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The Landscape of (new) physics

g New physics has to be...
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The Landscape of (new) physics

New physics has to be...

Known

Coupling

... (lght and) very weakly
interacting with the SM

Axion-like .
. Neutrinos
particles

SM + X Hopeless
... very heavy

SMEFT

[adapted from Martin Bauer] LepthuarkS /’ bosons

Mass
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Outline

o Effective field theory SMEFT describes the effects of heavy new
e SMEFT physics at lower energy scales
» Global analyses Global analyses enable us to fully exploit the

data and the correlations between different
observables

* Relation to light new physics SMEFT analyses can be reused to constrain

axion-like particle (ALP) interactions
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Effective field theory - EFT

Hierarchy of scales

Anke Biekotter - JGU Mainz



Effective field theory - EFT

FT -
ée

Describe NP by higher-order
iInteractions of SM fields

e [T HC

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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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.
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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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fields doublet  Minimal assumptions

on UV completion

* Universal language for
data interpretation
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EFTs from the bottom-up

[review: Brivio, Trott (1706.08945)] At low energies, the. SM does
a very good job.

* Proper, renormalisable

i uantum field theor
SM Higgs q y

fields doublet  Minimal assumptions

on UV completion

* Universal language for

59 operators (MFV) data interpretation

(8)
_ Ci 1 (6) Ci A(8)
L= Lsm + E FO@' 1 E FOJ' + .
v J

Odd dimensions violate lepton or baryon number
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EFTs from the bottom-up

[review: Brivio, Trott (1706.08945)] At low energies, the. SM does
a very good job.

* Proper, renormalisable

i uantum field theor
SM Higgs q y

fields doublet  Minimal assumptions

on UV completion

* Universal language for
data interpretation

59 operators (MFV)

(8 Systematic program for indirect
L= Lo\ + Z (6) + EXOJ(-S) + . searches!

J
Odd dimensions V|olate lepton or baryon number
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Warsaw basis

[Grzadkowski et al. (1008.4884)]

1: X3 2: H® 3: H*D? 5:192H? + h.c.
Qc | FABCGAGENGSH Q| (HIH)Y  Qun | (HUHO(H'H)  Qu | (H'H)(pe H)
Qs | fABCGAGErPGSH Qup | (H'D,H)" (H'D,H) Quu | (H'H)(gu.H)
Qw | KWW IPW ik Qan | (H'H)(qyd - H)
— | LIK I Jew K
4: X2H? 6: v2XH + h.c. 7:¢2H2D
Que | HYHGA,GAm Qew | (o™ e )r!HW], o (HTzD H (Ly™)
ue | HUHGA GAw Qe | (I,oMve,)HB,, Q'Y (Hti D LH)(lpT vk,
Quw | HHHWLW™™ Q.o | (g™ T4u,)H G2, Qe (H'i'D H) (e, )
wi | HHHWILWI Q| (o™ u,)r! HW!, Q') (H'iD ,H)(G,7"qr)
Qus | H'HB,LB"  Qup | (30"u,)HB,, Q%) | (HYDLH) (@G v"q,)
w5 | HYHB,,B™ Quc | (G0 TAd,)H G4, Qs (H''D . H) (w7 u,)
Quwp | HIFTHWLB™  Quw | (qo*d,)r ' HW], Qua (HY'D H)(d,y"d,)
wivp | HITTHW!, B Qus | (g,0"*d,)H B, Quua + he. | i(H D, H)(u,y"d,)
8 : (LL)(LL) Plus another 24 four-fermion

Q££ (p')'p )(ls')’ lt)

operators
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Warsaw basis

[Grzadkowski et al. (1008.4884)]

