”Uf”l’ UP ) terms Me= ULiiri|[P* Usti) [P Unti e + Usiiae [P Usios) (B Utz i) f5 - 161[{1 ]z [P G,u..vz] [Pﬂt G i ]

U iU n o [P*, UL irini| [P Ubr g 7L U1 P2 terms i 5 1 Y e

IJT’*A —9 (I[quf}fg +I[9’2]ilj?fé +I[‘12]?jlr3&) wijUnpjol i Lkl [Pu ka ] . oW, T ,‘,,.’j’ ) terms ‘ _ (32/3)1’[(},6]? e .'WG PjG fui‘
+ULa Ui [P Ub il [P Uk Lgir] e = ATl Upirst [P* U jril [P Unr i

fily =2 (I[qi]gk?g + Il +I[q2]2m) UnijUn i [P* Un L) [P, ULmive) fip =2 (Zlel + Z)R) | Unpie [P, Unegl 1P Uk il + Unsies P Uninige) P, Un o

" ‘ .
e =2 (1[72”,3153 + Tl +Zle° ]b%l) Ustpior ULt s [P, Ut i) [Py Unr ) O(UZ PY) terms
. N . " UnilPP UntoUsoe Ba Unie I = T (P B U P (P Uy )
=2 (TP + 2 + ZPS + 2R il Wi lF Uil AT T T T —
B Ui GG,

FUk [P Ubt i) Ubt ear [P U

OWwpP

%) terms

17 =T | 1P UnyliB,

Ut i)

s = —8T(¢'|

OU{ULUL U}, P?) terms

[P Unt 5| [P Un il G,

Jif = 4 (21 + Zla'1})

f17U =2 (21'[(12]12{ +I[q2 222)

30

UnzigUrp [P* Ur jogl [P Un i)
ULy Upsrjoi[P*, Upr i3] [P,

UYL UL P?) terms

(Unii[P* Un i) — [P*, Unti5)Un 33) PGl

O(UL UL, PY) terms

124 = 8T1a'1

[P [P Un i 1P [P Ui

Sihe =2 (213 + 218 + 2?13

v Unnjirl
UntijUpr i [P, UL o) [Py Ur i jri)

AU iUt [P, UL [Pus Ur o]

flaa = 2(Zle") + 2Z[g")i8 + 3Z[a"]}§ + 4Z0o")i3)
fiam =2 (4Z[g"i§ + 3T[g"|3 + 2Z[¢" 3 + Tla'li3

UL UGG,

g

Uil GE G,

Fioa =4 (-Zle' I - 2Z(a' [ + Z1"13)

2+ Tl + T

Usipiw [P, Uriry \Unn [P Ut i

flap = 4 (Tla'Tid — 271¢*"T8 - Zla']i5)

[P Unvicl [P Ustyr (

[P*, Upinl [P,

LIXT S

il = 2 TR + TS
fike ~ 4P + TP ER)

Uni[P* UnrjiolUr iy [Py Ur i jri]

fisa =2 (Zle'I3 + 2200138 + Tla*)35)

OWEUh UL P?)

terms

(Uripiie [P Uprioi]
F(WUrne P Unrpa]

1P, Upii|Upaiei) [P 'fﬂ]
[P* UbrriilUsrae) [P, G

")

Fih = 2T1*% | [P*, Unpi) [P ULni]
O(U}, P*) terms
ST | Uny @G,

UnipioUpinje [P* UL joie [Py UL s o)

