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SMEFT

Standard Model Effective Field Theory

1 1 1 1
CSMEFT:CSM+KC5+E L +FC7+FCS+'”

Ly=Y GO C; = Wilson coefficients
i

(’)fd) = gauge-invariant operators

SMEFT describes any nearly-decoupled (A » v) BSM physics

with “good” analyticity/geometry properties in the scalar sector

» SM symmetries — fully SU(3) x SU(2) x U(1) invariant
» SM fields — 5 x 3 independent fermionic fields
Qas oy Ua, das €0 a=1,2,3

» no RH neutrinos: only Majorana m,, through Ls
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The global SMEFT program

resonance searches @ LHC suggest that NP is likely nearly decoupled

ics Searches® - 95% CL Upper Exclusion Limits ATLAS Preliminary
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at the same time, no UV scenario is preferred in a compelling way
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The global SMEFT program

agnostic approach: let data tell us what NP looks like

ATLAS Simulation Preliminary

SMEFT parameterizes
anomalous rates & spectral distortions

Global analysis — identify C; # 0

>< \ Identify compatible simplified models
Luyv Embed in UV-complete model
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The SMEFT program at the LHC (and beyond)

> “indirect” searches to complement bump hunt
> make the most of future luminosities — LHC as a precision machine

> agnostic approach requires combining multiple sectors
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7 theory studies performed for ~10 years, ATLAS-+CMS program starting
7 longer term plan: merge with lower E measurements
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A very large parameter space

Henning,Lu,Melia,Murayama 1512.03433
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A very large flavorful parameter space

Classification within Warsaw basis
Grzadkowski,Iskrzynski, Misiak,Rosiek 1008.4884

Class CP LF | Total > most parameters from fermionic terms
3
X z 2 > 7 flavor has dramatic impact on counting
Sret? | 3 - | 3
P2 X? 4 4 8 Examples:
2q)? 27 27 54 _
Y B (G0 dj) 9+9

©X1)? 72 T2 | 144
©?Dy? 51 30 | 81
(LL)(LL) | 171 126 | 297

("D ) (@ u) 6+ 3
(I
(RR)(RR) | 255 195 | 450 ) R
(/;

)(/k’y”//) 27 + 18

L ) | 360 288 | 648
(LR)(RL) | 81 81 | 162
L ) | 324 324 | 648

Te;)(dq!) 81 + 81
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Good reasons to have flavor symmetries in SMEFT

1. reduce the SMEFT parameter space
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Good reasons to have flavor symmetries in SMEFT

1. reduce the SMEFT parameter space

> not all entries are independent, some contractions forbidden

no sym. U@3)®
B, (gio" dj)¢ 9+9 0 -
@i D)@y ) |6+3 |1 ¢
Ty ) (ey™ 1) 27 + 18 | 2 661,800y
(&yue) Ty u) 45 +36 | 1 6;0u
(I'e; )(qu,) 81 +81|0 -
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Good reasons to have flavor symmetries in SMEFT

1. reduce the SMEFT parameter space

> not all entries are independent, some contractions forbidden
> parameters organized according to an additional expansion
— multiple NP scales (Asym Asyurr)

Example: MFV = U(3)5 broken by SM Yukawas as spurions

[up basis] Ly v
(@ u) G = CO8; + COYIVa);+ ... [ ] i [ ] i
(dividy)  Cj = CO8; + COYIYa)y+ ... [ ] + [ ] b
(@Pu) = CO(Va)y+ COMYIVay + .. [(og] + [ =]+
(Gipd) G = CO(Ya)yj + CO(YaY]Ya)y + .. [ .] n [ ]+
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Good reasons to have flavor symmetries in SMEFT

1. reduce the SMEFT parameter space

> not all entries are independent, some contractions forbidden
> parameters organized according to an additional expansion
— multiple NP scales (Asym s Asyrt)

2. self-consistent across Lsperr and well-defined: preserved in loops, RGE. . .
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Good reasons to have flavor symmetries in SMEFT

1. reduce the SMEFT parameter space

> not all entries are independent, some contractions forbidden
> parameters organized according to an additional expansion
— multiple NP scales (Asym s Asyrt)

2. self-consistent across Lsperr and well-defined: preserved in loops, RGE. . .

