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Introduction

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

energy Luv|eBsm, Psm]
Mppsm @ match (UVa A4 EFT dictionaly

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

@ run (resumlarge logs)

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

s

Mesm _
I observables (cross sections, etc.)

Slide from Z. Zhang
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Introduction

AStandard approach is to use Feynman diagrams

energy Luv[eBsm, ©sm] ~~~Feynman diagrams
y
> (pror o1
Mepsm @ *’f’

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

@ run (resumlarge logs)

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

s

observables (cross sections, etc.)
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Introduction

AFunctional method morelegantanddirect way of matching
ABut many ways of doing this:

energy Luv|eBsM; Psm]
0
Mppan @ ; Functional path integral evaluation

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

@ run (resumlarge logs)

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

s

observables (cross sections, etc.)
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Introduction

AFunctional method morelegantanddirect way of matching
AButmanyways of doing this:

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

energy ISl 0g expansions, headight subtraction
'] procedures, integration by regions,
Mepsm @ 1 covariant diagramsetc.

\

Lerr|psm] = Lsm + Z ¢ O; (1L~ my,)

@ run (resumlarge logs)

Lerr|psm] = Lsm + Z ¢i O; (0~ Fexp)

s

Megm ]
- observables (cross sections, etc.)
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Outline

AOverview of recent developments in functional approach to matching
A COriginal GaillardCheyette CDE method (though now redundant)
AlIncluding heawight loops

AUniversal Ond.oop Effective Action (UOLEA)

AExamples of applying the UOLEA
AMSSM Stops
AReal Singlet Scalar

AConclusion



Functional methods: Gaillattheyette CDE

AGaillardCheyettes vy « method of doing CDE reviewed/revivedHiM

(Henning, Lu, Murayama, 1412.1837)

AEvaluate the path integral of the action in the usual way:
AExpand action around minimum
AWrite Gaussian integral as determinant ¢t Serrlé] — / (D] 517
AWrite determinant as trace of log in exponent /[ n]ei(S[Gb,@CH%

AThis is common to all functional methods S0 ld . ( 528
~ e e

AGaillardCheyette also dmomentum shift  ~¢'
before expandindogarithm (see later slide)

AAlso, different methods used for expanding log
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Functional methods: Gaillattheyette CDE

AFor a UM_agrangiamf the form P, =iD, Model
Loy = IF(2) + he) + @1 (P2 - M2 —([U(z))® + O(@%), dependent
. light fields
St _ / (D)eislo ] encapsulated
St oop = GcsTr In ( + M? ) in Fand U

. 2 . P
_ / Drle’ (swaa+i 53, _, m+ou)

y 2 -2 B 1,
~ €Zb[¢’<bc] det _ﬁ — E( -8 {l
o2 .

. 1 52s
- ezs[¢,q>c]—5Tr In <— T{)‘@:%) ’

t1 In ( —q.)° + M? —I—.
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Functional methods: Gaillattheyette CDE
AFor a UM_agrangiamf the form P, =iD,

Luv = Lsm +F( )+ hue )(Pz — M -Ue )+ O(&7), ?:r?\&fggzn

a9 = [1Dajerse ] or fermion
_ /[Dmei(smmgiq,%)¢_¢cnz+o<n3>) {loop L.Tl 111 —P® 4+ M* + U)

2 -3 B
P E - ] / d'a /
=0,

P2

; 1 525
~ 615[¢,‘I’a]—5Tr In <— W‘¢:¢C> ’

—tr In ( —q.)° + M*+U)
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Functional methods: Gaillattheyette CDE
AFor a UM_agrangiamf the form P, =iD,

Loy = Ly +[@)F(z) + he) 4 @) P2 — M2 — U(2)[0} 0(@%), ?aer?\&fggzn

st = [1pajeston ) or fermion
S} 9 o
:/[DU] ( o+ S5 PO ) ;loop 'Pl 111 — P 4+ M~* + U)

(BT e

tr In (—(P, — q,)° + M? 4+ U)

