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Adding the B to the SM

Standard Model as Effective Field Theory

(5) (6)

(' C.
_ (5) i (6)
ESMEFT — LSM —+ —A O —+ % —A2 Oz + ...

Local operators preserve SM symmetries.

: : BSM E*?
high energies: SV G,;F
, BSM msy; 4
broken symmetries: ST Cim—%, CiOéthV{Z’



High energies

2-2 scattering amplitude (dim. 6): Hagiwara et al. 1987

M ™ pETmon m vevs; n Goldstones
A? mr"?} Maltoni, Mantani, Mimasu 1904.05637
_ _ E2
Oss = (Fuf)(F"f) 53  quadratic growth
vE

Ops = (HYWD, H)(fy"f) — 2 linear growth (longitudinal mode)

Opy = (Fro* frRYHV,, Trj\];?] helicity suppression (ffV)
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Top pair production at high energies
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Brivio, Westhoff et al. 1910.03606; see also Englert et al. 1607.04304
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Flavor breaking in down-quark FCNCs

W and Z couplings: Ofb]('; = (HT i DV H)(Qv,Q)

0% = (H'iD" v H)(@,7Q)

b, s b, s

84

47

(1) |, ~(3) (3) Q
Cgq T Coq Cy -

(1) (3)
q ATt (chq T chq )

Flavor-breaking: B - X,v, B, - u =, B— K*u ™
kaon decays, meson mixing

Flavor-diagonal: Z — b (LEP)

VBF @ high pT Araz, Banerjee, Gupta, Spannowsky 2011.03555
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The vast space of UV physics

Cq C,C
f/ /f U:USM_I_ZEO'CL_I_Z A4b0ab
a a,b
/ \ A
f f C,
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Probing the SMEFT at dim 6

Z-pole EWPOs

‘
) CuG
4-fermion CH
+

e'e — qq
atomic parity violation
sl. meson decays, ...

Flavor
K — v

K — mov
B = K®py

b— sl K9 KO

b — S7Y Bs — BS
Aoude, Hurth, Renner, Shepherd 2003.05432 (Warsaw basis) 7



The role of the top

Z-pole EWPOs

4-fermion

Top fits: Englert et al. 2016+, Hartland et al. 2019, Brivio et al. 2019, Ellis et al. 2020
Top & flavor fits: Bissmann et al. 2019+, Bruggisser et al. 2021 Tops in EWPQOs: Dawson, Giardino 2019 8



Global analysis of top LHC data

0o 0
Clobal Fit Run II ATLAS+CMS 68% and 95% C.L. 05
Top pair Fit
|  Single Top Fit
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Brivio, Westhoff et al. 1910.03606
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Top & Bottom

energy T
[GeV] 1
7 —< .
q w———(
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Hewett, Rizzo 1993; Grzadkowski, Misiak 2008; Fox et al. 2008
Brod et al. 2014, Cirigliano et al. 2016
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energy
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!

Top & Bottom

L
/ /
<!
W ESMEFT:['SM—FZA—;Oi—I-...

b e S { p

T match

flavor-sensitive Co(myp) = F(Ci(my)) &

l run
.ﬁ..o o)

i_‘ LweT = Lgcp + LQED + anoa + ..

v .

Aebischer, Crivellin, Fael, Greub, Virto 2015 & 2017
Dekens, Jenkins, Manohar, Stoffer 2017 & 2019; Hurth, Renner, Shepherd 2019

11



Flavor structures

Kkl Kkl Kkl AN —k
CSIMOLIH = oS (D H)(Q,QY)

Gauge sector: U(3)o xU3)y xUB)p xU3)r x U(3)E

r ° ° ° ° j
Minimal flavor violation:
a
O =al+bYu Yl +eYpYh+... = a + O?)
A A=a+by?
_ b

Universality: U(3)°

(1) ¢
C¢q = a
a

universality & misalignment: see Aguilar-Saavedra et al. 2018, Faroughy et al. 2020

Misalignment: U(2)°

(1) _
chq o (

a

b

b
C
d
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Flavor universality in W and Z couplings

4 (3) (3)
B(B — Xsv) x 10* = 3.26 + 0.36 Ayy — 0.76 b¢q

top

(3) 1.(3) (=) 1.(—)
{a¢q’b¢q’ ®q ’b(bq }

rp]O —
pp — 2 W
pp — 17,1247
pp — tW

t— OW

)

OV = (H'iD" H)(Qr,Q)
0%) = (HHD“ rH)(Qv, Q)

Top-bottom connection resolves flavor structure.
Bruggisser, Schafer, van Dyk, Westhoff 2101.07273
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Flavor breaking in four-quark couplings
Cro(my) = 0.29( A (me) + B (ma)y? ) +0.03( AL, (me) + By, (mo)y?

{A%), AR, Byg)

qq

top
+ ! | rq Il/_j b S
2 | 3 ‘,/// \\\\f_ t‘(?)‘t
o i 3 11 11 v,z
I e o cn
ng
_ 9
O(l) — (@%LQ)(@V“Q)
4
O = (Qy,mQ)(QV'7°Q)

0.6 —04 —02 0.0 0.2 0.4 0.6
Afy [TeV2/A?)

