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PrecisioNn SMEFT

© SMEFT Lagrangian

LSMEFT _ pSM Z Ci(1) Qi(1t) + (dim-8 and higher)

i=1

@ Observables O calculated as expansion in operator dimension and loops

OSMEFT _ OSM v Y o0 + 70 V:O(&O) +
2 /\4 ...
“Precision”

THIS TALK: focus on O®Y = NLO dim-6
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SMEFT PERSPECTIVES (AT NLO)

59
[SMEFT _ »SM + Z C(p)Qi(p) + ...
i=1
Two perspectives:

@ bottom up (the present): determine C; through global fits

@ top down (the future): if NP is known, SMEFT is tool for calculating RG-improved

cross sections at scales ugw << Anp

NLO calculations:
@ better agreement with data (top-down), more robust fits (bottom up)
@ reduce dependence on renormalization scheme (for instance p-dependence in MS,
but more generally on different EW input schemes)
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THE NLO SMEFT LANDSCAPE

A rapidly expanding field:

@ Current calculations done on case-by-case basis: [Giardino, Dawson, Maltoni, Zhang,
Trott, Petriello, Duhr, Schulze, Passarino, Signer, Pruna, Shepherd, Hartmann, Baglio,
Lewis, Zhang, Boughezal, Degrande, BP, Vryonidou, Mimasu, Deutschmann, Scott, Dedes,
Suxho, Trifyllis, Gomez-Ambrosio, Durieux, Cullen, Gauld, Haisch, Zanderighi, Corbett . ..]

@ Future is automated NLO as in SM
(already available for QCD corrections [Degrande et al. arXiv:2008.11743])

Motivation for NLO SMEFT same as in SM, but there are important differences, which
are the basis of this talk.
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OUTLINE

@ Technical subtleties in NLO SMEFT calculations
@ Scale uncertainties and proliferation of Wilson coefficients

@ EW input schemes — absolute and relative convergence
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TECHNICAL SUBTLETIES IN NLO SMEFT

h — bb at NLO illustrates many subtleties in “simple’ " setting [Cullen, BP, Scott: '19]

@ structure of tadpole contributions
@ decoupling relations and hybrid renormalisation schemes (mix of MS and on-shell)
@ EW Ward identities and electric charge renormalisation

@ fermionic wave-function renormalisation and Higgs-Z mixing

Following few slides give a feel for how NLO calculations work...

LUV renormalisation procedure cancels poles in ~50 Wilson coefficients
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THE LO h — bb AMPLITUDE IN SMEFT

Qo = HYH(G, Hbg + h.c.),

Qu = (HTH)YO(HTH),  Quo = (H'DuH) ™ (HTDLH) ,  Quws = HTo! HW), B

@ LO decay amplitude

1

iMO(h — bB) = ~ia(ps) (M P+ MO Pr) v(pp)
@ Explicit results for M(LO) = M(L“’O) + M(Lﬁyo):

(400 _ m
M7V = —

6,0
M0

1

~_

0T

or Cr
o7 {_lﬂ

@ result is particular to {a, My, Mz} input scheme, where vZ = (HTH) /2 replaced by

2
VT.0

or =

VT
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NLO EW REQUIRES MANY DIAGRAMS...

Example in unitary gauge: SM and Qpy ~ HTHb,; brH + h.c.

b b b b
— H o —
/7H b ('/'A
,,,,, : R
H '\\‘ H H \E
b e H b~
TIPINT b TIPIN2 T1PIN3
b
Z .
H < Tb
N
P
T1PINE b

b
)
( ~
Tipeny P T2P1Ng 7
Hsbb LN
TiPoNs
b "
b ML Iy
B O T U Y . | 0oy ST Ve S B
H PR
b b b~
TaPINIO TsPINT S