3. Zsm has a peculiar flavor structure, so %6 is unlikely to be fully anarchical
— approximate potentially realistic patterns

Il symmetries of SMEFT # symmetries of the UV completion
can be accidental, reflecting specific UV dynamics
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Good reasons to have flavor symmetries in SMEFT

1. reduce the SMEFT parameter space

> not all entries are independent, some contractions forbidden
> parameters organized according to an additional expansion
— multiple NP scales (Asym s Asyrt)

2. self-consistent across Zsyerr and well-defined: preserved in loops, RGE. ..

3. Zsm has a peculiar flavor structure, so %6 is unlikely to be fully anarchical
— approximate potentially realistic patterns

Il symmetries of SMEFT # symmetries of the UV completion
can be accidental, reflecting specific UV dynamics

4. can be used to reflect the experimental sensitivity

— a way to resum/combine contributions undistinguishable in the measurement
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Candidate symmetries for SMEFT at the LHC

IB,(Jiang, Trott) 1709.06492, 2012.11343, Bordone,Catd,Feldmann 1910.02641
Faroughy et al 2005.05366, Greljo et al 2203.09561
LPCC note 1802.07237, LHC EFT WG discussions [link]

Quark sector

> U(3)3 — U(3)q X U(S)u X U(S)d (MFV) Chivukula,Georgi 1987, Hall,Randall 1990

D'Ambrosio et al 0207036

— SMEFT effects do not alter SM flavor pattern. mostly capture “flavor blind” NP

— max suppression of non-SM flavor structure: constraints consistent with lower A

gen.  A?/|CE/| R (22TeV)? from t — Zc ATLAS-CONF-2021-049

MFV  A2/|Cow| 2 [(Yi)2s] - (2.2 TeV)? ~ (0.4 TeV)? (down b.)

— correlates top with u, ¢ physics, bottom with d, s.

currently means: e tty, ttZ, tbW non-dipole operators most bounded by EWPO

e constraints on hdd, hss corrections can be inferred from h — bb

e tension between B anomalies and pp — up fggg"dg/{'}agocca
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https://indico.cern.ch/event/1096487/

Candidate symmetries for SMEFT at the LHC

IB,(Jiang, Trott) 1709.06492, 2012.11343, Bordone,Catd,Feldmann 1910.02641
Faroughy et al 2005.05366, Greljo et al 2203.09561
LPCC note 1802.07237, LHC EFT WG discussions [link]

Quark sector

> U(3)3 — U(3)q X U(3)Ll X U(3)d (MFV) Chivukula,Georgi 1987, Hall,Randall 1990

D’Ambrosio et al 0207036
3 _ Barbieri et al 1105.2296, 1203.4218
> U(2)° = U(2)g x U(2)y x U(2)4 Blankenburg et al 1204.0688

— 3rd gen. left out: t, b independent of light flavors
— spurions are not fully determined in terms of masses and CKM
— chirality-flip (Yukawas, dipoles) t, b interactions unsuppressed by spurions

llaria Brivio (UZH) Flavor symmetries in the SMEFT 7/14


https://indico.cern.ch/event/1096487/

Candidate symmetries for SMEFT at the LHC

IB,(Jiang, Trott) 1709.06492, 2012.11343, Bordone,Catd,Feldmann 1910.02641
Faroughy et al 2005.05366, Greljo et al 2203.09561
LPCC note 1802.07237, LHC EFT WG discussions [link]

Quark sector

> U(3)3 — U(3)q X U(3)Ll X U(3)d (MFV) Chivukula,Georgi 1987, Hall,Randall 1990

D'Ambrosio et al 0207036
3 _ Barbieri et al 1105.2296, 1203.4218
> U(2)° = U(2)g x U(2)y x U(2)4 Blankenburg et al 1204.0688

» U223 x UL, = U(2)g x U(2)y x U(2)g x U(1)
U(1)} restores spurion suppression (~ yp) in chirality-flip bottom couplings

— lowers A bound from h — bb constraints
— gives a rationale to neglect certain operators, e.g. b-dipoles Opg, Opy, Opc
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Candidate symmetries for SMEFT at the LHC

IB,(Jiang, Trott) 1709.06492, 2012.11343, Bordone,Catd,Feldmann 1910.02641
Faroughy et al 2005.05366, Greljo et al 2203.09561
LPCC note 1802.07237, LHC EFT WG discussions [link]

