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Introduction and motivation

> BSM particles with new tree level Ravour-violating
Interactions: clearly Ravour observables will be sensitive

What about the other extreme? What if BSM physics is
> [Ravour symmetric? Does Ravour still have something to
say?

> If TeV scale new physics exists, it must have suppressed
FCNCs

> SMEFT global bts often done assuming U(3} 3avour
symmetry, or MFV. In this context is [3avour data irrelevant?




Flavour in the SM

SM Lagrangian: only the Yukawa terms break U(3)° Ravour symmetry
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< FCNCs at one loop suppressed by small CKM elements >

A challenge and an opportunity for BSM...




Flavour beyond the SM

Flavour observables are extremely sensitive to new
sources of 3avour violation

Tree level FCNCs strongly constrained

| For TeV(+) scale NP|

U

Operator A in TeV (enp = 1)
Re Im
(3p,v*dr)? 9.8 x 102 1.6 x 104
(3rdp)(5rdgr) | 1.8x10% 3.2 x10°
(cpy*ur)? 1.2 x 103 2.9 x 103
(crur)(cpur) | 6.2x 103 1.5 x 104
(bp,vy*dr)? 6.6 x 102 9.3 x 102
(brdr)(brdr) | 2.5 x 103 3.6 x 103
(bry*sr1)? 1.4 x 10° 2.5 x 102
(l_)R SL)(Z_)LSR) 4.8 x 102 8.3 x 102

[Isidori, 1507.00867]

Flavour symmetries QEULILIEM FCNCs connected to fermion masses

eg MFV

Tree level analyses of MFV, PC etc: limits even on these

eg partial compositenesss

Even NP with no explicit 3avour violation will produce FCNCs via

loops of SM particles




The Standard Model Effective Field Theory
(SMEFT)

E!ective theory parameterising elects of heavy new physics respecting
the full SM gauge group, and containing a Higgs doublet

1 -
12

1 !
Ci(6)0i(6) n = Ci(S)Oi(8) +

Lnp =

Series of higher dimensional operators respecting SM gauge symmetries

} Any* model of heavy new physics can be matched to the SMEFT

} Experimental data can be used to constrain SMEFT coe"cients




Flavour in the SMEFT

2499 parameters, nearly all of which are elements of [3avour matrices

Large hierarchy of constraints on dilerent Wilson coe"cients...

N

For TeV scale NP, have to assume that many Wilson coe!s are suppressed way below O(1)
[SMEFT tree level Bavour constraints: Silvestrini & Valli 1812.10913]

For A close to the TeV scale, need:

Flavour symmetries QRERLI@M FCNCs connected to fermion masses

eg MFV \ / eg partial compositenesss

Suppression of tree level FCNCs, and more manageable number of parameters




U(3)°

U@B)g xUB)y xUB)g xU(3) xU(3)e

g~ (3,1,1,1,1), u~(1,3,1,1,1), d~ (1,1,3,1,1),
[~ (1,1,1,3,1), e~ (1,1,1,1,3).

Plus spurionic Yukawas ("MFV")
Yo! (3,81,1,1)
Ya! (3,1,81,1)
Ye | (1,1,1,3,3)

Implications for the SMEFT:

A= _ (1)
| Many qperatprs must"hgve (HTZ D ,UH) (C]pVMQr) CHq ~ 5pr
identity-like Wilson coe"cient
' — — I 1 |
(Eper) (@ ur) | Cau! Lorls
A few operators have two _ _ Ci ! Opro
Il pr Ust
possible symmetric (Lpyule ) (Lsy* ) -
combinations C|| - 5pt 5sr
Some operators have coe!s Y. I I C ~ (Y.
proportional to Yukawas (qPO dT)T H WAW dw ( d)pr
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The flavour symmetric SMEFT
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> Cuts down number of parameters

"Flavour safe"?

