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 SMEFT basics
*“Considerations” from theory

* NLO predictions



The Standard Model Effective Field Theory:

Brief introduction

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

u | .
Status: May 2020 JL£dt=(32-139)fb* Vs=8,13TeV
o I v a I o n Model L,y Jetst ET™ [ratfib] Limit Reference
ADD Gk +g/q Oepu 1-4j  Yes 361 |[Mp 7.7 TeV n=2 1711.03301
ADD non-resonant yy 2y - - 36.7 Mg 8.6 TeV n =3 HLZ NLO 1707.04147
ADD QBH - 2j - 37.0 M 8.9 TeV n=6 1703.09127
ADD BH high ¥ pr >lepn >2j - 32 | Mu 8.2 TeV n=6, Mp = 3TeV, rot BH 1606.02265
ADD BH multijet - >3j - 36 | M 9.55TeV n=6, Mp=3TeV, rot BH 1512.02586
u RS1 Gk — vy 2y - - 36.7 | Gkk mass 4.1 Tev k/Mp; =0.1 1707.04147
A b S e n C e Of d I re C t Bulk RS Gux — WW/ZZ multi-channel 361 | Gk mass 2.3 TeV k/Mp =10 1808.02380
Bulk RS Gxx — WV — fvqq lepu 2j/1J  Yes 139 Gkk mass 2.0 TeV k/Mp = 1.0 2004.14636
Bulk RS gkk — tt Teu >1b,>1J/2) Yes 36.1 gKK Mass 3.8 TeV r/m=15% 1804.10823
n 2UED / RPP 1ep >22b,>3j Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(AMD — tt) =1 1803.09678
discover Sz e - e eren
SSM Z’ - 1t 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242
Leptophobic Z’ — bb - 2b - 36.1 Z' mass 2.1 TeV 1805.09299
O Leptophobic Z’ — tt Oe,r >1b>2J Yes 139 Z’ mass 4.1 TeV r/'m=12% 2005.05138
of hew SICS at the LH SO b eh T e 1% [ 60Tev
SSM W’ — 1v 17 - Yes 36.1 W’ mass 3.7 TeV 1801.06992
HVT W — WZ — ¢vqgmodel B 1e,pu 2j/1J Yes 139 W’ mass 4.3 TeV gv =3 2004.14636
HVT V' - WV — qqqq modelB O e, u 2J - 139 V’ mass 3.8 TeV gv=3 1906.08589
HVT V' - WH/ZH model B multi-channel 36.1 V’ mass 2.93 TeV gv=3 1712.06518
HVT W’ — WH model B Oepu 21b22J 139 | W/ mass 3.2Tev gv=3 CERN-EP-2020-073
LRSM Wg — tb multi-channel 36.1 Wg mass 3.25 TeV 1807.10473
LRSM Wg — uNg 2u 1J - 80 | Wg mass 5.0 TeV m(Ng) =0.5TeV, g = gr 1904.12679
B O u n d S O n a SS SC a I e Gl aq4q N 2 B 37.0 & 21.8TeV "1 1703.09127
I I l Clttqq 2epu - - 139 |A 358TeV. . CERN-EP-2020-066

Cl tttt >teu 21b>1) Yes 36.1 A 2.57 TeV |Cael = 4m 1811.02305
- . Axial-vector mediator (Dirac DM) Oe 1-4j Yes 36.1 Mied 1.55 TeV 8¢=0.25, g,=1.0, m(y) = 1 GeV 1711.03301
a S S O C I a e W I n e W Colored scalar mediator (Dirac DM) 0 e, u 1-4j Yes 36.1 Mmed 1.67 TeV g=1.0, m(y) = 1 GeV 1711.03301
VVyy EFT (Dirac DM) Oe,u 1J,<1j]  Yes 3.2 M, 700 GeV m(y) < 150 GeV 1608.02372
. Scalar reson. ¢ — ty (DiracDM) O-1e,u 1b,0-1J Yes 36.1 my 3.4 TeV y =0.4,2=0.2, m(y) = 10 GeV 1812.09743
Scalar LQ 15t gen 12e >2j Yes 36.1 LQ mass 1.4 TeV =1 1902.00377
p y S I C S p u S e I I l u C Scalar LQ 2™ gen 1.2u >2j Yes 36.1 LQ mass 1.56 TeV Bp=1 1902.00377
Scalar LQ 3 gen 27 2b - 36.1 '—03 mass 1.03 TeV B(LQY - br) =1 1902.08103
n Scalar LQ 3" gen 0-1e,u 2b Yes  36.1 LQj mass 970 GeV B(LQY - t1) =0 1902.08103
h I h e r VLQ TT — Ht/Zt/Wb+ X  multi-channel 361 [ Tmass 1.37 TeV SU(2) doublet 1808.02343
VLQ BB —» Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
VLQ Ts5/3Ts3| Ts;z > Wt + X 2(SS)/>3eu>1b,>1] Yes 36.1 Ts/3 mass 1.64 TeV B(Tsj3 —> Wt)=1, c(Ts;sWt)=1 1807.11883
VLQ Y - Wh + X leu >21b>1j Yes 361 |Ymass 1.85 TeV B(Y = Wh)=1, cg(Wb)=1 1812.07343

