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Standard Model effective field theory (SMEFT)
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effective extension of the SM Lagrangian for energies much higher than the SM scale:

A : energy scale

O; : higher dimensional operators
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LsmerT = Lsm + 2 Z C’Z-(G)OEG) +...
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mass dimension = 4 BSM physics C; : Wilson coefficients (@ = e
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mm) model-independent probes of BSM phenomena by constraining values of the Wilson coefficients
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Global SMEFT fits

SMEFT gained a lot of popularity in
recent years

59 dimension-six operators
(2499 when considering flavor structure)

EFT interpretations of single
measurements can only constrain a

small number of Wilson coefficients

mm) global fits combining
measurements from different
physics sectors
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Synergies in SMEFT fits
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More Synergies from Beauty, Top, Z and Drell-Yan Measurements in SMEFT

Cornelius Grunwald,lﬂ Gudrun Hiller,l'z’m Kevin Kréninger,l’m and Lara Nollenl’@

ITU Dortmund University, Department of Physics,

+ updated top-quark
measurements

+ include Drell-Yan data

+ impose MFV flavor pattern to
couple different sectors
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Combining different energy scales & EFT formalisms

At Lrun
T
HPwW T
b T
En_e;gy
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1.

ESMEFT

running

'CSMEFT

2. matching

3. running

LWET

LWET

<— Full theory of SM + BSM particles

Top-quark measurements
<— SM particles

1. Running in SMEFT (RGE)
2. Matching SMEFT onto WET at scale y,,
3. Running in WET (RGE)

B physics measurements
<— SM particles without t, h, W, Z

(Weak Effective Theory)
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MFV Flavor Structure

e impose Minimal Flavor Violation (MFV) to couple different sectors

e MFV requires spurion expansion with Yukawa matrices:

example for quark bilinears: gy q; :~ a;1 + a2YuYJ + a3YdeT + .. Uplp i~ b1+ b,Y, Y, + ..
left-handed quarks right-handed up-type quarks

e rotation into mass basis & keeping only y,imposes correlations between sectors:

) ) 0 0 e +ag |th’22yt2 as ViVis ?é? , ay ViV y7
Cqrar D |ug | O 0 uyp +dp, as ViiVia v3 ay +ay |Vi|” v dp,
0 0
tt

ay Vi Via ¥ ay + ay [V [* y

Drell-Yan b— s

® re-parametrization:
2

v v _ E : 27 a- /a “ratio of higher-order corrections
Cog = 1zN Ta Yy Gon/ to leading terms”
n>1
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Free Parameters

14 Wilson coefficients:
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~ N(l) ~(1) ~ ~
ld Clq CSOQ CuB uW
~ N(S) ~(3> ~ ~
lu lq Copq ou Cuc
Ceu qu C‘,Dd Oed
L —

Top
Drell-Yan

b— s

Z decays
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Free Parameters

s

- ~(1 Top
Id Cl(q)
5 ~(3) Drell-Yan
lu C1lq
~ ~ " b— s
Ceu qu Oed J
\ Z decays

14 Wilson coefficients:

o 7/ semileptonic four-fermion operators
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Free Parameters

s

To

S g’

©q

2 ‘ Drell-Yan

~(3) 5
Coq Ccpu J

= b— s
C

pd

N e R — 7 decays

14 Wilson coefficients:
o 7/ semileptonic four-fermion operators

o 4 penguin operators
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Free Parameters

14 Wilson coefficients:
o 7/ semileptonic four-fermion operators
o 4 penguin operators

o 3 up-type dipole operators

- - Top
Cup wW
= Drell-Yan
CuG
b— s
Z decays
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Free Parameters

s (e (o)l e & | ™

ld Clq CSOQ CuB uW

» — Drell-Yan
; @ || 5o G
lu lq ©q pu uG
- . = — / b— s
Ceu qu pd Oed
\ —— J Z decays
14 Wilson coefficients: 2 ratios from MFV expansion:

o y,for left-handed quark doublets
o v, forright-handed up-quark singlets

o 7/ semileptonic four-fermion operators
o 4 penguin operators

o 3 up-type dipole operators

mm)p total of 16 degrees of freedom
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Observables & Measurements

