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Flavour Anarchy

e SMEFT at dim[O] = 6
—> New sources of flavour violation

® Already strong constraints!
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Flavour Anarchy
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— |s this the end of l?
®
o Alre S tnis the end of my talk
e No!'Why should BSM be flavour-anarchic?
After all,
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ZL o\ - Accidental symmetries
q,C u,d,e. i=123
Loy sans Yukawa: U3), X U3)y X UB)p X U3); X U(3)g

— Ly =GV V'"Hu + gY'Hd + [Y°He

[U(3)? transformation and a singular value decomposition theorem]

Lsm U(l)p x U(D), x U(1), x U(1),

Exact (classical) accidental symmetries

However:

e Peculiar observed values of Y*%¢ = Approximate flavour symmetries
[Mass hierarchy & CKM alignment] [suppression in FCNC, EDM, etc]
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BsM@Tev 9_9® Npscale @ @ FCNC

*e.g. EW hierarchy

® A viable BSM at the TeV-scale should no excessively
violate accidental symmetries of the SM

o Key ingredient iIn model bullding:
Flavour symmetry and its breaking pattern
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Minimal Flavour Violation

* No new sources of flavour breaking

Go =U(3)y x U(3)y, x U(3)4
Y, ~(3,3,1), Y;~(3,1,3).

e The MFV brings the cutoff to the TeV scalel

D’'Ambrosio et al; hep-ph/020/036
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https://arxiv.org/abs/hep-ph/0207036
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Minimal Flavour Violation

* No new sources of flavour breaking D'Ambrosio et al; hep-ph/0207036
107§ < S ? <
Go =U(3)y x U3)u x U(3)4 e fia, S M
Y, ~(3,3,1), Yy~ (3,1,3) R LBE [P
igl S SIS §S

e The MFV brings the cutoff to the TeV scalel

U(2)"3

Barbieri et al; | 105.2296

* Approximate symmetry of the SM

* Small spurions = consistent power counting A |7
® Some protection against FCNC Yud~
0 0
G =U(2), x U(2), x U(2)q4 @

Vo~ (2,1,1), Ay~(2,2,1), Ag~(2,1,2) A<V<l ViV V)
7
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. -~

e

oo
SMEFT
o ne

o« Pragmatic, bottom-up, ...

uv

[ultraviolet]

IR

[infrared]

Why?
|. No clear/preferred model

2. Short-distance direction still the most compelling (to many of us)

3. Experiments headed towards the precision/luminosity era
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e

oo
SMEFT
o ne

o« Pragmatic, bottom-up, ...

uv

[ultraviolet]

IR

[infrared]

What?
® SM fields & Symmetries (Gauge + Poincare)

e Scale separation A > vgy

® Higher-dimensional operators encode short-distance physics:

C
B 0
L =L+ ). A[QQ]_4Q
0

9




SMEFT is challenging!

® Price for generality: Large number of independent parameters!
® 2499 at dim[O] = 6 (AB= AL =0)
* Why! (Partially due to) FLAVOUR i =1,2,3

® |[fthere was a single generation => 59

(LL)(LL) (RR)(RR) (LL)(RR) s 3
Qll (l_p')’plr)(l_s')’ult) Qee (ép'Yper)(és’Yuet) Qle (l_p')’ulr)(és'y'uet) w (p
51}1) (@Yu4r) (@) Quu (Up ) (s 7 ue) Qu (Tyvaly) (@sy*ur) QCSO (QOTQO) (ZPCTQO)
(3) = I = 1 7 7 - =
oo | @BVWT @) (@7 T q) | Qaa (dyvudy) (dsy"dy) Qua (L yulr) (dsy*dy) tN(m
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Q) Tyl ) (@57 qe) Qeu (EpYuer) (Tsy ur) Que (T7uar) (B er) Que (¢70)(@u-P)
Ql(g) (l_p'YuTIlr)(’js')’“TIQt) Qed (8pVuer) (dsydy) 5;9 (7 (QOT(P) (QPdT(p)
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https://arxiv.org/abs/1008.4884

Adding Flavour to the SMEFT

AG, Thomsen, Palavric; 2203.0956 |

Contents
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Introduction

Quark Sector

2.1 U(2)? symmetry

2.2 U(2)3 x U(1)4, symmetry
2.3 U(2)% x U(3)y symmetry
2.4 MFVg symmetry

Lepton Sector
3.1 U(1)? vectorial symmetry

3.2 U(1)® symmetry
3.3 U(2) vectorial symmetry
3.4 U(2)? symmetry
3.5 U(2)? x U(1)? symmetry

3.6 U(3) vectorial symmetry
3.7 MFV[ symmetry

Conclusions

Warsaw basis

SMEFTflavor

Mixed quark-lepton operators

Group identities

Charting the space of BSM by flavour symmetries

Formulate several competing flavour hypothesis
for dim 6 SMEFT (AB = 0)

Systematic approach: U(3) D U(2) D U(1)
(smaller symmetry = more terms)

28 different case

Minimal set of flavour-breaking spurions needed
to reproduce masses and mixings

Construct explicit (ready-for-use) operator bases
order by order in the spurion expansion starting
from the Warsaw basis

11 See also: Faroughy et al; 2005.05366



https://arxiv.org/abs/2203.09561
https://arxiv.org/abs/2005.05366

Example: U(2)’ quark

AG, Thomsen, Palavric; 2203.0956 |

U(2)g xU(2)y xU(2)a | O1) | OV) | O(V?) | O(V°) | O(A) | O(AV)
EYE QuH 1 1 ]1 1 1 1|1 1
Qan 1 1|1 1 1 1 ]1 1
pxg | Quows |3 3]3 3 3 33 3
Qucws) |3 3|3 3 3 3|3 3
QY 4 2 2] 2
W?H*D QHu,QHa | 4 2 2
QHud 1 1 2 2
(LL)(LL) (1:3) 10 6 6|10 2|2 2
(RR)(RR) | ot |1
Qud 8
(LL)(RR) | Qu”, Q%" | 16 8 8|8 4 412 12
(LR)(LR) QLS 2 204 4|2 2 8 8 |12 12
Total 63 11[28 28022 42 2 |20 20|50 50

