SMEFT Hands-on

llaria Brivio



What you need to have installed

follow instructions on the TWiki

» Mathematica

> FeynRules

» VirtualBox with Delphes2020.vdi
> material in the TWiki:

> download on your laptop: SMEFT HandsOn_ptl.tar
> for the second part, on the VM: SMEFT HandsOn pt2.tar
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https://twiki.cern.ch/twiki/bin/view/VBSCan/PREFIT20
https://twiki.cern.ch/twiki/pub/VBSCan/PREFIT20/SMEFT_HandsOn_pt1.tar

Part | — theory



The SMEFT

theory valid if: > new physics nearly decoupled: A > (v, E)

> at the accessible scale: SM fields + symmetries
@ 3 Taylor expansion in canonical dimensions (§ = v/A or E/N):
L =L +1/:+1/:+1L‘+1L‘+
SMEFT = AsM + b5 + 55 b6 + ag b7+ ogle F.

L,=Y,GO=" C; free parameters ( Wilson coefficients )

O; invariant operators that form
a complete, non redundant basis
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The SMEFT

theory valid if: > new physics nearly decoupled: A > (v, E)

> at the accessible scale: SM fields + symmetries

@ 3 Taylor expansion in canonical dimensions (§ = v/A or E/N):

1
LsverT = Lsv + ﬁﬁs

L,=Y, GO C; free parameters ( Wilson coefficients )

O; invariant operators that form
a complete, non redundant basis
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The Warsaw basis

Grzadkowski,Iskrzynski,Misiak,Rosiek 1008.4884

1 X3 2 5 and ¢*D? 3 PP 5
Qc | FEGraRadt | Q, (oto)? Qe | (elo)ere)
o | FABCGAGEGO | Qe | (dlo)D(ele) Que (1) (Gpurd)
Qw | IKWEWIWER | Qup | (¢1D"0)" (#1D40) | Qap | (#10)(Gpdee)

_ TIKT7 vy Jptis K
W | € Wp wy, Wp

4 X2p? 6 ?Xop 22D 7
Qo | oCAc | Quw | Gomelriowl, | @B | (oD, o)Grm)
Qz | ¢eGAa* | Qs | (Go™e)eBuw | QY | (0Dl v
Quw | oWLWH | Quo | (Go"T4u)5GL | Que | (¢'iDu0) (e e)
Quw PloWLW | Quw | (o™ u)T g W, o (‘PTiBu ©) (@)

to B, BM 7 oy B (3) ti DI o) (G Ik

Q<pB Y'Y Dy QuB (‘ng ur)‘p u »q (<,0 2 @)(QPT Y QT)
~ e

Q5 ' By, B Qac | (Go*Td,)p Gﬁu Qeu | (1D, ) (@ ur)

=g —
Quws | ¢'IToWLB™ | Quw | (Go*d )T oW, | Qea | (¢'iD,¢)(dpr*d;)
Q¢WB (pt’r[(p W;{u B QdB (on—uydr)so B;w Qwud Z(WDMW) (ap’)/”dr)
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The Warsaw basis

Grzadkowski,Iskrzynski,Misiak,Rosiek 1008.4884

8a (LL)(LL) 8b (RR)(RR) (LL)(RR) ' 8c
Qu (L yulr) (I7#1e) Qee (&puer) (Eser) Qe (Tpyuls) (57" er)
9| @) @) | Qu | @) @rru) | Qu | Gl (@ertue)
2 | @n'e) @ 'a) || Qua (dpyudr) (dsy*dr) Qua (lpYule) (dsy*dy)
QP | Gmb)@r*e) | Qe |  @wme)@ruw) | Qu | (@wg)Ente)
QY | G )@ m'a) | Qea | (Epvuer)(day dy) D (@) @y )
QW | (@pmuur)(diydy) W | @ 1T e @y Tuy)
Q) | (apyuT4ur) (dey*T4dy) | Q) | (G yuar) (e dy)
QY | @WTAe)(dTAdy)
8d (LR)(RL) and (LR)(LR) B-violating
Qtedq (Ber)(dsad) Quug e [(dg)TCuf] [(g3°)7Cl]
Qi | @w)en(@d) | Qo eP1ey, [(q37)TCaP¥] [(u7)TCer]
Qi | @TAur)en(@ETAd) | Quag e juemn [(457)TCa¥] [(m)T O]
Qo | @eden(@w) | Quu £ [(d2)TCuf] [(u7)TCe]
QD | Bower)em(@ o u)
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The Warsaw basis