CMS,
Top Drell-Yan . “
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Results of the combined fit

o ) . . .
90% credible intervals total width of intervals
Cus T éuB
CuG T .:. éuG
CuW [ — éuW
C) 4 _——, ¢
oq [ — q
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~ ] i
C(pu — quu
C(pd_ —i i é(od
Ci —_— (:.,u I 1] I
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Constraints on the MFV parameters

Yo = nyn as,/a;  left-handed quarks

n>1

e posteriorof y peaksat-1.2& 19

e expected: within [-1, 1] & centered
around O

e fit favors large higher-order
corrections in the MFV expansion
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Where is this pattern in y_coming from?

1.5¢

-10
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Il Global fit
[ B at SM value
Il Only Drell-Yan

=B 0 5

Ta

e b — ssector directly proportional
to higher-order MFV corrections:
very sensitive ony,

e Yy, =0 would notallow for NP in
this sector, which is contradicting

ol ' ‘ i ' ' the measurements
0.0

10

mm) B anomalies seem to be origin of the shape of y_
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Impact of b — svv transitions

e b — stransitions only probe linear
combinations of Wilson coefficients:

b stte O, =0 O
_ ~ ~(1)  ~(3)
b — svv C! >lq: lq)—C’lq

e only upper bounds on b — svv branching
ratios available

e hypothetical BELLE Il measurements:
(SM value + expected uncertainties)

B(B° — K*ub)gy s = (9.5 +£2.5) - 107°
B(BY — K vi)gy oy = (4.44+1.3)-107°
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Impact of b — svv transitions

90% credible intervals

e b — stransitions only probe linear
combinations of Wilson coefficients: Cup
(1), AB3) o
%1
b — svi ¢, =cM- ¥
q lq lq Cou
o —_— ——
e only upper bounds on b — svv branching Ciu ]
ratios available ol T oninourvy
CeU BM - 20
e hypothetical BELLE Il measurements: Ced
(SM value + expected uncertainties) Cae
CN,‘%) _
B(B® — K*ui) gy s = (9.5 + 2.5) - 107° ¢l | | |
+ 4 = _6 -0.005 -0.0025 0 0.0025 0.005
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Impact of b — svv transitions

) 90% credible intervals
e recent evidence (3.50) on Bt — Ktup

decays by BELLE Il (2311.14647) Cus T

= Global fit 2304.12837
= With BR(B * =»K*vD)

ST

-0.01 -0.005 0.005 0.01

Oro
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Prediction of B — Kvv branching ratios

| |
77 90% interval 90% interval
I 68% interval I 68% interval
5 = Current limit = Current limit
~ 107 1 = SM prediction =~ 9. —SM prediction
3 3
® w
4 L
<25:10 i
o H-10 [ o
n )
o o
2.5-10" f HHH\ ' 0.5 i
"-\-,__‘_h:\&_‘ \'\

0.5-10 % 407 1.5;010‘5 2.10 0.5-10 " A10*"" 15-107°
BR(B' = K wp) BR(B — K wi)

e idea: use posterior distribution to predict new observables not included in the fit
e here: branching ratios of B°—K v & Bf*—K*vv

e as expected: in agreement with SM & in reach of BELLE Il
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Summary & Conclusion . s

mm only Top
e B+ Z-bb

0.25 Emm combination

e SMEFT is a powerful tool to search for BSM physics at current experiments .

e probing many operators at the same time requires global fits combining
measurements from different sectors
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Summary & Conclusion . o

mm only Top
= B+ Z-bb

0.25 Emm combination

e SMEFT is a powerful tool to search for BSM physics at current experiments .

