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Outline

* (Very) basic introduction to The dim-6 Standard Model Effective
Field Theory (SMEFT)

* Input schemes
- Examples from The SM and extension to SMEFT
* Practical implementation

* Main results

- As observed through practical decay examples (W,2)
= Interesting observations

* Conclusions
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SMEFT In a nutshell

* Extend the SM with operators of higher mass dimension
* Gives a “model independent” way to parametrize new physics effects

A (4

L= »CSM—|—> >
d=5 1
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SMEFT In a nutshell

* Extend the SM with operators of higher mass dimension
* Gives a “model independent” way to parametrize new physics effects

Wilson coefficients
\

£ Lou+ 305

d=5 1 \

“New physics” scale / Operator of mass dimension d
- SM fields only
SU(3) x SU(2) x U(1)
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SMEFT In a nutshell

* We will restrict to baryon number conserving dimension-6
operators only

* Warsaw basis
[Grzadkowski, Iskrzynski, Misiak, Rosiek: JHEP 10 (2010) 085]

L= Lo + Z C. 0, C; ~ A2

© 2499 such independent Wilson coefficients
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SMEFT In a nutshell

1:X3 : HS 3: H*D? 5:¢?H? + h.c.
Qc | fABCGAGBrGSr  Qu | (HTH)? Quo (H'H)O(H'H) Qer | (H'H)(IperH)
& | fABCGAGBrGSH Qup | (H'D,H)" (H'D,H) Qur | (H'H)(gpu,H)
Qw | TEWIwlew Ke Qan | (H'H)(qpd, H)
Qu | KWW lew K
4:X2H? 6: 12X H + h.c. 7:y2H2D
Que | HUHGA GAw Qew | (pote,)o! HW], 0 (H'i'D , H)(I,7"1,)
Qua | H'HGAGA™ Qes | (0" e,)HB,, S| @D L) Gy
Quw | HIHW]I, Wi Quc | (G TAu,)H G, QHe (H''D  H) (e e,)
Qi | HIHWIL WIn Quw | (Gpo*u,)o! HW], Q%) (H''D . H)(@7"a)
Qus | HIHB,,B"™ Qus | (@0 u)H By, Q) (H'i'DLH) (G0 v"q,)
Qup H'H By, B" Qac | (Gpo*T4d,)H Gy, Quu (HT'ﬁBuH) (wpy"ur)
Quws | HioTHWI, B Qaw | (@pody)o T HWI, Qra (H'i'D , H)(dyy"d,)
Quivp | Hiol HWL, B Qap | (G0 d.)H By, Qtrua + hec. | i(H' Dy H)(ayy"d,)
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SMEFT In a nutshell

1:X3 2: HS 3: H*D? 5:9¢2H3 +h.c.
Qc | FABCGAGErGSr  Qy | (HTH)? Quo (H'H)O(H'H) Qer | (H'H)(IperH)
& | fABCGAGBrGSH Qup | (H'D,H)" (H'D,H) Qur | (H'H)(gpu,H)
Qw | TEWIwlew Ke Qan | (H'H)(qpd, H)
Q| VKWW I Kn
4:X2H? 6: 92X H + h.c. 72 H?D
. ... +25fourfermion operators .1 ]
Que | H'HG], iDL H) ([0 y"1,)
Quw | HIHW]I, Wi Quc | (G TAu,)H G, QHe (H''D  H) (e e,)
Qi | HIHWIL WIn Quw | (@po"™uy)o! HWE, Qi) (1D, H) (@51 ar)
Qus | HIHB,,B"™ Qus | (@0 u)H By, Q) (H'i'DLH) (G0 v"q,)
Q.5 | HUH BB Qac | (@0 TAd,)H G4, Quru (YD |\ ) ()
Quws | HioTHWI, B Qaw | (@pody)o T HWI, Qra (H'i'D , H)(dyy"d,)
Quivp | Hiol HWL, B Qan | (q0"d,)H By, Qrrua + hc. | i(H'D,H)(upn"d,)
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SMEFT In a nutshell

* Important to note: The presence of the dim-6 operators causes some
parameters to be shifted from their SM equivalents

- Normalization of the Higgs doublet
* Weak mixing angle

* Yukawas...
H(z) = —V2i¢* (z)
T= V2 \ [1 4+ Crxin] h(x) 4+ [ — UTTCHD} ¢ (x) + vr

2

‘\NCHDacHEI &2 = %

&2 2 S . M%

* 52— 57— w L <CHD + — CHWB) V3
2 Cu (HTH> _ T

2
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SMEFT at NLO

* Why go to NLO for SMEFT calculations?
* Increased precision / reduced uncertainties

* New operators may appear at loop level (which may have numerically
large prefactors)

- Check on the perturbative convergence

* Important to consider the choice of input parameters (see next
slide) — the focus of this talk

= For the purpose of this study we have computed at NLO:
h — bb Z =1l W — v

* | will only show a collection of results here though
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Input schemes

- The SM(EFT) Lagrangian contains a number of undefined
parameters

- Gauge couplings, Yukawas, CKM elements, Higgs VEV/self coupling..