Table 2. Counting of the pure quark SMEFT operators (see Appendix A) assuming U(2), x U(2),, X
U(2)4 symmetry in the quark sector. The counting is performed taking up to three insertions of
V, spurion, one insertion of A, 4 and one insertion of the A, 4V, spurion product. Left (right)
numerical entry in each column gives the number of CP even (odd) coefficients at the given order in
spurion counting.

https://grithub.com/aethomsen/SMEF T flavor

12 See also: Faroughy et al; 2005.05366


https://arxiv.org/abs/2203.09561
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Admir Greljo | Flavour at high-pT

Summary
AG, Thomsen, Palavric; 2203.0956 |
Dim-6 SMEFT operators Lepton sector
B-conserving O(1) terms MFVy | U(2)? x U(1)r, | U(2)? | U1)® | U(1)? | No symmetry
MFVgq 47 65 71 87 111 339
Quark U(2)g xU(2)y xU(3)a 82 105 115 132 168 450
sector U(2)° x U(1)p, 96 121 128 150 186 480
U(2)3 110 135 147 164 206 512
No symmetry 1273 1347 1407 | 1425 | 1611 2499

® Favour-symmetric operator bases (no spurion insertions)
e Systematically from MFV towards anarchy: U(3) D U(2) D U(1)

Top/Higgs/EVW

e Nontrivial Interplay

Flavour

13


https://arxiv.org/abs/2203.09561
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Next slide
Summary
AG, Thomsen, Palavric; 2203.0956 |
Dim-6 SMEFT operators Lepton sector
B-conserving O(1) terms \MFVL UR2)2xU1), | U®2)* | U1)® | U(1)? | No symmetry
MFVgq 47 65 71 87 111 339
Quark U(2)g xU(2)y xU(3)a 82 105 115 132 168 450
coctor U(2)° x U(1)p, 96 121 128 150 186 480
U(2)3 110 135 147 164 206 512
No symmetry 1273 1347 1407 | 1425 | 1611 2499

® Favour-symmetric operator bases (no spurion insertions)
e Systematically from MFV towards anarchy: U(3) D U(2) D U(1)

Top/Higgs/EVW

e Nontrivial Interplay

Flavour

14
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U(3)’ flavour-symmetric basis

Class Label Operator Label Operator
X3 Ow  eacWI'Wo'W;*  Og  fapcGArGLPG"
toopgenenated 0 eaWEWLPWEE Og  fapcGRAYGUPGRH
¢° Oy (¢19)°
¢'D? L= (¢7¢)0(¢'9) Osp  (6'D,9)[(D"¢)'9]
OsB (¢'¢) B, B* Opwp  (¢'0%9) W, B*
X202 Oqsé (¢! ¢)BMVB e OquB (¢1o%9) WffuB“ Y
Loop generated (), ( ot ) W;fu Weanv Osc ( @ ) GﬁuGA pv
Ouy  (dloyWa,wer O, (61¢)GA,GAM

Class Label Operator Label Operator
O (Ey ) (L) Of) (L") (G 7ud’)
(LL)(LL) O (Liy07) (L7, t") 0;(32) (Lol (qjvuo )
oWP (@) @) ODP  (g"oq) (g YO qJ)
aS?E @) @) ORF @ o' d) (@vuot)
O (E"e)(Emue’)  OF) ( n“d‘)(} &)
oD (@) (ayad)  OF (diy"d) (djyud’)
(RR)(RR) OF,  (uy"w)(wmuu’) O (@i u’) (djyud’)
Oui (') @pmuwd)  OF) (@ THud)(dj, TAdJ)
Oed (eiy*e) (djyud’)
Ote (™€) (€jvue’) oL (@*q") (wv,u)
anrm Or  @OEWE) Ow @ T @)
O Ly t)(ujyu?)  Opy (77" q") (djvud?)
Ou  (E*e)(dyud?)  OF)  @*TAG) (v TAd)
0 (4'iDud)Ert)  Ope  (iD,g)(Ene)
2D o (D) E0™t)  Opu  (91iDyd) Ty a)
0;1,’ (¢'iD,9)(qiv"q")  Oga (¢Tsz¢)( iy*d’)
09 (4'iD2¢) (g o)

® Explicit operator basis: 41 CP even, 6 CP odd

15
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U(3)’ flavour-symmetric basis

Q:Which UV models produce this basis at the tree level!

AG, Palavric; 2305.08898

16


https://arxiv.org/abs/2305.08898
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U(3)’ flavour-symmetric basis

Q:Which UV models produce this basis at the tree level!

AG, Palavric; 2305.08898

Leading (flavour-blind) directions

® Assume weakly coupled, perturbative UV with new spin-0, /2, | fields

e New fields have My > vgy, and leading (renormalisable) interactions

o UV/IR dictionary for SMEFT (de Blas et al, 1711.10391)

e Impose U(3)’ flavour symmetry in the UV (AG, Palawric; 2305.08398)

- New fields are irreps of the flavour group: I, 3, 6, 8

- Parameter reduction: Flavour tensors fixed by group theory

17
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Leading directions

AG, Palavric; 2305.08898

® |n most cases, a single flavour
irrep Iintegrates to a single
Hermitian operator with a
definite sign (a leading direction)

® [hese define a UV motivated
operator basis suitable for | D fits

® [he case for Top/Higgs/EWV fits
(Automatic protection against FCNC)

18
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Leading directions

AG, Palavric; 2305.08898

® |n most cases, a single flavour
irrep Iintegrates to a single
Hermitian operator with a
definite sign (a leading direction)

o T
O

o T

hese define a UV motivated

(Automatic protection against FCNC)

Comprehensive summary
of indirect searches for
flavour-blind BSM mediators

berator basis suitable for | D fits

ne case for Top/Higgs/EVV fits

Spin-0
Spin-1
Spin-1/2

19

El ~ By

{1/{_) ~ |:3'l‘ 3)

[u.; ~ (34, 3)

S~ 3

i&v'l ~ (34, 3¢)

[¥ ~ (3,30

W ~ 8¢

‘ [Q: ~ (3,.3.)