e probing many operators at the same time requires global fits combining
measurements from different sectors

e our analysis exploited synergies of top-quark, B, Z, and Drell-Yan data

e constrained 14 Wilson coefficients & 2 MFV parameters o
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W Global fit
= DrellYan
mm B&Z
- Top
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Total width of 90% intervals
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Summary & Conclusion

e SMEFT is a powerful tool to search for BSM physics at current experiments .

e probing many operators at the same time requires global fits combining
measurements from different sectors

e our analysis exploited synergies of top-quark, B, Z, and Drell-Yan data
e constrained 14 Wilson coefficients & 2 MFV parameters

e B anomalies lead to unexpected pattern of MFV expansion
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Summary & Conclusion

% SM

@ only Top
= B+ Z-bb
0.25 Emm combination

e SMEFT is a powerful tool to search for BSM physics at current experiments .

e probing many operators at the same time requires global fits combining
measurements from different sectors

e our analysis exploited synergies of top-quark, B, Z, and Drell-Yan data

Cup

Cus
e constrained 14 Wilson coefficients & 2 MFV parameters Cun
&
e B anomalies lead to unexpected pattern in MFV expansion &
Cou
e dineutrino branching ratios can be crucial & predicted to be around the SM, o —— o oo
. . &, TE— = il‘;‘z
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b
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Summary & Conclusion

e SMEFT is a powerful tool to search for BSM physics at current experiments .

e probing many operators at the same time requires global fits combining
measurements from different sectors

e our analysis exploited synergies of top-quark, B, Z, and Drell-Yan data
e constrained 14 Wilson coefficients & 2 MFV parameters
e B anomalies lead to unexpected pattern in MFV expansion

e dineutrino branching ratios can be crucial & predicted to be around the SM,
within the reach of Belle Il

1

90% interval
I 68% interval
—— Current limit
——SM prediction

0 )

arXiv: 2304.12837
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Dimension-Six Operators in Warsaw Basis

Oue = (CjLUWTAUR) @Gﬁw Ouw = (qo""u )T%Wiu,
O,5 = (q,0""ug) 9B, , Oue = (Gr7,41) (€p7"eR)
OE;) (Z ’YMZL) (@Y ar) 052) - (ZL%,TIZL) (CYL’Y TIQL) ;
Ocy = (éR7u6R> (upy'ug) Oeq = (éR7ueR> (CZR7 dR) ;
Oy, = (ZL%JL) (upy'ug) , O = (ZL%JL) (JR7 dR) )
05013 = (SOTZE),J,‘@ TR TAN 050363 - (‘PTZDISO) (QLT Y QL> ,
O,y = (@Tzﬁugo) (upYrup) , O,y = (@Tiﬁﬂw) (d_Rfy dg)
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Combining different energy scales & EFT formalisms

At Lrun
T
HPwW T
b T
En_e;gy

19.02.24 | Cornelius Grunwald

<— Full theory of SM + BSM particles

Top-quark measurements
LSMEFT <— SM particles

B physics measurements

LWET <— SM particles without t, h, W, Z
(Weak Effective Theory)
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Combining different energy scales & EFT formalisms

At Lrun
T
HPwW T
b T
En_e;gy

19.02.24 | Cornelius Grunwald

1.

<— Full theory of SM + BSM particles

Top-quark measurements

LSMEFT <— SM particles
running 1. Running in SMEFT (RGE)
2. matching :
Pegterr v P 2. Matching SMEFT onto WET at scale y,,
3. Running in WET (RGE)
wilson 3. running
B physics measurements

LWET <— SM particles without t, h, W, Z
(Weak Effective Theory)

& fiavio

Synergies from Beauty, Top, Z and Drell-Yan Measurements in SMEFT 18



Weak Effective Theory - WET
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bs 4GF * =
Lyer = % V;svtbz Ci(1)Q; (1)
€ = v = 1% a a
167 my (80" bR) F, Qg = 167T2mb(SLO_M T bR)G;w
e’ - e’
1672 (SLY,bL)("0) Q10 = 74— ——(517,b1) (L4#750)
(&