Ol term

O(U%) terms

i — 2115 2)124 - i T T T
fiep =2 (2ZI¢*1 + Z(a*1H . n=1 | Unii =i UnisUn uUnsi
U Ui lP*, Vg P Ui G oo
fiva = 2 (2Z1e*)i5 +Zle"1i) UririiUnLij [P* UL [P, Uppeir] J =4z | UniUn s Lin =T UnraUrigUni e
B N -t I U . o JlIL o 5
Jien = OZ1g%]% UpiyUpjoe [P Ui i) [Py, Unr Liir] =1y | - UppaUii . c'u 1((‘”..IH B
74) terms = gZijktmn Ut Ubt Uttt Ut Ut v U i
. H rar U ot 1. T T T N igklm r T I T T T
fisp =4 (T[4 + T1*)%) Uniriw [P Ui Ui [Py Unage] o= I UnigUn U aUnii A gy UntigUn U itUnimUA L Ui
+Up i [P, UHLu/]ULJfk/ [P,‘, Upyri) ;f»_ﬁ =113 UsiiUni iU oni Ubirive ;-’?51 =IN UniUn pUnaUn g Uiy U
O(UE U2, P?) terms fios =T UntiiUnisoUniy ULn i fihe =T UniUn kUi UnminUsi g Ui i
- . HLZLH Tioe = 3T4¢ Ui ULniiUnpipUin iy =TIl UniiiUn iU i Uiy Un i U
[, =2 (Tl + Tle?)28 + T1e?)1%) U U (PP, Upp, o] [P U, | o . ——— - - -
Jirr = 7 lijo + ij0 ij0 HLi'YLHj PV HLG s Y LH G Siop =T ViUt ULy ULhp: UnijUntjeViielUniaUnpiy
S, =2 (T3 + 2Z(¢?)1) UriiriUspip [P Ung o) [P, Ut i) O(U) terms UntigUn e UnnonUnn iy Us e Usities
Uprio [P* Uiz 50 1B Ui i) FEE = gy Ui i5Usi iUt s Ut i it mi e =I5B Ukt gUntLiir Uiy Ui iU e Ui
(i 21114 2123 4 (421222 [ L iy s i ; e - i P T T
fse =Tlg ijo + 2I[q ijo + Ilq ]1;0 ! R » / N = YUVl Urne g UbtijUn Uiy Uy Usiov ULaes
Uil P, UHL!'J"JDLHJ"J [P}“ UHLJ'E"] Sl =TI UstijUb e Ui Uiy Urs joi UnrioULhi iUy ULn iU Ui
1% = N UtiiUnpjieULninUnLe; ULy ji fiog = Tij Uipoo ULt sUn L U e UL Un s
Fio =20 | UnuUntieUeyULywUsaws Fiy = —z.').# UniraoUiy Uttty UsiipeU
hiz =18 UntivUniiUnejirUine ULnen Hor =T UnriirULig U yu Uk Ui Ustimei
{or = I} Untio Ui UL Unir Ui
168 = Lin i Ui U oo Unir Ui

Tevong You (University of Cambridge)
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Application of the UOLEA: MSSM Stops

* Write UV Lagrangian for heavy multiplet in appropriate form to
extract U matrix, mass matrix, and covariant derivative:

[ Luv = Lo + (;Iﬂth}qejn) + o1 (P? — M?* —U(z))® + (9(@3)]

(R-parity)

)

= m% 0 . W e +Y-B' 1 0
I — ( ‘t# ) N 2 _ Q G-’ — ‘LJL‘ Q qu
¢ =(Q. 1) M ( 0 m? " ( 0 —Y; B:w
R
o [ 0+ 3B HA + 303 HH' — 5(gi Y05 + 503) | H X, H
’ he X HT (hi — 3915, con)|H|?

Tevong You (University of Cambridge)
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Application of the UOLEA: MSSM Stops

* Write UV Lagrangian for heavy multiplet in appropriate form to
extract U matrix, mass matrix, and covariant derivative:

[J":L'V = Lsm + m@ + ‘l’Tr — — Ul(zx) + O(‘I’B)]
(R-parity)
2 rra !

