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Standard Model EFT (SMEFT)

Motivation:

No evidence for new physics at the LHC so far

« SM =leading order of Effective Field Theory (SMEFT)

1
* New physics encoded in Wilson Coefficients C; of SMEFT operators ~ An
/

* Fit Wilson coefficients to experimental data _
new physics scale

— Need matching of BSM models onto SMEFT

— This talk: matching method & issues
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Standard Model EFT (SMEFT)

Scattering of Standard Model (SM) particles:
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Standard Model EFT (SMEFT)

Scattering of Standard Model (SM) particles:

Energy scale
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Standard Model EFT (SMEFT)

Scattering of Standard Model (SM) particles:

Energy scale .
gy“ SM particles
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Standard Model EFT (SMEFT)

Diagrammatic matching SMEFT expansion parameter: | )\

M2

\/
' \/ + O(\?)

/\;/\

ext. momenta:

Tree-level:

Pi ~V
/ \
O(\%) O(\)
(SM) operators SMEFT operators
(n)

< Tree-level matching fixes Wilson coefficients C ;..
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Standard Model EFT (SMEFT)

2
\'
Diagrammatic matching SMEFT expansion parameter: | \ = Ve
1-loop:
~— _~

NT LN
AN

ext. momenta: p; ~ Vv

—_—

¢ 0@ + 9. 0" < Loverr

I,1loop J,1loop

(n)

— 1-loop matching fixes Wilson coefficients C, 7).
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Standard Model EFT (SMEFT)

Expansion by regions: [Beneke, Smirnov 1997]
P1\ P4

p2 m2

~ /de
[p? — M?][(p—p1)?—m?][(p+p2)? —m?][(p+p2—p3)? —m?]

—_ —
P2 pi~mn~v P3 - Ihard + Isoft

2
hard region: lparq = /de m 7 + O()\z)

p~ M [p2 — M?] p
1 p? m? 5
soft region: leoit = — de + O(A
1t regon: o = [4P [o—p)?—mel[(ppa—mAl[(ppa—par—m?] T O
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Standard Model EFT (SMEFT)

Expansion by regions: [Beneke, Smirnov 1997]
Pl\ P4
~ /de p2 m*
[p? — M?][(p—p1)? —m?][(p+p2)? —m?]|[(p+p2—p3)* —m?]
M2
& pem~yv Ps = Ihard + lsoft = =71 —5 + f(pi, m) + const. + O(\?)
m? 1 M?2
hard region: lharg = /dD + O(\?) = (— —In —) + const. + O()\?
P~|\§| e P P2 — V7] p? () = €IR p? )
1 p? m? 5
soft region: leoit = — de + O(A
o et ek = P (g mall(p o) mell(p e po 2] )

€yv m?

— 7(—i —1In “—2> + f(pi,m) + O(\?)
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Standard Model EFT (SMEFT)

Expansion by regions: [Beneke, Smirnov 1997]
P1\ P4

p2 m2

~ /de
[p? — M?][(p—p1)?—m?][(p+p2)? —m?][(p+p2—p3)? —m?]

—_— —
P2 pi~ma~v P3 — Ihard + Isoft

, \ /
hard region: lhard :/de P m + O()\z) / \
2

— V2] o4
p~ M M ] P
soft region: | ! dPp p* m + O(\?)
- lIsoft = 5
p v CTVE T T l(p—p1)2—m?[(p+p2)? —m?][(p+po—ps)? —m?]

|
<
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Standard Model EFT (SMEFT)

Diagrammatic matching SMEFT expansion parameter: | \ = V—22
1-loop: soft
™ 1.\ @

\/ ! O(\2)

ext. momenta: p; ~ Vv

c O(O) + cY Oj(l) C  LsMEFT

i,1loop J,1loop

(n)

— 1-loop matching fixes Wilson coefficients C, 7).
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Standard Model EFT (SMEFT)

N
]

Diagrammatic matching SMEFT expansion parameter:

1-loop: hard only!

|

S~

T N o
N

—_—
ext. momenta: pi ~ Vv

¢ 0@ + 9. 0" < Loverr

I,1loop J,1loop

(n)