* These need to be fixed via measurement — relate to observables
« mpy, my usually renormalized on-shell
- my = 0 for all other fermions (except m; in h — bb)
* Approximate CKM elements V;; = ¢,

- Still leaves us with three undetermined parameters
{gla g2, UT}
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Input schemes

* We need three more inputs
* Some contenders...
My, = 80.433(9) GeV a(My) = 0.007127(2)
Mz = 91.1876(21) GeV G, = 1.1663787(6) x 107> GeV 2
* Subset of three will determine an input scheme
- We will consider three such schemes:

a —scheme o, —scheme LEP scheme
{a, My, Mz} {G, My, Mz} {a, G, Mz}

Note: A nice discussion of scheme choices can be found in [Brivio: JHEP 04 (2021) 073]
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Input schemes

* In all cases the Wilson coefficients are renormalized in the MS-scheme

* Can read off the poles from the anomalous dimension calculations

[Jenkins, Manohar, Trott: JHEP 10 (2013) 087, JHEP 01 (2014) 035]
[Alonso, Jenkins, Manohar, Trott: JHEP 04 (2014) 159]

1 dc;

- Operator mixing can induce large numbers of new Wilson coefficients in
the anomalous dimension
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The « scheme
Inputs : {a, My, Mz}

* Important to discuss the renormalization of these input
parameters See eg: [Denner, Dittmaier: Phys.Rept. 864 (2020) 1-163]

« Mw, Mz renormalized on-shell

- Tadpoles explicitly included everywhere (FJ tadpole scheme)
[Fleischer, Jegerlehner: Phys. Rev. D 23 (1981) 2001]

- We use an “MS-lite” scheme for «
[Cullen, Pecjak, DS: JHEP 08 (2019), 173]
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The & scheme

- a defined as the eey coupling at zero momentum transfer: a°->-(0)

€op = € + de
aO'S'(O)
1 — Aa(Mz)

- Often “run” to an effective value: a®* (Myz) =

- For our MS-lite scheme: a® (u)

- All particles heavier than the b-quark decoupled (defined in a five-
flavour QEDXQCD scheme)

* Can relate to the on-shell value:

B aO'S' (O)
- 1—Aa® (Mz)

@(ﬁ)(MZ)

50 (My) = a(My) [1 N a(i\fz) 12070]
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The & scheme

= For the purpose of later comparison it is helpful to use

2 92
2_MWSw

Vo —

T

* Renormalization of @ then appears in the relation between the bare and
renormalized vev

2 v

R p2 Ag(6:0.0) _ iAv((;l,l,a) BYNACERS
UT.0 va S

(0% .

With the tree level result: Av((lﬁaf’,a) — _QC—w [CHWB + :—wCHD
Sw

Sw
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The «,, scheme
Inputs : {G,,, My, Mz}
* We can include G, by relating it to the bare and renormalized VEV

Uy = (\@Gu) B

* Define:

ZL — % [1 _ viAU(G,O,u) _ %A’Ufjl’l’“) _ A,Ulgfi,l,u)]
v v v
T,0 I H

* Renormalization condition provided through muon decay:

SMEFT amplitude = SM tree level amplitude

Attree level: Avp©0) — o) L B _ &
ree leve v, 11{1l + 12{2[ 125521
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The “LEP” scheme
Inputs : {G,,a, Mz}
- G, and « defined as before

* Now My is a derived parameter

~ ~ ~ 1 ~ N ~ ~
MW,O = Mw (1 + UZAM‘(/S,O,M) (MW) + U_2AM$’1’M)(MW) + AM‘E‘?’L“) (MW)>
I

) 2 Ao
Where: M2, = % <1+ \/1 _ 7;;;%)
Z

* Relate this definition to the on-shell mass:

N " 1 =« "
m
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The “LEP” scheme

- The relation between My and My also requires the tree level
expression for the W mass in the SMEFT in this scheme
Can be derived using the expressions in for example: [Alonso, Jenkins, Manohar, Trott: JHEP 1404 (2014) 159]

Subscript T implies full
bare VEV used vt

My = MWT

C'wT wT C
1+UT1_2A2 (OHWB—|—48wTCHD>

* Interpret as a relation between bare parameters and expand in
counterterms - gives AMy, from previous slide

+ Combining with counterterms from OS W mass, we can derive the Ay,

P 42
(6,0) _ 1 . 5w A ,(6,0,)
E.g. AMy T [Cws'w (CHWB 45w ) +5 0 Ao
a

From vev relation in the for G,from muon decay
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Questions

* Key questions:
- How does the perturbative convergence differ between different schemes?

