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Outline

* |Intro to effective field theory (EFT) and global fits

 How do we improve global EFT fits?

* Are we ready for a global fit starting from an
operator set defined by symmetries”?

o SMEFT@NLO: Curse or blessing?
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Effective field theory - EFT
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Effective field theory - EFT

e

Describe NP by higher-order
iInteractions of SM fields

Hierarchy of scales
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EFTs from the bottom-up

[review: Brivio, Trott (1706.08945)]

At low energies, the SM does
a very good job.
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https://arxiv.org/abs/1706.08945

EFTs from the bottom-up

[review: Brivio, Trott (1706.08945)] At low energies, the SM does

a very good job.

oM

symmetries
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EFTs from the bottom-up

[review: Brivio, Trott (1706.08945)] At low energies, the SM does

a very good job.
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EFTs from the bottom-up

[review: Brivio, Trott (1706.08945)] At low energies, the SM does

a very good job.

 Minimal assumptions
Higgs on high-scale physics

doublet » Universal language for
data interpretation

SM
flelds

SMEFT
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Standard Model effective field theory (SMEFT)

2 J Odd dimensions violate
lepton or baryon number
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Standard Model effective field theory (SMEFT)

Dimension

Wilson coefficients

Odd dimensions violate
lepton or baryon number
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Standard Model effective field theory (SMEFT)

Dimension

Wilson coefficients
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lepton or baryon number
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Standard Model effective field theory (SMEFT)

Wilson coefficients Dimension
Operators

J Odd dimensions violate

lepton or baryon number
2499 operators at D6

Many of these are different flavor combinations O%‘H = (H"H)(q;Hd;)
of the same structure 7

Reduce number of dof with flavor assumptions 3 x 3+ h.c. =18 Flav. combinations
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Why global fits?

One observable can be influenced by
many operators Higgs decay

i T
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Why global fits?

One observable can be influenced by
many operators Higgs decay

B T

One operator can contribute to many
different observables

< TE

ete” = ff Zh production Weak boson fusion
Anke Biekstter - JGU Mainz ~ HIQQS production




Need a global analysis of all EFT
coefficients to map all direction of new
fundamental physics

Why global fits?

One observable can be influenced by
many operators Higgs decay Global in ...

I_ I__ ---Q ... the operator set

One operator can contribute to many
different observables

/
/
>—\/\—< %\ﬁ\ I—— ... the data

ete” = ff Zh production Weak boson fusion
Anke Biekstter - JGU Mainz ~ HIQQS production 6




Confronting the SMEFT with data

[Celada et al.
(2404.12809)]
[Almeida et al.

[Anisha et al.
(2111.05876)]

[Ethier et al. (2108.04828)]
(2105.000006)] [Dawson et al.
[Ellis et al. (2007.012906)]

(2012.02779)] [Brivio et al.
(2208.08454)]

t+H/V VH WBF

[Ethier et al.

| ' (2101.03180)]

| diboson  VBS [Bellan et al.

single top (2108.03199)]
tt+V [de Blas et al.

Dz (2204.04204)]

Adapted from Ken Mimasu Anke Biekaétter - JGU Mainz

LHC+flavor

[Bruggisser et al.
(2212.02532),
(2101.07273)]

[Grunwald et al.
(2304.12837)]


https://arxiv.org/abs/2404.12809
https://arxiv.org/abs/2212.02532
https://arxiv.org/abs/2101.07273
https://arxiv.org/abs/2304.12837

Confronting the SMEFT with data

Anisha et al. [Celada et al. Operator sets
(2111.05876)) (2404.12809)] defined by the
[Almeida et al.
[Ethier et al. (2108.04828)] data
(2105.000006)] [Dawson et al.
[Ellis et al. (2007.01296)]
(2012.02779)] [Brivio et al.
(2208.08454)]

t+H/V VH WBF

[Ethier et al.
| (2101.03180)]
diboson = VBS Bellanetal.  LHC+flavor
single top (2108.03199)] [Bruggisser et al.
(2212.02532),
(2101.07273)]
tt+V [de Blas et al.

[Grunwald et al.