— 1-loop matching fixes Wilson coefficients C, 7).
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Functional matching using the BFM

Background-field method (BFM):

b — & + O
/ N\

classical guantum field
background field — loops
— tree level & external

= L(¢) — L7(d) + L(¢r, i)

Perform loops using the path integral:

ol JdOx Ler — i [dOx Ltree($i)/D¢i ol Jdx L(8i,¢1)

15.03.2022 Maximilian Stahlhofen — University of Freiburg Seminar on particle physics, Vienna - 13



Functional matching using the BFM

Background-field method (BFM):

o [dPx Lo — o [dPx ﬁtree($i)/D¢i o [dPx L£(pi,¢1)

1
Feynman rules:

original (tree-level) all all all
Feynman rules loops loops loops
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Functional matching using the BFM

Background-field method (BFM):

o [dPx L — o [dPx ﬁtree($i)/D¢i o [dPx L£(pi,¢1)

L(di¢) = ¢iAi(d) + & Bij($j)¢j"|“¢i¢j¢k Ci(d) + ...

/ _ pen(d, o \

vanish by EOMs l higher loops

1-loop
Feynman rules
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Functional matching using the BFM

Background-field method (BFM):

ol JdPx Lot — i [dOx L7°%(h) / Do e JdPx £1P (i, )

Feynman rules: // |
original (tree-level)
Feynman rules

contain hard and soft contributions
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Functional matching using the BFM

Background-field method (BFM):

ei deX Leff — ei deX Etree($i)/D¢i ei deX Elloop($i,¢i)
original (tree-level)
Feynman rules e

N
AN

ard soft

Feynman rules:

e
VAN

~~
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Functional matching using the BFM

BFM + expansion by regions:

Light (SM) fields: & — &1 + & = @i + Gis + Pin

N\

Heavy (BSM) field: H — |:| + H, = H 4+ H. + Hj
|

7

soft modes hard quantum
p~V modes
p~M
toop _ Ly AL Hy 4 H !
Lo = —5Hh An Hy + Hp XHi @in — §¢i,h«4ij¢j,h
depend on ICI, gAb;
15.03.2022
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Functional matching using the BFM

BFM + expansion by regions:

. D . D tree _ - D Llloop
ol Jd™x Let = ol Jdx L7 (Hsdi0) /DHhD¢i,h el /X Lo

Feynman rules: // Y

N N
N

0 + c9..,0" = L8P Lomerr

J,1loop ™j

c'y

I,1loop
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Functional matching using the BFM

BFM + expansion by regions:

. D . D tree _ - D Llloop
ol Jd™x Let = ol Jdx L7 (Hsdi0) /DHhD¢i,h el /X Lo

Feynman rules: _ 'D loop
— @ Jdox 6L 4

N N
N

c'y

I,1loop

0 + c¥ Oj(l) = L8 C Lsmert

J,1loop

15.03.2022 Maximilian Stahlhofen — University of Freiburg Seminar on particle physics, Vienna - 20



Functional matching using the BFM

BFM + expansion by regions: As+Hs &+ ¢,

\
. D . D tree _ - D Llloop
el Jdx Ler = ol Jd"x LT (Hs i) DHpDg; p, € S Lo

Feynman rules: . 4D lloop
- — elfd x 0L
original (full-theory)
Feynman rules
for soft modes

Eliminate Hs by EOM: O(v?)
L7 (H, dis) = —;Hs(lD + M?)Hs + HA(¢is) +
Solve EOM iteratively = H, = —i > Ao, S) O(N)
| o'(ﬁ)
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Functional matching using the BFM

BFM + expansion by regions: As+Hs &+ ¢,

\
. D . D tree _ - D Llloop
el Jdx Ler = ol Jd"x LT (Hs i) DHpDg; p, € S Lo

Feynman rules:

. D lloop
- — elfd x 0L
original (full-theory) o
Feynman rules
for soft modes

Eliminate Hs by EOM:
LU (H, dis) ——= LU(pi5) = Lom + Clrc O + CO 0™ © Lomerr

EOM I,tree ],tree 7

I \/+O>\2
A RN
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Functional matching using the BFM