— (O 7 v [ Mo 0 v _ (Wt Y81 0

(I} - ((x)etﬁ')! M= = ( 0 In?.;r_g G.-'J.v 0 Y B:H;
R
. (hi + 395c3) HH' + 3953 HHT — (g7 5e05 + 595) | H|? h X, H
’ he X H' (hi — %Q%Y?,;,CQ,BHH‘Z

Tevong You (University of Cambridge) 23



Application of the UOLEA: MSSM Stops

* Pick the relevant operators by counting operator dimensions

Universal coefficient Operator
fi=1} Ui
f§ =2T0q"]} GGl
f:i‘j = %Izjl Ui;Uji
f3 =16 Z[¢%)f [P, Gl P, G
fo =B 1[°)} G" V,iG,yp,'tclpp.i
ff = I[Q 17 [P, Ugi][Fy, Uji]
=gy UiUseUki
f§ =8Tlg"} UGG,
= II}JL;jl Ui U U Uy
1= 2T + ZUPBR) | UslP* Uil [Py, Ui

i, = 170"

[P'”. [Pﬂ, Uij]] [Py, [Pu- Uji]}

= (Tl

Uy UGG,
+2Z[q" } +27[q" ] )
]/1 - 81[(1 } [P UL,]”P) UJ%]GU;Lr
1 =4(Z[¢’ 2+ Zle'F) (Us[P, Ui — [P, Uyl Usa) [PY, Gy
f{{akm* Iljl,zclg# Uii Ui Ut Uy Uni
ikl _ (I[ ];112
17 ik
2 1J212 amaey | VUit P Unl [Py, Uii)
T L + Tl i )
ikl _ 212121 4 7,2)2112
fiz la L}kazl la L;kfglz Ui [P, Ui Upa [P, Usi)
+I[q ]UM + I[q ]1jki
;,,‘éklm‘n = % i;lkll;#l U'ijl]ijkiUlmUm.n Uni

8

h’f. ZG)C3.+ 2(})5g

U1YQ(23 + 2Jz)

h,LX

Ny (hi - 2J1Ytu
XY X} X} XP
C6 I8 Jio fie fio
cr J i iz fis -
“1 fa i Sz fis -
Cr f7 Jn S | -
tea fo Jis B B
cww fo fiazs Jfua - -
cBB fo Sias Jua - -
cwi fo fiazs Sfua - -
Cw - fisas fise - -
cp . fisay Fise - -
f‘n- | - .f:12.~ - -
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Application of the UOLEA: MSSM Stops

Oca =

g2 |H|?

Gae Gamnv

* Example: v
Universal coefficient Operator
fi= Ui : 2 2 (TR 2.2 ;
S . o ( 0+ SN + da3si ) (afvaens + daD{EHE) )
f3=2I[q L‘- G G,mn - h ' (h2 Y
i _ 1711 ‘ . 291 R
Iy =31 UijUsi
f5 =16Z[¢°)} [P, G il [P, GE]
fé = 5_52 I[qﬁ]? ¢ y,szmp,z‘Glﬂu‘.a
ff = Zl¢*1 [PH, Ui [Py, Ui - - - —
f’]k 1 Z;;,I,!; UijUijki _\' ‘\l ‘\I' ,\"
fi=8Zg"]? UnGH G, ] Co I8 Jio fie fio
2] . . . .
b =1 I},lklil Ui Ui U Ui CH fa fn fiz, fis -
oE
i = 2AZPLE + Te’Ge) | UalPY, Uil [Py, Uil cr 7 fn fir, fis -
fll% =4Z[¢"]% [PE, [Py, U] [P, [Py, Uil R - » f17 o i
(I[q4 33 o .
U U G G,u.r/z Cac f!i .J'li’. - -
+21[q} +2Z[q")}}) : S
CWw . . - -
14 - 81'[(14 33 [Pe, U )[P, UJz]GU,“ ww fo Siz, Jia
15 =HZl¢"T + ")) (U3 [P, U] — (PP, U )U) P, Gy ) BB fo iz, Jua - -
li%klm o I'gljlkll# UijUijklUlmUmi cCwni f!i fl:{- fl»1 - -
ikl _ T 2112 - B B . ~ B
. 2]11J2101I2 or1aay | UidUikl P Untl [P Uil o J1sa, frse
+IP)RE + Tl ) cB - fizas fise - -
fz}M -7 2121 4 T 2112 .
[@*)i i a2 Uy [P*, Ui Ut [P, U] cp - f12e - -
1221 211212
+Z[e* 5 + Zla® ]
o = Azl Ui Uik UtUtmUranUni
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Application of the UOLEA: MSSM Stops

* Example:

Oca =

g2 |H|?