Anke Biekotter - JGU Mainz

1: X3 2. HS 3: HiD? 5:2H? + h.c.
Qa | FABCGIGEGS  Qu | (HIHY  Quo | (HUH)OHH)  Quy | (H'H)(pe,H)
Qs | fABCGAGErPGSH Qup | (H'D,H)" (H'D,H) Quu | (H'H)(gyu,H)
Qw | VEW YW IPW K Qan | (H'H)(g,d - H)
— | VKW e Kn
4: X2H? 6:¢Y?*XH+ h.c. 7:Y?*H?*D
Quc_| HIHGAG  Quw | (Lo e, )r'HW], il (H'iD W H) (1)
dug | H 1t GA G Qep | (Lo er)HBy, Q! (H'iDLH) (1, y01,)
Quw | HHHWI W™ Q. | (g™ T*u,)H G4, Qe (H''D ,H) (& e,)
piv | HHHWLWI  Quw | (g0 u,)r HW], QY ("D, H)(@,7"q,)
_HUHBWB™  Qup | (40"u)H B, Qi) <H*z“5’,ﬂﬂ><«7pf'v#qr>
Quws | HITTHWLB™  Quy | (govd,)r  HW!, Qna "‘H’r " dwd,
wivp | HIT'HW!, B Qi | (gpo"“d,)H By, Quud + he. | i(H tD#H )(ﬁp’v"dr)
8 : (LL)(LL) Plus another 24 four-fermion
Qs (Lyul) oy Le) operators


https://arxiv.org/abs/1008.4884

The operator Onc

Ong = H'H G4, G** — vh G, G

Feynman rules

SM: —¢GH day,a0 (P D5 — 10" D1 - D2)
EFT: —¢v0a,.a, (Pi D5 — 0" p1 - p2)

Structurally the same
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Th e Op erat or (’) HEG Affects total cross section only

Ong = H'H G, G*" — vh G1, G M

EFT + SM

do /dx

Feynman rules

SM: —¢GH day,a0 (P D5 — 10" D1 - D2)

EFT: —%vda,,a, (P1P5 — 0""p1 - p2) |

Structurally the same

ratio
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The operator On B

Opp = H'H B,,,B" — ¢ty y h Z,, 7"

Feynman rules <

SM: g%hé[h i

EFT L L
EFT: 9nzz (P72, — 0" Pz, - D2

EFT contribution has additional
momentum dependence
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The operator On B

Opp = H'H B,,,B" — c&/, h ”

Feynman rules <

SM: gZZh nt”

EFT
EFT: 9.2z [pzlng —n" p21 ng]

EFT contribution has additional

Anke Biekotter - JGU Mainz



Th e Op eratOr C’) B Affects distributions

Opp = H'H B,,,B" — c&/, h _‘ RSN

=

Feynman rules =
—— - S

O

SM: gZZh nt”

EFT
EFT: 9.2z [pzlpZQ —n" p21 ng]

) -
4C_é -//
EFT contribution has additional - ;

EFT + SM

e.g. Mzn in HZ production

Anke Biekotter - JGU Mainz 9



The operator On.,

<>
Dy, = (HTZDMH) (fL_LR’}/’uuR) — (h -+ ?J) Zu(ﬂRv“’uR)

Feynman rules

SM Zuu : 92uu " Pr >@va
EFT Zuu: 97w V" Pr
EFT Zhuu: 956s Juy" Pr >@(rf

New contact interaction

Anke Biekotter - JGU Mainz
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Th o Op er at or O s Affects distributions

<>
Dy, = (HTZDMH) (fL_LR’}/’uuR) —> (h —+ ?J) Zu(ﬂR”y'uuR)

Feynman rules

SM Zuu : 97 V" Pr >@v\m
EFT Zuu: 9?53 7" Pr

EFT Zhuu: 9550 /0" Pr >@gﬂ
\ \\ /

~
\‘ R —— — — - —= = —_— —_— =SS = = = = —

e — = p— — e - ——— P

New contact interaction SM: prop_agator >‘M<L
suppression

Anke Biekotter - JGU Mainz 10




SMEFT effects

SMEFT universally describes the low-energy eftects of new physics

e Modifications of SM-like structures
(same Lorentz structure as in SM)

e New Lorentz structures in known interactions

e New contact interactions >@(,/

(not present in the SM)

Anke Biekotter - JGU Mainz

Changes of total
Cross sections

Changes of
distributions
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Why global fits?