Effective Lagrangian for b — sl
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Tree-Level Matching

19.02.24 | Cornelius Grunwald

AC«Sree — gfya [6;;] _|_ éqe —|— (—1 + 4811’12 0’11)) 6;_q]

=1, (430511 (C,, + C;) —45.858C},) ,
ACTSe = =, [~C + Cpe + O]

=, - 430511 (Cf, + C,. — C) |

ACSee = g% g + G
— 7 - 430511 (i + G
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One-Loop Matching

C.=—-2351C, 5 +0.003C, y + 7, - (—0.095 G, +1.278 (5;3;) +(147,): (—0.388 Cﬁ})
— 5 5 . S+ ~(3) o ~(3)
Cy = —0.664C,; +0.271 Copp+ 7, - (0284 €4, +0.667CE)) + (1+7,) - (—0.194CE

Cy = 2506 C,, 5 + 2.137 Cpyy + (1 + ) (0.213C,,,, +2.003 (—Cy, — C.,))
+(147,) <_0.213 Y+ 4374 +2.003 (éqe + é};)) 3163 (5}2’))

Cho = —T.515Co+ (1 +7,) - (2,003 (=C,,, — Coy + C) )
5(1)

éw
+(1+7,) - (2003 (g + €, = G ) —17.884 6y + 3163 )

Cp =12.889Cp+ (14 7,) (2.003 ((5;1; . él(qn) —22.830C%) — 16.275(7;?)
+(1+7,)-2.003 (—C,, — Cp,,)

Cph = —22.023Cpyp + 7, - (14-317 Cipq +11.395Cy) ) '
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MFV in SMEFT

® Expand the quark bilinears

Qrdr i~ a1+ apY, Y, + asY Yl 4+ Ggup i~ b1+ bV Y, + . dpdg i~ eyl 4+ eaY) Y+

u

(jLUR Ha (Cl]]. + C2YuYJ + C3YdYJ + ...)Y q_LdR Ha (dl]l + szuYJ + d3YdeT + ”')Yd

Rotating to the mass basis and retaining only y, yields:

0 0 C|far T ag |th|22yt2 as Vi Vi y2t , as Vi Vi y;
Cqrqr, O |up| 0 0 up +dp, as ViiVia v a; +ay |V |” v, dy,
0 0 ay ViV 7 ay +ay [V |? 47
tt Drell-Yan b— s

® |mposes correlations among flavor entries and allows for down-type FCNCs

® Y, ~0 — No up-type FCNCs and no chirality flipping down-type operators

Y, ~ 0 — Lepton-flavor universality

See also e.g. Bruggisser et al. [arXiv:2212.02532] or Greljo et al. [arXiv:2212.10497] for MFV in SMEFT
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MFV Flavor Structure

0 0 e +ay Wtd’zzyf as V2 Vis %t , as Vi Vi y;
Caqrar O |ug | O 0 up +dy ag VisVia v ay +ag |Vi|” vy dr,
0 0 ay ViVia ¥ ay + a5 [Val” o7
tt Drell-Yan b—s
® re-parametrization:
~ 2 13 . . .
O — v a o 2n /a ratio of higher-order corrections

9 A2 1 Ta = Z Yt Gon/ A to leading terms”

n>1

e sensitivitiestoy :

(wii, ~ ) didy ~ G| [ aLdy ~ vy

[tLZL ~ éz<1 + ’Ya)] [ bpsp ~ éﬂa V{;th] [ ZLdi ~ C~z (1+ ’YA)th]
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MC Simulation Chain

o o |M|?