95% CL limits LEP + LHC Run 1+2
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Often used in global bts, e.g. 1803.03252

Updated Global SMEFT Fit to Higgs,
Diboson and Electroweak Data

John Ellis**, Christopher W. Murphy®, Verénica Sanz? and Tevong You®

20 WCs constrained by:

LEP: EW precision data and WW
production

LHC: Higgs data and WW production

Still many flat directions



Flavour in the flavour symmetric SMEFT

U 3 5 Plus lowest order in
spurionic Yukawas

| No tree level FCNCs

! Oeeaaeses—————

SMEFT
SM belds

v

WET (a.k.a. LEFT)
SM - {t, W, Z, h}

l”b o—— ") v

! SMEFT

WET

Loop level matching at mW:
Integrate out loops of WSs, tops

Below mW: contribution to WET operator

(B PLD(PHPLIT)

P Calculated full one-loop matching from MFV SMEFT to operators below
weak scale mediating di ! di! di! dI” ' ! d; ¥ and meson mixing



Observables and operators

Down-type FCNC processes

X ) — 0 0
Bs,d mixing B — K® gy KY!l |&@

b! sv b — sl K — v

These depend on a total of 27 Warsaw basis coel!cients, through diagrams like these:

4 quark operators Purely bosonic operators w
b u/c/t b u/c/t 5 b—p— b u/c/t Vs b—>— I~
W Z u/c/ty v
s 3 b s—aN W 5 u/cft e w
2 quark, 2 lepton operators Dipole operators Higgs-quark operators

b I~ b b b b 0 ——1"
E% @V\N\/\’Y/Z @AMAV/Z @vw\z ufc/t '
. e/t ™+ s u/c/t s u/c/t ) oy . -
W

[Other matching refs: Aebischer & al 1512.02830, Dekens & Sto'er 1908.09295]




e.g. Alonso & al 1312.2014

Inputs
Berthier & Trott 1502.02570

SMEFT operators entel_r into c_)bservables Han & Skiba hep-ph/0412166
whose measurements fix the inputs of the Brivio & Trott 1701.06424

theory + others

Need to pick a set of measured inputs to bx parameters of the theory...

We chose# [ m i G’ e T & ‘A/. B
2 dilerent schemes w,mz, G, Mg, My, Us, VCKM
Brivio & Trott 1701.06424 bem | mDZ | GF | mt, mb, bs; VCKM J
-

In the SM, these are used to assign numerical values to SM parameters

1

e.g. from measurement of Gr =+ =l v =246GeV




e.g. Alonso & al 1312.2014

Inputs
Berthier & Trott 1502.02570

SMEFT operators entel_r into c_>bservables Han & Skiba hep-ph/0412166
whose measurements fix the inputs of the Brivio & Trott 1701.06424

theory + others

Need to pick a set of measured inputs to bx parameters of the theory...

We chose# [ ™ i G’ S & ‘A/. B
2 dilerent schemes w,mz,GF, N, Mp, s, VOKM

Brivio & Trott 1701.06424 B, My, OF By, 1, Bs, Perp

L J

In the SMEFT, EW parameters are (re)debned:

4G 2
——F=——2+<C u +Cu )—2(C§2+C§’2>

peep eppe ee o .
These coe"cients therefore
_ V55 1_ P 1, _ modify the SM-like (dim 4
M} = f(glz +35%) + = 97Cup(G1% +T9°) + = 179192Caw B fy . ( )
8 2 amplitude
—2-=2
Mp, = 2T




e.g. Alonso & al 1312.2014

Inputs
Berthier & Trott 1502.02570

SMEFT operators entel_r into c_)bservables Han & Skiba hep-ph/0412166
whose measurements fix the inputs of the Brivio & Trott 1701.06424

theory + others

Need to pick a set of measured inputs to bx parameters of the theory...