VLQ B — Hb+ X Oeu,2y 21b,21 Yes 798 B mass 1.21 Tev kg=05 ATLAS-CONF-2018-024
VLQ QQ - WqWgq 1eu >4] Yes 203 [lQiicsseoocevl 1509.04261
Excited quark ¢* — qg - 2j - 139 q° mass 6.7 TeV only u” and d*, A = m(q") 1910.08447
Excited quark ¢* — gy 1y 1j - 36.7 qQ* mass 5.3 TeV only u* and d*, A = m(q”) 1709.10440
- Make use of EFT to Rk e - RS
Excited lepton ¢* Beu - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* 3eurt - - 20.3 AN=16TeV 1411.2921

. . . Type Il Seesaw iy >2]  Yes 798 |N'mass 560 GeV ATLAS-CONF-2018-020
n e V I a I O n S LRSM Majorana v 2u 2j - 36.1 Nr mass 3.2 TeV m(Wgr) =4.1TeV, gL = gr 1809.11105
Higgs triplet H** — ¢¢ 234eu(SS) - - 361 | H* mass 870 GeV DY production 1710.09748
Higgs triplet H** — ¢r Beput - - 20.3 DY production, B(H;* — (1) =1 1411.2921
Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 TeV DY production, |q| = 5e 1812.03673
Magnetic monopoles - — - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130

‘/§=13TeV «/§=13TeV PR | L 1 MR TR | s L MR | L 1 PR

partial data full data 107! 1
*Only a selection of the available mass limits on new states or phenomena is shown.
+Small-radius (large-radius) jets are denoted by the letter j (J).

10 Mass scale [TeV]



The Standard Model Effective Field Theory:

Brief introduction

The idea:
If the new physics is heavy then “integrating it out” leads to higher
dimensional operators in the Lagrangian - an EFT.

SMEFT iIs an EFT extension of the SM.

LomerT = Loy + L8 +£0) 4 £ 4

L% - contains operators of mass dimension d



The Standard Model Effective Field Theory:

Brief introduction

Make predictions with LsyerT

E.g. top quark production at The LHC,
Higgs boson decays, ....

Prediction C;

SM parameters,
kinematics

Prediction =
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The Standard Model Effective Field Theory:

Brief introduction

LoperT = Lsm + L5 + £ 4 £

Operator of mass

C’-[d] -Wilson coefficient Q[d]_
¢ dimension d

1

Renormalizable?

Rules for operators:

* Built out of only SM fields

* Respect Lorentz and gauge
symmetries

Yes, if you work to consistent order
inANp




The Standard Model Effective Field Theory:

Brief introduction

Dimension-5:

* Gives rise to neutrino mass

Q[5] — (Ff[*) (f]Té) * Expected to be heavily

suppressed

Dimension-6:

Rules specified earlier » thousands of operators
Such a basis will be redundant

Can use field redefinitions to write some operators as linear combinations of
others —» Holds even at loop level!

Choose what to remove — basis choice. 2499 baryon ”Umtber
P conserving operators

Common (and complete) basis is the WARSAW BASIS leansldaring &l sesale

[BUCth”er, Wyler: NUCI.PhyS. 8268 (1986) 621'653] ﬂavour Structures!)

