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No theory - no guideline?



Goals for this talk

Find a framework for flavor beyond the Standard Model.

Test it on data.

Deduce possible flavor structures.




The Standard Model of Flavor

[U(S)Q X U(3)U X U(g)p X U(B)L X U(S)E]

Gauge: L=gQ W'T*Qp+ ... ‘/

Yukawa: L=—(QYyU)H — (QYpD)H + . .. x



The Standard Model of Flavor

[U(B)Q X U(g)U X U(g)p X U(B)L X U(S)E]

Gauge: L=gQ W'T*Qp+ ... ‘/

Yukawa: L=—(QYyU)H — (QYpD)H + . .. x

. Yu Yd
Flavor breaking: Yy = Ye Yp = Ys
Yt Yb

CKM mixing: Q@ = (‘;LC’;L)



Minimal flavor violation

[U(s)Q < U(3)u x U(S)D]

,Restore” flavor symmetry: Yy : (3,3,1), Yp: (3,1,3)

~

Yukawa: L= —(QYyU)H — (QYpD)H + ... /



Minimal flavor violation

[U(s)Q < U(3)y x U(S)D]

,Restore” flavor symmetry: Yy : (3,3,1), Yp: (3,1,3)
Yukawa: £ =—(QYyU)H — (QYpD)H + ... \/
New interaction: O = (Q.v.Qr)X"

Co=al+bY, Yy +HeY, Vp+... (3x3,1,1)

[Minimal assumption: no new sources of flavor breaking]




Effective four-quark interactions

C;
[ﬁ = Laom + Z A Oi]

weak singlet:  O{)) = (Q7,Q)(Q"Q) u

/N

weak triplet: O = (Q,7"Q)(Q"7*Q)

/
~,
~—,



Effective four-quark interactions

weak singlet:

weak triplet:

mix into:

C;

~._—
Ol = (@7,Q)(Q+"Q) N
0P = @urQ@rr) T~
b \t

Oéslq) = (HT iD¥ H)(Qv,Q) S

t t
L aTrr . a Z
Op) = (H'iD" " H)(Q,7"Q) {r

Alonso, Jenkins, Manohar, Trott 2013



Flavor structure

[[(CQ)jk(CQ)il + (éQ)jl(éQ)ki] (@%” Qk)(@i% Ql)j

light-light:  (Cyq)jjii = (aa) (Cqq)jiij = (aa) ~

N N
yd

* Wilson coefficients defined in up mass basis. 10



Flavor structure

[[(CQ)jk(CQ)il +(CQ)1(Co)ki) (@]ﬁ” Qk)(@i% Ql)j

light-light:

heavy-light:

(Cqq)jjic = (aa)
(Cyq)33ii = (aa) + (ba) y;

N~
Y

(qu)jiij — (ZL\C/L)

(Cqq)3iiz = (aa) + (ba) 7
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Flavor structure

[[(CQ)jk(CQ)il +(CQ)1(Co)ki) (@]7“ Qk)(@i% Ql)]

light-light:  (Cyq)jjii = (aa) (Caq)jisj = (aa)
heavy-light:  (Cyq)s3ii = (aa) + (ba) y; (Cyq)3iiz = (aa) + (ba) y;

heavy-heavy: (C,q)3333 = (aa) + (aa) + 2((ba) + (@))yf + ((0b) + (&?))yf

N

two quarks: (Cyq)rk = a + by; Ok3 )

e
\I
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Probing flavor: ATLAS, CMS

light-light heavy-light heavy-heavy
(aa), (aa) (ba), (ba) (bb), (bb)
QCD: dijets top-antitop, single-top ttbb, tttt
- p e t
P P~_—" ! b

: b
P/\_I p/\t p/l\~_

13



Probing flavor: Belle Il, LHCb

light-light heavy-light heavy-heavy
(aa), (aa) (ba), (ba) (bb), (bb)
QCD: dijets top-antitop, single-top ttbb, tttt
. p—0 __—t
P/ P~ _—" ! b
: b
P ] p~ Tt b L= P

rare meson decays

b

tg)t

v, 4

S

meson mixing

b S

S b
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The flavor collider connection

A > [(J F (9, mk)] flavor-sensitive

C;
LsverT = Lsm + Z FOZ- + ...