Gae Gamnv

v

e
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Universal coefficient Operator
fi= Uy Z
: a4 i U— (hf + 393¢5 . + égif’@ zfglycg(?’i + sz) hy X
f3=2TZ[g"); GG, = he (h2 — Lg2v;
v - R
i = %12; UiiUji
fi =16Z[¢")} [P, Gl [Pp G
fé = 5_52 I[qﬁ]? ¢ y,szmp,z‘Glﬂu‘.a
7 = T’} (P*, Uiy, Uji] . _
SOk = Lo Ui Ui Ui X7 Xi X Xy
if % L
fi=8Zg"]? UnGH G, ] Co I8 Jio fie fio
b = s T Ui Uit Ui Ui cu fz fn fir, fus -
Hk = (I[qz zl;?if [‘12 ?jl:?) UEJ[P“= Ujk] [Puv Uil cr Iz S fire fis -
fll% =4Z[¢"]% [PE, [Py, U] [P, [Py, Uil R [ » f17 o i
_ Tlat dd . . :
( [q U U G’#VG::J.UT, Cac f!i .J"li’. - -
+2Z[g* } +2Z[q")}}) ; : S
14 - 81'[(14 33 [Pe, U )[P, UJz]GU,“ ww fo Jiz, Jia - -
i 4 Tla'133 4 Tlat132) (1Pt L) — [PE_ILALAIPY G CBB o fra: fra - -
f{,%klm | \ -
Gkl _ 2 2 1 ¢ r° -
17 . 2
) ‘— ‘/
1 (K bgl(,gd hi + 391¢28 X _
Fd CGG = 2 2 — 5 9 ]
24 o = M -
fiakim Q t R Q tR
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Application of the UOLEA: MSSM Stops

For full results see Drozd, J. Ellis, Quevillon, TY,

‘ 2
Oca = gf \H|” G* G¥M 1512.03003.

[z

* Example:

(note: error in previous results by R. Huo, 1509.05942)

Universal coefficient Operator _ _
f;i = Iil Usi p : [T 77 y : ]
=2t e v ( wmgscz)wgés;—%w%YQw%g%) (i
?7— i i pi h-f_ H (h? — Eg‘%}ff Cgﬁ) .[T”2
£ =31 UijUji u ’
15 =167[¢"} [P¥, Gl [P, G
fe =21 Gmu,iGmp,z‘Glﬂp.i

Y = Il [P, Us][By, Uji] , .

;jk =3 Ui Ui Ugi XY X? X XP

ijk k¥ d

J5 = 8Z[¢*)? UnGH G, ] i I8 _ Jio _ fie _ ._fm

%M = éIaljlklil Ui Ui U Uni CH f7 fn iz fis -

igk

l.]l_ - Z(I[qz]%fk? + I[g° ?jl:?) Ui [P¥, Ujk| [Py, Uil cr Jq Jn Sz fis
fi = AZla'[} [P [, U] [P, [P, U] e | g fi frr

4= 4 TP : - :
=4 o 4151 UiUpGH G, e Jo J3

+2Z(¢"}} +2Z(q")}}) [ . . )

i) = 8T [P, Ul [P, Ui Gy ww fo Jis, Jua : :

1 =4 T1aY12 4 T1at142) (17 1Pr 1) — [PH LA PY G . BB fa f13s Ja - -
f{%}thn / \ -

ijkl _ 2 1 2 2 1 2 el -

17 —— > » — » / 2

1 [ hi 591023 hi + 391C28 X; |

— ? — PR

w4 CGG = Y 5 + 5 55 —
m’'~ m= T =Tn=

ikl Q tr Q tr —
g \ /
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Application of the UOLEA: Real Singlet Scalar

