Functional Prescription for
SIrEAMlined EFT Matching
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EFT matching
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heavy fields (e.g. BSM states ~ TeV)

(resum log @)

| L
energy scales of .
J experimental interest (e.g. LHC energies) ZLgprl @]

light fields (e.g. SM particles)

Many pheno applications (e.g. SMEFT).
Highly desirable to have efficient algorithms for EFT matching. )



Outline

» What is functional matching, and what is new?

» The prescription.

» Example: matching the singlet scalar extended SM onto SMEFT up to dim-6.

» CDE (Covariant Derivative Expansion) & STTEAM (SuperTrace Evaluation Automated for Matching).



A toy model
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heavy scalar light scalar interaction




A toy model

> Ly = —(d D) — —M2(I>2 + (d b)* — —ngbz —KCI)¢2
u—\,——_z u—\,——_z — —

heavy scalar light scalar interaction

1 1
> Lepr = 50,0)° — sm*p” +

AT b — pp) = 1 L K K st +
= — — S U
s—M?2  t—M?2  u— M- M2 M
AP — dpPp) = ¢, — (s +t+u) + ...
o, (tree) 3_’<2 .(tree) K>
1 M2 2  oME



What we have just done is “amplitude matching”

|ldentify a set of amplitudes.

Equate to derive {¢;}

Keep track of IR detalls.
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» Becomes cumbersome with more (higher-spin) fields, at higher operator dimensions, and higher loop orders.
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A (familiar) more efficient approach

5°CZUV -

Equation of motion (EOM):
oD

O [¢] (EOM solution)

\ Set ® = @[]

LerT|®)



A (familiar) more efficient approach

Loy = 50,07 — SM*®* + ~(0,4)° — sm*P* + Sk D P>

Luvy [(I)v ¢] _2 —
Equation of motion (EOM): &icgv =0. = (62 + M2) O = %Kgbz
O [¢p]  (EOM solution) > Op] = Txon gt = o (47— 0%? + )
Set ® = O[]
LerT o) Lt = Luv[®del. 9] 5 T = SR+
» This is nothing but at tree level.



Functional matching

» Match generating functionals of amplitudes, rather than amplitudes themselves.

» Path integral:
U] = e~ = Jp(peimdx (g1 + 9

n

Generating functional of connected correlation functions: (¢")_., = (—=i)"! S

» Simpler to work with its Legendre transform = 1PI effective action:

F[((p)] =— E[J] — [ddxf<¢) where (@) and J are related by (@) = —(;—lj , J= 525)
. . . . . o'l
Generating functional of 1PI correlation functions: (¢") p; = i Sy
qo n

Wish to match between UV theory and EFT.



Matching 1PI effective actions

l 52°(ZUV
[y LI@] = JdngUV[®C[¢],¢] + - log Sdet( 5 ) + ...
1LPI A D=0 []
Ceprld] = Jddx LUP]+ Jddx FUloomg] + Lo sw( 523%??) +
EFT EFT EFT > 108 502

oo i 5 i A
= JddngEIFTl Plp] = - log Sdet< Al » [¢]> — = log Sdet< 7 )

p=1D, ¢}
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Functional matching at one loop
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d.. cp(l=loop)r 47 __ i 5Ly i 5 LErr
Jd XL e Dlgl = - log Sdet( p [qﬂ) —:— log Sdet(

D ¢

0 O = heavy loops
5L yv

» If —

¢ = light loops

» Just compute heavy fields” contributions to the functional superdeterminant.

B. Henning, X. Lu, H. Murayama, 1412.1837.
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Functional matching at one loop

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

d.. cp(l=loop)p 471 _ i i > LT
Jd XZLper @] = - log Sdet( 5 ) > log Sdet( 52 )
O= [¢]

. . = heavy loops
52°CZUV
» [f — =
! .

» Just compute heavy fields” contributions to the functional superdeterminant.

= light loops

» More work is needed to include mixed heavy-light contributions.
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Functional matching at one loop

................................................

d (1-loop) _ l 5Ly l O’ LEr
Jd foEFT Pp] = i log Sdet( 5 ) —iz log Sdet( 5
O =]
> A closer look at the (tree-generated operators used in 1-loop graphs).
E ¢ E sss "‘-~~\ O"
@, > X8

.
llllllllllllllllllllllllllllllllllllll
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Functional matching at one loop

................................................

d. cp(l-loop)p g1 _ i i 6Ly i O LY
Jd foEFT [P] =iz log Sdet( 5 ) : log Sdet( e
O =]
> A closer look at the (tree-generated operators used in 1-loop graphs).
E ¢ E sss "‘-~~\ O"
® - iE X &

.
llllllllllllllllllllllllllllllllllllll

Difference goes into SZSF_TIOOP)[gb] .
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Functional matching at one loop

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

| d cp—loop) p1i i Ly i 0° Ly
Jd foEFT [P] =17 log Sdet( 5 ) : log Sdet( e
------------------------------ S o 4 R
> A closer look at the (tree-generated operators used in 1-loop graphs).
¢ *a 2 RS o MR o

|
)¢
Y
4+
o

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

---------------------------
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g ~ mg = entire loop shrinks to a point = local operators in the EFT.
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Functional matching at one loop

» Central formula:

EFT

Jddxo?(l_lOOP)[¢] = élog Sdet(
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Functional matching at one loop

5Ly
o>

d (1—loop) 1
Jd XL Plp] = = log Sdet(

» What makes the functional approach powerful is an elegant procedure to compute this
superdeterminant, which crucially relies upon:

» Method of regions.