BN8¢

fw1 ~ (3u3c)
‘ [Ql ~ (34, 3¢)

c:; ~ (3[, 3,)

Q19 ~ ("31' "—3(:)

[z ~ (34, 3)

[n,- ~ (34:3c)

[t ~ (34,3.)

[( ~ (34:3¢)

S, ~ 6, [ ~ (36 30)
A [Qs ~ (3431)
B~ 8, ‘ aL |~ (3430) 2L2Q
l( ~3, ' }Q-, ~ (34, 3u)
lszl ~3, \ [V ~ (30,3.)
o= ) ERIED
s | e
: \g] ~ (34, 34)
l*r“ ~ (34, 3u) )
’S’ 6 T |
S G ~3,
l“’ ~ (34:34) (B~ s
[ ~ (3,34) W~
[, ~ (B 30) G~ 8,
o ~ (3,,34) [~ ]
\qw ~ (34, 34) 4 [m 4Q
}.\" ~ 3¢ =~ 1
|_\-., ~@ |
IE ~ 3 ‘ By ~1 ‘
lA] ~ 3
l}: ~ 3 ] =~1 ‘
[D~3, W
@~ | .
|T. ~3 | S~1
s, |
[Z1 ~ 3 ‘ ~1
l(_.f ~ 3,
1Q. ~ 3. 6, ~1
|Q: ~ 3,
Qs ~ 34 ] Vortox o Oblique/Higgs
0.1 10 30 0.1 1 10 30
M([TeV] M([TeV]

*couplings set to unity



https://arxiv.org/abs/2305.08898

Admir Greljo | Flavour at high-pT

100

Global SMEFT fits

{  Top + Higgs + VV, Quadratic NLO EFT
{  Top + Higgs + VV, Linear NLO EFT
- ® Progress in global SMEFT fits!
[II - - _ i d--“-_- -“ “_ﬂi‘_“—‘_- _ _*-1_— - |
| ® Favour assumptions?
S MEFIT
SMEFIT, 2105.00006 ) ; See talk by Gauthier Durieux, PhysTeV Les Houches

(f_ Dgsvson ﬂ

(Cuc
Cuus
o
Cuo
o
o
o

(o

C‘1HWB CHD Cll
3 1
Cu. Cul Cii

\Cita Cita Cua CHj

EWPO

\_

¢ Cas Coi Cau Cou
CtG Ctsd _Ctsu Ctsq
\_ tt

Higgs

Fitmaker, 2012.02/79

Fitmaker EWPO+diboson+Higgs+top, linear
[Ellis, Madigan, Mimasu, Sanz, You

SMEFIT diboson+Higgs+top, some NLO QCD,

[Ethier, Magni, Maltoni, Mantani, Nocera, Rojo, Slade, Vryonidou, Zhang

HEPfit EWPO, flavour, future

[de Blas, Pierini, Reina, Silvestrini

EFTfitter top+B+EWPO, 14 op

[Grunwald, Hiller, Kréninger, Nollen

SFitter EWPO+diboson diff.+Higgs, top+B

[Brivio, Bruggisser, Elmer, Geoffray, Luchmann, Plehn

OptEx EWPO+diboson diff.4+-Higgs+diHiggs, 23 op, no 4f, linear

[Anisha, Das, Banerjee, Biekotter, Chakrabortty, Patra, Spannowsky

Flavio B+Drell-Yan+EWPO

[Greljo, Salko, Smolkovi, Stangl

[Allwicher, Faroughy, Jaffredo, Sumensari, Wilsch

HighPT B+Dell-Yan

T —
20
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https://arxiv.org/abs/2105.00006
https://arxiv.org/abs/2012.02779
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Example: High-mass Drell-Yan

Leg, a heavy LQ
Scale

pp = Ca5())s -
\ TeV O.lam YATLAS

EXPERIMENT

N

q]’xﬂﬁ \

GeV

Example: b — spu vs Drell-Yan
AG, Marzocca; 1 /04.09015

21
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Drell-Yan in the SMEFT

® Flavio implementation of the high-mass Drell-Yan data:
AG, Salko, Smolkovic, Stangl; 2212.10497, 2306.0940 |

Data
Search Ref. | Channel Luminosity

— 139 fb~1

ATLAS [45] | 7P 77°°
pp — pp 139 fb~1
— 137 fb~!

cMs 6] | TP
pp — pp 140 b1
— 139 fb~1

ATLAS [a7] | 2T
pp = pv 139 fb~!
— 138 fb~!

cms g | PP T
pp — pv 138 fb~!

Drell-Yan data used

Theory
Ql(;) (Lpyulr) (@57 qe) 4 ! ‘ .
Ql(cz]))) (l_p'yuo-ilr)(QS’)’uaiQt) v X A2
Quu (Lpvuly) (Tsy uz) 7 v,y
Qud (vl ) (dsy dy) — —
Qee | (@Gpruar)(Es™er) 55> ops
Qeu (ép’Yuer)(l_ﬁs’Y“ Ug)
Qed (_p7y67°) (dS'Y“dt)
Qiedg (Z{?er)(JSQtj)
Qloge | Ber)ejn(@ue)
QL) | Bowerein(@iow)

https://flav-io.github.io/

4F SMEFT operators with arbitrary flavour

22 See also: Allwicher et al: 220/.10/56
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Example |

[C, 1 U@ r'q,)

23 AG, Salko, Smolkovic, Stangl; 2212.10497
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Example |

[Cl(ql)]glt)(l_lyﬂll)(c_]sy”qt) - [C;qﬂ]g? = 5“[0;;)];” + (YMYJ)SI[CZ(;)]?YT + ... MFV expansion