100 GeV [Ca(mb) — F(Ci(mt))] flavor-sensitive

: N¢
1 GeV /\

Aebischer et al. 2015 & 2017; Dekens et al. 2017 & 2019; Hurth et al. 2019

LweTr = Locp + LQED + ZCaOa + ...
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Resolving the flavor structure

15 fit parameters:

{(aa)(@), (@), (ba) ), (ba) 2, (60) )+ (B0) ), 0l 65k + v

data: dijets: angular correlations  cMs 1803.08030
top: global fit Brivio et al. 2019
ttbb: cross section CMS 2003.06467

o meson mixing: AM

o B(BS — U ,LL_) Bruggisser et al. 2021

tools: SFitter (fit), wilson (RGE, matching)

ALL FIT RESULTS PRELIMINARY
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gauge structure

Light-light: dijets

—

\—

-
u-u current: ¢ =¢c® _ B

d-d current: ¢ =c® 4 (J(?’)J
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Light-light: dijets

u \/ u U\/ u
u /\ u d d
(aa)() + (aa)l}) (aa)ty) + (aa))
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Dijet angular correlations

(i = expllyn — w2

Rutherford scattering: do X% const.
dXjj
p -J
QCD:
P J
4-quark interaction: - ~_
P )



1 do
o dej

0.12-

0.10-

0.08 1

0.06 1

Dijet angular correlations

(s = expllyn — v2) |

M;; € 2.4,3] TeV —— SM

4'_'_'_'_'
|_| -
A 6 ] 10 12
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Dijet angular correlations

data: CMS 1803.08030, M;; € [2.4, 3] TeV

qq qq
0.5
= 0.0
=
05
04 —02 00 02 04 L0 092 00 02 04
_3)
(@) (aa)

resolve [(aa)é?, (@), (aa)g, <a‘&>é;>]




top-antitop:

N
-

~

/\ /N

d t

d t
single-top:

U~ d

b ~~ t

Heavy-light: tops

(aa)sd) + (ba)5h)

qq

color singlet

(aa)(gg) + (ba)gg),

color singlet

(aa)'y) + (ba)')

(@a)’) + (ba)'})

(aa)y,) + (ba)

(=)
qq
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Resolving single flavor breaking

all

no dijets

=1.5—1.0-0.5 0.0 0.5 1.0 1.5
(aa),y = (ba)y,

49 49

[dijetsj
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Heavy-heavy: ttbb

b

b
g—" -t

)+ @ |
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Heavy-heavy: ttbb

D (g o)

g—" -t

total cross section: [Uttbb =2920.1x0.9 pb] CMS 2003.06467

analysis cut:

. , large SM background
[p‘} > 30 Ger — _
9 b — higher pT?
g—"" ~— 1

— 7 > bb?
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ttbb

esolving double flavor breaking

15
101
|
= 5 |
s , "
— no ttbb
+ 0 Z ..
~ & no Bs mixing
7§ —9] & no dijets
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tree level:

loop level:

Meson mixing

(0" = (53 Pub) (37" Pub) |

(V3*2V33)2 053)3333

b S
§ >/’ * * —)33kk
%% | Vk2Vk3V32V33 Céq )
“
S b

b——a S
A
% N/ * * 3)3kk3
%% \ sz Vk3V32 V33 Cng)
S b

2x flavor breaking

[cl ~ (VisVin)? (005 + (80)3) )yt + O (

e
1672
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ED

Resolving double flavor breaking

0.2

Eg 0.11

+ 0.0

=

= 0.1

0205701 00 01 09

b(+)
®q

(B(Bs — i u_)j
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Summary: Flavor in the SMEFT

No theory: form data-driven flavor hypothesis.
LHC + flavor observables: resolve flavor space.

Viable structures: test in full models.

Thank you!
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BACKUP
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Operator mixing in SMEFT

SMEF
Ca(mb) — ( )ab (M(mz))bc (R T(mz’ mt))cd0d<mt)
L o o N
«— Cq -« matCh «— Oy 7 «— Uy >“<_
% Z q t
0.6 1 w
0.4 -
0.2
§: 0.0
o2 High sensitivity to operator mixing:
—0.4 1 47’(’
_06- Cio = F (;Cqsq(mt)» qu(mt)>
—0.81
100 200 300 400 500
po |GeV]

Bruggisser, Schafer, van Dyk, Westhoff 2021 31



Rare B meson decays

[010 = (5%PL5)(M“W5M)]

b S
tree level fz* Z(C&),kk 4 qu)’kk) VsV ~ b

loop level:

[B(Bs — ptpT) x 10° = 3.57 — 41,005 +117.8 (bg;;)fj

Bruggisser, Schafer, van Dyk, Westhoff 2021 32