1 r I . - 1 5 . 1 . 1
AL =3 (0,9)" = Sm*®® — A|HP @ - Jk|H[ 9 — 500 — ZAp0*

* U matrix includes heavy-light contributions due to linear coupling

Uy (LAL,) 4x 2
(ULHJM ( u“ )zxz

* Classify possible contributions by counting operator dimensions

W =

Uy = 8Ll L M e, P > G, H, HE o HE EE)

T3
= §¢L _ IR 2 v
Wi T AH 1k HE, D O(H, W 15, urd)
4
See S.A.R. Ellis, Quevillon, TY, Z.
IL o~ ~ 2 < <, v 7 4 7
Uiy sg:]'v = AH + WHg = O(H’ W, ot ) Zhang, 1705.xxxxx




Application of the UOLEA: Real Singlet Scalar

O

|H|°

On

L
2

(9 [H[* )2 Or

Wbt O = |HPD,HP

* Classify possible contributions by counting operator dimensions

OQ(U) term

OU3) terms

O(U} U}y P?) terms

v =T \/l Ui fok = ;I UniiUsi jnUti ki
O(U?) terms v fh= I,]jlul \/ UnijUnrjiULnis
/ f;J = %I;ll,l v’ UH:jUHﬁ v féy = I.ln2 v (-’YHLi;f["'YL./,"ULH,";

v =T v

UnriiULbis

O(U®) terms

QU terms

ijklmn _ 1111111
Fid = gLijktmn

UtiiUb it U iUt in Ut ina Uk i

v/fHB =

0 = T Uni iU UnaUn i = Thit UniiU s Ut Ut tm U Lio UL v

f:{.At =T UhijUb jrUb it ULk ivi f;f,’\nl = UnijUnb U idUn niir Ui o Ui e
105 =T /] UntiiUnpjiULii ULh i e = T2 U i;Un i Un Lk UL inUn i U e s

Fibe = I3 V| UnriwULhijUnpjjULn J;f,’}) =TI UbijUb iU L ULy UL jric UL e

flop = Iil(? v

Ubpio Uiy UL e Up e

gkl _ 1711112
fiog = EI,','J.-m

UnijUnLji ULt okUnaUn Ly ULk i

O(U®) terms

ijk 71113
wor =1,

UnijUnrjpUninUniay UL ULnges;

11k = 2 TV + g + Tl 13) O s A

30 130
23 7 h /
2 ) UppiiU ],L,}‘[P“. LLujrj][P_u-LHLjﬂ]

7, = 22l + 200
U pio[P* UL ilUsp [P Urs i)

17.J ) 7
FUpnvi P* Uk LigplULn o5 [P Un L]

NN

e = TIP3 + 22?1135 + T3

OU} U} UL P?) terms

Vi

Uny[P*, Unpjir) [Pu ULa i
UrLnin P, Un [P, Uil + Ub Lig [P, Ui [Pus U il

ij0 ij0

2 1[112]122+I[(;2]212
2(Zl®l5 + Zla?)ij5

O(U}U}; ULy P?) terms

Uiyt [P", ULt i) [Py Un Liis)
Ui [P ULy ) [P Urm i) + Unwrani[P*, Ui nije) [P, Up jois]