Grzadkowski,Iskrzynski,Misiak,Rosiek 1008.4884

| 8a (LL)(IL) 8b  (RR)(RR) (LL)RR) 8c |
Qu (L yulr) (I7#1e) Qee (&puer) (Eser) Qe (Tpyuls) (57" er)
9| @) @) | Qu | @) @rru) | Qu | Gl (@ertue)
2 | @n'e) @ 'a) || Qua (dpyudr) (dsy*dr) Qua (lpYule) (dsy*dy)
QP | G)@r*e) | Qe | @we)@rtu) | Qe | (@) @nte)
QY | Gt ) (@77 q) | Qe (8 vuer) (dsy™dy) QR | (@me) @y ue)
QW | (Epyuwr)(doyid) W | @ 1T e @y Tuy)
Q) | (apyuT4ur) (dey*T4dy) | Q) | (G yuar) (e dy)
QY | @WTAe)(dTAdy)
8d (LR)(RL) and (LR)(LR) B-violating
Qtedq (Ber)(ded) Qaug ez [(dg)TOr"
Q| @uein@dr) | Quon R (N R Y
Q0 | @TMu)ep(@TAd) | Quan et o ] [(@myron]
Ql(:;u (Ter)en(@Eur) Qaun o) Cul] [(u])TCe]
QD | Bower)em(@ o u)
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A code for LO SMEFT: SMEFTsim

today we will be using = SMEFTsim Brivio, Jiang, Trott 1709.06492
> website: http://feynrules.irmp.ucl.ac.be/wiki/SMEFT

» a FeynRules model with the complete Warsaw basis

> it comes also in pre-exported UFO models

» implements 3 flavor assumptions x 2 input parameter schemes

general {atem, mz, Gr}
MFV {mw,mz, GF}
U35

» works in Mathematica and MC generators (MadGraph)
> allows MC generation at LO — for NLO use SMEFT@NLO
> SM hgg, hyvy, hZ~ vertices implemented in the m; — oo limit
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https://arxiv.org/abs/1709.06492/
http://feynrules.irmp.ucl.ac.be/wiki/SMEFT
http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO

A closer look at some operators

In the SMEFT_HandsOn.nb notebook in Mathematica:
> load FeynRules
» define the variables

U35
MwScheme

Flavor
Scheme

> load the model SMEFTsim_ A main.fr
> output the Feynman rules for some operators, e.g.:

0OH13
0dH
OH4
OHB
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Flavor assumptions

The SMEFT Lagrangian is defined with free flavor indices

— this means = 2499 real parameters

eg. £ > (Che)pr (iH'D uH)(Er p7" er.r)
— hermitian: (Che)pr = (Ce)}, > 3R +3C = 9 real. par.

e.g. L5 (Ce)prst (ILpvule,r)(Ers7" er t)
— hermitian: (Cie)prst = (Cle);kpst = (Cle):rts = (Cle)rpts

— 9R + 36 C = 45 real par.

e€.g. L> (Cledq)prst (TJL.’p'YpeR,r)(JR,s'YMqJ[.{”t)
— not hermitian: — 81 C = 162 real par.
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Flavor assumptions

one can assume a flavor symmetry — only invariant contractions allowed
U(3)5 maximal: for each SM field ¢ = {qi, ur, dr, I, er}:

Pp = Qy pr - With Qy a 3 x 3 unitary matrix
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Flavor assumptions

one can assume a flavor symmetry — only invariant contractions allowed
U(3)5 maximal: for each SM field ¢ = {qi, ur, dr, I, er}:
Yp — Quy pr ¥r with Qy a 3 x 3 unitary matrix
invariants:
eg. GrY"ur — Groy" (1) ps(Q)sr Urr = GroY" Spr g,  diagonal

GLur? — quip (Qg)ps(ﬂu)sr ur, not invariant!
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Flavor assumptions

one can assume a flavor symmetry — only invariant contractions allowed
U(3)5 maximal: for each SM field ¥ = {qi, ugr, dr, I, er}:
Yp — Quy pr ¥r with Qy a 3 x 3 unitary matrix
invariants:
eg. TrY"Uur — Trpy" () ps(Q)sr Ure = TGrpY" Opr Ur,  diagonal

gL ur? — quip (Qz,)ps(ﬂu)s, ur,  not invariant!