- How does the number of Wilson coefficients differ when calculating
processes in different schemes?

* How large are the numerical prefactors of different Wilson coefficients in
different schemes?

- Before jumping to results for the decays we calculated, we can already
examine some features of the schemes themselves...
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Scheme features

- SM
1 1 (4,1,10) 1
oy — (1 - <Ay, " | = = (1 —0.0003 — 0.051 [top, tadpole])
1 02 02 Uk 02
p p p
1 L (1a) 1
o ) 1— @Ava Y = ) (1 —0.044 — 0.052 [top, tadpole])

1
= — (1 — 0.008 — 0.054 [top, tadpole])

Ui
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Scheme features

- SM
1 1 (4,1,1) 1
Qy, — (1 - <Ay, " ) = —= (1 —-0.0003 — 0.051 [top, tadpole])
I3 ’02 ’U2 K ’02
m m m
1 1 (4,1,a) 1
o E 1 — EA’UO‘ Y = @ (1 —0.044 — 0.052 [top,tadpole])

1
== (1 — 0.008 — 0.054 [top, tadpole])

“ T
Tadpoles from tops — should cancel out
in the end
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Scheme features

- SM
1 1 (4,1,10) 1
oy — (1 - <Ay, " | = = (1 —0.0003 — 0.051 [top, tadpole])
1 02 02 Uk 02
p p p
1 L (1a) 1
o ) 1— EAUQ Y = ) (1 —0.044 — 0.052 [top, tadpole])

1
= — (1 —0.008 — 0.054 [top, tadpole])

Ui

Correction much larger in the & scheme.
We can look at the individual counterterms which make up this correction
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Scheme features

1
—— Av(b) = —2As{H1) 4 0.006 — 0.052 [top, tadpole]

vOz
' 2 1 ,1
Where: Aste) = =2 (AMph - Amfe)
Sw
Can examine the large 1 limit: Related to mass
counterterms
2 3 m2 C2
—2As{h1) = 252 (— 397 02 —0.002) =25 (~0.005 - 0.002) = —0.050
n 4 w
——  Factorof7
Compare to a“ scheme:
4,1 3 mj .LL2
Av( L) = 2 2t (14 21n 25 ) +0.002 — 0.050 [top, tadpole]
v/% 1672 v2 m2

= —0.003 + 0.002 — 0.050 [top, tadpole]
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Scheme features

What about SMEFT? Examining the large m; limit

. o w w 2 2 3 2
a:  ApGe) - Ce [CHWB + Y Oy (1 4252 1n %) + ey (oﬁ}; = CHU> In £ ] o

w 28w .

oY M
— ApHh) (Avgﬁ’o’o‘) —20%) +2v2= " Cuw)

33 my 33
Mwmy ( s
— W (30, Cu + 850 Ch, )1 L
2v/2m2s,, Cwtul T Bty nm%
=02 (0.22Cywp + 0.12CHp

+1072 (7.3033 +8.8CH, — 8.8CY) +3.1C,p — 0.4CuW) T
33

33 33 33 33

3m2 ,U2
Where:  Aghbe) = 2T (1 _ 22 — 2 1n —) o
ot 167252, m?
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Scheme features

What about SMEFT? Examining the large m; limit

. o w w 2 2 3 2
« A’U((f:%l’ ) = Cw [CHWB + %CHD <1 ‘|‘28%U In %) +4cysw (CJ(L}; - CHu) In r ] i
w w t

o M
— Ao (Avgﬁ’o’“) —201) +2v2="Y Cuw
33

MWmt
24272 5,

0.22Cgwp +0.12Cyp

<3cwC’uB n stcuw) In
33 33

.2
= U,

+1072 (7.302”; +8.8CH, — 8.8C"
33 33 3

o 3m2 ,U2
Where: Avgl’l’ ) — [ (1 — 252 —25% In —) +....
ot 167252, mz
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Scheme features

What about SMEFT?
Again in the large m: limit
Qp i Ap(GhH) = (CS’} +08) 20 y —208) + %)+ ) AvH)
11 33 1221 33 1133 2233