One observable can be influenced by
many operators

Anke Biekotter - JGU Mainz

Higgs decay
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Why global fits?

One observable can be influenced by

many operators Higgs decay

R T

One operator can contribute to many
different observables

=

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

12



Why global fits?

One observable can be influenced by
many operators

F E

One operator can contribute to many
different observables

e

ete” — ff Zh production

Anke Biekotter - JGU Mainz

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

Higgs decay

s
£

Weak boson fusion
Higgs production 12



CP-odd Triple gauge couplings - the role of the data

e
W/Z [~

E
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= I e B
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o8t 1 |
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[AB, Gregg, Krauss, Schonherr (2102.01115)]
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The role of the operator set

Anke Biekotter - JGU Mainz

Cawp Cmop Ci
Cre Cyl Ciff

EWPO \‘

EWPO: Electroweak
precision observables

(LEP)

~

~
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The role of the operator set

<

\/

N

%

EWPO: Electroweak
precision observables

Cuo [CH

Cawp Cmop Ci

single Higgs

1 3
Cerr Cre Cl<fﬂ) Cz(’ﬂ)
] 3
kC’HG \ Cl(q()] Cl(q()] Cou CHd
CTH C,LLH
Cor  Com - /
\Ct(; Ca Cup Cgw Y

(LEP)
Di-boson
4 Crv ) f
/rDi-Higgs—a EWPO ~ |

~
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The role of the operator set

<

\/

N

EWPO: Electroweak
precision observables

single Higgs

How much do fermion-gauge
couplings influence a Higgs fit?

L/ (LEP)
Di-boson
: Civ N
/~Di-Higgs— EWPO |\
Crr ’ggH Cuwp Cop Cu )
Cerr Cre ng) ng)
kC’HG \ CSB, C}fﬁ, Cou CHd
CTH C,LLH
Con  Com - /
\Ct(; Ca Cup Cgw Y \

~

14



LHC 2018 fit - increasing the operator set

[Hagiwara-Ishihara-Szalapski-Zeppenteld basis] (operator definitions in backup)

A e M —BR
10 t lid): Hi | [TeV™] —— 10 operator fit Profiled over remaining [TeV] [%]
operators (solid): Higgs only ol operators 103 | o
18 operators (dashed): Higgs + EWPO operator set
Fermion-gauge 5t 0.5 1 40
couplings 1
0 } ‘ l } : ]oo 1 30
5 | 0.5 1 20
-10 f‘?itter 103 110
15 0

/£ /s A /s A /s /s Vi A /s
QQ @@ % 4 < 2> @e/ c 6 2
%  [AB, Corbett, Plehn (1812.07587)]
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https://arxiv.org/abs/1812.07587

LHC 2018 fit - increasing the operator set

[Hagiwara-Ishihara-Szalapski-Zeppenteld basis] (operator definitions in backup)

a? e e e AN BR
id): H | [TeVTIlL 10 operator fit _ Profiled over remaining [TeV] (%]
10 operators (solid): Higgs only ol 18 operator fit :  Operators 1 0.3 1 50
18 operators (dashed): Higgs + EWPO operator set
Fermion-gauge 5 | 2 EE T I { 40
couplings ) ® I H
0 }J 15 o || i 30
5| E 105 | 20
10 | : 1
10 | 03 5 0
15 0

s r r s 7
95 @@ s ) >
%  [AB, Corbett, Plehn (1812.07587)]
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https://arxiv.org/abs/1812.07587

LHC 2018 fit - correlations

Banerjee et al (1807.01796)]
'AB, Corbett, Plehn (1812.07587)]

Isoo

— 400

Contributions to Zh production

—1300
o

—1200

. I1oo
05 0

-15 -10 -5 0] ) 10 15
fo /A% [TeV?]