\_ VaViy Vi VaViy
~ yt2 ViaVis VisVis VaVi

ViV, VisVis VoV

\

24 AG, Salko, Smolkovic, Stangl; 2212.10497
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Example |

[C(l)](l)(l_l}/ﬂll)(c"]sy”qt) — [Cl(;)]glt) = 5S,[Cl(ql)](51) + (YuY;)sr[Cl(ql)]g)w + ... MFV expansion

u-u

[ = [CW) = [ \- (ViaViy ViV Vi, Vi)
: . : ~ yt2 ViaVis VisVis VaVis

Vi ViV VaVi,

0.03 -

flavio

0.02 A

0.01

T
U

(£)
Yu

~  0.00

(1)
lq

—0.01 A

—0.02 A

—0.03 1 T T T T T T
—0.03 —-0.02 —-0.01 0.00 0.01 0.02 0.03

)y

25 AG, Salko, Smolkovic, Stangl; 2212.10497
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Example |

[C(l)](l)(l_l}/ﬂll)(c"]sy”qt) — [Cl(;)]glt) = 5S,[Cl(ql)](51) + (YuY;)st[Cl(ql)]g)yT + ... MFV expansion

u-u

[ = [CW) = [ \' (ViaViy ViV Vi, Vi)
: - : ~ yt2 ViaVis VisVis VaVis

Vi ViV VaVi,

0.03 -

— ppo o flavio

0.02 A

0.01

T
U

(£)
Yu

~  0.00

(1)
lq

—0.01 A

—0.02 A

—0.03 1 T T T T T T
—0.03 —-0.02 —-0.01 0.00 0.01 0.02 0.03

)y

26 AG, Salko, Smolkovic, Stangl; 2212.10497
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Example |

[C 1A d)Gsra) — [T = 8,[C 10 + (VYD [C V1Y + ... MFV expansion

[CYO = [V = [¢D) \' (ViaVi ViV ViVii)
: : : ~ yt2 ViaVis VisVis VaVi

0.03 A '
Vi ViV VaVi,

pp =t 1o flavio

—— B decays lo
0.02 -

0.01

T
U

(£)
Yo

~  0.00

(1)
lq

—0.01

0,02 - <4— Dominated by b — suu

_0'03-| T T T T T
—0.03 —-0.02 —-0.01 0.00 0.01 0.02 0.03

Gy 15’

lq

27 AG, Salko, Smolkovic, Stangl; 2212.10497
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Example |

[C(l)](l)(l_l}/ﬂll)(c"]sy”qt) — [Cl(;)]glt) = 5S,[Cl(ql)](51) + (YuYZ)sr[C,(ql)]g)w + ... MFV expansion

u-u

[ = [CW) = [ \' (ViaViy ViV Vi, Vi)
: - : ~ yt2 ViaVis VisVis VaVis

0.03 A !
pp — tl 1o flavio \thvﬁa VtsViZ thv;x;?)
—— B decays lo
0.02 4 —— global 10, 20
0.01 -
3
SN
P 0.00
NS,
S —~
—0.01
—0.02 - \ /
L
—0.03 - T T T \/ T T T
—0.03 —-0.02 —-0.01 0.00 0.01 0.02 0.03
(1)4(¢
15

28 AG, Salko, Smolkovic, Stangl; 2212.10497
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Admir Greljo | Flavour at high-pT

Example |

[C(l)](l)(l_z}’ﬂlz)(c_]s?’ﬂ%) - [C,(q”]ﬁ? = 5st[Cl(ql)](51) + (YMYT)SI[C(D](Z) ... MFV expansion

uu

[ = [CW) = [ \- (ViaViy ViV Vi, Vi)
. . . ~ yt2 ViaVis VisVis VaVis

ViV, VisVis VoV

0.03 -

\
0.02 A

0.01

Y, Y,

MFV Expansion validity?

Kagan et al; 0903.1/794
Linear MFV: | [C;QU]YMY; | < | [C;ql)] N

()

~  0.00

(1)
lq

—0.01

—0.02 A

A large class of models ruled out
AG, Marzocca; 1/04.09015

—0.03 A
-0.03 -0.02 -0.01 0.00 0.01 0.02 0.03

)5
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Admir Greljo | Flavour at high-pT

Example I

eff
_ vV _ -
PAC=1 Uyt co) (€ oyt
NP (15 TeV )2 (Ugy cp)(CRy"CR)
Fuentes-Martin, AG, Camalich, Ruiz-Alvarez;
~2003.1242 |
10
Rare ¢ — u "¢~ decays 5| ;
HL-LHC y
(?:>‘<:Z? : f-—\
u 4 i L
. e, 0 o —
— B I
Drell-Yan cu — £7¢ | o
i - -
-S[ pp - (T~ ]
10D = (0, w0 !
Systematic exploration of the P S S R
low-p / high-pr interplay: -40  -20 0 20 40
1609.07138, 170409015, eee
1811.07920, 1805. 1 1402, Vi
1912.00425, 2002.05684,
2008.07541,2104.02723, 30

2111.04748, ...


https://arxiv.org/abs/2003.12421

Admir Greljo | Flavour at high-pT

Conclusions

o A UV theory will leave imprints on the flavour structure of the SMEFT.

® [he selection rules implied have the advantage of reducing the number of
important SMEFT operators by truncating the flavour-spurion expansion.

* We constructed operator bases order by order in the spurion expansion for
28 different flavour symmetry assumptions.

® Ready-for-use setups for phenomenological studies and global fits.

e (lassification of new physics mediators contributing at leading order in both
the MFV and the SMEFT power counting (leading flavour-blind directions).

® High-mass Drell-Yan data added to the global SMEFT likelihood and studied
its interplay with flavour data.
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(H) ~ 174 GeV

Mass [GeV]

RE

102

1 @@% ‘7 Ve~ | '

1072

10~4

1076

1078

10—10

10712

10—14

Flavour Puzzle

Empinical

@ The Weak Force Mixing:

@@@ ‘ y

~Lov D @Y u;H + qY, d;H + Y, e; H

(&

3 det[vaY,, Y.Yf] = O(107%)
*sample uniformly in [0,1] interval & O(1)

1 .
— LoMEFT D A—&YVZ]@HH

” _
@5@@ Vonns ™~ _
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SMEFT: Systematic BSM

NP Y
M | 308.2672 7/,
| 310.4838,
< Matching |3|220|4,
| o rase.
| /11.05270,
| 711.10391,
| /10.06445,
- 1 804.05033,
) 1908.05295,
SMEFT 2010.16341,
1 2012.08506,
1 Matching 2012.0/851,
1 WET l?%
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A Warsaw basis

Here we list the AB = 0 dimension-6 fermionic SMEFT operators in the Warsaw basis [13]
with division into classes as presented in [14].