Calculation of 6LL2%:

1

(0]¢} 1
LHoP = —5Hh ArHn + Hy X din — S i Aij di

Field redefinition: Gin — Qin+ (A_l).. Xin Hh

00 1 A 1
= ﬁﬁlardp —> _§Hh Ay Hp — §¢i,h Aij &j.h
|

Ap = Ay — Xy (A7),
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Functional matching using the BFM

Calculation of 6LL2%:

. D lloop . D lloop
N Jdox 0L ¢ — /DHhD¢i,h ol Jdox L.

= /DHh e_é deX Hh AH Hh /D¢| he_é deX ¢i,h Aij qu,h

p~ M

=0 (scaleless)
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Functional matching using the BFM

Calculation of 6LL2%:

. D lloop . D lloop
N Jdox 0L ¢ — /DHhD¢i,h ol Jdox L.

— /DHhe 3 [d°x Hy Ay Hy /D§b|he 3 Jdx ¢in Ajj ¢y

! !Deﬁq L(X" )X "

— ¢ ;Trh In (X! y)Fh(x," X) |

H

' (| lloop _ | 41 D | de - :
. 'Ly — (2)0 In M (X # + Ip)
p" M
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Functional matching using the BFM

Calculation of §£o°P.

eff
. . D H
lloop _ a1 D d P - .
L = — In (X # + |
el 2” (2n )D ( X p)
o \
Ay = Ap — Ay (A_l)ij Aj
inverse propagator operators read off Lasm
_ | depend on H, b,
Aij(x,!x +1p) = Dj ! Xj, Xii =
|
o( !)
Al l — nNn'1 ‘N1 ‘n!' 1 ‘nN' 1 nN'1 ‘n' 1
A i D ij+ D ikaI D Ij+ D ikxkl D Imen D nj+"'
o( !) o(!)
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Functional matching using the BFM

Functional matching, pros & cons:

No operator basis needed

Universal pattern

Straightforward automation

- Feasibility @ 2 loops ?

- Need to convert to standard SMEFT basis

+ + +

Literature:

e First attempts: [Gaillard; Chan; Cheyette 1986-1988]
e Revival: [Henning, Lu, Murayama !14]

e BFM: |[Dittmaier, Grosse-Knetter 1995, 1996]

* BFM + expansion by region: [Fuentes-Martin, Portoles, Ruiz-Femenia !16]
* UOLEA:

[Drozd, Ellis, Quevillon, You; Zhang; Vuong; Henning, Lu, Murayama; Kramer, Summ, Voigt;
Angelescu, Huang 116 - 21]

e Automation: [Criado; Cohen, Lu, Zhang; Fuentes-Martin, Konig, Pagés, Thomsen, Wilsch 117-20]
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Matching models with Higgs mixing: SESM

Singlet extension of the SM (SESM)

Non-linear realization of SM-type Higgs:

Pauli matrix
1 L] 1 ./
' = L _(v,+ hy) U, U=exp 21— |, = 13"
| | Vo 2 |
vev Higgs field real Goldstone fields
/S S
Singlet field: ! = v + hy
Higgs sector:
- 1 ° 1 # 9 1 # N
L 099 = St @%!)(D“!)4-§u%r! Ll 1

1 1
+ é("p#)("“#)+ HE#2 1 1 #4 E!12#2tr I

3

Covariant derivative: ~ Dy! = 1,1 1 igpWy! ! igq! >

By
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Matching models with Higgs mixing: SESM

Higgs mixing
Mass eigenstates: heavy Higgs  H — Ci S hy
SM-like Higgs h l's ¢ ho
|
mixing angle s ! sin!, ¢ ! cos!
1 C 1 S
! Ma = _V%! 2 + 2v1Vy! 12_! ! Mﬁ — —Vg! o # 2ViVo! 10—
2 S 2 !
MZ
SMEFT expansion parameter: ! | M_Z:
Power counting g, 1o, 1o 1, Vo I My ! My, V1, M1, M2 I My