[Grzadkowski, Iskrzynski, Misiak, Rosiek: JHEP 1010 (2010) 085] o)



The Standard Model Effective Field Theory:

BlE=E aiEae @0
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The Standard Model Effective Field Theory:

BlE=E aiEae @0
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The Standard Model Effective Field Theory:

Brief introduction

Dimension-6 1: X3 2: HS 3: H*D? 5:9?H® +h.c.
Qc | [AEOGMGEGSr  Qu | (H'HY  Qun | (HVH)O(H'H)  Quy | (HVH)(ye H)
Qs | fAPCGAGErGSH Qup | (H'D,H)" (H'D,H) Quu | (H'H)(gyu,H)
Ow GIJKWl{VWI;prPKM Qan | (HTH)(gyd, H)
Qi GIJKWI{VWI;];)W;{M

4:X2H? 6:9*XH +h.c. 7:?H?*D

Que | HUHGA GAw Qew | (o e,)ol HWY, M (H''D  H)(1y"1,)
Qua | HVHGAGAw Qes | (l,0"e;)HB,, @ (HY DL H) 0" 1,)
Quw | HIHWI Wi Que | (@o™ TAu,)H G2, Qe (H''D ,H) (e, e)
Quw | HHWLW™  Quw | (g0 u)o’ HW], QW | (H'D,.H)@n"e)
Qus | HVHB,,B" Que | (30" u,)H By, Q%) (H'i D H)(@0""q)
0B HH B, B" Qac | (Gpo"T*d,)H G, QHu (HTiﬁuH)(up’Y Py
Quwsp | H'o! HW] B Qaw | (Gpo*dy)o' HW], QHd (HT@ﬁuH)( dpy"dy)
HW B Hio'H W;{VBW QaB (qpo"”dr)H By, QHua + h.c. i(ﬁﬁDuH)(up’Y“dr)

+ 25 distinct 4-fermion operators 12



The Standard Model Effective Field Theory:

Brief introduction

Example interaction:

7:9y?H?D
R==
i (H'i'D , H)(T,n"1,)
o (Y D LH)(Iyo 1)
Qe (H'i'D ,H) (e, e)
(1) gD B (6~ W+
S _
Q%) (H'i DLH) (G0 vt q,) —-—
= _
Qru (H'i D, H)(apy"ur)
= -
Qrd (H'iD ,H)(dyy"d,)
Qrug + hec. | i(HD,H)(w,y"d,)

13



Wilson coefficients In processes

Appearance of Wilson coefficients in a given process

1: Directly, though new vertex or modification of an old one

Eg, new vertex:

Cra(H' H)G, G

Car (H"H)(gHd)

Modification of
Yukawa-like
Interactions

Completely new
vertex - not in SM

14



Wilson coefficients In processes

Appearance of Wilson coefficients in a given process

2: Through through correcting the Higgs kinetic term

Addition of dim-6 operators ruins cannonical normalization of kinetic terms!
E.Q.
2

Cup(H'D,H)*(H D" H) After . NCHDUZ(aMh)Q

To restore canonical normalization, write Higgs doublet as:
1

. —\/§i¢+(§)
(z) = V2 \ [1+ Cryn] h(z) +i [1 - UTTCHD] ¢°(x) + vr

1 .
CHxin = (CHD — ZCHD) 07 15



Wilson coefficients In processes

Appearance of Wilson coefficients in a given process

2: Through through correcting the Higgs kinetic term

Implies Cyp,Cro can show up in any SM like vertex which
contains a Higgs field! E.qg.

h P(h — bE) ~ QFSMCHD

S

L~Cyo(HVH)O(HH) e



Wilson coefficients In processes

Appearance of Wilson coefficients in a given process

3: Relations between parameters

Not all parameters are independent. Expressing answer in terms
of "input’ variables can lead to additional dim-6 contributions.

MW V2 32 V2
.g: O, = 1+ —C | C
E.Q COS MZ ( + —Cmp 2. HWB)

4: Through running

Running C; between scales — full set of operators mix into
each other! (E.g. Important for matching) dC, -
= iz

B 17




Wilson coefficients In processes

Appearance of Wilson coefficients in a given process

Higgs decay example b
a0 _ Nempm? T _
82, b
CHD 62 C TAJT ObH ~
60 —or@0 10y - —==(1- X Yo, - 2
} ’ \ S " Sw — my /2 o
From redefinition Replacement of * Explicit operator
of Higgs doublet VEV by physical contribution
parameters * Replacement of
Yukawa terms

18



Narrow wiatn in the SMEFT

The appearance of new hy,hZy tree-level vertices in the SMEFT

can lead to problems for the narrow width approximation in

[Brivio, Corbett, Trott: JHEP 10 (2019) 056
I'(h —4f) (1906.06949)]

Naive use of narrow width approximation misses certain
contributions:

E.Q:

Photon mediated diagrams Contact interactions

As well as some other effects (interference W and Z mediated) 19



Narrow wiatn in the SMEFT

[Brivio, Corbett, Trott: JHEP 10 (2019) 056 (1906.06949)]