5—7: Fermion Bilinears

non-hermitian (LR)

5: 2 H3 6: V2 XH

QeH (HTH) (ZperH) Qew (ZPUW )T IHW/[{V Quc (q_pUWTAur)ﬁGﬁu Qac ((ijWTAdT)HGﬁV

Qur  (H'H)(gyurH) || Qen (Lpo*er)HBuy | Quw (quHVuT)TIEIW[{V Qaw (QPUMVdT)TIHW;{V

Qan  (HYH)(Gyd, H) Qun (Gpo"u)HB | Qap (gpo¥d,)H By,

hermitian (+ Qpua) ~ 7: Y2H?D
(LL) (RR) (RR)
oY (H'D  H) (B, Hi'D , H) (e, {(H D, H)(w,7"d
HY LUy, )( pY ) Qre ( Uy )(ep'Y er) QHud Z( I )(up'Y r)
A= - A= _
& (HYDLH) G v ) | Qe (HYD W H) @y uy)
<= = -
G (HYD . H)@na) | Qua  (HTD H)(dn"d,)
<=
QY (HYNDLH) (g

T 7“‘]7’)

8: Fermion Quadrilinears

hermitian
(LL)(LL) (RR)(RR) (LL)(RR)
Que (ol ) (CsyH ) Qee (Epyuer)(Esyter) Qe (Cpylr) (Esy er)
% (@0) (@ 0) | Qua (Tt ) @y ) | Qe Byl (" ue)
@ @)@ T a) | Qaa (dyyudy) (drtdy) | Qua (Gl ) (dir¥dy)
Q) Gwb)@ta) | Qu Emen) @ u) | Qe (@) EorPer)
QY (6@ T a) | Qea (Epyuer) (duyPdy) Q (@) (e
Ql (Tp Yty ) (dsy¥dy) @ (@Y T2 qr) (Usy T uy)
QY (@ TMu)(dy Tdy) | QLY (@) (dsydly)
QW (@ T (dey  TAdy)
non-hermitian
(LR)(RL) (LR)(LR)
Queag  (Bher)(daary) | Qg (@ur)ejn(gtdr)
Qf]i)qd (@T ur) e (TETAdy)
o (Ber)ejn(dtur)
Qég()zu (Bhower)eji(qEat uy)




Example: U(2)’ quark

® [Examples of bilinear structures

(79)
O): (qq), (@as), OWV): (Vqs) ., View(dsq’), He.,
2\ . (= i _ c b (2.12)
OV : @yVia), |adaviVid), Hel .
(au)
O(1) : (uu) , (usus) ,
O(AV): (uAlVqus) ,  (Gaus)e® (VAL e“ec[uV)(Ay)qus] , He, (2.13)
Ebc[ﬂqub(Au)caua] , H.c..
(dd)
o) : (dd) , (dsds) ,
O(AV): (dAIV,d3) ,  (duds)e™ (VAL . €epe[d VI (Ag)ads), He., (2.14)

EbC[(j:ﬂqu(Ad)Cada] s Hec. .

*the new structures that appear in case of
SU(2)3 symmetry are denoted in blue
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Watch out redundancies
8”6kg = 57’g5‘7k — 5zk5]g

® [Examples of quartic structures

(9a93)(39") ,

O):  (24")(@a")
q (L.?Sqa)((jaebc‘/chb) )

)
O(V): (Gag3)(@Veq®) ,
O(V?) : (@aVia)(aVaq®) -

(339)(qV4€acq®) , H.c., (2.18)

O(1) : (ﬂaub)(ﬂbua) ,
O(AV): (ﬂauS)(ﬂALuna) ,

(ﬂ3ua)[ﬂqucecd(Au)dbub] )

(tqus)(uzu®) ,
(aaUB)fabede[ab‘/qd<Au)ccuc] » Ebcﬁcd(ﬂauii)[ab‘/qc(Au)deua] , He.o,

(ﬂgua)[ﬂaedeqC(AZ)cdub] ) eac(ﬂgua)[ﬂb‘/qd(AZ)dbuC] , H.c. .
(2.19)

O(1):  (dad®)(dpd®) , (dads)(d3d®) ,
O(AV) & (dad3)(dATVEd®) | (dads)e™eacldy V(A d?] , € eca(dads)[dViE(Ag)%ed®] , He.,
(d3d)[daVeca(Da)hd”],  (d3d®)[da€raVii(A5) Y], €ac(dsd®) [V (A)a"d], Hec. .

(2.20)



Tools

® Mathematica package SMEFTflavor to facilitate the use of flavor symmetries

https://grithub.com/aethomsen/SMEF T flavor

in[-= CountingTable[{"quark:3U2", "lep:2U2"}, SpurionCount » 1, SMEFToperators -» semiLeptonicOperators]

Outf+ ]=

{quark:3U2, lep:2U2} O[1] o[Vl] 0[Vq]
(LL) (LL) [ Olq(1,3) 8 4 4 |4 4
(RR) (RR) Oeu 7
Oed 4
(LL) (RR) olu 4 2 2
old 4 2 p.
Oge 4 2 2
(LR) (LR) [Olequ(1,3) | 2 2 212 2
(LR) (RL) Oledq 1 1 R B | 1
Total 31 11 11 |9 9

in[- .= AddSMEFTSymmetry ["Lepton", "lep:U2xU1" - <]

38

1>]

Groups -» <|"U21" » SUe 2|>,

FieldSubstitutions » «<|"1" » {"l12", "13"}, "e" » {"el2", "e3"} >,

Spurions -» {"al", "vi", "X"},

Charges -» <|"112" » {1, 0}, "13" » {0, 1}, "el2" » {-1, 0}, "e3" » {0, -1},
"A1" 5 {2, 0}, "VL" 5 {1, 1}, "Xt" > {0, 2}]>,

Representations » <|"112" » {"U21"e fund}, "el2" » {"U21"e fund},
"Wi" » {("u21"e fund}, "Al" » {"U21"e adj}|>,