P2

iS ,<I><—1Tr1< 82s )
,-":;,’6 [d’ (’] 2 Fry =D ,

—

i : : +P,,0/0q
AGaillardCheyette also do by inserting €~ */ 7
4
E?ﬁiet)p = ic; / L tl‘lﬂ[e‘p“mq“(—(ﬂ — Q,u)Q + M? 4+ U)e_Puf?/f‘)q;»]

(2m)*

P d'q 5 _ 2 e
= e, [ Gatrnl-{Gaorou. + a7+ v
ASo covariant derivatives are explicitly in commutators from beginning

TL

~ — n+1 o — 1
= —_— ) ! - m R)z :U
Gu.u, = ; (?’?_- I 2)' [Pﬂf-li [“‘[Pﬂn: GV;UH] a(]al---QQﬂ ZD n! [ [ ]” -la,
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Functional methods: Gaillattheyette CDE

AFor a U\Lagrangiamf the form b =iy
Luy = Lsm + (PTF(z) + he.) + @1(P? — M? — U(x))® + O(2%),

—

eWSert[d] — /[Dq)] iS(¢,]

; _ 2 2
_ /[Dn]ei(s[¢,q>c]+%%g|¢=%nz+o(n3)) Sef Joop = 4CsIT In(—P°+M*+U)

2 -3 B
(2 ) oo [
D=,

2
iS[p,® —l’I‘rln<—u )
~ e [6,@c]—5 5 | g, ’

trln (P, —qu)?+ M*+ )

: : . +P,0/0q

AGaillardCheyette alen dn hvinserting®™ "

Butsimpler to avoid momentum shift! ho/oa

"% Instead, gatheresult into commutators (R
after expansion evaluatian

J]

See e.g.

. F tesMartin, Portoles RuizF ia1607.02142; . .
ASo covariant ( S bR utators from beginning
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Functional methods: Headyght loops?

ALinearcoupling= treelevel; quadratic coupling keavyonlyone-loop

Luv = Lsu + (P1F(2)|+ hoe.) + @T(P? — M? —|U(2))® + O(9?),

AWhat about loops involving both heavy and light fields?
ANaively not accounted for in functional method

See e.gBilenky& Santamaria, hejph/9310302; DeAguilg Kunszt Santiago, 1602.00126.

ASolution: apply background field method to bdthavyandlight fields

o= op.+¢ , P— D+

_ 1 P? — M?* — Uss —Usg P’
ﬁquad - 5 ((I:' , @ ) ( —{«-rfr.-';tI: PE _ TH_? 1 /Tqim-"r (:}f
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Functional methods: Headyght loops?

AJustapply background field method to both heavy and light fields?

b= bt d | D= D+ P

AActually, this gives the odeop 1PI effective action amibt L

AFeynman diagram intuitiortieavylight loopsin UV theory match onto both
EFT operatorsserted at ondoop, andone-loop-
generatedEFT operatorsserted at tredevel

@ ¢ ( \
% o ¢ ¢ ) ¢ ¢
o @ — &= n
e ¢ = ¢ o
¢ ¢ \ /
(soft part) (hard part)
AThe IS not part of L, must be subtracted to keep onlyldkter
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Functional methods: Heaxyght subtractions

AVarious subtraction procedures proposed Universality

See e.g. property also applies

Boggia GomezAmbrosig Passarinp1603.03660; to heavylight case
Henning, Lu, Murayama, 1604.01019;

Ellis, Quevillon, TY, Zhang, 1604.02445;
FuentesMartin, Portoles RuizFemenia 1607.02142.