Yukawas inserted as spurions : constants transforming under the sym.:

Yo QY QL Yoo QYsQl, Yoo Qo Y.Qf

in this way (OrYuqr), (drYaqr), (ErYel)) are allowed

— all chirality-changing currents require inserting a Yukawal
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Flavor assumptions

one can assume a flavor symmetry — only invariant contractions allowed
U(3)5 maximal: for each SM field ¥ = {qi, ugr, dr, I, er}:

Pp = Qy pr - With Qy a 3 x 3 unitary matrix

invariants:
eg. TrY"ur — drpy" (QZ),,S(QU)S, urr = Orpy" Opr urr  diagonal

GLur? — quip (Qz,)ps(ﬂu)s, ur, not invariant!

Yukawas inserted as spurions : constants transforming under the sym.:

Yo QY QL Yoo QYsQl, Yoo Qo Y.Qf
in this way  (@rYuqr), (drYaqr), (8rYel) are allowed
— all chirality-changing currents require inserting a Yukawal

— 81 real parameters
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Predictions in the SMEFT



From Lsygrr to observables

so, we have chosen a flavor assumption and written down the Lagrangian.
Are we ready to calculate?

Nope. Not yet.
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From Lsygrr to observables

so, we have chosen a flavor assumption and written down the Lagrangian.
Are we ready to calculate?

Nope. Not yet.

Some Lagrangian manipulations are needed first:

> normalize and diagonalize all kinetic terms

» define a input parameter scheme ( “tree-level renormalization scheme™)
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From Lsygrr to observables

so, we have chosen a flavor assumption and written down the Lagrangian.
Are we ready to calculate?

Nope. Not yet.

Some Lagrangian manipulations are needed first:

> normalize and diagonalize all kinetic terms

» define a input parameter scheme ( “tree-level renormalization scheme™)

corrections stemming from these operations are induced by L¢: ocC;
— when applied to L itself: O(C?) effects — neglected

— only need to be evaluated on Lgsy
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Kinetic term normalization and field redefinitions

Some d = 6 operators give corrections to kinetic terms

2vh + h?

57— BB

. 2
e.g. Cng (H'H)B,., B" R E CHBV?B#'UB”U + Cus

. 2
Chp (HTD,H)(DFHTH) "2y & CHD‘/Tauh&“h +o

. 2
Cho (H'H)D,D*(HTH) "™ & ¢y [%6uh8“h+gv2h8ﬂ8"h]+
= —Cho0uhd*h + ...

Calculating with non-canonically normalized kinetic terms is complicated
— requires modifying LSZ formula
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Kinetic term normalization and field redefinition: B,

an easier solution: redefine the fields

1
eg. B, LsmerT 2 _ZB’“'BW[l —2v? CHB]
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Kinetic term normalization and field redefinition: B,

an easier solution: redefine the fields

1
eg. B, LsmerT 2 _ZB’“'BW[l —2v? CHB]

B,L — BM [1 A V2CHB]

and expand linearly in C
g —g [1-v*Cusl P Y e

replace everywhere {
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Kinetic term normalization and field redefinition: B,

an easier solution: redefine the fields

1
eg. B, LsmerT 2 _ZB’“'BW[l —2v? CHB]

BM — BM [1 A V2CHB]

and expand linearly in C
g —g [1-v*Cusl P Y e

replace everywhere {

— —%BWBW [1—2v2Chp] [1+2v2Chp| = —%BWB’“’ + O(C2s)

— D,, ~ g'B,, unchanged up to O(C,E/B)

— L6 unchanged up to O(C?p)

2vh + h?