Plicl i (2204.04204)] (2304.12837)]

Adapted from Ken Mimasu Anke Biekaétter - JGU Mainz
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Future directions in SMEFT (fits)

Genera"ty \ Relax (flavor) (Faroughy et al. (2005.05366)]
assumpti()ns [Greljo et al. (2203.09561)]

Combine more
datasets

Precision

Anke Biekotter - JGU Mainz

LHC EFT Working Group


https://indico.cern.ch/category/12671/
https://arxiv.org/abs/2005.05366
https://arxiv.org/abs/2203.09561

Future directions in SMEFT (fits)

o Cj@)c}i@ » Cl(8) | 1 _d Cr'(?g) -
CRAY T T AL TR | A2 T

Relax (flavor) [Faroughy et al. (2005.05366)]
assumpti()ns [Greljo et al. (2203.09561)]

Combine more
datasets
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LHC EFT Working Group

Future directions in SMEFT (fits)

Y 1, CLY)
- 16wz | A2
Dawson et al. (2205.01561)]
- * Relax (flavor) [Faroughy et al. (2005.05366)] Dim6/2 effects | [Heinrich, Lang (2212.00711)]
General Ity \ ( ) Degrande, Li (2303.10493)]

assumptions [Greljo et al. (2203.09561)] DimS8 effects Ellis et al. (2304.06663))

Corbett et al. (2304.03305)]

Combine more
datasets

Precision

Anke Biekotter - JGU Mainz 8
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Future directions in SMEFT (fits)

A =
Dawson et al. (2205.01561)]
Genera"ty \ Relax (flavor) [Faroughy et al. (2005.05366)] Dim6/2 effects Heinrich, Lang (2212.00711)]
assumptions [Grelio etal. (2203.09561)] Dim8 effects [E)ﬁlgr:: :Ie ’(;;éfggggf )
Corbett et al. (2304.03305)]

Combine more SMEET@NLO
datasets RG effects

[Degrande et al. (2008.11743)]

Precision
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Future directions in SMEFT (fits)

A =
Dawson et al. (2205.01561)]
Genera"ty \ Relax (flavor) [Faroughy et al. (2005.05366)] Dim6/2 effects Heinrich, Lang (2212.00711)]
assumptions [Grelio etal. (2203.09561)] Dim8 effects [E)ﬁlgr:: :Ie ’(;;éfggggf )
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Combine more SMEET@NLO
datasets RG effects

[Degrande et al. (2008.11743)]

Precision
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LHC EFT Working Group

Future directions in SMEFT (fits)

A =

" : Dawson et al. (2205.01561)]

Generality | Are we ready for a global fit starting Heich iaf_‘g e 00m
+ from an operator set defined by e )
Sym metrles? Corbett et al. (2304.03305)]

Combine more
datasets

[Degrande et al. (2008.11743)]

Precision
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More flavor symmetries:

S M E FT fI avo r ass u m pt i o n s [Faroughy, Isidori, Wilsch, Yamamoto (2005.05366)]

[Greljo, Palavric, Thomsen (2203.09561)]

Assume an exact U(3)” symmetry

U(3)° =U3)e xU(3)g x U(3)e x U(3)y x U(3)4 + no CP odd interactions
Same couplings for top, charm, up quark.
Oan = (H'H)(q:Hd;) Operator is forbidden under U(3)” symmetry

i

Left with 41 operators

Anke Biekotter - JGU Mainz 9
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More flavor symmetries:

S M E FT fI avo r ass u m pt i o n s [Faroughy, Isidori, Wilsch, Yamamoto (2005.05366)]

[Greljo, Palavric, Thomsen (2203.09561)]

Assume an exact U(3)” symmetry

U(3)° =U3)e xU(3)g x U(3)e x U(3)y x U(3)4 + no CP odd interactions
Same couplings for top, charm, up quark.
Oan = (H'H)(q:Hd;) Operator is forbidden under U(3)” symmetry

i

Left with 41 operators

Minimal flavor violation (MFV)
In the SM, the Yukawas Ye, Yu, Yd are the only sources of the breaking of this symmetry