2 2
: (4,1,0) _  9M H
Where:  Av, ;" = — 162 (1 +21In %>

The m? corrections are still present, but missing the additional enhancement by
factors of 1/s2,

The corrections here are typically larger in the a scheme than in the @, scheme
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Results

* How do the scheme choices affect practical examples?
*  Study decays of the W, Z, and H. Will present only W and Z here
* Results normalized to LO SM:

(4,0,sch) (6,0,sch)
Asch _Lxnn X
X f1f2,LO (4,0,sch)
X f1f2
(4,1,sch) (6,1,sch)
Asch _ e xRy
X f1f2,NLO F(4’O’SCh)
X f1f2

\ Note this is only the NLO correction
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SM NLO
LO
NLO

J€g€€ 'l
12€€2 1y

{1€€T 11

leebH
)
= m U

| €€ bH

# Wilson coefficients at LO: 3
# Wilson coefficients at NLO: 36

1 X0qH~

S
O

W — 1v
My
3

14

{EE€'IH
< 1 GMHH
< 4 dH)H

1072
1072
0
10|
1075
1076

a —scheme :
100

AN
N
o
N
=~
N
o
~~
—
—i




SM NLO
LO
NLO

J€g€€ 'l
12€€2 1y

{1€€T 11

leebH
)
= m U

| €€ bH

# Wilson coefficients at LO: 3
# Wilson coefficients at NLO: 36

My
T
O

e {x0at/5
i1M>H
| €€ .\IU

< 1 GMHH
< 4 dH)H

W — 1v

14

1072
1072
0
10|
1075
1076

a —scheme :
100

AN
N
o
N
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N
o
~~
—
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1€€€€l
S {ze€zly
i _M JTEET IS
— 12211y

# Wilson coefficients at LO: 4
# Wilson coefficients at NLO: 25

W — 1v
M
l

L 1M>
]

100

ay, —scheme :

AN
N
o
N
=~
N
o
~~
—
—i




SM NLO |
LO
NLO

|
!
—_
m
<

Jeggg iy
12e€2y
JTEET I

12211115

| €€ bH
(€)°

1/TeV?
O r
O

C
= =

< )

{Gr, agw, Mz}

# Wilson coefficients at LO: 6
# Wilson coefficients at NLO: 39

41 8HH

4 XOqHH
1M>H

» 11221l

W — v
My

v
m
m
I
O

14
A
Ll
o
=

O

10°
1071
102

0
104
1073
1076

LEP —scheme :

AN
N
o
N
=~
N
o
~~
—
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Results: W decay

ZV:_MV'VV W | SM Cap Caws Oy Oyl Ol O
o | —42% —11% —3.0% —  —  22%
o | -03%  —  — 25% 25% 22% —0.2%
LEP | 12%  7.1% 2.0% 42% 42% 3.8% 15%

Size of NLO corrections to Wilson coefficients which appear at LO

- Far fewer Wilson coefficients at NLO in the &, scheme (25 vs 36 or 39)
- Slight differences between LO coefficients in different schemes
= Corrections to LO coefficients at the 1% level

- Largest Wilson coefficients first appearing at NLO arise from top loops

33 33 33 233
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= UWU

SM NLO |
LO
NLO

# Wilson coefficients at LO: 5
# Wilson coefficients at NLO: 63

v
Q
T

\9)

10°
1071
1072

0
1074
107°
107°

o —scheme :
=
wn

AN
N
o
N
=~
N
o
~~
—
—i




# Wilson coefficients at LO: 8
# Wilson coefficients at NLO: 67

Q, —scheme :

L —TT
M

SM NLO |
LO

NLO

111D

122111y

Je€ .ctu

| oe 87

€)
4 TT ~AQI
()9

4 XOQH

1M>H

11221115

100'

AN
N
o
N
=~
N
o
~~
—
—i




SM NLO
LO

NLO

S

O

I

|

I

I

o
O

111D

# Wilson coefficients at LO: 8
# Wilson coefficients at NLO: 67

b~ 18H)
= I 1 X0qH~
Ty |
”Mm I < {121y
N I < | €€ 15
(. A 12250
(€]
= I < -HHmG

1071
1072
0
10~
1073
1076

AN
N
o
N
=~
N
o
~~
—
—i




Results: Z decay

Z =TT Z-tr= | sMm Cup Cuws Cu. CY) B cB®  ¢c® ¢,
U= M, 33 33 11 22 33 1221
a —40% -10.6% -54% 77% 03% —  — —05% —

a, <01% 711% -272% 7.6% 01% 29% 29% -—04% 0.5%

LEP 0.1%  7.8%  174% 2.0% 03% 6.9% 69% 4.1%  4.5%

Size of NLO corrections to Wilson coefficients which appear at LO

- Appearance of C}é} ,Cg;?, and C 5 at tree level only in @, and LEP schemes

- Dramatic difference for the coefficients Cywp and Cyp. Very large
corrections in the &, scheme. Corrections actually of a larger magnitude in
the a scheme (their LO values are radically different - more on next slides)