OB — (Du¢)T§w/(DV¢)
Ow = (D,¢)'WH (D, ¢)

0 = 6(iD,6)(Q1"Q)

> _
0% = ¢ (iD*,6)(Q" 0" Q)
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LHC 2018 fit - correlations

Banerjee et al (1807.01796)]

Contributions to Zh production

No propagator

suppression 02590 5 0 5 10 15 °
fo/AZ [TeV™]

OB — (Du¢)T§w/(DV¢)
Ow = (D,¢)'WH (D, ¢)

0 = 6(iD,6)(Q1"Q)

> _
0% = ¢ (iD*,6)(Q" 0" Q)
Anke Biekotter - JGU Mainz
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LHC 2018 fit - correlations

Banerjee et al (1807.01796)]
'AB, Corbett, Plehn (1812.07587)]

Isoo

— 400

Contributions to Zh production

—1300

—1200

100

No propagator

suppression 02540 5 0 5 10 15 °
fo/AZ [TeV™]

OB — (Du¢)T§w/(DV¢)
Ow = (D,¢)'WH (D, ¢)

0 = 6(iD,6)(Q1"Q)

> _
0% = ¢ (iD*,6)(Q" 0" Q)
Anke Biekotter - JGU Mainz
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Confronting the SMEFT with data

[Anisha et al.
(2111.05876)]

di-Higgs [Brod et al. (2203.03736)]

[Almeida et al.
(2108.04828)]
agk [Dawson et al.
(2007.01296)]
[Brivio et al.
(2208.08454)]

[Ethier et al. (2105.00006)]
[Elis et al. (2012.02779)] _—"

[Aebischer et al.
[Greljo et al. e t+H/V VH WBF 2102.08954
(2104.02723) ( )
(2303:061 59)i tt(+ets) Ethier et al. (2101.03180)]

diboson

| Bellan et al. (2108.03199)]
single top

FCNC
tt+V [de Blas et al. (2204.04204)]

e
Adapted from Ken Mimasu Anke Biekotter - JGU Mainz 17
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LHC 2021 fit

0.6
- 95% Credible Intervals
: Global Fits
0.4
=N H e
5 _
S | | | I
SR ' ' o LA
3
02+
04 | — 2020Data | L
— This Analysis .
b\ g ] EWPO Bosonic Yukawa
| SR O SO S R I S\ CS X C R S  A  SR Ot R Y o S A S ¢ A ¢ S (A G S
o O A A A A N @\O Qo 0 RAMIRON SO\

[Anisha, Bakshi, Banerjee, AB, Chakrabortty, Patra, Spannowsky (2111.05876)]
Anke Biekoétter - JGU Mainz
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LHC 2021 fit

Di-Higgs production

0.6
- 95% Credible Intervals e
- Global Fits
T Sl
020 |
(\l'T I
3
L | ' |
S | H |
<
E .
02
04 | — 2020Data | (-t L
| — This Analysis
o " J EWPO

[Anisha, Bakshi, Banerjee, AB, Chakrabortty, Patra,

Spannowsky (2111.05876)]
Anke Biekobtter - JGU Mainz
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LHC 2021 fit

Distributions allow to disentangle
correlated operators

Di-Higgs production

0.6 \ -
- 95% Credible Intervals 1 \ /
: Global Fits
O.4F
oo
'\T _
A n
= 0.0 - | |
= ) |
<
E .
02
04 | — 2020 Data | 4+ ¢t 40 4
| — This Analysis
o\ ¥ I EWPO
o 08 O G ot g g o o
Q- |

[Anisha, Bakshi, Banerjee, AB, Chakrabortty, Patra,

Spannowsky (2111.05876)]
Anke Biekobtter - JGU Mainz
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Distributions allow to disentangle
correlated operators

LHC 2021 fit --

Di-Higgs production

0.6

- 95% Credible Intervals N ) /

: Global Fits | | | |
0.4 I [ A [ -

04 | — 2020 Data | | [ — (. —_— . [ S
| * | | l * ‘ ’
- This Analysis | “ . “ |
b ¢ g ] EWPO | ] Blosonic | Yukawa |
| ® & oN Q& @«3\ C‘%»Q‘ \\\Q& @3@; 6‘23” GQ& 0‘3‘ | N | ‘gﬂ N\ Oﬂ‘ | GG Oy‘ Gzc\ O«& C) QQ?* O\G
0 e e L VO (O i‘ 0 Wokalh o VW QY
Q> SN N > MY SN /