Bruggisser, Schafer, van Dyk, Westhoff 2101.07273
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Flavor breaking in four-quark couplings

B(By — ptu™) x 10° = 3.57 — 1.71C10 + 0.21C3,

07 %10~ LHCB-PAPER-2021-007
Y. T ' T T ]
3‘ — _
30.6~ Preliminary LHC}_)I -
- 44" -
1 o5~ o
m — _|
03 —
02 —
0.1 |
I | | | ] x10‘9
O 1 5 6
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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 2101.07273 16



Quark-lepton couplings
o = (leyvule) (@ ar) OZ(qS) = (levum'1n) ("' qr)

sensitivity: rare B decays & top

b S
0.004 } Combined
CF current + near
lq CLIC only
. i Combined all
; i % 0.002 _
. o
+ 1 3 - s .
ot =M 1+ B =g 0.000 V4
b S
—0.002¢
Cl; I
Qr Q Qr ok
v v /QQ O o0 o0
Cia/(1 TeVv)

Charged leptons and neutrinos probe orthogonal weak couplings.

Bissmann, Grunwald, Hiller, Kroeninger 2012.10456
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Outlook

Flavor observables in global SMEFT fits:

high sensitivity to effective couplings and flavor breaking

non-local contributions to Wilson coefficients C7, C9

compatibility of flavor and LHC fit results

Probing the flavor structure in SMEFT:

top-bottom connection is flavor-sensitive

interplay of

K<aons - jets
oottom/charm - top

eptons, neutrinos - electroweak, Higgs

18



Backup
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LHC processes in top EFT

parameter tt single t tW tZ t decay ttZ W
1,8 —2 _ _ _ _ —2 —2
Co, A A A

28 A2 A HA?2] - A ATAY[AY A2 A2

A /] ng s, A2 3 3 3 3 A2 3

tu’

N o P s B © ATAT AT A

LL,RR Coa ATYAT A2 - A2 A=2 AT AT AT A
Cur Ca | ATHIAT?] - - - - ATH[AT
C8,. Co, A2 - - - - A2 -
t\\ /q cy, A2 = - - = A2 A2
L NI Ch Chy | AT [ATY - - - - ATY[ATY) -
LR,RL Ca AATE - - ATTAT A A
Cso - — - A2 - A2 -
C3y - A2 A2 A2 A2 - -
o - - A7 = A2 -
7\ V.h Clons 3 A4 A4 A4 A4 . _
L T Ciz - - A - A2 -
Ciw — A2 A2 A2 A2 _ _
Cow - A=t A% AT A4 _ _
e A2 A7) A2 - [A~2] A2 A2

Hartland et al. 1901.05965:; Brivio, SW et al. 1910.03606 20



Flavor observables in SMEFT

Higgs-quark 4-quark

b b u/c/t
|14 Z
s

u/c/t
b v I~ b ufeft s
s v It s b
2-quark 2-lepton
b u/c/t / b I~
Z
M E%
s u/c/t A s ufc/t N+
|44
b I~
u/c/t v
s I
W

pictures: S. Renner 21



Flavor in bottom observables

Tree level: flavor-breaking. [Z (1) kk+0<3) Y Via Vi ~ (b(l)+b(3)) ]

) g |
4G i . ~
7+ O10 = \/—‘/tb‘/t34 (57, Prb) (" ys )
b(+)y2
_ %a vt

B(Bs — pp~) x 107 = 3.57 — 41.005" +117.8(b}))?

: flavor-diagonal & flavor-breaking.

b S
. 4G
O = \/f ViVis 6 (501 Prb)F,,
b, s b, s

4G

) Og = — 2V Vit =y (50" T4 Prb) G2,

(3) (3), 2 (3) V2 167
Jr_bqﬁq t b¢q

B(B — Xsy) x 10* = 3.26 + 0.36 4}, — 0.76b)

®q



Flavor breaking in W and Z couplings

Combined fit to top data & B(Bs — u p~) &

(3) 1.(3) ) 1.(—)
{qbq’bqbq’ ¢q’b¢q}

20 1

)JA2 [TeV~2]

(_
b¢>q

_20_

Bruggisser, Schafer, van Dyk, Westhoff 2021 23



[TeV 2]

C/A?

0.4 1

0.2

—0.41

—0.61

Flavor in four-quark couplings

O = (@7.Q)(Q"Q)
Oge = (@ Q)(@V"'7°Q)

1

top

top & By — 't~

l

(Cuq)®™™ = Ayq color singlet
(Ch)®™ = A, color octet
(Cag)™ = Agq + Agq + Byg
top
fq tj b S
N , ('} ,
X 11 i Z*
022 703 3 Yo
\— _J Z C’( ),33kk
¢q = (aa) + (ba)y?

= (ba) + (ba)

Bruggisser, Schafer, van Dyk, Westhoff 2021 24



q

—

(—|—) ()A()

, a
Qg ®q 7

0157 [pb] = 0.679 + 0.023 4 — 0.070A5 )

+0.008(

Flavor in top observables

Electroweak contributions matter!

(3) 1.(3) ) 1.(—)
{cbq’bcbq’ cbq’b }

PRy S ke S

\
\
\
) - \
\
\
\
\
\
\
\
\

T

~

Z 0
a(+) (—) —
Pq ! cbq =

(—)\2 (+)42
a + 0.004(a
¢q) (¢q) 75 —50 -25 00 25 50 175

al,) [TeV2/A?

Top observables are flavor-sensitive. | (against folklore)
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Top & Higgs

Higgs production via gluon fusion:

’ O,c Och

3[I———— _

CtG [TGV_Q]

Marginalised 95% C. L.

Higgs data (no ttH)

Higgs data

Higgs & Top data

Higgs & Top data (+4F)
+ SM

Oy = (HTH)(Qt H)
O = (Qo" T4t)HGZ,

Ellis, Madigan, Mimasu, Sanz, You 2012.02779
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