» Just need hard region, no IR details. ©

» Covariant derivative expansion (CDE).

» Work with D, ¢ = gauge-invariant operators directly, no momentum-space Feynman rules. ©

» Extension of Coleman-Weinberg including derivatives.
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Functional matching at one loop

5Ly
o>

d (1—loop) 1
Jd XL Plp] = = log Sdet(

» What makes the functional approach powerful is an elegant procedure to compute this
superdeterminant, which crucially relies upon:

» Method of regions.
» Covariant derivative expansion (CDE).
» Quite some freedom on how to put these ingredients together + CDE can be tedious. ®

» Motivated new development: streamlined prescription + automated CDE calculation.

T. Cohen, X. Lu, ZZ, 2011.02484. T. Cohen, X. Lu. ZZ. 2012.07851.

see also: J. Fuentes-Martin, M. Konig, J. Pages, A. E. Thomsen, F. Wilsch, 2012.08506.
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Outline

» What is functional matching, and what is new? Q

» The prescription. '
» Example: matching the singlet scalar extended SM onto SMEFT up to dim-6.

» CDE (Covariant Derivative Expansion) & STrEAM (SuperTrace Evaluation Automated for Matching).
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Iwo types of supertraces

d (1-loop) _ 523UV
J 7 "CZEFTOOP (] = 5 log Sdet( 507 )
O=D[¢] hard
2
= L STr log( 55? )
: T lo=ougl/
[ g generic form of the quadratic action:
= — STrlog( K - X))
2 s hard inverse propagator (K) — interaction (X)
l
= —STrlog K —STrlo 1-K X
g STroEK], + 7 STrioel 1-K7X s
jamreneessnn ; 00 » .
= STrlogK| ‘== > —sTr|(K'X)"
I+ It L, hard;
“log-type” “power-type”

20



K, X matrices In relativistic theories

» K is block-diagonal with elements:

D m (spin-0)
K, =3 rP|-m, (spin-1/2)

o/ (@— ml-z) (spin-1, Feynman gauge & = 1)
where Pﬂ — iDﬂ is the hermitian covariant derivative.

» X admits a derivative expansion:

X|g,P,| = Ulg]

zﬂiPﬂi ) + higher-derivative interactions

These P’s are “open” covariant derivatives (act openly to the right),

as opposed to “closed” covariant derivatives [enclosed by “()”], e.g. (P,¢p) =i (D,¢) = [P, ¢] (act just on ¢).
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Log-type supertraces

iSTrlo K|l = iZSTrlo K
2 g hard_ 2 i g l

hard

O (scaleless)

» Heavy fields: full STr = hard + s/@'f{

0
> Light fields: full STr = hafd + soft.

= iSTrlo k| = 2 STrloe K
2 g hard B 21’6{(1)} g l

(Add up contributions from all heavy fields @)

22



Log-type supertraces

» Results are universal. Using CDE (later in the talk) to carry out the functional part
of the supertraces, we obtain:

1 [ 1 B '
- | o (DMFw) (DpF™) + o i BV F/E! +}

Remaining trace is over field components.
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Log-type supertraces

Integrate out Operator coefficients x 1672

a heavy ... trq (Fu ™) trg[(D*F.) (DoFP)]  trg(iF FPFM) «— trace over gauge indices:
1 m.>2 11 11
real scalar 57 10g %g- — 120 72 180 2 ( w) oo A O
) tra -Flp.uF ) = i) #" /:
complex scalar 1—12 log 7;"—2 _61—0 n% —ﬁ # | ] . )2
tra [(D*Fu) (D,F*)| = Co g*(D*GL,)"
Majorana fermion (1; log '/’;"22 — 115 ,n.tz 910 ,,,12 1 oo oo
S nlR . L abe ;yav e
. . 1 m? 2 11 tr (iF," B/ F) = —Ca 2 FTCG G
Dirac fermion 3 log T —35 =3 B 2
) 9 . .
real vector ; (log ozt %) — 35 02 — 35 where Cg is defined by trG(Tff) T(lf)) = Cg 6.
2
ghost —% log T:—‘ (% # t% m%

Table 1. Universal results for log-type supertraces up to dimension six.
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Power-type supertraces

L _(K‘lX)"] _ !
2 n ) hard

hard

» This has the structure of a 1-loop graph (propagators & vertices).

QOZ'.,? Piy 1
— . Xinz‘
g 0; K;, 1_ hard
Pis "2

symmetry factor (graph has Z, symmetry under rotation)

» Enumerate distinct graphs (just 1 topology).

> Finite # of graphs with dim X; ; +dim X;; + --- +dim X; ; < desired operator dim in EFT.