@ diagrams can be evaluated using automated (mathematica) tools
@ subtleties mainly related to renormalisation procedure
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UV COUNTERTERMS IN SMEFT

dimension-4 counterterm is

5/\4(4) _ M émi : 5‘/(4)
L \77‘ mgy

1 1
52( )4 Z6zMt 4 Z5ZRe
or o T T30 3%

dimension-6 counterterm is

6 5006
6) __Mp 5mb (SVT 1 6 1 (6),L 1 6),Rx*
M = ( -+ 5020+ 267+ 2ozl

vT
(4) o(4)
+ M(6 0) <6n7b + ﬁ

my

L@  Lo@e 1o )R
o or + 552,7 + 5zSZb + 562"
02 ~(4) (4) e Ao\ (4)
ve . [ 60r omy . |: } (Cw)
- —=C - C ¢ 6 —
2 bH ( o ™ + mpvr | Chwe + —— 25, CHP z,
§Chp &2 T 5CbH
01 | 6Cyo — 1- ¥ 6C - —
+ mpir ( HO 2 ( 2 HWB ms V2
where
oVvr _ dMw | 65, de
\77’ - MW Sw e
and
8w & <6MW_6MZ) 5<iw)(4)7 1 (68
5 2\ My Mz )’ Sy Ewdnw \ Sw
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CoMPLEX C; AND RENORMALISATION

Complex couplings beyond SM leads to subtleties in counterterms. Examples:

@ Fermion w.f. renormalisation

§ZE = | —Resk@2) - m o2, R [25(62) + 5[ (62) + 552) + 55 ()] |2 | T Y3 (m2) — 3% (m2)

o ¥7(m?) — £7*(m?) vanishes in SM, but is proportional Im(C;) in SMEFT.
@ appears in many places in renormalisation of amplitude — example:

1 m?

L_ 2 |_mM (1) _ ()* . ® _ ~®F )

& 7k = 6[ " ((2N6+1)(C‘Mb cr) + e (€9, C{,,qb)>] + finite
b b

@ Higgs-Goldstone mixing o< 15 = 9—‘/7_5 Im [NempCpry — Nem: Copy + m- Cry + .. ]

b b b
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OUTLINE

@ Technical subtleties in NLO calculations in SMEFT
@ Scale uncertainties and proliferation of Wilson coefficients

@ EW input schemes — relative and absolute convergence
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SCALE UNCERTAINTIES IN SMEFT

M=Tsu+ v Z G(p)Ti(w)

all-orders perturbative result for I' is independent of p

@ 1 dependence estimates missing higher orders in a fixed order calculation

@ in SM, use i.e. as(pu = Mz) =0.1 and RG equation to get as(2Mz) as a number
@ in SMEFT, we don’t know the Ci(u). Therefore

e pick a fixed reference scale: canonical choice is my
@ as long as p ~ my, solution to RG equation is approximately

dC
dinp

i) = Ci(mp) +In (miH) E(mp), Cilmy) =

p=my

=> 7 CG(mn)
J

@ can use to calculate scale uncertainties in I' in terms of C;(my)
LO scale uncertainties involve all Wilson coefficients in ~;;
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SCALE UNCERTAINTIES IN h — bb

@ result from varying pc, ug independently by factor of 2 around my and adding in quadrature:

rLO (‘7)2
o :(1i0<08)+/\%\lp{
(3.74 £ 0.36) G + (2.00 £ 0.21) Gy — (1.41 £ 0.07) — Copy + (1.24 = 0.14) G
mp

+0.35Cyc % 0.19€;) % 0.18C4, £ 0.11Cf;) + [roughly 30 more C]}

rNLO

2
0.01 ( ) 0.05) & 40.04) =
[LosM — - 1355 {(4~16t0.14) Crwe + (2-4070,09> Cvo
Aip

+ (-1735%) =G+ (133°%5%,) G + (275745 G
G

8s

0.0: " 0.0! 0.00 ~(1 0.0
+ (—0.1255% ) €5 + (—0.0875%) Cue + (0.06°5%,) € + (0.005F)
+ [ roughly 50 more C,-]}

@ in general, uncertainty band in LO result overlaps with NLO one, and decreases between LO and NLO
@ exception is Cyg, which gives large corrections unrelated to RG eqns.

@ large number of Wilson coefficients generated from scale variations already at LO
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RELATIVE CONVERGENCE — CORRECTIONS TO L.O
RESULTS IN h — bb

SM CHWB CHD CbH CHD
NLO QCD-QED | 18.2% 17.9% 18.2% 18.2% 18.2%
NLO EW -53% -6.5% 2.0% 41% -11.0%
NLO correction 12.9% 11.4% 202% 22.3% 7.2%

TABLE: Size of NLO corrections to different terms in LO decay rate, split into
QCD-QED and EW components.