! ST (“weak coupling scenario”)

BSM input parameters: S , ! 12, My
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Matching models with Higgs mixing: SESM

BFM and non-linear Higgs U =exp 2i!— S uUuU=1

V2

1 .
Goldstone part of Lagrangian: L gpqy = i (v + h2)2 tr (D,U) (D"U)

BFM: !; ! O+1.. H! HK+H U! OU

Fix gauge of quantum fields by (standard) gauge fixing term: L LX

Unitary gauge for background fields via Stueckelberg trafo:

W, ! g\@/uméglug, w,! 6w, B,! B, B,! B,

I (DUt ODLU) I L, %(v2+ h2)2tr:(DuU) (DMU)

O can always be restored by inverse Stueckelberg trafo!  [Dittmaier, Grosse-Knetter 1995, 1996]

15.03.2022 Maximilian Stahlhofen — University of Freiburg Seminar on particle physics, Vienna - 30



Matching models with Higgs mixing: SESM

1
W = 5 (Wily+ Whlp+ Z41)

SESM — 2 2

+ Hlehh+ Htr "XﬁWIWu + htr ,?(EWWI“ + HIr X 1]+ hir Xy ]

tr AGXEC W e W XDt ALXR D L

1 1 T |
LSe® =1 ZHI yH! Shtnh+tr Wyl MW+ SAL ALttt
| " | '

=1 Clap KUl =11 ¥
" DwﬁW!b ' 2|tr 2" W, 2 Pruac =11 A
.I |
D#a#b 2tr 2a| 2b Dhh = !
o Ly g layH L — oYM la
_ TR 4w la
XHh - X|"|h1 | XHWa,p tr|XHW 2" XhWa,p tr XhW 2
e ! i !
Xhtt, = I Xpy 2 Xup, = tr Xpy 2
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Matching models with Higgs mixing: SESM

Calculation of 6LL2%:
 Yoop_ | 4D del I+ .
L, " = Q“ (2)P n M y(Xx # + Ip)
o 1
O(' 1) AH = Ay — A (‘A_l>ij AjH
I
Aij(X,!X+ Ip) = Dij ! Xij, Xii=0
Al i = D'? it ;D! 1 ikaI.D! 1 Ij.+ IID! 1 ikaI.D! 1 lmen'D! 1 nj.+
o( !) o(')
o( !)
|
Fa(x !+ ip) = 1 (p*1 M)+ " (X, p,! %)
! H#H it " ‘N
= | ' = | p? 2y | =
In Fp(X !+ Ip) In(! p*+ M;) ! nzln. 2T W2
Ob n/2)
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Matching models with Higgs mixing: SESM

1] .. 17 .. . 1 .
5£ef?0p from bare L gggv: et ! > Wit + WhL, + azuh
1 1 # R M2 . . L= -1 "g+In(4H)+In
lloop — 2 2 AL HY &) ! I E 2
L, 357 Hsztr 6" 14 n ! 2e A A ! M2
&
#2, 3MEMES? M# s’ #12M252
(L + 1)+ = A=
. Sl —ad (L + 1) 2 (2L + 1) ! 2 |
2N 12 4 2
6Mh\g—HS‘2 (Lo+ 1)+ H 354( £ 1)1 —2#12\,MHS'2( + 1)1 vl B
& 2 A 2
13MZMZ <2 Mis? ( )
— N _H" (L. + + w+ 2L ! +
Y (L + 1) 22 3L+ 2L I & 2.
+ #1oM2 (1| 10§ L + Lo ! 232 + 2#2,Vv3(7L + 3) R?
2 I I
+ M\';S-z (Mﬁ+(2! s_z)lvla) (L- + 1) ! 2#12v2(3|v|ﬁ+(2| sz)Mﬁ) (L-+ 1) A
&
4
6#;22V2(4L + )P+ 3 2#;2V2(Mﬁ+(1! s,Z)Mz) M § (L + DA
AN
4 EOM:
+ MH3§(|_.. + 1) + M(ZL I 1)+ ML A28 B S /
v V2 S A=1 A +0(1¥?)
+ 2
+ SLV(MHSZ ! 2#12V2) 2MES (L + 1) + 3#1v5(3L- + 1) AR + O(!)
' V3
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Renormalization