Iy
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Power-type supertraces

> Results depend on specific forms of X,

» Example:

©; Suppose: K, = P? — M? (heavy), K; = P? (massless),
_ _ 2 i L= H = K
Q _ QSTr(KX,JKX)hard X,=U, +2'P,, X;= U, + PZ"
i
/) 1 1 ) 1 1
— STy ~ ST P, 7"
28 I(PQ_*NIQUl PEUQ) hard 28 I(Pz MQL p? ) hard

i 1,1
2 STI'(P? YV P‘2U2)

i R B
- STI(P2 22" Py 5y P Z )

hard hard
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Power-type supertraces

1) carry out the functional part of

> Results depend on specific forms of X;; . the supertraces with CDE.

» Example:

: 1 .
0g ﬁ)U Uy | AN (DU (D,U,) | }

L

1 1 s g B2

=——STr( — X, X) 27\ 277 P2 hand
K; & K
hard 1— — log E) Uy (D21 +
¥s
) 1 1 ) 1 1
— STy U, —-U — ST U, — P, 2"

2 I(PQ_*M? le 2) hard 2 I(PZ M?= le )ha.rd

M? " P2

i 1 -1
2 STI'(P? By VR Uz)

i IR T
—QST][(P2 zrp P,,Z)

hard hard

2) substitute in explicit expressions of U,

U,, 7V, 7/ that are derived from Zy.
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summary of the prescription

LUV [(I)a ¢]
D, [¢] — K. X
l Enumerate
Functional
supertraces
| Botute [ Gutomared) CDE + mars sgetrs
(tree) (1-loop)
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Amplitude matching

(with Feynman diagrams)

Lyuv|P, ¢ LN {Auv(pi) §

w/ IR regulator

Equate to derive {¢;}

Lepr|p) ——— {Aprr(p:)}

w/ IR regulator

Functional matching

(our prescription)

[’UV [(I)v ¢]

/ \

(I)C[¢]_>K7X

l Enumerate

Functional
supertraces
l Evaluate
(tree) (1-loop)

No prior determination of operator basis.

No (amplitude) calculations within EFT.

No keeping track of IR details. -



Qutline

> What is functional matching, and what is new? €2

» The prescription. Q

> Example: matching the singlet scalar extended SM onto SMEFT up to dim-6. |
» CDE (Covariant Derivative Expansion) & STrEAM (SuperTrace Evaluation Automated for Matching).
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SM + heavy singlet scalar S

Lo — Lo + %(6“5)2 _ %w?s? _ AlH|2S — %&|H|252 _ 180 — Lags

S. A R. Ellis, J. Quevillon, T. You, ZZ, 1706.07765 (bosonic sector, functional matching)
M. Jiang, N. Craig, Y. Li, D. Sutherland, 1811.08878 (full dim-6, functional + amplitude matching)

U. Haisch, M. Ruhdorfer, E. Salvioni, E. Venturini, A. Weliler, 2003.05936 (full dim-6, amplitude matching)
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1

Step 1: tree-level matching Lov = Lo+ 5(0,5)" — 3 M?S? — A|HPS — Je|HI'S? = SusS* = st

» Heavy field’s EOM:

0Syv
0S

. | 1 1
= —A[H" + (P* = M* — k|H|") § — _p1s8* — 5;As8° = 0.

» Solve order by order:

Se=8% +8% 4506 4

3 1o A ‘ ‘ ‘ 1o A LA A2 ; Lo
S® = ——{ (5 — 222 |1 (8% 1) + [(H — b)) (s 45n) = | 1P+ 0 [(@1HP) + (k- 52) 1HI] } .

tree 2 A
= ‘CEPJFT):L:SI\’I 2M?|H|4 2M4|H| (82|H|2) 2?14 (K’ gLiI?)lHlG'
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» Recall:
2Ly P*—m; (spin-0)
— — K - X K =23 v"P,—m (spin-1/2)
7

_,7/«tv< P2 _ m2) (spin-1, Feynman gauge & = 1)

l

» Field content:

w: € {es, PH, Q¢ Pus Pds P, Pes Pas Pw, ©B},

@7 S {95‘5' . QBH ; @q . 95?1. a (}Eda @l . 956' a @G ' (ZI«V 3 @B}; :
where conjugate fields defined s.t. K has the assumed block-diagonal form
H Dirac spinors including auxiliary
¥s = S ; YH — ; , | v = Va . . . .
H* | | wrong-chirality fields (denoted with prime):
S "' .- [ o = q,
7\5. — S’ (;‘H — (HT HT) : @f —_— (.f JCC) , (;"V — V’ qlel ’ qu
with f = q.u.d.le, and V = G,W.B. u:(’%), u:(“)
T UL

33



» Example: SS block.

1

. 5 |1 : : 1 o
52£L’V362 §S(P2—MZ)S—§HL‘H‘ZSZ—§

. 1 N
p,SS'; - I)\SS’1

O 6S (P2 — M?)6S — 468 (n H|* + g S ; g 52) 05
N ————

K X¢q = Uy (non-derivative interactions)

34



» Example: SH and HS blocks.