SpurionCounting » <|"Xz" » 1, "V1" 5 2, "Al" 53>,

SelfConjugate » {"Al"}


https://github.com/aethomsen/SMEFTflavor

Leading directions & DY

e |eading directions: High-ps Drell-Yan vs APV

AG, Palavric; 2305.08898

Scalars Vectors
Field Irrep MYE [TeV] MPY [TeV] Field Irrep ME [TeV] MPY [TeV]
wi~(3,1) 1 (34,3¢) 10.0 8.8 Up~ (3,1)z  (34,3.) 3.7 5.6
w1~ (3,1) 1 (3u,3e) 4.7 7.5 Up~ (3,1)z  (34,3y) 14.4 8.3
wy~(3,1) s (3a,3c) 3.6 5.1 Us ~ (3,1)5  (3u,3c) 3.5 12.4
I1; ~ (3 2): (34, :‘ff) 3.7 2.8 9 ~ (3, 2); (3., 3¢) 4.0 7.5
II7 ~(3,2): (su,:—-”f) 3.5 6.2 Q5 ~ (3,2) 5  (34,3) 3.4 5.1
7 ~ (3,2):  (34,3c) 3.4 5.7 Qs ~(3,2) s (34,3) 7.7 6.6
¢~ (3,3)_1  (34,3) 4.3 5.3 X~ (3,3):  (34,3) 3.1 8.7

Table 7: 2-quark-2-lepton phenomenology (Class II): The first two columns indicate
gauge and flavor representations of the new scalars (left panel) and vectors (right panel).
The third and fourth columns contain the lower bounds at 95% CL on the mediator masses
(couplings set to unity) obtained by the low-energy experiments (M“*) and the Drell-Yan
production at the LHC (MPY), respectively. For the induced SMEFT operators, consult
the Tables 1 and 3 and Appendices C.1 and C.3 for more details.

See also Falkowski et al: 1 /06.03/83
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https://arxiv.org/abs/2305.08898
https://arxiv.org/abs/1706.03783

Summary

AG, Thomsen, Palavric; 2203.0956 |

Dim-6 SMEFT operators

Lepton sector

B-conserving O(1) terms MFVy | U222 xU(1),, | U(2)?2 | U(1)® | U(1)® | No symmetry
MFVg 47 65 71 87 111 339
Quark U(2)g xU(2)y xU(3)a 82 105 115 132 168 450
coctor U(2)° x U(1)p, 96 121 128 150 186 480
U(2)3 110 135 147 164 206 512
No symmetry 1273 1347 1407 | 1425 | 1611 2499
AG, Palavric; wip
Dim-8 SMEFT operators Lepton sector
B-conserving O(1) terms MFVL [ U2)*xU1)+, | U2)? | UQ)® | U(1)? | No symmetry
MFVg 456 631 735 840 1266 4032
Quark U2)gxU(2)y xU(@3)q | 962 1205 1361 | 1482 | 2064 5550
coctor U(2)% x U(1)p,, 1124 1384 1546 | 1678 | 2278 5902
U(2)? 1366 1646 1838 | 1960 | 2650 6574
No symmetry 19459 20512 21384 | 21599 | 24329 36971
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https://arxiv.org/abs/2203.09561

Towards a global SMEFT likelihood

Building a global likelihood (GL) I1s very useful.

Say you've got a new model and

want to confront it against data.
Step |:Match it to the SMEFT

(now automated to one-loop)
Step 2: Plug into the GL

L(C) = T, Lip(Otn(C, 60)) % Lexp(Otn(C, o))

CsmerT(Anp)
CsmerT (1) EWPO
Lgiobal(C)
5 QFV SM
Cwer (1) LSiobal

LFV

MDM

https://flav-io.github.io/

41

Challenges for constructing the GL:
Compute huge number of observables in
the SMEFT (a theory of many
parameters) BUT once and for all

e smelli Aebischer, Kumar, Stang|, Straub, | 810.07698

wilson Aebischer, Kumar, Straub, | 804.05033

&9 flavio Straub,1810.08132



https://flav-io.github.io/

NP in the Drell-Yan Tails

—  [Cledg2211

— [C]oans

C l(ql )] 2233

200 500 1000
MMy [GGV]

A
VIl

AG, Salko, Smolkovic, Stangl; 2212.1049/
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0.
3000 200 500 1000 3000
mcut [GeV]
Search Ref. | Channel Luminosity
139 b1
ATLAS [45] | PP e 199
pp — pp 139 fb~t
137 b1
CMS  [46] pp — ee 37
pp — pp 140 b1
139 fb~!
ATLAS 7 | PP T
pp — pv 139 fb~!
1 -1
oMS  [48] pp — ev 38 tb
pp — pv 138 b1


https://arxiv.org/abs/2212.10497

Drell-Yan in the SMEFT

(H) (H)
q g q : [ l
2 : 7,2 vz
2 V°XH :
4 E
. — ~/ El l/g/
¢ * ’ ;
Az (H)? (H)*
q : | {
¢2H2D: L Z v, Z |
q_, 2,7 Vyr
q/ E’, v
1 — EE—
DY dim-6 3% Lepton sector AG, Palavric; wip
O(1) terms MFV. | U(2)?2 xU(1), | U2)? | U(1)® | U(1)? | No symmetry
MFVg 7 14 14 21 21 63
Quark U2)g xU(2)y, xU(3)4 10 20 20 30 30 90
sector U(2)% x U(1)p, 12 24 24 36 36 108
U(2)?3 12 24 26 36 42 126
No symmetry o3 106 148 159 285 859

Table 3: Flavor counting of the dimension-6 operators of the type ¥* which contribute to
Drell-Yan scattering.
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SMEFT fit: ID

Table 4: The 20 bounds on different flavor structures of single Wilson coefficients at

. . A =1 TeV. See Sec. 5.1 for details.
4F SMEFT operators with arbitrary flavor eV, Dee e or detar’s