— Cyp only remains in Cypg 5

By, B
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Kinetic term normalization and field redefinitions: h

an easier solution: redefine the fields

1 2 1
eg. h »CSMEFT D Eauhé“h[l + V?CHD — 2V2CHD:| = Eauhaﬂh[l + Ah]
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Kinetic term normalization and field redefinitions: h

an easier solution: redefine the fields

1 2 1
eg. h »CSMEFT D Eauha”h[l + V?CHD — 2V2CHD:| = Eauha“h[l + Ah]

2
replace everywhere h — h [1 — VTCHD + v CHD], expand linearly in Cyp, Cuo
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Kinetic term normalization and field redefinitions: h

an easier solution: redefine the fields

1 2 1
eg. h »CSMEFT D Eauhé“h[l + V?CHD — 2V2CHD:| = Eauhaﬂh[l + Ah]

2
replace everywhere h — h [1 — VTCHD + v CHD], expand linearly in Cyp, Cuys

1 1
— S0uhORh[L+ A [L= Ay = 53,hoth+ O(AF)
— L6 unchanged up to O(A?)

— SM Higgs couplings: b3, h* hVV, hhVV, hipp
with n h-legs are rescaled by [1 — nApg]
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A special kinetic term correction: Oy

2

uni . v
Crws (HI W, H)BrY 2 —CHWB? W3,BH + ...

introduces a kinetic mixing between W3, B — needs to be diagonalized!
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A special kinetic term correction: Oy

2

uni . v
Crws (HI W, H)BrY 2 —CHWB? W3,BH + ...

introduces a kinetic mixing between W3, B — needs to be diagonalized!

S EMECEUETE CpEEHoE: (1) normalize kin. term for B Cug and W' Cuw

(2) rotate to diagonalize kin. term in (W3, B) Cuws

(3) rotate to diagonalize mass term — (Z, A)

doing (2), (3) it at once:

W3 . 1 _V2CHWB/2 ZM
B# B _V2CHWB/2 1 Alt
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A special kinetic term correction: Oy

2
uni . v
Chws (H' W, H) B e —CHWB?WSVBW + .

introduces a kinetic mixing between W3, B — needs to be diagonalized!

S EMECEUETE CpEEHoE: (1) normalize kin. term for B Cug and W' Cuw

(2) rotate to diagonalize kin. term in (W3, B) Cuws

(3) rotate to diagonalize mass term — (Z, A)

doing (2), (3) it at once:

W3 . 1 _V2CHWB/2 ZM
B# B _V2CHWB/2 1 Alt

— correction to the Weinberg angle — enters SM ~, Z couplings
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Input parameters

In order to make numerical predictions we need to assign numerical values
to the Lagrangian parameters

SM

Lsm parameters

QCD g, 0qcp :
EW g,g SM Al ) v
. . predictions
Higgs v, A relations for any SM process
Yukawa  yr
CKM  01.3,6
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Input parameters

In order to make numerical predictions we need to assign numerical values
to the Lagrangian parameters

SM

Lsm parameters

QCD  gs,0qcp
EW  g.g SM analytical / MC
. . predictions
Higgs v, A relations for any SM process
Yukawa  yr
CKM 123,68
dependent
parameters

Sin 0W7 \/IJ7 e,
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Input parameters

In order to make numerical predictions we need to assign numerical values
to the Lagrangian parameters

SM
: Lsm parameters
input
measurements QCD g5, 0qcp
e EW gg' s i
mz, Qlem HIggS v, A relationS for any SM process
p— evv, my Yukawa  yr
e CKM  0123,6

meson decay/osc
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Input parameters

In order to make numerical predictions we need to assign numerical values
to the Lagrangian parameters

SM

" Lsy parameters
input

measurements QCD
as, d EW g analytical / MC
oo » i &8 SI\./' predictions
o Higgs v, A relations for any SM process
n— evv, my y P
myf
meson decay/osc

8s;0acop

Yukawa  yr
CKM 613,08

» calculate [input process](param)
» invert  [param](input process)
» measure input process and assign param the corresponding value