Vi = ATl

L i 2114 2123
ket 1711111 T T T 7 7 ijk 1113 . 3 - - - - f =2 Iq | +Iq 2
ikim _ 1711 Unri;Un Ut Ut omUs ms ok =T UniUntye Ui Ukt yiUnttawe Unties V il = 2 (Zle®]id +Z[¢°1%)
it J J J 4 4 7 7 T H s
164 = Lo UniiUn ik UniaUn Lo ULk e o =TI UnijUnpjirULiog UL joeULrr Ui
ik _ 1112 7 7 ] ] J igk _ 171113 ] I 7 7 7 2 P!
168 = Lijio UniiUs s Ui Ui ULh i wr = 3Z55G UnrioUnniiUnnip Ui iU o Unigs o( ’FI_)IP-)) terms
pigk 1112 7 T T T T i _ il 7 r - - ’ —
Foe =Tk | UniiUnrsiUnhionlUnpig Uen i Jias =T UniiiUruiiUnip Urje Unkee UL ar VI = I[q?)22 ‘ [P*, Uprij| [P, Un il
=T UnrisUsp i Uni s Up e Unirio: U 17l Unr ol olUr o U o Un ol 7 ij s VH i Y H i
16D — "ij0 ‘Hij Y HLji' Y Li'j* Y L'k’ LH ki 19K = 3+ij0 JHLiiVLi VLH o VHL ke Ve UL

fioe = T58 V|

UnLiovULhiiUn i UL Unbi

i — 715
fl!-)l, 7 Iil)

UbLir Uiy ULy UL Uit UL Homei

O(Ullu_(f'r,-i” P?) terms

— Tl4
f;ﬁi»‘ - IEO

UnLioULip ULy UL ULie
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Application of the UOLEA: Real Singlet Scalar

O

|H|°

On

Lo.1H?)® or

L(HID, H)”

Or

[H* D HI?

* Evaluate sum over each term to get full result for e.g. O6:

-

. 4A? x u 2A% u 16 A* x £10C ;i X . 4A° u . A" x" Teh{l, 1
)6 oK X £f10A[1, 3, 1 437" x £16Cf1,; 2, 1 8A £19I(1, 1, 1
M Mt M M M
{ . 3Ax*u 3A%Zxu® A '\ . TA'*'x 12A%x 2, 2A%x 2a%y X 6 A% u 2y -
|<* £8(1, 1, 1] + £16E(1, 1 122% 3, | + £8B(1 ‘ £108'1, 6A% x Xy
‘ M Mt ME M Mt M M Mt M |
2a% aza%a, . ) Aixf£2(1) A 4Ax® 6A*xu A% 2Ax? 2AZxu® A A? u 2, =
£10D(1) | — 18 A% 2§ £8A(1, 1 ; +£4(1, 1 H
M M M M Mt M ot M M (
Tios = Lijo Ui ;UL ;UL ULH % Jroc = Lijki0 UnG UKV L Ve ULy UL 7 f i — 2 ki'[q“[;j}; +.L[(}"'];ﬁf) [ UrH PP U |[Fp UR Lo | T UL [P ULy [ B Ul
| . ; T ik : . - ; ; . T
Fibe = I3 V| UnriwULhijUnpjjULn hyp =TI UbijUb iU L ULy UL jric UL e OUIUL, UL, P?) terms
op = I13 UiV ULyl oA = 1z UntiUns o UsitosUuUnny D, LonL L
flop =Tis S Javiv UL UL ULk 19E = 3Lijkio ThiUn Ly Uk indUnnUb iy UL s i / T RRTTICTOY) - S S
s — ik _ 71113 Ui U U U U fIl(.' - -II[([ [i() L‘[-l'j'[l U f'Hj’i][I IJ‘L'H"-H']
(U®) terms 108 = Lijko IniiUnijioUiincUniip Uy ULn; /i 2 (TIPIl + TIP u U P 7 14U e I ]
Jel - - - B - iik : N . - - - - = G°lig + = T ' Up e Uil + Unirie U it LU i
6=t UttiiUn iUt itU st 1im U b i we =L UniiUnp Uiy Ut iUt Ui s fip ko (k) i Ly [Pu Ui LHis HLi e Lt
ijkl r r 4 4 1 4 4 7 7 T 4 i
164 = Lo, UbiiUn i UniiUn Lo ULw o o =TI UnijUn iU UL joe ULgr UL
1k p T T T ¥ T ko __ 3 T T T T e .
1on = I UniiUs s Ui Ui ULh i wr = 3G UbvioUti iU Ui i Unoiie Uniis O(UF, P?) terms
ik : P . T B i B - s r ; T —
fite =T | UnigUnrjoUnninUn iy ULn i fiby =T UniivUhiUn Ly ULjne Ui UL VI = 1[¢%)2 ‘ [P*, Upri;] [Py Unt i)
‘ - ; — , T ——— 7= i Unijl [P Unji
o =TI UntiiUnr i Uni o Up iU o = 3 T4 Unvio Uiy Ui iU s Uk Ui ! J 1 1 =
i F , r r T - " 5 - - - - - T T 2 T
e =I5 /| UniniULmisUn i Un o UL flor =T Ui Lior ULt UL e UL r ULt UL Homes O(Uy Up y P7) terms
Her =T UsiviiULip ULy UngrULnyi \/f;"l =27[*|% ‘ (P*, U i) [P, ULmin]
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Application of the UOLEA: Real Singlet Scalar