@ applying SM K-factor to dim.6 coefficients bad approximation for EW corrections
@ this is generally the case, also for other decays such as W — v and Z — ¢7¢~

@ possible to decipher patterns across the C;, EW input schemes, and decays
[Biekotter, BP, Scott, Smith arXiv:2305.03763]
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OUTLINE

@ Technical subtleties in NLO calculations in SMEFT
@ Scale uncertainties and proliferation of Wilson coefficients

@ EW input schemes — relative and absolute convergence
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EW INPUT SCHEMES AND DERIVED PARAMETERS
In SMEFT, EW input schemes related to

{g1,82,vr} = {p1, P2, Mz, Gi}; p1, P2 € {@, Ge, My, sin 0%}

@ each set of 3 input parameters defines an EW input scheme

@ 5 EW input schemes considered to NLO in [Biekétter, BP, Smith '24]

scheme ‘ inputs H derived parameters
vﬁﬁ GF, sin Gfﬁ, Mz Mw,
V&H «, sin fof, Mz Mw, Ge
(6% «, Mw, Mz Sf,',ﬁ, GF
Qy GF, Mw, MZ sfff,oz
LEP | G, a, My st Mw

@ In, e.g., LEP scheme, My is a “derived parameter”, i.e. has SMEFT expansion

MEEP (a, G, Mz, C) = MlI;VEP(z:,o) n M;/EP(4,1) n M‘I;VEP(ﬁ,o) n M;/EP(6,1) T

@ derived parameters not only precision observables, but also key quantities for
converting between schemes
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ABSOLUTE CONVERGENCE ACROSS SCHEMES IN SM

@ in SM, good agreement of “derived parameters” implies that more complicated
observables such as 'y, converge to a common numerical value at NLO

EW input scheme x%—l %—1 %E_l %—1 %—1
(G Mz} o | obe | oame | - N B
lasi®M} fo | oo | - | —ossh | - | ot
tGrmwmzt (001 T Ee T S | o
N T N A A A0
Gramsr 0o | goee | - T o | e
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ABSOLUTE CONVERGENCE ACROSS SCHEMES IN SMEFT

Selected SMEFT contributions to the Z — 77 decay rate with scale variations:

scheme Chp CHwa Chie Chu Cf(-/?
33 33 33
+0.033 +0.000 +0.048 +0.052 +0.000
{GF Scff MZ} LO 70'500—0.033 0'000—0.000 71'843—0.048 0'000—0.052 0'000—0.000
e NLO|—0.5277%%5  0.0041%%%0  _1.9057%%4  0.0487%%%  0.0227%%
+0.000 +0.081 0.050 +0.003 +0.005
LO | 0.00079%  2.3707%%L _1.843+%%0  0.0007%%%3  0.000*%%%5

{a’ S:’ff’ MZ} 0.000 0.000 0.004 0.000 0.000
NLO|—0.001t5 %0 2.4397% 00 —1.003+%4 T 0.0051%SY  0.00275 50

LO |—0.1697%%L 0.35579%2  —1.76479%% 0.0007%%E  0.0007S %

{GF, MW7 MZ} —0.018
NLO|—0.2897% %, 0.2581%%%,  —1.8977%%%, 0.0187%%)  0.006°%%

(o My, M) LO | 1.5737%%%8  4.0887QY2 —1.76474%% 0.00074%5  0.0007% %%
NLO| 1.408%G%2  3.8697%%2 —1.8981G% —0.1427%%0 —0.0737G %

(Gr. o M) LO |—0.60074%0% —0.4747%0S —1.83779%8 0.00074%2  0.0007 %L

+0.005 +0.001 0.004 -+0.000 +0.000
NLO|—0.6317%%5 —0.4757%%1 _1.899+%%% 0 057+%,0%  (.025+%:9%0

@ in SMEFT, dependence of “derived parameters” on C; obfuscates absolute convergence of
more complicated observables in different schemes

@ fits of C; in different schemes sensitive to different sets of dim-8 and loop corrections, can
provide sanity checks on fits