M = MSM+_ZCMBSM—)0:05M A2ZC Int A4ZCC BSM

model definition

parton level Monte Carlo

hadronisation and parton
shower

detector simulation

1<)

SMEFTSIM [arxiv:2012.11343]

MADGRAPHS [arxiv:1405.0301]
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Top-Quark & Drell-Yan Observables

Top-Quark

Process Observable SMEFT operators Experiment

] do 5
do 2 G ~ Fi—
ttz dp(2) CuG CuZ Ccpu q
do z Z
iy dpr () Cuc Cuy
HW i Cuc
ttH OH X Bp),/y éuG
t—sWb fo, fi Cuw
t— Wb T, Cuw C2
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CMS
ATLAS
ATLAS
ATLAS
ATLAS
ATLAS
ATLAS

Drell-Yan

Process Experiment

pp — ete” CMS
pp— utpu~  CMS
pp — 7t~ ATLAS
pp — ev  ATLAS
pp — pv ATLAS
pp — v ATLAS
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B Observables & Sensitivities

Observables Sensitivities
Process Observable  ¢? [GeV?| Collaboration Process WET Tree-Level Loop-Level
B —* XS’Y BE.Y>1‘6 GeV HFLAV b— sy C77 {08} C~"uBa C~1uW7 {éuG}a CN’Q(qu)a CN(Q(D%])
BY — K*y B HFLAV z = = = -
+— S A4 A CuB7 CuWa {CuG}a Ccpua Cs(olq), CL,(O?:J)
Bt —s K*+’Y B HFLAV b— sltd Cy, {Cg}, Cy, Cio C¢q, Clq’ qu N N N )
Clu, Ceu7 qu) Clq ’ Clq
B - X.0+e- B [L,6] BaBar
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B — Kvv benchmark scenarios

® Experimental upper limits [phys. Rev. D 96, 091101 (2017)]

B(B” = K*ww)g, <1.8:107°  B(B" = K )y, <1.6-107°

exp
® SM prediction [arxiv:1810.08132]

B(B® — K*u)gy = (9.53 £0.95)-107°% B(B* — K vi)gy = (4.39 +£0.60) - 10°°
® Benchmark measurements

B(B° — K*u)gyom = (9.5+2.5)-107° B(BT = K wvi)gyoy = (4.4+1.3)-107°

B(B” = K*u) g0, = (14.5+2.5)-107° B(B' — K'vi)gy o, = (7.0£1.3)-107°
B(B’ — K*ub)gy 0y = (4.642.5)-107% B(BT — K vi)gy 9, = (1.841.3)-107°
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Top-quark Fit
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Top-quark Fit

Il Before 2021 Il Before 2021
This work 600 This work

~0.02-0.01 0.00 0.01 0.02 0.03 0.04 ~0.02 -0.01

Il Before 2021
1.5 This work 2.0

Cou C

Pq

0.00 0.01

[l Before 2021
This work

90 05 0.0 05 -0.25 0.00 025 050 075 1.00

Il Before 2021
400 This work

0 ; ! ? : ‘
—0.015 -0.010 -0.005 0.000 0.005 0.01(

CuW
Il Before 2021
This work

0= ! : !
-0.15 -0.10 —0.05 0.00

19.02.24 | Cornelius Grunwald Synergies from Beauty, Top, Z and Drell-Yan Measurements in SMEFT 29



Drell-Yan Fits
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Impact of Top & Zonvy,

19.02.24 | Cornelius Grunwald

0.4 : - Il Global fit
B Without Z
I Without top

—> No large impact of top and Z measurements on -y,
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Constraints on the MFV parameters

b
T = Z yfn % right-handed up-type quarks
1

n>1

Ty

e Dasically no constraints ony,

e expected as observables not very
sensitive to y,

Yo=Y Yi"as,/a; left-handed quarks

n>1

10

posterior of y_peaks at-1.2 & 1.9

expected: within [-1, 1] & centered
around O

fit favors large higher-order
corrections in the MFV expansion
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