—

We chose#
2 dilerent schemes

Brivio & Trott 1701.06424

-

In the SMEFT, EW parameters are (re)debned: CKM

—4g—F=——+ (C u +Cu ) -2 C§1)+C§2

\/i ’UT peep eppe ee L .
These coe"cients therefore
_ 2 1 1 . I .
M3 = LG +5%) + 3 04Cun @ +7,%) + 5 49:5:Crrws modify the SM-like (dim 4)
amplitude
M2, = 9307




The CKM matrix in the SM

The CKM matrix depends
on 4 parameters

AN (1
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SM CKM bpts are done to many measurements

Leptonic decayse.g. K ! pulg, " ! eg...

Semileptonic decayse.g. K! !ep B!

Deb, ...

CP asymmetries, e.g.in B! J/1K®) B1 ™

Neutral meson mixing, e.g. ! Mg,! ...

A

142
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AN (p—in) |

AN
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If there is NP, need to understand how it contributes to the observables used to bx the CKM



The CKM matrix in the SMEFT

Pick 4 measurements which can bx the 4 parameters

Fix the CKM taking account of SMEFT contributions to the
processes involved in the bt

This will give a O(! ' ?) shift compared to the SM determination, which
must be included in the SMEFT predictions for other processes

The CKM parameters in the SMEFT
arXiv:1812.08163]

Sébastien Descotes-Genon®, Adam Falkowski®, Marco Fedele?,

Martin Gonzélez-Alonso¢ and Javier Virto®®




The CKM matrix in the MFV SMEFT

Under our Ravour assumptions, the SMEFT contributions to any process are proportional to
the same CKM factors as in the SM

Amplitude i~ (SM+NP) V'J No Ravour indices here

e.g. charged-current (semi)leptonic decays

So appropriate ratios of processes are

X >.N\< >W'< unchanged, still proportional to SM CKM ratios
2
e.g. schematically 2 ' . ‘ Veb
(3) (3)

s! ull Vs

(3)
Hl

= 0.2254 £ 0.0005

A
INT K- a0 (B D A= 0.80+0.013
(K~ —p ”“) ( — Div) 0.187 & 0.020

r Sl/)]{k': , . .
—_—. NG ” Vi) K miv) 7= 0.3340.05
\ \a /T A little less precise than full bts

ey
I

,  sin2p3, This can be used for theory predictions
when btting to the MFV SMEFT




Results of matching calculations

for SMEFT bts

Expressions for WET coel!s in terms of SMEFT coel!s New constraints
+ [3avour constraints as bounds on those WET coels

} Example: ! Mg observable in B 4 mixing 4

Constrains BSM coe'"cient # (Q_ | U b )2 ] 0 17
of WET operator C’l,smix (mw)=0.07"y1s

Matching result:

Comsd (Mw) = 0.25Cyw +0.61(C) +Cj —2C)) +0.28(CH' —cll —2c®)

1, mix




Results of matching calculations

for SMEFT bts

Expressions for WET coel!s in terms of SMEFT coel!s New constraints
+ [3avour constraints as bounds on those WET coels

} Example: ! Mg observable in B 4 mixing 4

Constrains BSM coe'"cient # (Q_ | K b )2

of WET operator C’i‘c’mix (mw)=0 -OTOOZ%

Matching result:

1, mix

CeD (mw ) €0.25Cuw +0.61(CH +Cf —2C§)) +0.28(C)’

Linear combination f SMEFT coe'"s, in units of 1/TeV 2
(debned at Lambda=1 TeV)




Results of matching calculations

for global SMEFT

pts

Expressions for WET coels in terms of SMEFT coels New constraints
+ [3avour constraints as bounds on those WET coels

} Example: ! Mg observable in B 4 mixing 4

Constrains BSM coe'"cient # (Q_ | K b )2

of WET operator C’i‘c’mix (mw)=0 -OTOOZ%

Matching result:

Cb(s,d) (mw )

1, mix

Linear combination of SMEFT coe"s, in units of 1/TeV 2




Aspects of results

Low energy (WET) Hamiltonian

,H|AB| AS|=1 _ AGF

- Vvts‘/tbzco + Z qb C’1(9 +020q)

\/§ g=u,c
O7 = ény, (50" Prb) F Canonically debned with CKM elements, in
Os = gsriy (56T Prb) G anticipation of SM results
S 'uy?