- 1 -
52£UV D 52 —A ‘H|2S — 5 K |f[|252

—2(H'H+ H'6H)(A+ £k S) S

= —(6H'H + H'6H*+ H'6H + §H'H*) (A+ x S) 85

PSRRI =

' (A+;<,S)HT (A+,;3) HT)J((SH)

oH*

35



> Example: HW and WH blocks. (The only derivative interactions in the SM are these and HB, BH.)

52£UV 2 52(|D#H|2)

[5(D,H)')(D*H) + (D, H')[5*(D"H)| +2 [5 (D,H)'] [5 (D" H)

> ig26W, §H' o' (D*H) —igs (DuH)' o' §H §B"
_igg (DH_?)-H)T 0‘1 HéW;ﬁ + 7:92 5Wﬁf H’r 01 (D“'(SH)

~ 2 5w [—isH! o' (D*H) — i (D*H)T o™ §H"
+i(D,H) o' 6H +i5H" ¢'* (D, H)"
+i (D) o' H+iHY 0" (D,6H)*
—iH'o' (D*6H) — i (D"6H)" o' H"]

‘F”—W" - e e L s FRAPEp y?}

—2 o’ (D"H) ' 2ol HY
Xgw = Uyyw + P, Z° IgP_(dHf 5HT)E ) LD, :

HW HW ,0 HW 1 %;_z_()_J" (DUH)x f 7},01/ %g_o_J* H* |
—5WJ{ 2 (DrH) o’ —%(D;LH)TUI*) |
g
| +(_77W%HT(71 n”“%?HTa’*) iDp]

- ——— P PT— s et _

(51{) Xywh = UWH"'Z%/HPp
SH*]
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Step 2: derive K and X matrices

® © 6 0 0 & 0 06 0 0 0 0 0 0 0 0 O O O O 0 O 0 O O O O O O O O O 0 O 0 O O O O O O O O O 0 O 0 O O O O O O 0 O O 0 O 0 O O O O O 0O 0 O 0 O O 0 O O O 0O O 0 0 O 0 O O 0 O O O 0 O 0 O O O O O O 0 0 O 0 O 0 O O 0 O O O 0 O 0 0 O 0 O O O O 0 O 0 O 0 0 O 0 0O O O 0 O 0 0 O 0 O O O O 0 O 0 O 0 0 O 0O O 0 O 0 O 0 0 O 0 O 0 0 O 0 0O 0 0 0 0 0O 0 O 0 0 O 0 O 0 O 0 0 0O 0 0O 0 O 0 0 0 0 0 0 0 0 0 0 0 o o

) Full re S ults : ULy = _9212 7 |HJ? . (B.13) Fermion-vector entries

il v N9z . I N9z . . , .
Uy === 0 H'o'H,  Ugy' =-="n"H'o'H. (B.14) i 9 [—7Aq A 93 e N
Uie = 2 | ase ge b Ug, = 2 (—q",‘,\‘ g YA ) ’ (B.24)
Higgs-fermion entries
— "A"". :
Scalar sector entries ' _ ' . UsZ = 5o ( e u) Ukl = y_; (—ﬁ YA A ") (B.25)
| Usno = :dy; LzL —€ iy L'ZL U.yy = Ve 5 d Yu —3 ue (B 15) - YA U =
r . 2 v2 = Hq = _ t 1-4° s Joo, T 1+7° ’ o = 1-y o 1y 1 ' v
Uss = |I{| + g Se + é '\S ‘Sc . (B)) CuUYy —3 1dyy =5 Y, 7 oute yy5-dl
g g3 [—Y'AYd A _ 9 - —A . '
H " . U = = N . l"",‘, = — —dﬂ..v"A‘ " ’)"'A gl N (BQ())
Usy = (A + K S.) (H, H'r) . Ups=(A+kS.) . (B.6) v - [@ave 5 0 e 0 “ 2 (~,~x'-¢r) Gd 2 ( )
H S 0 @o.mis ) M 0 vT M (eq)
(B.16) )
1 10 H|*1 + HH' HH" ped 92 [T pd _ 92 L1 e 97
Unun = (A S. + KSE) + Ay | | ) . (B.?) - ' S qW 9 “y"a"" R l/l'nq ) ( qvo qg Yo ) y (B.zf)
- 01 H*H'  |HP*1+ H'H' , 0 gyt 0yl ro-¢
Una = paad N Ui = | .. ‘o . (B.17)
GoVa 5 0 vi 545 0 '
Fermion-fermion entries U %71 (_7 Gll) . Thn = % (—i Yo' I 7"‘0"’) , (B.28)
1¢é t1 ‘_'" 0 144" p 0 A!ua.,- ¢
. . Um = ( y,D ‘o o H-:') ) Uy = (y : 1t ) . (B.18)
1y, - H 0 1yl 5 HY 0 €V T3 e 3-¢ 1
Vo= 0 agi2ie) TeT 0 it ) (B8 w _ 9 [T w9 .
“Yu 2 LY. 2 0 e v: 15 0 y' — I (qlf 6 ’\‘l.q': ’ ‘Bg — 6 (—(I‘r ‘ ‘l( LA ) ’ (Bzg)
("Hr = s o o ’ (_"r H =~ s ‘ . (B.lg) !
Ly Y= 0 T 0 ~
a 144° a o 14" 1 )
. Lys—-H 0 , lys,—-H 0 2a: [ —7"u 2
Up = : . , Ug = - . ). (1Y) T Lo L Ut =N oou pean) B.30
( 0 Ly; l 2\ ”°) ! ( 0 :!I.f lT' HT Higgs-vector entries ui 3 Y u* b 3 ( “ “ ) ' ( )
_a : ig, [ —o'(D"H " g . - ' -7 , i i
(v H 0 . (yl'SEHY 0 Uy =2 (TN g i ((H)' o' —~(DH)T ™). (B20) Vis=-% "), Up=-5(-d» &), (B.31)
Uie = . , Ua = res ] (B.10) 2 \o’*(D'H)" 2 3y 3
0 y=xH 0 yI 2 g7 d
zZe0 = n™ g2 0 ~7 b . 2B = 92 (—H’a" H"d") : (B.21) - g [—71 9 . Je 9
Vector-vector entries "“ 2 \og*H] wa 2 Uip = ) e )’ Up = - 2 (—l"." l 7") ’ (B.32)
Uka"" =293 fAPCGO™ (B.11) , . .
N o igy [ —D'H ig) . . .
» 93 Upip = —- ( D'H ) ‘ V=" ((Dh}{)' _(D"H)’)' (B-22) o= g |7 € Ug, = — ( 2 ) (B.33)
lz'l.5“‘ — 2g._,(' IK “.\ s 22 ",._vd-.v,.' ]]ll.’ (Bl?) & ( ) b ‘eB = 91 .},-“fc 3¢ ™ g1 | —€e7y € . .
zs = 8 (H Zy =% (-H' HT) (B.23)
HEB 2 H* ’ “BH 2 . e