Integration by regionmethod
avoids subtraction, separates
hard andsoft part in integral,

_ _ greatly simplifies heavight
developments lead to &variant Diagram treatment

formulation z. zhang, 1610.00710)

ASimplification of evaluating CDE from these

See e.gBeneke% Smirnov, heyph/9711391;
Jantzen1111.2589;

ABut Universalityof CDE results means

evaluation via all these different methods nenning, Lu, Murayama, 1412.1837:

gives same modehdependent expression Dbrozd. J. Ellis, Quevillon, TY, 1512.03003,
S.A.R. Ellis, Quevillon, TY, Z. Zhang; 1705.XXXXX
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Universality of the Onkoop Effective Action

ANo need to reinvent the wheevery slide up to now can be ignored

AUniversality of CDE expansion results first noticed irsthplified
case ofdegenerate mas$or heavy fieldSenning, Lu, Murayama, 1412.1837)

AThegeneralUniversal OneLoop Effective ActiofflUOLEA)
subsequently derived without such assumptign..q. ;. eis, Quevilon, Tv, 1512.03003)

AExtra Structur@$eavylighttermss a2 LISy ¢ 02 Gt NR | v Gshife@dakrgaimatices$ = Y2 v
CDE expansion not included in initial UOLEAR. eiliguevilon, TvZ. Zhang1604.02445)

AUniversaheavylight terms now done (s.Ar. Eliguevilion, TYz. zhang1705 xxxxq
AAcomplete! h[ 91 £ Ay Of dzRAY 3 |t LI2aaAi:



Universality of the Onkoop Effective Action

ANeglect these extra structures for now; derivation of universal results
e.g. in GaillardCheyette CDE starts from

d*e : .. .
L 00p = / (27T§ tr nfe" 0% (—(P, = q,)* + M + U)e™ "0/ ]
: d'q y 2 2
= iCs (2W)4tr ]11[—3/0(;# +q.) +M
~ — n+1 a" N 1 o
= P N Pﬂ . 1, U - ﬂ11 ..._Pu”,U
G = 3 g gilPo - Pows Gl D ilPes AP Ul

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

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



Universality of the Onkoop Effective Action

AWnhateverthe method used to obtain it, the resulting UOLEA can be
written as

Edloop[()] {fl + fl i + f (':lz”lj + f’J( 2

/

+ [ (PuGlii) + 16 (G i) (Coon) (Gopis) + 17 [P, Ul + f§7* (UiiUnUki)
+ 13 (UG s Gouvis)
+f;{,“((,J(Jk(“l %) + FEU [Py Uik] [P, U]
.z,,[ w [Po, Uig) [Pus [Py, Usil] + fiap | ,,,-[Pu-l"'uH [P0, [P, Uil
fiz,c [Pus [Bus Uisl| [Po, [P0, Uji)
+ f"‘l Uik GG + Fi- [P Ui [P, U] G i
+ (AU 1Pus Usa) — £ 1P UislUse) [Poy Gl
+ ™ (U UiUaUnnUnms) + FERUG U Py, U] [P, U] + F28 U Py, Uik Usa[ Py Us]

-+ fll(,)“"m(l k (-"rkll ‘Tlm L‘rmn I»"vm ) } .

Drozd, J. Ellis, Quevillon, TY, 1512.03003

Tevong You (University of Cambridge) 17



Universality of the Onkoop Effective Action

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

written as

L€ T

1-loop [()]

Universal
coefficientsf
encapsulate
dependence on
combinations of
momentum
master integrals

0Fo dzy A DSNEI f HobiNN o®F £ Odzf SR o6& Wi

D _'(ﬁ{f{ + fz &1 + f (':t)l 1] _}_f”l 2

/

+ 5 (PuGovii) + 16 (Gl 33)(Glo i) (Gl i) + f7 [P Uil + F5™* (UisUsnUss)
+ [ (U460 4G i)
+ f1" (UsiUiUnaUs) + i3 Us5(Pa, Uil [Pa, U]
+/uu[ ws [Pos Uil [Py [P, Ujil] + frap [F u»[Pu-(”'uH[[):/~[P//-(711H
+ fihc [Pus [P, U] ll’ [P, Ujil]
+ fi5U;U Jk(',u G, avii T + fii [P Ui [P, ("Jk](':/,l.k.'
+ (AU 5P Ui — FIB1Pu UiglUse) [P, Gl
+ ™ (U UiUaUnnUnms) + FERUG U Py, U] [P, U] + F28 U Py, Uik Usa[ Py Us]

ijklmn r r r T T
+ f|(’) : (l u(‘jk'(-"kl[‘Iml“nml»"nl)} .