Quark sector
> UG = U)g x UB)u x UB)a (MFV) St o 17 i nst 1
» UR)P = UR)g x UQ)y x U(R)a i D
» U223 x UL, = U(2)g x U(2)y x U(2)g x U(1)

» U(2)2 x U(3) = U(2)q x U(2)u x U3)d

— symmetry of Zsp in 5-flavor scheme (mp, = 0)
— more complex spurion structure
— op. structure: like U(2)3 for up-quarks, like U(3)3 for down-quarks
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Candidate symmetries for SMEFT at the LHC

Lepton sector
> U(B3)? =U@B) x UB)e (MFV)
> U(2)2 = U(2); x U2)e
— allows LFUV only in 7 vs (e, )

» U(2)2 x U(1) = U(2); x U(2)e x U(1),

— reintroduces chirality-flip suppression for 7 currents

> UD)? = (U(D)re)?

— allows full LFUV but still forbids FCNC
— exact. no spurions needed!
— chirality-flip interactions un-suppressed

& LHC sensitivity ~ U(2)? , 5 x (U(1)11e)?
P less restrictive options required only to compare to other measurements
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» SMEFTflavor : construction of full set of invariants in Warsaw basis,

Greljo,Palavric, Thomsen 2203.09561

imposing arbitrary flavor symmetries with spurions 00700 T R e

» UFO models for Monte Carlo simulations already implement:

U(3)® SMEFTsim U35, MFV
U3, x U@3)? SMEFTsim topU31

q,u,d le 1%
U@)%, 4 x U}, SMEFTsim top, dim6top

U(2)2, x U(3)g x U(1)},, SMEFTENLO

SMEFTsim: IB,(Jiang, Trott) 1709.06492, 2012.11343 O
SMEFT@NLO: Degrande,Durieux,Maltoni,Mimasu, Vryonidou,Zhamg 2008.11743 @
dim6top: Durieux,Zhang 1802.07237 @

— allow to simulate directly in terms of parameters in symmetric %5
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https://github.com/aethomsen/SMEFTflavor
https://smeftsim.github.io/
https://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO
https://feynrules.irmp.ucl.ac.be/wiki/dim6top

Number of independent parameters

adapted from Greljo,Palavric, Thomsen 2203.09561

SMEFT O(1) terms Lepton sector
(dim-6, AB = 0) MFV, | U(2)2xU(1)? U(2)? u@)? No symm.
MFVq 41 6 59 6 62 9 193 18 | 207 132
- U@2xU@B3) | 72 10 | 95 10 | 100 15|140 28 | 281 169
U@PxU(l)g | 86 10 | 111 10 | 116 12 | 158 28 | 305 175
sector

U(2)3 93 17 | 118 17 | 124 23| 168 38 | 321 191
No symmetry | 703 570 | 756 591 | 786 621|906 705 | 1350 1149

7 not all of them enter observables of interest!

typical counts for current H + EW + top fits: between 25 and 50

largely depends on:
e processes included
e tree / loop

e linear / quadratic

state-of-the-art fitting tools can handle 30 — 35 simultaneously
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Example global fit results

Ellis,Madigan,Mimasu,Sanz,You 2012.02779

2.5
i SU(3)°: EWPO+Diboson+Higgs o (1Tev)?
2.0 m SU(2)? x SU(3)®: EWPO+Diboson+Higgs-+top 95%CL marginalised; C; s
1s5]™ Top operators: EWPO+top (incl tiH)
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Flavor sensitivity from EWPO
Falkowski,Straub 1911.07866
also: Efrati,Falkowski,Soreq 1503.07872

» EWPO + Higgs signal strengths + diboson (no top) — 31 parameters

> no FCNC, but each flavor treated independently

> linear parameterization
010 — e 15—
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0.00 . 3 ] [ 0sf ]
LI A A I i 1
0.0
005} ] L] l 1
[
-0.10F 1 08¢ ]
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Combining top constraints with B physics

Bruggisser,Schafer,vanDyk, Westhoff 2101.07273
also: Aoude,Hurth,Renner,Shepherd 2003.05432
BiBman,Grunwald,Hiller,Kroninger 2012.10456

3 3 3 g - 3 <~ _
C(;q) = a((ﬁq) 1+ béq) (Y,Y[]) in up basis O;q) = (¢'i D ,0)(gy"7'q)
6
al
2,
E 0 top + (Bs = u"p7) + (B — Xo)
—24
747 e + —
top + (Bs — ' p7)
e LOP
-6
—6 = 6