» A bit tedious, but the SM part is done once and for all.
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Step J: enumerate supertraces

» No log-type supertraces (S is a gauge singlet).

» Enumerate power-type supertraces with Z dim(X;;) < 6.

K, X
S H g v d | e G W B l Enumerate
> (201 Functional
Hl1 9o 2 4 3 3 3 1 1 supertraces
2 2 2 2 2
J N T I
ol 3
dim(X) > d % 1 % %
A T
e 2 1 3
T I T
W % 3‘ 9 9
B\ 134141 202
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Step J: enumerate supertraces

» No log-type supertraces (S is a gauge singlet).

» Enumerate power-type supertraces with Z dim(X;;) < 6.

# of propagators 1 2 3 4 5 6
2 — 2 2 - 2
(@ 2l F 4 ~ 1 Oca~ 1
n/l \\\\ ” Q“ g ; :d ) Q
0 o 2 18 Q1 1 ¢l | \
W o \ ’ \ y \ '
2= T V=% S _.’ \O~_-O‘ D p’
6// W 2 2 2 1 == 1
2 2
-= W /,9 2 2 =X 1 . 1
/// \\\ \\:_/} ,,':«O:\\\ 95&\\ % \\\\ 1 - = 1 IG-- Q
", “ ) él c N \\\\ 1 (; 1 ,Cf‘ Q 4 Y
" 1 1 \
" | \ :,'> 1{? /Ql 4 /? 28 | 1(2‘ Q1
S - — \\ 7 \ 2 \ %
:(2) 0('-_\\} - \‘O"/ IMJ* e -.-:’D ‘b--,‘O.
W 9 2 2 r == 1 1 I
14 01
\\ .y PR 1  ==5_1 ":':Q\\
-~ - "1, \\\ Id Q ’/”: es}\ X pa
6 \ 2 b 16 Ql
1 o1 I ' :
v , \ , 16 o1 /
\‘O", b:__;»,o \ / §W§
> 1 °= 1 1b"‘p1 2 1 2
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Step J: enumerate supertraces

» No log-type supertraces (S is a gauge singlet).

» Enumerate power-type supertraces with Z dim(X;;) < 6.

# of propagators 1 2 3 4 5 6
20: - 2 =X : 2 !
- % = - -~
4 Q“ 18 ; 1 'd"ORQ
Xe o1 ? ? | ‘,
/ \
\ ,' \o 0 b !
~ - . - - .
-~ - 2 2 1 ='-'-pl
2 P  arag)
= ,’f N 1 - -~ 1 Q
" A ) ,0" Q i \
1 8 o1 19 Q1 2 \' 10 Q1
\ / e :/ \ B
\\‘O"/ 3 3 b:___:p’ V...0
2 2 2 1 = 1 1 1
ld-;::ql LEa ”é ‘\\“
/ -
| “ Ll “‘%1 lt? ?1
\
O, _ .0 \ ) ,Oo-?,
1 “=F=71 OO 2 1 2
1 1
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Step J: enumerate supertraces

» No log-type supertraces (S is a gauge singlet).

» Enumerate power-type supertraces with Z dim(X;;) < 6.

# of propagators 1 2 3 4 5 6
1 e 1
,d,':(keq\
lb !
1 ¥ = :"01
o= 10__ o,]
7 = \} 1 - - ]. -
,:’ \\\ Id'* Q hd Y
\\\\ I:' 9 6‘ \' 1 (2‘ ? 1
¢n$ Y “b O
2 1b ="'91 1 1
”9:‘ =\\Q‘\
16\5 ?1
%b\_O_,OQ
: ] 2
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Step J: enumerate supertraces

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» No log-type supertraces (S is a gauge singlet).