= Again, largest corrections arise via top loops (can be seen in large 7¢ limit)
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Results: Z decay

Subset of the LO results

A =0 { 03550020 0169100 Oy }
2 o= { - 4088HOMBCL 1 573000, +}

ALEP _ 3{ 04100090 05870070 }

Particularly stark contrast in the relative contributions of Cypand Cyw s .
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Results: Z decay

How do the amplitudes change? « and «, schemes

SM- dma ) [PL (—1 + si) + PRs,ﬁ,]

* ., X
20— s 2

INM 1
M, W [PL (—— + si,) + PRst]
v2+/(1 = s2,) 2

LH and RH couplings the same in both schemes, but with different signs
—1/2+ 52 ~ —0.27 S 22 0.22

Cup contributes to these decay rates, only through the shifts in S
The two amplitudes differ in this quantity only by /s2

2 2 2 -
Sw — Sy T 05, < Contains Cup
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Results: Z decay

How do the amplitudes change? « and &, schemes

Aoy 1
SM: Gop X [P (—— —|—st> + P 5121]]
VRIS L 2 !

INM 1
M, W [PL (—— + si,) + PRst]
v2y/(1—s2) 2

5 VarTa
Y43 53
2MW Sw 1

2 3 3 [
vi,  Acysy

MG o —ids [Py, + Pr2s2)]

Mo o —igs? PLs? (=34 252) + Pr2s2, (=2 4 252)]

The Cypterms in each scheme have same sign couplings to both LH and RH
fermions - large cancellation on squaring with the SM
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Results: Z decay

The shift from s is the same in both schemes.
Straightforward to calculate the ratio of the relative contribution to Cxp in both
schemes.

U o (_% + Sf%v) + 25,

Z — ~ —9.3
T (=3 +52)s2(—=3+42s2) + 258 (-2 + s2))

*  Gives some reasoning to the large LO discrepancies between the o and «,
scheme

- In the LEP scheme there are two contributions to Js2,

§2 — 52 + 052 My = My [1 + UZAE,?,’O’“)}
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Results: Z decay

82

1_ 202 (58 ) (CHD) ~ —0.4(58121))05(0111))

Total contribution:  (6s2)**F(Cup) =

LEP
Z—>££/FZ—>££ ~ 3.7
= Similar cancellations occur for ¢y 5
* Cancellation more complicated due to other sources of Cxw 5
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Conclusions / Summary 1

= Choice of input scheme can be important for the precision of high order SM
calculations

= Precision not (yet) as important for SMEFT calculations, but important from the
perspective of performing fits:

*  Fits must be done In a consistent scheme

* Choice of scheme impacts:
- Relative contribution of different Wilson coefficients
* Perturbative convergence
- Number of Wilson coefficients which enter an observable

* Begin investigation using decays of the Higgs, W, and Z as testing grounds
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Conclusions / Summary 2

* Begun investigations in to three schemes
o —scheme o, —scheme LEP scheme

{CY,M{/V,Mz} {G,uaMVVaMZ} {aaG,uvMZ}
- ldentified set of corrections ~ 1/s2, and m; which can lead to large
contributions in the SMEFT (and SM) due to renormalization conditions

- Calculated NLO decays of W, Z to leptons and Higgs to bb in each of the
schemes

- Identified some already large discrepancies at LO — some accounted for
through chirality (But still seeing large corrections at NLO in some cases)

* Work in progress
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Conclusions / Summary 2

* Begun investigations in to three schemes
o —scheme o, —scheme LEP scheme

{aaMW7MZ} {G,uaMVVaMZ} {aaG,uvMZ}
- ldentified set of corrections ~ 1/s2, and m; which can lead to large
contributions in the SMEFT (and SM) due to renormalization conditions

- Calculated NLO decays of W, Z to leptons and Higgs to bb in each of the
schemes

- Identified some already large discrepancies at LO — some accounted for
through chirality (But still seeing large corrections at NLO in some cases)

* Work in progress :
prog Thank you for your attention
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