» use this number in Lsy
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Input parameters

In order to make numerical predictions we need to assign numerical values
to the Lagrangian parameters

SM
: Lsm parameters
input
measurements QCD g5, 0qcp
e EW gg' s i
mz, Qlem HIggS v, A relationS for any SM process
p— evv, my Yukawa  yr
e CKM  0123,6

meson decay/osc

in practice SM testing checks
input - output
consistency
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Input parameters example: Gr

The Fermi constant is precisely measured from muon decay

I
G2 m’

omlp™ = 7 7et) = g
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Input parameters

In order to make numerical predictions we need to assign numerical values
to the Lagrangian parameters

SMEFT
LsMEFT parameters
input
measurements QCD g, 9IQCD
EW g,g .
as, dy . SMEFT analytlfal'/ MC
mz, Higgs v, A lati predictions
“w— éyy, mh Yukawa  yr relations for any process
mys CKM 91,2 3, 1)
meson decay/osc EFT G
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Input parameters

In order to make numerical predictions we need to assign numerical values
to the Lagrangian parameters

SMEFT
LsMEFT parameters
input
measurements QCD g, 9/QCD
EW g,g .
as, dy . SMEFT analytlfal'/ MC
mz, o Higgs v, A lati predictions
“w— éyy, mh Yukawa  yr relations for any process
mys CKM 91,2 3, 1)
meson decay/osc EFT G

» calculate [input process](param, C;)
» invert  [param](input process, C;)
» assign param measured value + shift in C;

» replace this everywhere in Lsn(erT)
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Input parameters

In order to make numerical predictions we need to assign numerical values
to the Lagrangian parameters

SMEFT
LsMEFT parameters
input
measurements QCD g, 9/QCD
EW g, :
as, dy ) .8 SMEFT analytlfal'/ MC
mz, o Higgs v, A lati predictions
“w— éyy, mh Yukawa  yr relations for any process
mg CKM 91 2.3, 0

meson decay/osc .m
-

all L corrections to inputs
are shifted into outputs
— the relative consistency is
what we test
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Input parameters example: Gr

The Fermi constant is precisely measured from muon decay

W
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Input parameters example: Gr

FsMEFT(H™ — € Dety) = lsm [1 + 22 ((C,Ef,'))zz 4 (C,Ef,'))n = (CII)IZZI)]

; 1
Ve Ty [1 + 402 (c}jﬁ = EC,',)]

1
—> 1.1663787(6) x 1075 GeV 2 = Gf [1 +2v2 (cﬁfﬂ - 5C,’,)]

=GF[1+\@AGF]

_ 1 o 114 AGF
vV = —— = -
21/4\/Gg V2

V. =246.22 GeV

= parameter in L — AGg enters all vertices with v in Lsy

<I
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Input parameters for the EW sector

a more correct analysis: the EW sector has 3 independent parameters
/
{v.g, &'}
that are fixed by 3 input measurements, usually chosen among

{m27 mw, GF, aem}
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Input parameters for the EW sector

a more correct analysis: the EW sector has 3 independent parameters
/
{v.g, &'}
that are fixed by 3 input measurements, usually chosen among
{m27 mw, GF, aem}

ie. one chooses 3 equations among

72 2 2==/

~2 2 V=2 =P v=Chp 2vogg

= 91.1876 GeV]? = — 14 L =HD C

hz [ eV] 7 (& +g)[ t o ta e HWB]
==

Ay = [80.387 GeV]? = ~ 4g

€2~ 11663787 x 105 Gev—2 = —~ [1+2,2¢c® _ 3¢

F= = € = o viChy —vigy
~ 1 g.2é/2 Vzé’é’/
aem(mz) = 1/127.95 = — 715 1- T Crws

solves in {V, g, g’} and replaces the solution X — X(1 + dx/x) in Loy
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Input parameters for the EW sector

example: {mz, GF,aem} scheme
72 = 2 [1 + \/7AGF]
P [1 < <Amz n AGF) _ S_gAaem]’
20 V2 €20 Olom