» Enumerate power-type supertraces with Z dim(X;;) < 6.

1 V1] —mup yrull] 1
USH P2 _m?2 XHV P2 XVHPQ—m?

P2—-M? P?

1] 1 v[2] —nuu prif2) 1 [1]
USt g Uty 2 Ul 5tz U HS] - Ug,L s U[s/z] 1 UJLZZ] s U }}]S]

hard

 STY| 5y Ukl i P2y 5 Uy e Ulls

v|2] — —Nup 1|1 1
P2 )\2 U-é'I]'I Pzimz UH[V] 123 Z{)’!H[ ]Pppz_mz U}{!g]

hard

P2 M? Pz

7 Ubh s B Zinl" e Zf Py e U]

hard

42



Step 4: evaluate supertraces

» First, use CDE to evaluate STr with generic Xij

» Then, substitute in X, [qﬁ P ] and perform matrix algebra.

—1 STr[

generic functional of ¢ with operator dimension 2

ﬂfz n
2 E! 12«/21§‘< {Uli

Uss = &k |H|” + pg Sc + = )\ S?

2 _ g2
=i hard

=/ddw]1 M‘zl—lob‘

(1-loop) 1 1 M? 2 2 dg A2 prgA poA 4

> Z EFT 2 16222 1—10g (eM* — psA)H|" + |55 + 5z |5 — a5z ) | [H]
1 [ AgA2 2ug A | pgAf . pgd By A 6
MZ? | M2 (“ 3M2 ) F S e — 5 ) (5 — g ) | [H

BVt oA oA ‘
s 58+ i (- ) 1P @122 |

» (*) If desired, post-process the results into a non-redundant operator basis.

Functional
supertraces

l Evaluate

-loo
Lo [9]
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Step 4: evaluate supertraces

0000000000000000000000000000000000000000000000000000000000000000000000000000

» Full results in agreement with
existing results obtained using
amplitude matching.

» Nontrivial test of our functional
prescription.

Operator Coefficient x 1672
HI? [ (kM? — g A) +A-‘(1+ - ;‘)](1 ~ log 17
w2 M “sA x oA A2
_fl_‘\ log p‘-)+71‘;'7(-2_41u'-’+ Mz)
4 A | [ As by ) o MEY _of o — A2V 3 _ 1oe M?
‘H' +r¢_}' K] +3 HJ 1 Ug?r' &l K 2 3 lug?
2 TP g2
+i i [63a (1-Toz 35) —3(s+ 45 ) (3 - log ) + 452 (2 — log 247 ) |
oo P—

Table 2. Correclions Lo renormalizable operators.

Coeflicient x 1672

Opcrator Cocfficient x 1672 Operator
1 (& wesA | meEAT agat At pdal —_ . . |
w( 1AM b oaut T oagd g M6 ) (HTa'i D H) (qeo'y4q) -’-‘ (1 yf, y,gyf,}( - log =5 M7 )
Yrh Ao { M2
- ,,4 ['{x( — log ,"; - f (2 — log )] ) . ) o
o ) g (AT i'DH) (i7v*4) — A (gl — yau)) (5 —log A)
‘ﬂﬁ—[ (3 —log 22} + A (1 —~ log )] ‘ .
H| (Hi'D H ) (i) L. (."—" —log L—'E)
+l"¢'i [—h‘.(5 - log J:'f_ ) “T- %(‘1 - lOg ) + 3A.H (0 — loa‘ Afz) N K £ A ‘ '1A’I‘. o s u"
. v’ N 2 p\ (e A2 - (s Al
8855 g 22) 16 (3 -1 22) (#1411 @) e vima(3 - 10g )
7 "-‘15 r~ 0‘,7 ¢ 2 - — — . c o3
b (‘7 log ;fr) | A—*,r(l— 1og%.r) (Ho'i D H) (la’ 1) - ycyl(; log *}32)
h',2 5/\7;1. A
s Yo 3¢ ’ L ,<_ N LT s ed 2 r
JNE T (17D ) (1) Ayl (3 log )
2(52] ;7|2 A2 [, (17 M7\ As ,\!2) A (1 .wf"]
\H? (82 H[?)  + 2 [-r.(lg, log ¥ )~ % (1 log M) — A2 (3~ log 1) o e .
(H 6D#H) ‘\5-‘" “t) 4“‘::] yfyc(i‘! l()l,’, L )
1u3d?  sueA | a4t fon WY _ 86347 (5w
240 T ams Tamele — 108 “) sMd \g V5 p“)
] Hii (D, H)) (uy*d) (+h.c.) A b, log M*
2 2 ; a2 1 39342 12 (H LN AL . M3 Yua\ 5 Ujl
HPIDHP [ (hr - 45) (3102 2) - 3+ 535] - %A (3 - 102 25)
2 A2 } ¢ r - ur . L
Ty 2 (1 5) @010 ) B el =) (1o )
. 2 R .
D*HP? A |H2(q1 D q) i (vl + vay}) (4 - og 257)
‘ H \ - 2
le('ﬁ Zl’)'u) AMA yn.yw(% - log %)
e 2 v 2t
Operator Coefficient x 1672 | H|? (d2 ]5 d) 3‘” y:'i'yd(% — log i )
e 7 L — , 12 (7 i3
Wi (H el DrEH nt[H ) _L(_'_] M_) PRSP v N 2\
e B W) (§ -t e By el (1-oe)
@ (HUTeH) (0° B e (3 - 10g 227) .
- i arls” P Ay A veyl (1 oz 247)
' ¢ |2 2 <
iga(DEHY ol (DYH) W, e -
Y \ 2 2
— : H*(ziPe) Az wlye (4 og i)
ig (D' H)W(DYH) By s
2A% 2zuH . t, ok
Hl:}‘"’rr{"}‘d“y i?;:f‘- HI quH (+h(') \ 1”1.914”1..(1 lUR, :"‘2)
o "l.f"“)' 2 7 d ‘1h A2 T ] M2
IH‘ Hl-”'H i._’;,&.f:- IHI q H \+ ‘\) A4 Yall ;U | — 0g p'.‘)
! rl A g 92-’1 = , . 2 -
Hia'HW B B 174 H|*leH (+h.e) "c?ypygyp(l log Mg)