Og = &% (39" Prb) ((v,0)
_ 22 (GAl ), «
IOlo =e (S’)’ PLb) (5’7;[}’56) .

In SM, only non negligible contributions
are to operators with left handed s

U(3)° Ravour symmetry =! similar structure for our results
- 3 T2+ x?
No right handed currents = 2 g0 -t Tt oga
P> Same CKM factors 3 2 3ri — a4 xy
— — — =1
Co= 9w \ S — 12~ (@ - 17 B
» GIM mechanism




Running below weak scale

[Anomalous dim matrix: Aebischer & al 1704.06639, Jenkins & al 1711.05270]

Il = o o . .
W (I, Prw) (wiv* Prdy) &' WPrd Fyy & “P d &P d
(@™ T4 Prdy) G,
v v
[Tb  [(,Pon) @n¥ Pudy) @ HPRd, Fy, || ®MPLg &P

dj ! Ui|!

b! sy

AM; 4

‘#1"Pq g!,PLd)

AIPPLd Rk

APPLD R sl

d 1P g uPLd

‘d1Pd 1P|
‘#1rP.q g l,PLd;

A I A

!n S’d

AMPLD R sl

b! slI*I’

E"ects of the MFV SMEFT only appear in particular WET operators

Limited number of new constraints

(d!HPLd;) ("k! wPL"K)

<

(i *PLdp) (k! wPL")

b! s@
s! dy




Flavour vs existing constraints

Many operator directions are already well constrained by
electroweak data

But there are RRat directions in global bts: more operators than independent constraints

To get a full picture...

} Allow all operators at once

} Constrain with many di'erent observables




LHC Run | and Run Il
signal strengths

Z pole

Partial widths, hadronic xsec, ratios,
forward-backward asymmetries

4-fermion

ee | gc
Atomic parity violation
DIS,...

Flavour
K'!' uv
b! sl
b— slI™I’
K -9
B! KMy
B.! B
K% R®Y

(Warsaw basis)




Global fit

Observables:  Higgs, Z-pole, LEPIl WW, € e — gcolthe Z pole, } 187 observables
low energy precision measurements, [3avour

{Cuo,Cuaws,Cup,Cuw,Cun, Cua, Cw, Cq, Cj(qll), 051)7 CE}Q, CS(;, Chu, CHd, CHe,
CHud: Cuti, Camr, Cuw, Caw, Cun, Cug, Oy, Cl(;’),C’l(ql), Cye> Crus Cla; Cen, Ced, 36 coelcients
1 3 3 (1) (8) (1) ~(8)
Cfgq)/’ Cfgq)’ CCSCI)/’ Cquqd’ Cquqd’ Cquqd’ Cquqd}'
matrix

vector of
Method of least squares ector o

' !
[PDG Statistics review] I,l, (9) — I’LSM —|— . SMEFT coe!s




Global fit

Observables:  Higgs, Z-pole, LEPIl WW, € e — gcolthe Z pole, } 187 observables
low energy precision measurements, [3avour

{Cuo,Caws,Cup,Cuw,Cup,Cua, Cw, Caq, Cj(qll), CS’Z, CE}Q, Cﬁ;, Ctu,CHd, CHe,
Ciuds Cutts Cat, Cuws Caw', Cug, Cuci, City CL2.CWV | Cre, Cru, Clgy Couss Cla 36 coelcients

lg » g >

1 3) ~(B)Y A1) ~B) A1) ~(8)
C(Sq)/, Cfgq)’ CCSCI)/’ Cquqd’ Cquqd’ Cquqd’ Cquqd}'
matrix
Method of least squares
[PDG Statistics review] I*l' (9) — I'LSM _I_ * 0
covariance matrix of
measurements