Gerard (1983)] Oar = ( H'H)(gH Y, d;)
Chivukula, Georgi (1987)] " T
D’Ambrosio, Giudice, Isidori, Strumia (hep-ph/0207036)] — (HTH) () H (2,Y,Q)) (Qad) ;)

Anke Biekotter - JGU Mainz 9


https://arxiv.org/abs/2005.05366
https://arxiv.org/abs/2203.09561
https://link.springer.com/article/10.1007/BF01572477
https://www.sciencedirect.com/science/article/pii/0370269387907131?via=ihub
https://arxiv.org/abs/hep-ph/0207036

Warsaw basis

[Grzadkowski et al. (1008.4884)]

Anke Biekotter - JGU Mainz

1: X3 2 : HY 3: H*D? 5:1?H? + h.c.
Qc | [APCGIGIrGS*  Qu ‘ (HTH)®>  Quno (HTH)O(HTH) Qe | (HH)(lpe, H)
& | [ABCGAYGBrGSH Qup | (H'D,H)" (H'D,H) Quu | (H'H)(Gyu,H)
Qw | /EW WP n Qur | (HTH)(gpd, H)
Qw | /KWW e e
4: X2H? 6: 2 X H + h.c. 7 p2H2D
Que | HYHGA G Quy | (Lo e, )rIHWI, o (H''D  H(1,7"1,)
we | HHHGLGY Qs | (l,0"e,)HB, (®) (1 D LH)(I,7"1,)
Quw | HHWLW™™  Quo | (a0 T4u,)H G2, Qe (HYi D, H)(e,1"e)
v | HYHWL W Quu | (Geot u, )7l HWY, QW (H''D  H)(g,"qr)
Qus | H'HBLB"™  Qup | (40" u,)H B, QY | (H''DIH)(g v )
L= | H'HB,,B"™ Qic | (Go™TAd)HGA, Qi (H''D  H) (7" u,)
Quws | HFTHWL B Quw | (g0 d)r HWY, Qra (HY'D 1) (dyyd,)
gip | HIT'H W/fVBW QaiB (Gpot¥d,)H B, Qrua + hc. | i(HYD,H)(uyy"d,)
S: (LL)(LL) |
- - Plus more four-fermion operators
Qe (Lpvulr)(TsyH 1)


https://arxiv.org/abs/1008.4884

Warsaw baSiS under U(3)5 [Grzadkowski et al. (1008.4884)]

1: X3 2 : HS 3: H*D?
Qc | FAPOGIGEGSr  Qu | (HIHY  Quo | (HUH)D(H'H)
QA CAL QT Qup | (H'D,H)" (H'D,H)
Qw | TEWIvWew K
w
W po T
4: X2H? 6:¢?XH+hc. , 7:2H2D
, =
Que | HIHGLG™  Quw L b (HYi D, H) (lyy*l,)
~ | <= —
M;% QeB H B/ﬂ/ Sg (HTZD/ILH)(lpTIﬁ/“lT)
=
QHW HTHW;{;/WI'LW QuG HGﬁy QH@ (HTZ D ,LLH) (6p7uer)
—_~— i 'H ~
e e  TTAA Quw AT H W, QY. (H'i D, H)(3pv"qr) 5pr
_ = _
QHB HTH B,LLVB'W/ QuB MVUT)H B,u,v Q(H?)z] (HTZ D/I,L'H)( pTI’VMQT)
—W‘ Qac o T4d, ) H G;j‘,/ QHu (HTiﬁuH)(ﬂp’y“ur)
R :
Quws | H'm'H W,fVBW Qaw (QpU”VdT)TIH Wiy QHd (HTZD/LH)( pyHdy)
BB Qupf | (30" d,)H By,
8:(LL)(LL) _ :
— Plus more four-fermion operators 41 parameters in total
Qu | (Gd )

Anke Biekotter - JGU Mainz


https://arxiv.org/abs/1008.4884

Constraining the U(3)° symmetric SMEFT

[Falkowski, Gonzalez-Alonso, Mimouni (1706.03783)]
[HighPT: Allwicher et al. (2207.10714)]