BEN PEcJAK (IPPP DURHAM) PRECISION CALCULATIONS IN SMEFT 12.06.24 17 / 22



RELATIVE CONVERGENCE: 3 DECAYS IN 3 INPUT SCHEMES

NLO EW corrections (as = 0 in h — bb)

h— bl_J ‘ SM CHD CHD CdH CHWB C/(_f;) C Il
33 i 1221
a-scheme: {My, Mz, a} 52% 21% -11.0% 42% -6.7% - -
oy-scheme: {My, Mz, Gr} -08% 2.1% 2.0% 1.9% - 09% -0.8%
LEP scheme: {a, Mz, G} 07% 21% 1.6% 1.9% - 07% -0.9%
Zorr| sm Chp Caws  Cwe Cy) QP ¢y
33 33 33 Wi 1221
a —4.0% —10.6% —5.4% 77% 03% —0.5% — —
ay <0.1% 71.1% —272% 76% 01% —04% 29% 0.6%
LEP 1.0% 7.8% 17.4% 2.0% 4.7% 4.2% 6.9% 4.5%
W7o | SM Cio Cas €2 ¢, 9
i 1221 33
« —42% —17% —3.0% — — 2.2%
ay —0.3% — — 25% —02% 22%
LEP 2.0% 8.1% 3.2% 5.1% 2.5% 4.6%
Is there any rhyme or reason to the pattern across C;?
12.06.24 18 / 22
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CONNECTING SCHEMES

Start with Lvare (Mw, Mz, vr,

1 1 1
ELIE B P N L I NV Av‘(jﬁ,l,o)]
vio V2 v2

..), and renormalise vr as

;o€ {a,pu}

o

Nl=

Ao’ V= (ﬁGF)_

o for a scheme {My, Mz,a}: use 0 = a and determine Av, from charge ren.

@ for ay, scheme {Mw, Mz, Ge}: use o = p1 and determine Av,, from muon decay

@ for LEP scheme {a, Mz, Gr}: start with o, scheme, and then eliminate My using
2

o 1
V—2 —-1=Ar= viAr(G’O) +

—2Ar(4’1) + Ar©®Y
Via Vi

where Ar(™) are finite and related to Av,, = Av, — Av,
A = AVEO A/ = AVED D AFCY = AVEY oAy AVGY
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TOP LOOPS AND UNIVERSAL CORRECTIONS

@ Ar is physical, Av, is not. However, in large-m; limit in SM:

1 1 1 4,1 4,1
. == {1 + = (Art( )5cw - 2AM5/V.¢)) i o e{a,u}
VT,O m¢— 00 Vrr Vo'
4,1 4,1 4,1
Art( )_ C&,Apg )~ o Apg )_ 3 m%No
> =—— — > — ~—35%, S = 5 — ~ 1%
V2 sy VS VS 1672 vg
@ universal correction Art(4’1) in a-scheme comes along with LO (can resum!)

@ we generalised this to include universal scheme-dependent corrections in SMEFT through a
substitution procedure on LO [arXiv:2305.03763], for example

1 1 2 (60,0) K& (6,1,0)
— = [T+ v K+ t72 + K;7 7%’ +(divergent and unphysical stuff)
vE v2 v2

LOk

@ the K; are physical top-loop corrections that always come along with LO

@ = re-organise pert. theory. to include them already in “LOk"” approximation
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3 DECAYS WITH UNIVERSAL CORRECTIONS

NLO corrections to LOk results

W — tv SM CHD CHWB CI(_IB;) C Il CI(-I3I)
i 1221 33
«a —-09% 1.1% 0.6% — — 2.2%
ay —0.3% — — 0.6% —02% 2.2%
LEP 0.0 % 1.9% 09% 0.1% 0.2% 2.5%
Z—TT SM Chp Chws Che C/SI/) Cl(ﬁ) CI(-Is;) Cu
33 33 33 ji 1221
« —-0.9% —-14% —-0.1% 33% 20% 1.3% — —
oy 0.0% 11.2% —-3.4% 32% 18% 13% 0.8% 0.0%
LEP 0.0% 2.3% —3.0% 25% 25% 20% 0.8% 0.0%
h— bl_) SM CH[] CHD CdH CHWB Cl(j;) C I
33 i 1221
« -19%  21% 25% 25% -1.5% - -
oy -08% 21% 20% 1.9% - 09% -0.8%
LEP 08% 21% 16% 1.9% - 07% -0.9%

Corrections smaller and less scheme dependent compared to pure fixed order
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SUMMARY

NLO dim-6 SMEFT calculations involve many subtleties compared to SM

@ Precision SMEFT is a game of many Wilson coefficients and requires global fits

Global fits in different EW input schemes can provide important consistency checks

Longer-term future is automated NLO SMEFT
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