Output of the bt:
covariance matrix in
Wilson coe! space

Fisher matrix

Eigenvectors of the Fisher matrix: linear combinations of SMEFT coe!s

Eigenvalues of the Fisher matrix: 1/(72.2




Constraints

Observables:  Higgs, Z-pole, LEPIl WW,€" € — @co! the Z pole,
low energy precision measurements, 3avour

B including flavour data
25 - not including flavour data
~ 20 -
o
— I I
15 - ~ O =Gy
S ~ Caw
= 10 -
5 | 0 n
O = \/ ' = = I
5 10 15 20 25

Without Ravour: 12 [3at directions#
With Ravour: 7 Rat directions




Flavour Iin Z pole flat directions

In the Wilson coe! space of Z pole data...

{CHWB,CHD,C(l) B 1) ~(3)

Hl»

/
Hl>“YHq ~Hg CHu7 CHda CHe> Cll}

there are two directions that are unconstrained

1 1 1 2
ki =0.388 ZCug ! 2Cup + Che + —c éc,(j; | 5CHu

+0.22(CH) + C§)) +0.895CHwe

kp=10664CS + C§) +0.344Chwe

Flavour

Z;;t

Fit to this space of 10 coe"cients and plot =
contours in the plane of the 3at directions,
probPling over the 8 orthogonal directions

[SMEFT predictions for Z pole observables from Brivio & Trott 1701.06424,# I $
SMEFT predictions for LEPII WW from Berthier, Bjorn, Trott 1606.06693,# T T T T T T T T e T T
SMEFT predictions for Higgs signal strengths from Ellis, Murphy, Sanz, You 1803.03252] ’




Flavour in Z pole flat directions

In the Wilson coe! space of Z pole data...
Z pole

{Cuwnr,CHD, C}}Z, CS}), CE;, CS’;, Ciu, Cra, Cre, C}

Flavour

there are two directions that are unconstrained

: 1 1 .. 1., 2 :
| k1=0.388 ZCug ! 2Cup + Che + éc,g,) ! écg; | SChu
: @3) 3) : ST
: +0.22(C) + C§)) +0.895CHwe : ; Higes
: . : #
' k2 =10664C5 + CY) +0.344Chwe : ; Flavour
1 I s
------------------------------------------------ ";H\ [
. . . B
Fit to this space of 10 coe"cients and plot v
contours in the plane of the 3at directions, .
probling over the 8 orthogonal directions i
[SMEFT predictions for Z pole observables from Brivio & Trott 1701.06424,# I $
SMEFT predictions for LEPII WW from Berthier, Bjorn, Trott 1606.06693,# T T T T d s %
SMEFT predictions for Higgs signal strengths from Ellis, Murphy, Sanz, You 1803.03252] o S




Thoughts

Flavour constraints clearly depend sensitively on the assumed Ravour structure

...Can we learn anything from this if we don't believe that BSM physics
follows this particular RBavour symmetry?

} The U(3p Ravour symmetry is the largest one available. Can be thought of
as "baseline" elects expected

> Loop elects are dominated by top contribution. If a theory doesnt have

tree level FCNCs, and couples to the top, elects will be similar (but not
identical: will break some GIM cancellations)

} If a theory's largest FCNC elects are loop induced, get similar qualitative
patterns of deviations (CKM suppressions, lorentz structure)

Clearly a lot more work to do!




Summary

P> Flavour measurements suggest possibility of NP with Bavour symmetries

What information can be extracted in this case?

P> Calculated the loop level matching for SMEFT with MFV Ravour symmetry
to WET operators responsible for down type FCNCs

Obtained explicit expressions for predictions of U(3) > SMEFT in 3avour

observables
Flavour can now be included on the same footing as EW/higgs data in global

bts and provide new constraints

> Lots of Ravour data to come, how can we use it best?