0
af) [Tev2/A2
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» SMEFT allows an ambitious program of “agnostic” NP searches

> Flavor symmetries play a major role in

e the classification of (ir)relevant SMEFT parameters
e the interpretation of constraints in terms of NP

» candidate flavor symmetries for LHC program:
U(Z)fw’d x (U(1)/4e)® and larger <> exp. sensitivity

» EWPO can already help distinguish flavors in current fits.
main block: too many parameters

> Interplay with B physics interesting! only a few studies yet

» Future: incorporating more and more flavor observables
— “global SMEFT likelihood”
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Backup slides



Le: the Warsaw basis

Grzadkowski, Iskrzynski,Misiak,Rosiek 1008.4884

X3 ¢S and @*D? WP
Qe | f45°GGEGS || Q, (pte)? Qep (=)
Qz | f*P9GHGEGS | Quu | (Plo)DW'e) | Que | (#'0)(Gud)
Qw | eTKWIWIPWSH | Qup | (¢1D*0)" (¢'Dup) | Qup | (019)(@drp)
Q| KWW Iow K
X2 (p2 1/)2X 7 ,lpZ 902 D
Qo | oGAGH™ | Quw | Goe)T'oWL, | Q% | (oiDue) )
Qu& ol GA,GAm Qe | (0" er)pBu, @ (wfiB,f @) (L1,
Quw | FeWLW™ | Que | (o T*u)5Gh, | Que | (#iDue)@r*er)
Qi | PleWLWw | Quw | @o*u)r'eWE, | Q) (¢iD, 0)(@7*ar)
QuB @t By, B* QuB | (30" ur)@ By o (@‘iB,f ©) (@ "qr)
Qs | ¢9BuB* | Qu | @0 T )Gl | Quu | (¢iD.0) (@ u)
Quws | PToWLB* || Qaw | (0" dr)T"o WL, | Qua | (i Bu ©)(dpy*dy)
Quws | PTeWLB” | Qs | (30"d)¢Bu | Quua | i@ Dup)(@py*dy)
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Le: the Warsaw basis

Grzadkowski, Iskrzynski,Misiak,Rosiek 1008.4884

(LL)(LL) (RR)(RR) (LL)(RR)
Qu (l_p'htlr) (l_ﬂ'“lt) Qee (ép’Yﬂer) (Es7"es) Qre ( 5Vl ) (Es*er)
! (T Yu-) (@7 g1) Quu (Tpyuur) (TBsy us) Qu (Tpvule) (@sy™ue)

9 | @nr'a) @ e || Qu | (pmd)@rtdy) | Qu | (vl (deytdy)
QP | Gml)@ra) | Qu |  @Ewe)@rw) | Qe | (@rus)Erte)
Q2 | Grrt)@rre) | Qu | Ewe)da'd) | QR | @) @)
QW | @) dtd) | Q8 | @1TA) @ TAu)
QY | @ Tu) e TAd) | QY | (@vuge) (rede)
Q%) | (@uT4q,) (AT Ady)

(LR)(RL) and (LR)(LR) B-violating
Qtedg (Ber)(dsdd) Quug 2P1ej [(d2)TCuf] [(g2)TCU]
Qs | @wr)ean(dtdr) Qqqu ek [(¢29)TCqP¥] [(u2)TCer]
Qt(:;)qd (qf Tu,)ek(TFTAdr) | Qaag PV jkEmn [(q,‘fj )TCq',gk] [(q;”")TCl;']
Qe | Bedein(@w) | Quuu £97 [(d2)TCuf] [(u7)Cey]

QD) | Bouwer)ein(@o u)
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More symmetry cases

Greljo,Palavric, Thomsen 2203.09561

SMEFT O(1) terms Lepton sector
(dim-6, AB = 0) MFV,, U@B)y | U@2)2xU1)? | U(2)? U@2)v U(1)s U(1)? No symm.
MFVq 41 6 |45 9 | 59 6 62 9 | 67 13 |8 6 | 93 18 | 207 132
Quark U@2)?2xU@B) | 72 10 | 78 15 | 95 10 100 15 | 107 21 | 122 10 140 28 | 281 169
octor U@2)? xUl)g | 86 10 | 92 15 | 111 10 116 12 | 123 21 | 140 10 | 158 28 | 305 175