Renormalized SMEFT Lagrangian:

ren _ tree lloop 1lloopCT CT
sverr = Le + ML + LG + Lsverr
from soft L sgsy hard contributions EFT
using EOM for Hg to full-theory counterterms
counterterms
Decoupling

ren bare lloop 1lloopCT CT " ren "
sverT = Lsw 'Ly T+ LG "'Ls"'O()—L + O(")

! svert | Lsm = LéulOOp + "|—1IOOpCT + O(#) = O(#)
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Renormalization

1l00pCT,
Derivation of I L oop

A O . 1Ioo CT . 1l CT
L sesm(Pi, Q) I 'C'V SESI|C\)/| (Dl,H) > Le!oop +LgR-,|

I eliminate
by EOM
+ | expansion

input parameters
(masses, couplings, ...)

| o
ta
Ci

Note: 1 for some of the G !
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Renormalization

Tadpole renormalization:

= T 1 MMy —— ATR 1 Loor

el
5
3 lloopCT . :
tadpole counterterm: R!tp ! Le!OOIOC with 1t =1 TF
Tadpole schemes: [Denner, Dittmaier, Lang 18]
' 1 1 N 3
PRTS| !th= vy !u3! 7" o2 | 5" 2V2! V2 TR MpM7

p—

appears in different

counterterms
! Mﬁ' Vh [Fleischer, Jegerlehner 1981] .
| - depending on scheme!

FITS 't

from field shift B! A+ ! v,
(no physical effect)
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Renormalization

Renormalization of mixing angle S ! I

+

&
n
_|
:
S
+
9

Renormalization of other input parameters:

15.03.2022

all masses: oS

all couplings: MS

Maximilian Stahlhofen — University of Freiburg

for

for

for

for

tadpole scheme
|
OY PRTS

MS/ PRTS

OS FJTS

MS/ FJTS
|

renormalization condition for S
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Renormalization

Final result:
i O(!) for OY PRTS |
i+it o(!) for MS/ PRTS |
ren | ren —
SMEFT * =sM = w O(!) for OY FJTS !
i % B
i MZS (2! 12v5 ! MZS,Z) ﬁ,l
: -V 41 VIS "
$ 64" 2M2VA M2 Qi1 for MS/ FJTS
o(! 9

no decoupling!

standard SMEFT operator:  PgyPsm ! PepyPsm
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Renormalization

Analysis of non-decoupling MS/ FJTS result: matching scale (full theory)
|\/|28,2(2! 19V5 | I\/IZSZ)' pz : -
sverr ! Ldu = — == In =% +1Q, + O(!)

‘ 16" 2M¢ M

running mixing angle s ! & (p3) = O( !)

RG evolution of mixing angle (iteratively):
M8 (B%) 2! 12v3! MEs (B3) "kt -
2\ — 42\ 4 H*2 M 2 H* M | M 4 O |

o("' Y2 problem!

Manifestly scale-independent result (v = Mp):

212 2 2 2 2427 7
ren | ren _ B (MH) + I\/IH 2! 12V5 ! I\/IH!E- (MH)
SMEFT * LsmM = —H57 — TV

AV 8" 2M2v3

1 Q. + O()
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Summary/Outlook

* Functional matching is powerful tool for top-down derivation of SMEFT:
universal, algorithmic, ...

* Tricks for matching BSM models with extended Higgs sector:
non-linear realization, Stueckelberg trafo

* Consistent EFT requires careful choice of renormalization/tadpole scheme:
MS renormalization of mixing angles can be problematic!

Outlook:
e SESM matchingto O(!) (dim-6 operators) — WIP
* Fermionic sector — WIP

e (Other BSM models ...

15.03.2022 Maximilian Stahlhofen — University of Freiburg Seminar on particle physics, Vienna - 40