066
[Flavio: Straub (1810.08132)]
[Aoude, Hurth, Renner, Shepherd (2003.05432)]
Cle
dd
[Dawson, Giardino (1909.02000)] OFF,
(1)
C qd
(1)
Cud
/(1)
[Fitmaker: Ellis et al. (2012.02779)] 19

[Alasfar, de Blas, Grober (2202.02333)] [SMEFit: Kassabov et al. (2303.06159)]

qu [Fitmaker: Ellis et al. (2012.02779)]



https://arxiv.org/abs/2202.02333
https://arxiv.org/abs/2303.06159

Constraining the U(3)° symmetric SMEFT

[Falkowski, Gonzalez-Alonso, Mimouni (1706.03783)]
[HighPT: Allwicher et al. (2207.10714)]

[Flavio: Straub (1810.08132)]
[Aoude, Hurth, Renner, Shepherd (2003.05432)]

Dijets

[Dawson, Giardino (1909.02000)] OFF,
(1)
O od
(1)
Cud
/(1)
[Fitmaker: Ellis et al. (2012.02779)] Sy > Cyw C 14
[Alasfar, de Blas, Grober (2202.02333)] /4 (1) uu [SMEFit: Kassabov et al. (2303.06159)]

qu [Fitmaker: Ellis et al. (2012.02779)]


https://arxiv.org/abs/2202.02333
https://arxiv.org/abs/2303.06159

Combining sectors: Drell-Yan vs parity violation experiments

Sing|e-parameter fits [Bartocci, AB, Hurth (2311.04963)]

0.6 -
| | | | 11 - DY
A =4TeV PVE |
= 0.107 | DY - 0.4 EE PVE
% | Flavour a ]
> l 0.2
C\1<: 005‘ > . o
< o
= 000l | E | hessssssssssnsssssssssssstbaossssssss
=  0.00 SN s e ] S P=5--c-=-=-=-=-=-=:
E <
= —0.05¢ T3-02
@, b@
SN
2 —0.10f 0.4+
-z 2= 3 S -0.6

-1 -0.75 -0.5 -0.25 0 0.25 0.9

Clu/A2 [TGV_Z]
Energy growth is similar for all
Wilson coefficients in Drell-Yan (DY)

Anke Biekotter - JGU Mainz 12
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Combining sectors: Drell-Yan vs parity violation experiments

Sing|e-parameter fits [Bartocci, AB, Hurth (2311.04963)]

0.6 l l
A= 4 TeV PVE 1D (dashed)

70107 | DY | 0-472D (filled)
% | Flavour I
= | 0.2
5 €
= 0.00 | .
® | 1
E =
= —0.05f o -0.2
O S
e O
2 —0.10} 0.4+

=. 5o 3 3 -0.6

-1 -0.75  -0.5 -0.25 0 0.25 0.9

OZU/AQ [TeV_Q}
Energy growth is similar for all
Wilson coefficients in Drell-Yan (DY)
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Combining sectors: Drell-Yan vs parity violation experiments

Sing|e-parameter fits [Bartocci, AB, Hurth (2311.04963)]

A =4 Tev PVE , oD (empty) Y

T 0l0p I 7 2D (filled) PVE
E | Flavour C\|] 2L -
~ 0.05F A
) — 1
= 0.00 ! a | .
= <j 0 \\
B —0.05¢ U
= -1 -
5 O
K —0.101 9L

= > > LS —8 :

IS S 4 2 0 2 4

Energy growth is similar for all
Wilson coefficients in Drell-Yan (DY)
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LO global fit - Higgs/gauge interactions
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[Bartocci, AB, Hurth (2311.04963)]
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LO global fit - 2

Semileptonic

4 TeV

A =

nn

N < N - N < N

._ASL] ;V/D wo iy 1) %G6

12/ (0
160
e
1og/™

_ Om\ﬁﬁb

/"0

10T+ 0
10T+ (60
10T+,
e

1001/ (1,0
1001/ 0

1007/ 10

[Bartocci, AB, Hurth (2311.04963)]
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LO global fit - 2 2o

dijet(+photon) production

eV Semileptonic

95% CL limit on C'/A? [TeV 2]
-

_2-
_ 4t
_6-
| | | | | | | | |
- - Yoo - S 3 Q <t - - - A 3 o\
. ~8 . Sg . g @g
- 2z O S O — @g GO O QO
~ ~ Q ~— M —
O O o O O

[Bartocci, AB, Hurth (2311.04963)]
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NLO to the rescue?