(1) Drell-Yan tails B decays
Q ( pfy,u, )((j ’)/'uqt) Operator Flavor NC CC b— qlt b — quv
(3) TRV 1113 | [-0.068, 0.068] - [-0.005, 0.002]  [-0.035, 0.039)]
Qy, (lpyu0'l) (@7 0" q1) o0 2213 | [-0.031, 0.032] - [-4.96, 0.78]x10~%  [-0.035, 0.039)
Qlu (Lpyyuly) (@ Sy“ut) lq 1123 | [-0.145, 0.152] - [-4.26, 0.98]><10—45 [-0.038, 0.017]
Ou (Lyly ) (dsy” dt) 2223 | [-0.066, 0.071] - [7.71, 51.86]x10~5  [-0.038, 0.017]
B 1113 | [-0.068, 0.068] [-0.017,0.017] |  [-0.005, 0.002]  [-0.037, 0.033]
Qye (Tpyuar)(Esyet) o® 2213 | [-0.032, 0.031] [-0.029, 0.029] | [-4.85, 0.7]x10~4  [-0.037, 0.033]
_ lg _ _ _ —4 -
Qe (e %er)(usvuut) 1123 | [-0.152, 0.145] [-0.054, 0.051] | [-4.26, O.98]x10_5 [-0.015, 0.035]
2223 | [-0.071, 0.066] [-0.089, 0.089] | [7.71, 51.86]x10~5  [-0.015, 0.035]
Qed (epyuer)(dsytdy)
e pVpbr)\as 1113 | [-0.068, 0.068] - [0.005, 0.002]  [-0.038, 0.038]
Qledq (lper)(dSQtj) 0, 22130032008 ; [-2.79, 2.43]x10~4  [-0.038, 0.038]
(1) l 1123 | [-0.149, 0.149] - [-4.04, 1.09]x10~%  [-0.007, 0.023]
Ql(g u ( per)??k(qs ut) 2223 | [-0.069, 0.069)] - [-1.68, 2.14]x10~*  [-0.007, 0.023]
1% - - - -
QLo (lpawer)gj K@ ) 1311 | [-0.068, 0.068] [-0.003, 0.004] 4
o 1322 | [-0.032, 0.032] - -3.35, 7.56]x 10~ -
ae 2311 | [-0.148, 0.149)] - [-0.003, 0.001] -
Drell-Yan data used 2322 | [-0.068, 0.069] - [-2.39, 4.97]x10~* -
Search  Ref. | Channel Luminosity 1113 | [-0.068, 0.068] - [-0.003, 0.004] -
= o 2213 | [-0.032, 0.032] - [-7.03, 3.76]x 10~ -
ATLAS [a5) | PP 197 “d 1123 | [0.149, 0.149] i [-0.002, 0.002] i
pp — pp 139 fb~1 2223 | [-0.069, 0.069] - [-4.05, 4.37]x10~4 -
-1
op—ee 137 fbl 1113 | [-0.079, 0.079] - [-1.19, 1.18]x10 -
CMS  [46] i 1131 | [-0.079, 0.079] [-0.037, 0.037] | [-1.18, 1.18]x10~* -
pp — pp 140 fb 2213 | [-0.037, 0.037] i [-3.48, 0.67] 10~ i
ATLA pp—ev 139 fb1 o 2231 | [-0.037, 0.037] [-0.061, 0.061] | [-3.49, 0.68]x10~3 -
TLAS  [47] 1 tede 1123 | [-0.173, 0.173] - [-1.78, 1.79]x 10~ -
pp — pv 139 fb
— 1132 | [-0.173,0.173] [-0.113, 0.113] | [-1.77, 1.78]x10~* -
oms s | PP 138 fb 2223 | [-0.08, 0.08] ; [-6.82, 16.57]x 10~ ;
pp— pv 138 b1 2232 | [-0.08,0.08] [-0.194, 0.194] | [-6.8, 16.48]x10~6 -
44
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https://arxiv.org/abs/2212.10497

Leading directions: Fermions

Field Irrep Normalization Operator
N~ (1,1 3 IAn[2/(aM3) 0} —of)
E~1,1)_1 3,  —|Ag|?/(4M2) 0% + (3) — 2420,y + h.c)]
A~ (1,2), 3 Aa, 2/ (2M3) O + [¥:O0ep + h.c.]
Ag~(L,2)_s 3. —[Aa,*/(2M3)) Oge — [Y: Ocp +hoc]
S~ (1,3)0 3 As|2/(16M2) 305 + OF) + [4yr 0.4 + hic]
S~ (1,3)1 3 As, [2/(16M2,) 0% -3 “) + 2420,y + hoc]
U~(3,1): 3 Aul? /(AMR) ol -0 (3> + 291 0us + h.c]
D~(3,1) 1 3,  —|\pf*/(4MB) ol + o“” — 243045 + h.c]
3. —INg, P/ (2M}) — [¥20ug + h.c]
Q~@2; XS, [2/(2M3,) O + [1;0dp + h.c]
d Q. ¢ dYdo
Qs~(3,2)_s 34 —[Aqs|*/(2M5)) Opd — (Y704 + h.c/]
Qr~(3,2): 3, A, [/ (2M3,) Ogu + [¥5Oup + hoc]
Ty~ (3,3) 1 3, Ay [?/(16M2) O —300) + (2504 + 4y5Oup + h.c]
T,~(3,3): 3 A1y [?/(16M2,)  OF +30%) + [4y;0us + 295 0us + hc]

® See scalars, vectors and exceptional cases in AG, Palavric; 2305.08898
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https://arxiv.org/abs/2305.08898

Field Irrep Normalization Operator
S;~(1,1); 3 lys, /M3, o -0
So~(1,1)2 6. lys,|2/(2M2,) Oce