Table 3. Dimension

six bosonic operators.

Table 4. Dimension six operators with fermions.
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Outline

» What is functional matching, and what is new?

» The prescription.

» Example: matching the singlet scalar extended SM onto SMEFT up to dim-6.

> CDE (Covariant Derivative Expansmn) & STrEAM (SuperTrace Evaluation Automated for Matchmg)

. o i o

P s — T o iSRS i ans P i is o o SN SIS WA S PSRN ST i i VoSN I i e
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Evaluating functional supertraces with CDE

» The goal is to compute the two types of functional supertraces:

/ diz L9 g] = % STrlog K

AN 1T
ha.rd_ 5;58’]}[(}{ X) ]

hard

» Log-type can be converted to power-type by differentiation:

0

5
omy,

[i STrlog (P? — m3) ] = —¢ 5T 1 0 [z, STr log (}” — o) ] = —¢ 9T

P2 —mZ Ome

» So we only need to deal with supertraces of the form:

—iSTr| f (Py, {UL}))

hard
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Evaluating functional supertraces with CDE

determined by the first propagator block

» Next, the “functional” part.

» Conveniently, work in the quantum mechanics language:

e [f(B 0] = -](d” <Q|tr[ (7, {c})]U

z| tr [f (P, {U;})” >

iqx —1q-x : -
/ / 7€ tr Py, 1Uk} )] ' ) e'dT Pu, o T _ PH +

WL I » T _ IT,
By — . {bk})] " Uke Uk

Note: Pu(2,q) = gu+ 9. G, (2) T°

47



Evaluating functional supertraces with CDE

QT [f(Pu, {U,;})] — —z'/dda:/ (g:)’d tr [f(Pu —qu,{U,c})] .

» Different ways to proceed.

» “Simplified CDE.” B. Henning, X. Lu, H. Murayama, 1604.01019.
J. Fuentes-Martin, J. Portoles, P. Ruiz-Femenia, 1607.02142.
» Directly expand f(P, —q,.{Us}) in powers of P and U. £Z,1610.00710.

> Produce non-gauge-invariant terms (e.g. when a P,(%,§) = 4, + g. G,(£) T* appears on the rightmost).
» All such terms cancel in the final result, as they must.

» Simplifying trick: use gauge invariance as a constraint to reduce the number of terms to compute.
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Evaluating functional supertraces with CDE

— T [f(Pu, {U,;})] — —i/dda: ;dq, tr [f(P“ —q“,{Uk})] .
» Different ways to proceed.

» “Simplified CDE.”

M. K. Gaillard, Nucl. Phys. B 268 (1986) 669.

» Directly expand f(P, —q,.{Us}) in powers of P and U.

» “Original CDE.”

0. Cheyette, Nucl. Phys. B 297 (1988) 183.
B. Henning, X. Lu, H. Murayama, 1412.1837.

> First apply a transformation: —iTr [f(P,l, {Uc})| = —i /dd / 2m)i ° eF 51 tr f(Pp — Qus LUk } )] e~ P 3
» This makes all covariant derivatives “closed.”
PP = ¢iu (P, — gu)e e = —q, + G0, G = _'2 (: : 21)! (Poo - P Fi)) 07 - 07"
USPE = 'és Uy e P = i o Py Po U070 7= 8(?1,}

» Automatically guarantees gauge-invariance, at the cost of an additional sum + q differentiation.
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Evaluating functional supertraces with CDE

— ¢ Tr [f(Pu, {U.} )] = —z'/ddx/ 2 tr [f(Pu — g, {Uk})] .

» Different ways to proceed.

» “Simplified CDE.”

» Directly expand f(P,—gq,.{U.}) in powers of P and U.

» “Original CDE.”