Contribution of Ay, hZymediated process compared to ww + 22
contributions

I‘\SMEFT . FSM |:1 i Z a'szL:|

Example contributions to a; from given process

h— S Crw Crip Crwp
Zy Yy WW,ZZ Zy Yy WW,ZZ Zry Yy WW,ZZ

eresefes | 1.04  —0.009 —0.78 | -1.04 -0.03 —022 | -0.70 0.02 0.30

e vy, | 052 —0.78 | —0.52 -022 | -0.35 —0.06

Upuptiu, | 226 —0.04  —0.78 | —-2.26 —0.15 —022 | -1.51  0.08 1.13

dpdyd,d, 1.53 —-0.02 -078 | -1.53 -0.07 —0.22 | -1.02 0.04 0.63

ipupd,d, | 1.89 —0.03  —0.78 | -1.89 -0.10 —0.22 | -1.26 0.05 0.88
Gty pup, | 165 —0.02  —0.78 | —1.65 —0.07 —022 | -1.10 0.0 0.71
e dprdyy | 129 —0.01  —0.78 | —1.29 —0.05 —0.22 | —0.86  0.02 0.46

20



lNnput scheme gdependence

Input scheme dependence:

Using different input variables changes the numerical coefficients!
[Brivio, Corbett, Trott: JHEP 10 (2019) 056 (1906.06949)]

I‘\SMEFT (3)
{o, Mz,Gp, Mu} FSM =1+2.89Cxws +0.34Cgp — 1.38Cy
LO
FSMEFT 3
(M, Mz, Gr. My} —=gg— =14 1.21Ckw 5 — 0.43Ckp 2.3208) +
LO

* Predictions should state which scheme (and renormalization scheme)
has been used - not well done in literature so far...

* Fits should make use of consistent schemes. 21



g zierc o R

The SMEFT does not encompass all possibilities for new physics.
(Even looking beyond dim-6 operators) -» Many CP violating effects come into play only later.

1: New physics must be heavy!

<1
ANP

2: SMEFT assumes Higgs in SU(2)rdoublet.
In some sense, the simplest “broad” extension of the SM.

Gravity: mixing between scalar component of graviton and Higgs
- Nonlinearities

Broader EFTs available (HEFT) 55



NLO predictions from SMEFT

NLO predictions often necessary to:
* Meet required precision
* Give more meaningful theory uncertainties

Unlike SM, not currently automated in SMEFT.

Structure of higher order corrections still under development
somewhat.

Previously worked on I™MEFT(p s pp)

[Gauld, Pecjak, DJS:
JHEP 1605 (2016) 080 &
Phys.Rev. D94 (2016) no.7, 074045]

[Cullen, Pecjak, DJS: JHEP 1908 (2019) 173]

23



NLO predictions from SMEFT

Sample diagrams/interactions:

, b b , b , b b b
h /h/ b gl Z b ’
oo . === —==5 ---- e -
h | ho e h h AN e
b h b b g b
b b b b v

b , b - b h .
t o
W b t b ! bb 4 bb
h h h h h h
i Z 114 b
b b b
b
hob . .
_____ /7N - ) ,,—’—”I b ’ . .
hoc NS T A — Don’t exist in SM!
. _
b b

24



NLO predictions from SMEFT

Compute width (inverse lifetime)

Leading Order

F(G,O) _ 2F(4,O) |:CHD

Next-to-leading order: 61 ~ 45 coefficients

Corrections to tree level coefficients:

SM  Crws  Cuno Cvae  CHD
NLO QCD-QED | 182%  17.9% 182% 182% 18.2%
NLO large-m; -3.1% -4.6% 3.2% 3.5% -9.0%
NLO remainder | -2.2% -1.9% -12% 0.6% -2.0%
NLO correction | 12.9% 11.3% 20.2% 223% 71%  »s5




NLO pregiciion s B N ERT

Compute width (inverse lifetime)

Leading Order

Cup ¢ c or Cp | .
1(6,0) — o(4,0) | & _—w Yo 2
HO 2 + 5, CHWB — NG VT

w
Next-to-leading order: 61 ~ 45 coefficients

New C’; can appear from loop diagrams with large coefficients

NLO SMEFT calculations have important implications for fitting!

26



SLmmaly

* Basics of what the SMEFT is

* Origin of couplings In processes

* Use of narrow width in SMEFT not automatic
* Input scheme dependence important when fitting

* NLO predictions can be important

27



SLmmaly

* Basics of what the SMEFT is

* Origin of couplings In processes

* Use of narrow width in SMEFT not automatic
* Input scheme dependence important when fitting

* NLO predictions can be important

Thank you for your attention

28
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