Additional sensitivity from next-to-leading-order (NLO) SMEFT effects

Higgs: C(g,}) tth T Alasfar, de Blas, Gréber (2202.02333)
1) (1) B SMEFit: Kassabov et al. (2303.06159)
Top: C,:Cua Tt

Anke Biekotter - JGU Mainz
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(Partial) NLO fit

Partial: Not all observables are available at NLO

6 A=4 TeV

LO

N (part.) NLO
=4
=
=~ 9r
~—
O
= 0
=
E ol
—
@)
2 —4r
L)
(@)
_6-
> o w» o = = s S S S T . 2 2 @y @5 B3
g O @) O . . . S = T O @) QO
— > ™M = Q)Q) S /:Tw @g 53\@' D 6 =5
SENS) > T © T

[Bartocci, AB, Hurth (2311.04963)]

Anke Biekotter - JGU Mainz
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SMEFT@NLO: Blessing & curse

EWPO: 10 ops @LO, 32 ops @NLO (U(3)5 sym) More degrees of freedom
contribute to each observable
at NLO

[Dawson, Giardino (1909.02000)], [AB, Pecjak, Scott, Smith (2305.03763)]

2

0T (Z — IH17)H0 = 1112{—0.14086@ +0.191C5) — 0.037CS; + 0.114Cy — 0.057Cyp

_007130¢WB} GeV
2 —
ST(Z — 1T N0 = ;;2{—0.15966@ +0.1834C%;) — 0.0221C5) + 0.0985Cy — 0.0508C,p W@;/
—0.0349C 4 5 — 0.0001C4 — 0.0002Ceq — 0.0005C,. + 0.0035C,,
~0.0002C 44 — 0.0042€C%) + 0.0032C.Y + 0.0049C,, + 0.0002C;q

+0.0001C;, + 0.0034C}) — 0.0031C,> — 0.0045C;, — 0.0001C, % w% N%
—0.0027C,e — 0.0007C, 55 — 0.0007Coyr — o.ooowW} GeV

precision & degeneracies

Anke Biekotter - JGU Mainz
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N LO degeneraCieS Higgs self coupling [Alasfar, de Blas, Grober (2202.02333)]

[Bartocci, AB, Hurth (2311.04963)]

0.6 A =4 TeV LO .
¥ (part.) NLO
= 0.4 :
=
= 0.2} :
)
= 0.0 . —+ 1
E —02] ﬁ
—

2 04
2 —U.4p _ *
2 41-parameter fit
—0.6} ﬂ
5 2 oz ez oF &8 & = & »=
oo S T & T
= & T U T YN S 3O
O
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N LO degeneraCieS Higgs self coupling [Alasfar, de Blas, Grober (2202.02333)]

[Bartocci, AB, Hurth (2311.04963)]

=
>

A =4 TeV LO -
x 2.5 (part.) NLO

o
N

.
DO

95% CL limit on C/A* [TeV~?]
-
-

Crpt

Cawnt
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NLO degeneracies

o o o
NN == O

95% CL limit on C/A* [TeV~?]
-
-

[Bartocci, AB, Hurth (2311.04963)]

A =4 TeV LO -
X 2.5 (part.) NLO
|
]
i
|
|
|
R =~ v .=
T T
S SO
QO

Anke Biekotter - JGU Mainz

Higgs self coupling [Alasfar, de Blas, Grober (2202.02333)]

5

— 0

|

g

-
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Renormalisation group evolution
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Renormalisation group evolution

correlations [Maltoni, Ventura, Vryonidou (2406.06670)]
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Running affects
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Will be interesting to study effects on global fits
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Conclusions

* Fitting symmetry-motivated operator sets is becoming a reality

* Degeneracies in NLO SMEFT predictions are manageable
with current data

* Will be interesting to include RG effects in global fits
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% Thank you for your attention!
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