* Can (partially) automate evaluation of each term, e.g.
floa

sumfl0A = NCExpand [Sum [f10A[1, 1, 1] *Udlxl #+ Uplx]l ++ UpHIx2[[1]][[ip]] #+ UHé2x1[[ip]]([([2]], (ip, 1, 2}] /.
subg¢cforoe])

sumfl0Adimcount = sumfl0A /. subDimCounting

sumfl10Adimbéonly = sumfl0Adimcount /. antoremovenondiméstepl /. antoremovenondimé6step?2 /.
antoremovenondiméstep3
o 2AYx u £10A 1, 1, 1| HdagH »~ HdagH »~ Hdag =+ H
A" x" fl10A|l1l, 1, 1) HdagH »~ HdagH »~ Hdag »+ H
M

a*u® £10A(1, 1, 1) HdagH =~ HdagH =~ Hdag =+ H = _ _
A® x” fl10A 1, 1, 1) HdagH =~ HdagH =~ Htdag =+« HT
M

2Aa*xu f1O0A(1, 1, 1) HdagH »» HdagH »= Htdag == Ht A% w* F10R 1, 1, 1) HdagH == HdagH == Htdag =+« Ht

M2 Mt

sumfl0Adimé6op = sumfl0Adiméonly /. subO6op

Collect[sumfl0Adim6op, {f10A[1, 1, 1], 06}]

andxu 2a'ust

06 |2 A% °

f10A(1, 1, 1
M- Mt

* Substitute operator structure relations for desired basis, worked out
by hand

* This example trivial but in general most of the work involved is in this step
» Possible automation: dictionary of operator relations, or work out algorithm
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Conclusion

* When calculating Feynman diagrams we don’t Wick contract and calculate
symmetry factors by hand every time

 Similar redundancy in evaluating CDE from the beginning every time we use
functional methods for one-loop matching

Luv|eBsM, ©sm]

& Setup correlation functions

N Wick contractions
Evaluate CDE expansion L Perturbation series evaluation
\\ Feynman diagrams

Setup path integral

Covariant diagrams

(orer .- pL)
P UV-EFT matching
’
Y 4
,’ (same process in EFT)
‘/

Lerr[psm] = Lsm + Y ¢ O (1~ my,,)

 Standardise functional one-loop matching procedure...
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Conclusion

* When calculating Feynman diagrams we don’t Wick contract and calculate
symmetry factors by hand every time

 Similar redundancy in evaluating CDE from the beginning every time we use
functional methods for one-loop matching

Luv|eBsm, Psm|
& Setup correlation functions

Setup path integral N
~ Wick contractions
Evaluate CDE expansion L Perturbation series evaluation
) ) 5 Feynman diagrams

Covariant diagrams R\

(orer ... oL) UV-EFT matching

UOLEA ,
7
V4
,’ (same process in EFT)
‘/

Lerr[psm] = Lsm + Y ¢ O (1~ my,,)

 Start directly from UOLEA!
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