52 — 37 [1 n C_g Aaem]

ss (Am> AG,

S5 ( "z 4 F> N

C20 m3 \/§ €20 Oem
Am>

Chp
—t =V (T + 520CHWB)

m

V4
. 1
with Aoem _ V?sp9 c and 53 = =
ngm 5 HWB 2
V2aGe = v? (26 - ¢)
llaria Brivio SMEFT Hands-on
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Input parameters for the EW sector

example: {mz, GF,aem} scheme

=2 A2 A2 1
7 =0"|1+V2AG ] , V= —
[ " V26:
2 2 2 ~
A AG, Adtem A 4T aem
§2=§2[1—&< f7272+ F)_S_(;L]’ g2= 7rc;
o \ M3 V2 €20 Olom S5
2 2 2 ~
—n2 AL2 Sp An"Z AGF) Cp Aaem:| 12 AT oem
=g”|1+2% + == , =
g & [ C20 ( m% \/i €0 Oem & C92
— corrections to m?,
ZFf
WFf
TGC
QGC
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Input parameters for the EW sector

example: {mz, Gr,my} scheme

R _ A o2 1
=V 1 + \/EAG ] , = —F
[ ; V2Gr
R _ a7 AGr a2 2 2
g =8 [1— : 8% = 4V2Grm3c;
V2
2
5% — 3"° [1 - A\/C;F _ 5_12Amn;z] 7 27 — 4V2Grmis?
o Mz

Am? @
. 2z -2 (ﬂ + 520CHWB) ’ﬁ%/v
with mz z and sj =1— —4
i
VaaGe = v* (26 - ¢) z
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Input parameters for the EW sector

example: {mz, Gr,my} scheme

R a2 ~2 1
=V 1 + \/EAG ] , = —F
[ g V2Gr
=B _ 2 AGk A2 2 2
g =8 [1— : 8% = 4V2Grm3c;
V2
2
grz _ 312 [1 _ A\/C;F . S_];Amn;z] 7 312 _ 4\/§G;:m§s§
(7] V4

— corrections to ff
Zff
WFf
TGC
QGC
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Input parameter example: m,

assuming U(3)® — Ogy = (H'H)(G Y)H'dr) — take the b terms:

VoV v2 = % 3v? -
ESMEFT ) —}\/;5 [1 — 7Cde| bLbR — % |:1 — TCdH] thbR + h.c.
v

y AGF | - y 3v2 -
= —% [1 = ?CdH + TQF] by br — % [1 — %CdH] hbybr + h.c.
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Input parameter example: m,

assuming U(3)® — Ogy = (H'H)(G Y)H'dr) — take the b terms:

VoV v2 = % 3v? -
ESMEFT ) —}\/;5 [1 — 7Cde| bLbR — % |:1 — TCdH] thbR + h.c.
v

2 AGE | - % 3v? -
= —% [1 = 7CdH + TQF] b br — \};% [1 = %CdH] hb; bg + h.c.
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Input parameter example: m,

assuming U(3)® — Ogy = (H'H)(G Y)H'dr) — take the b terms:

VoV v2 = y 3v2 =
LsMErT D —}:;5 [1 = 7CdH] by br — % [1 = TCdH] hb; br + h.c.
Vv

2 AGE | - % 3v? -
= —% [1 = 7CdH + TQF] by br — 3;% [1 = %CdH] hb; bg + h.c.

replacing y,, back in L:
_ & AG _
LsmerT D —Mp b br — g [1 —v2Cay — —F} hb; br + h.c.
1% \/2

correction to Yukawa coupling
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LO SMEFT corrections to h — bb

for NLO check Cullen,Gauld,Pecjak,Scott 1512.02508, 1607.06354, 1904.06358

b

LO SMEFT contributions are all SM-like:

FsmerT(h — bb) = T'sp(h — bb) [1 + 2Re dgnp ]

direct Oq4y contribution
input shifts

Higgs kinetic term redefinition

3y2
¥
2 dH
V2 AGe
+?CdH = 7

V2
== T Cup + v2 Cho

08hbb

v2
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http://arxiv.org/abs/arXiv:1512.02508
http://arxiv.org/abs/arXiv:1607.06354
http://arxiv.org/abs/arXiv:1904.06358