» First apply a transformation: —iTr [f(P,l,{Uh} = —j /dd / 2m)i ° eP 9 tr ( — Qs {Lk})] P3¢
» We chose to automated the original CDE.
. . . . . [ de 2)"
» Result is a series of terms involving loop integrals of the form - / (273,1 @ _m%)-m(?.? )"

X gauge-invariant operators built from (Po, ** Pa,Fl) and (Pa, - - Pa, Us).
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STrEAM (Superlrace Evaluation Automated for Matching)

A Simple Example

o/ 1= SuperTrace[6, {A;, U1}, Udimlist » {2}, display - True]

1
zul] |hard = Jd4x

—T.STI" tr
Pz m? 62 o
{ 2 40
—|—1-+Log{zé}] m? (Up) (dim-2)
l .
12 m§ (Frug,u) (Fuy,ue) (Ur) (dim-6)

o ({2 onl 1 st o 2] (i) (s (s 0 o]
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STrEAM (Superlrace Evaluation Automated for Matching)

Additional Examples

nf = SuperTrace[6, {A,;}, display -» True]; nf )= SuperTrace[6, {A;}, NoyinU -» True, display - True];
1 : 1 4 1
-1 = 4 [ —'ISTI" = d X tr‘
1STr[P2_m%] hard = Jd*x o2 T pslash_m, | Ihore i o2 T
1
- = Foo o) (Fu o -
12 m? (Fugia) (Fug,ug) (dim-4) 6 my (Frguz) (Fug,uo) (dim-4)
1
. B |
9@-m4 (Fuy i) (Fuy,uz) (Fup,us) (dim-6) 90 m3 (Fugug) (Fup,ug) (Fup,us) (dim-6)
1
- . (Poi P Fris i) (Fiuyoiis) -
6(§m'il (PulpuzFuz,ua) (Ful,ug} (’d‘im—6) 15 m? 17 H2 T 25143 41 5143 (d1m—6)
J J

reproduce log-type supertraces upon integration over m :

0

—
ﬁmq,

[i STrlog (P* - m?p)] = —1 STT[ : ] o ['é STrlog (P — mq,)] = —4 STr[ ! ] :

P2 —m? oma P — mg
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STrEAM (Superlrace Evaluation Automated for Matching)

Additional Examples

n/ = SuperTrace[6, {Ai, Ui, Az, Py, Z,, Ag, U3, Az, Us}, Udimlist » {1, 1, 2, 1}, display » True];

1 1 1 1
HSTr U P,Z, U U = [d%x tr P .
Lp2 2 tp2 2 vty p2 o3 p2 g o4l herd J 162 derivative interaction
32 Lo [m%]
R (U1) (Zuy) (PyyUs) (Us) (dim-6) By default:
4] 1 = heavy mass
: 2, 3, ... = light masses
ml _—
3-2 Log[pz} (Ul) (Pulzul) (U3) (U4) (d-im—G} O — Z€TIrO INass
2 mé Otherwise the user should
specify which masses are heavy.
2
My
32 Log| 5| (PuyU1) (Zyy) (Uz) (Us) (dim-6)
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summary & outlook

» We have devised a prescription for EFT matching up to one loop that is functional (pun intended).

» STrEAM automates the most tedious part (CDE) in this STrEAMlined prescription.

»CUV [d:), ¢]

/ \

(I)c[¢]_>K7X

l Enumerate

Functional
supertraces
l Bvaliate  |(automated) CDE + matrix algebral
(tree) (1-loop)
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summary & outlook

» We have devised a prescription for EFT matching up to one loop that is functional (pun intended).

» STrEAM automates the most tedious part (CDE) in this STrEAMlined prescription.

> Many pheno applications. B. Henning, X. Lu, H. Murayama, 1404.1058, 1412.1837, 1604.01019.
C.-W. Chiang, R. Huo, 1505.06334.
R. Huo, 1506.00840, 1509.05942.
A. Drozd, J. Ellis, J. Quevillon, T. You, 1512.03003.
S. A.R. Ellis, J. Quevillon, T. You, ZZ, 1604.02445, 1706.07765.
J. Fuentes-Martin, J. Portoles, P. Ruiz-Femenia, 1607.02142.
ZZ, 1610.00710.
J. Wells, ZZ, 1711.04774.

H. Han, R. Huo, M. Jiang, J. Shu, 1712.07825.

B. Summ, A. Voigt, 1806.05171.

M. Kramer, B. Summ, A. Voigt, 1908.04798.

T. Cohen, M. Freytsis, X. Lu, 1912.08814.

S. A.R. Ellis, J. Quevillon, P. N. H. Vuong, T. You, ZZ, 2006.16260.
A. Angelescu, P. Huang, 2006.16532.

T. Cohen, N. Craig, X. Lu, D. Sutherland, 2008.08597.
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summary & outlook

» We have devised a prescription for EFT matching up to one loop that is functional (pun intended).

» STrEAM automates the most tedious part (CDE) in this STrEAMlined prescription.

» Many pheno applications.

> Beyond relativistic EFT? T. Cohen, M. Freytsis, X. Lu, 1912.08814 (HQET).
» Beyond one loop?

» Beyond matching: also efficient RG calculation.

» New insights on other aspects of EFTs?

> 7
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THANK YOU