Drozd, J. Ellis, Quevillon, TY, 1512.03003
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Universality of the Onkoop Effective Action

AUniversal coefficientsn terms of standard master integrals:

Universal coefficient Operator / ddq ghr - gHeme = ghhizne T| 2n¢]nmenL
f5=1} Us; (2m)d (q2 — M2)ni(q? — f'vsz)nj (g2 g T lij..o
fi=21[q"; GG

i} — 11-11 UHU“
f3 =16Z[¢")} [P, G [P GY"]
fo =% Tl GGG
7= T [P, Ui [Py, Usi)

S =1l UsiUjiUsi
5 =8Ilg"} UG Gl

=1 L Ui U Upa Uy

0= 2( P12 + Z[*22) | Uy [P, Ush) [Py, Uil
fib = 47lg"|¥ [P, [P, Ugl] [P, [Py, Usil]
fi = 4( 2" UL UGG

+27(¢"2 +27[¢"}}) it
11 = —87[¢"[} [PH, U] [P, Ujil Gy
=4 Z[q"]? + Z[q"]17) (U P, Usi] — [P, Uy U) [PV, G
ié”m = 5 Zikim Ui Uik Ui Utim Ui
i = 2T UsUinlP* Ul Po. Uil
+ T+ ) |0 Drozd, J. Ellis, Quevillon, TY, 1512.03003;
Iim = I[qzhzfli?zl +Ilg }5.7‘1!312 Ui [P*, Ui Ut [Py, Usi] . . : : i
+ T[22 + T(q?)i3? Simplified form by covariant diagram computation

figmn _ 1 gt UssUshUaUn UnanUni shown here from Z. Zhang, 1610.00710.

Tevong You (University of Cambridge) 19



Universality of the Onkoop Effective Action

AUniversal coefficientsn terms of standard master integrals:

Universal coefficient Operator
[y =1} Ui ..
Ji = 2 T(gY) cral,, Degenerate limit(Henning, Lu, Murayama, 1412.1837)
i} — 11-‘11 U’UUH ' . ‘ . . .
= 16714 (77,6 [P G " e T wE e g
fs =% 7"} ¢’ V.iG,Vp,iG]pu-.'é b R SR
ij 2122 fe (47)290m?’ Si2a ' Jis (47)260m*”’
7 = Ile]; [P#, Uyl [P, Uyl N .

i‘]k 17111 U : :7% oy = () g = ——
§ Ii]k UijUjiUsi fa (47)212m?’ Jizp ’ Jie (47)260ms
fi=8I[¢"]? UxGHa),, . ; , , . ;
= P Ui iU Ui Ui Js C (4m)26m2’ TR momD Jia  (47)220mS

. - . .

= 2L - 2lie) | Ul UidlE Ui h= G 0= wr = g
i~ 47" [P, 1P, Uil [P, P U] e | T
fl‘é = 4(_’[[(}4]%-.‘1 UL UGG o= W fu = Tim)260m7 * fio= m .

+QI[ 4]42 + 21[6’4]?}) prni
M - SI[q } [P“ UU“P DJE](YWM
=4 Z[q’ 33+ Ilq ] ) (U [P, Ugi) — [P, Uy U ) [P Gl

{émm =L UiiUjkUsaUtin Ui

igkl _ o (I[ ]2112

17 ikl Ui U [P*, U [P, Usi . .

e R Drozd, J. Ellis, Quevillon, TY, 1512.03003;
R e
1991 211212 Lj[ d jk] H[ T8} I‘l.] H |f f : : :
+ I[P+ T(q?)2Y Simplified form by covariant diagram computation

i _ L Ui U Ut Unon U Ui shown here from Z. Zhang, 1610.00710.
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Universality of the Onkoop Effective Action