U(2)? 93 17 [ 100 23 | 118 17 124 23 | 132 30 | 147 17 | 168 38 | 321 191
No symmetry | 703 570 | 734 600 | 756 591 | 786 621 | 818 652 | 813 612 | 906 705 | 1350 1149
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Counting with spurions

Faroughy, Isidori, Wilsch,Yamamoto 2005.05366

No symmetry U(3)°

Class Operators 3 Gen. 1 Gen. || Exact | O( el,d,u) (N EREE
14 X3 HS H*D? X?H?| 9 6 9 6 |9 6|9 6 9 6
5  2H3 27 27 3 3 |- -13 3 4 4
6 2 XH 72 72 8 8 |- -8 8 11 11
7 Y?H?D 51 30 8 1 |7 |7 - 11 1
(LL)(LL) 71 126 |5 - |8 -~ |8 - 14 -
(RR)(RR) 255 195 |7 — |9 |9 -~ 14 -
8 (LL)(RR) 360 288 |8 — |8 |8 - 18 —
(LR)(RL) 81 81 L 1 fl= == = = =
(LR)(LR) 324 324 |4 4 |- -|- - 4 4
total: 1350 1149 | 53 23 || 41 6 |52 17 |85 26
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Counting with spurions

Faroughy, Isidori, Wilsch,Yamamoto 2005.05366

A v Ay V. A V.
Ye:yT(Oe X1I> Yu:)/t<0 Xt1q> Yd:}’b<0d Xb1q>

U(2)°  [terms summed up to different orders]
Operators Exact owh | oWV | oW AY) | O3 AY | OV AWVY | O3, AV
Class14 |9 6 |9 6 |9 6 |9 6 9 6 9 6 9 6
W2 H? 3 |6 6 |6 6 |9 9 9 9 12 12 12 12
YIXH 8 [16 16|16 16|24 24 |24 24 |32 32 32 32
W2H?D 15 1 |19 5 [23 5 [19 5 23 5 28 10 28 10
(LL)Y(LL) |23 - |40 17|67 24|40 17 |67 24 |67 24 74 31
(RR)YRR) || 29 - |29 - |29 - |29 - 29 - 53 24 53 24
(LL)(RR) ||32 — |48 16|64 16|53 21 |69 21 |90 42 90 42
(LRY(RL) |1 1 |3 3 |4 4 |5 5 6 6 10 10 10 10
(LR)(LR) ||4 4 |12 12|16 16|24 24 |28 28 |48 48 48 48
total: 124 23| 182 81 234 93 |212 111 | 264 123 | 349 208 356 215
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Counting with spurions

Faroughy, Isidori, Wilsch,Yamamoto 2005.05366

Y. — A x V, Y, =y, Ay xe Vg Y, — Ng  xpVq
e 0 ke Xs e=rt o 1 d 0 kuXp
U(2)°®@U(1), ® U(1), [terms summed up to different orders]
OV2 AL | oW | OVE AWV,
Operators || Exact | O(X?%) | O(V1,X?) | O(V2,VIX?) | O(A',VIX?) Vix?) | V2X2 AlXY) | V2X2 AlXY)
Class1-4 | 9 6| 9 6] 9 6 9 6 9 6 9 6 9 6 9 6
P2H? 1 1] 3 3|4 4 6 6 9 9 9 9 |12 12 12 12
VX H 3 3|8 8|11 11 |16 16 24 24 24 24 | 32 32 32 32
Y H?D 4 -|15 1]19 5 |23 5 19 5 23 5 | 25 7 25 7
(LL)(LL) || 23 - | 23 - | 40 17 | 67 24 40 17 67 24 | 67 24 74 31
(RR)(RR) || 29 |29 |29 -~ 29 - 29 - 29— | 38 9 38 9
(LL)(RR) || 32 - | 32 - |48 16 | 64 16 50 18 66 18 | 77 29 7 29
(LRYRL) | - -] 1 1] 1 1 3 3 3 3 3 3 6 6 6 6
(LRYLR) | - - | 4 4| 4 4 | 12 12 18 18 18 18 | 38 38 38 38

total: H 111 10 | 124 23 | 165 64 | 229 88 201 100 248 107 | 304 163 311 170
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