(3,30)  —lwsl2/(2M2) Ote
e~ (1,2); (323  —lydP/(6M2) O +604)
(35,34)  —ly2I?/(6M2) o +60%)
E1~(1,3) 6/ ly=,|* /(2M2)) Of +0f
(3,30 |vd[2/(aM2) o} — o
(3e,34)  [y?/(2M2) Ocu
wy~(3,1)_1 ~ WD ABD , A(DE  AB)E
3 6, |y3f{ |2/ (4M31) qu - qu + qu - qu
(34,3.) [y ?/(3M2) ol -308)
w~(31): 3 |Ya |2/ M2, op, - 0%,
(3¢,34) lyed|2/(2M2) Oed
wq ~ (3, 1)_3
53, |y |2/ M2, 0D, - OF,
L~ (3,2): (3,30 —lym[2/@ME) O
M~ @2), 0% - jwit, |/ 2M5,) O
T~ 3 7 - e
¢ (3e,3q) _ly%7|2/(2M1'217) Oqe
(m3.3) (3,30  Iy¥2/(aM?) 305 + O
~ 1
) —3 1)D 3)D
3, W& /eM2) 305" + 0RP —30QF - 0"
(3u,32)  |vid|?/(6M2,) 20} +30%)
0 ~(6,1); 5 o N 1D (3)dD 1)‘13 3)E
3, & 12/(aM3)  0RP — 0PP — 0@F + of
2 ~ (6’ 1)_§ 64 |y92|2/(4M(222) Ogi + Ocliic‘i
Q~(6,1): 6, lyea|2/(4M3,) 0D, + OF,
T~(63): 6 lyr[2/(8M3) 305" + 05 + 305" + 05"
5.2 (3,3.)  —lvg1>/(18M3) 404 - 304
b~ (8,2): _
P (34,3, —[vl?/(18M2) 10(}) - 300}

IFable 1: New scalars (nontrivial flavor irreps): The first column presents the names

Field Irrep  Normalization Operator
8  —(9p)%/(12M3) 304, - Of
8 —(95)?/(6Mg) 1 b§9 .
B~(1L,1)0 8, —(gh)?/(12M3) 305" - o
8, —(9p)%/(12M3) 30., —Oh,
84 —(9%)%/(12Mp) 305, — O
Bi~(L1):  (343.) —lgf?/(3M3) 0L +60%)
Wes), S0 (ow)?/(UsMp) 305" — 05"
’ 8¢ (gv)?/(48M3,) 50y, — 104,
L3~(1,2) 2 (3,3  loc,|"/ME, Oke
(36) 3d) _Iglf{d|2/Ml,2{ Oed
Uy ~ (3, l)g _ 2 2
S (3,8) —lgd2/(2M2) o) +0f)
Us ~ (3’ 1)% (36’ 3’“) _|W5|2/M135 Oecu
3..3 ul 12 /)12 O
Q1 ~(3,2): (3u:3) LZ%' / 5 W) _ 30
(3da 3q) 2|gQ1| /(3MQ1) qu - 3qu
%~ (3,2) 5 (3,3)  log|?/M3, Oqe
(3u,3) 298 2/(3M3,) O - 304!
X~(3,3): (3,8,) —loxl/(8M3) 305, — 05
Vi~ (8,2):  (843)  lowl’/(BM3,) 20, +30,)
Vs~ (8,2) 5 (3u,30) loyl*/(3M3) 204 + 305
8, —(g2)%/(144M2)  110G" —90H” + 905 — 305"
G~ (8,1) 8. (94)%/(36M2) 305, — 500,
84 (92)%/(36M2) 304 — 507,
Gi~ 8,11 (3a3.)  lgal*/(OME,) —10{) +30()
H ~ (8,3)0 8, —(gn)?2/(676M2) 2705 —90WF —710PP — 30D

Fable 3: New vectors (nontrivial flavor irreps): The first column presents the names



Field Irrep Normalization Operator

90"’(1,2)% 1 |)‘¢|2/M3 Oy

01~ (1,4): 1 e, |* /(6M3)) Oy

O3~ (1,4): 1 |reyl*/(2M3,) O

S~ (1,1) 1 —k%/(2M3) Oy — CsOy

=~(1,3) 1 K2 /(2M32) —404p + Oy + C=0y + 2 [z; 193056+ h.c.]

= ~(1,3); 1 Ik, |2 /M, 1041 + 2040+ Cz, 04 + 2 [ 47Os6 + hc.|
Bi~ (L)1 1 —[gh[/@ME) 40\ +CENOy —204p + Oy + 5, 4j0ss + hic]
Win (L3)1 1 —lgw[/(8MZ,) 4(As + CN)04 + 2040 + Oy + [2 Y056+ h.c.]
H~(8,3)0 1  (gu)2/(96M2) 209 1+ 309 _ 90lV)F

Table 4: Flavor singlets: First six rows are scalars (spin-0) while the last three are
vectors (spin-1). The table format is the same as for Tables 1, 2 and 3. The f index in the
O(yy) terms goes over all three right-handed fields, i.e., f = {e,u,d}. The flavor indices
are suppressed to reduce clutter. Parameters C’éﬂ are fixed in terms of the normalisation,
while Cx are independent. See Appendices C.1 and C.3 for details.

Field Irrep # of parameters Operators
0D, 0P, 0, Oce, OB, O, Orty Ocuy O
B~(1,1) 1 5R + 1C Ote, Otd, Oruy, Oge, O, O, 01, Oy, O

Opas Oges 04, O8), Ocy, O, Ous
0P —20E, 0P 0P, 0,, 0O4p,

W~ (1,3 1 2R + 1C 0 Yaq o Yig s
Od’D’ 0((;5‘2)’ Og;)) Oe(ﬁ’ Oddn Ou¢

D E D E ~BE B ~(®)

G~ (8, 1)0 1 3R C)dd o 3Odd’ Ouu - 3Ouu’ qu ) Oqu ) qu )

205" — 304", O

Table 5: Flavor singlets (exceptions): Three vector (spin-1) fields match at tree-level to
dimension-6 SMEFT operators shown in the last column. The corresponding WCs can be
parameterised by a number of parameters indicated in the third column. See Appendix C.3
for details.



Significant simplification transpires, even for trivial flavor irreps, upon enforcing U(3)°
symmetry on Lggyv. Flavor singlets can only be either spin 0 or spin 1. In total, 12 such
instances are shown in Tables 4 and 5. The former table presents nine straightforward
cases, six expressible by a single parameter and three cases comprising a direction plus a
free Wilson coefficient for the O, operator. Remarkably, only three exceptional vector fields
necessitate three or more parameters (at most seven) for describing the tree-level matching
to dimension-6 SMEFT (Table 5).

In a UV theory featuring multiple new fields (flavor irreps), besides simply aggregating
their WCs, nontrivial matching contributions may arise from diagrams involving several
BSM fields. All such instances are charted in Appendix D. They involve either two or three
new scalars and always match to a single dimension-6 operator at the tree level, Oy.