AHeavylight extension also done: (S.A.REliis, Quevillon, TY, Z. Zhal#5.xxxxx)

O(U# P?) terms

=2 (T2 + TIP3 + TIP3 ) UstisUn sl P Undl P U]
f”“ I[’Jz]:li?-il +Z[¢? 3};‘:2 +I[‘f2]11‘;‘21311 + 1[42”]2;[2 Uni[P", Ut ji)Un i [P Ui

OWU3UL UL g P?) terms

UntijUn i [P* Ui [Pus Usr ki)

75 =2 (T8 + TP + TIP3 ,
HULmiilUsi [P, Us ] [P Unie]

5 = 2 ()22 + T2 + Tl 1212 Unt i Unt [P, Un L) P U )
K 2 ; .
e =2 (1[92]3;1155 + Tk +Zla 2”/2:5) Ustrio Uns s [P, Un i) [P Unr i) O(U} P*) torms
) N o e Un PP UnooUsmon PoUsts T =T [P, (P Ut 1P [P Urt )
2 = 2 (T2 + T2 + TV 38 + T2 il selULninlF Ui T T T T =T
+Un [P, Unt ) Un Lie [Py U irivs]) fis 2y I”“'“ 22l ol el i M
1 = —8Tlg) |P*, U s [P”. U il Gl
OUKULUYL U}y P?) terms 7= 4 (T + Tl ) (st [P, Uyl — (PP UstiolUst i) (PG |
1o = 2 (2Z(¢° 5 + Z(e*15S) Ui Uiy [P Ura o) [P U i O} ULy P') terms
= 1 T
UL Upp jri[PH U i) [P U jir] fiza = 8T1a'1 [P [P Un s IPY [Pos Uri v
. Uy L:HL [Jpl# Up s ,,]Z[J IL(L]LH . J]l Fiaa = 2 (Z[e"1% + 2Z[q"[55 + 3Z(q*] + 4Z[a*)is) UL UGG,
Tite = 2 (P18 + Z*1 + ZI°T30) bl B L e fias = 2 (TG 2§ + 3700 3 + 2710 + Tla')5) ViUt G G,
Uil [P, Uiy 1P, U] Fan =4 TS ~ 220§ + 1015) P Uirtal P Ui |G
fin=2(Zla QJiﬁ‘? + I8 + Zle°Ls + 21 Univio[P", UriyULw o3[ Pus Un il fiag = 4(T(gH)2 — 2T(¢"% — T(¢*)2) [P* Upi il [P* Uni i) Gl
fite = [q?)i28 +Z[12]2n Unis[P* Urrir)Ur g o [P U g i) _a(T £ T3 4 Tqt]42 Wrpiw P* Upgiii] = [P*, UnieUsrii) [P, G, )
tse = 4 (Zlei5 ) j j i1y j Flsa = 2(Zl¢"R 713+ Zlg")5) F WP, Ul = 1P, UgirgdlUsnoa) 1P, Gl )

OV ULy P?) terms

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

fire =2 TN + ZIa*I3) .
FULi o Ut joi [P Unr i) [P Uppo]

fize =2 (221 + Z¢*)%) UrtriiUspij [P* UL i )[Pu, UL gear]

fizy = 6Z[qY)% Upirgr Ui [P* Upirii) [Py Unriar]

Uniniz [P, Ur g g WL jor [P, Un i)

fiap =4 (018 + eI . .
HULmi[P* Ui UL i [Py Up o]

QU3 U2, P?) terms

I =2(Tl¢ 11111314‘7:[ 2]1211(? +Zlg Q]iﬁ?) UniiioULwrij [P U ) [P, Urh i)
f17,} =2 (I[qz]f]?[? +2Z[q ]123) UrniiUnrig [P UL o) [Pu Un i)

Unriw[P* ULni U0 [Pus ULt i)

{ésE :I[qz]lu 4 ZI[qQ 123 4 [ 2]2]‘22 ! ’
+ULnyi[P*, UnrripUrh [Py Uninjir)

350 ijo + 50
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