[Anisha, Bakshi, Banerjee, AB, Chakrabortty, Patra, Spannowsky (2111.05876)]
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UV complete model fits

e MatchmakerEFT [carmonaet al. (2112.10787)]

e CoDEx [Bakshi, Chakrabortty, Patra (1808.04403)]

e Matchete [Fuentes-Martin et al. (2212.04510)]

UV model

v

SMEFT

Anke Biekotter - JGU Mainz
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https://arxiv.org/abs/2112.10787
https://arxiv.org/abs/1808.04403
https://arxiv.org/abs/2212.04510

'Anisha, Bakshi, Chakrabortty, Kumar Patra (2010.04088)]

‘Gorbahn, No, Sanz (1502.07352)]

Drozd, Ellis, Quevillon, You (1504.02409)]

Ellis, (Madigan, Mimasu, Murphy), Sanz, You (1803.03252), (2012.02779)]
‘Dawson, Homiller, Lane (2007.01296), (2102.02823)]

UV complete model fits

e MatchmakerEFT [carmonaet al. (2112.10787)] Bakshi, Chakrabortty, (Englert), Spannowsky, (Stylianou)
(2009.13394), (2012.03839)]
° CODEX [Bakshi, Chakrabortty, Patra (1808.04403)] Kramer, Summ, Voigt (1908.04798)]

Brivio, Brugisser, Geoffray, Kilian, Kramer (2108.01094)]
... ]

e Matchete [Fuentes-Martin et al. (2212.04510)]

Model | Cup Cu C:;ﬂ C}ﬁ CHe Cun | Crua | Cig | Cy
S -1
mo e S1 1

5 HEE i

v S T

E -3 3 1 P

41 2 5l

As ~3 Pl

By 1 -3 | -5 | -% | -%
Subset of operators = -2 L v | w | w
: Wi -4 -5 | % % |-%

SMEFT induced :
{B,B1} 1 Yr Yy Yb
. {Q1,Q7} Yt

Correlations

[Ellis et al. (2012.02779)]

Anke Biekotter - JGU Mainz 19
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Two Higgs doublet model

L:Hz 2 _)‘/H271|ﬁ‘2‘%2|2 _ )‘7'[2,2|I:IT/H2|2

CoDEX [Bakshi, Chakrabortty, Patra (1808.04403)]

Crp = — 9" (n 41

"o 384m2ms3, RO

2
9w 1

C — A —\

Hw 384m2ms3, ( M2l T 5 %2’2)

C w8y

HWE T 3Rar2m2,

EWPQ: Electroweak precision observables (mostly LEP data)

[Anisha, Bakshi, Banerjee, AB, Chakrabortty, Patra, Spannowsky (2111.05876)]

Anke Biekotter - JGU Mainz 20
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Two Higgs doublet model

‘C?"lz 2 _)‘/H271|ﬁ‘2‘%2|2 _ )‘7'[2,2|I:IT/H2|2

CoDEX [Bakshi, Chakrabortty, Patra (1808.04403)]

2
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Two Higgs doublet model
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Future directions in SMEFT (fits)

Generality Relax (flavor)
assumptions

Combine more
sectors

Add more data

Anke Biekotter - JGU Mainz

LHC EFT Working Group

Precision
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LHC EFT Working Group

Future directions in SMEFT (fits)

A = Corbett et al. (2102.02819)]
‘Dawson et al. (2205.01561)]
Ellis et al. (2304.06663)]
_ | Bruggisser et al. (2212.02532)] Dim6/2 effects
General Ity | Relax (fla.lvor) ‘Grunwald et al. (2304.12837)] _
. assumptions g .o et al. (2203.09561)] Dim8 effects

Combine more
sectors

Add more data

[Degrande et al. (2008.11743)]

SMEFT@NLO

Precision
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[Galda, Neubert, Renner (2105.01078)!

[AB, Fuentes, Galda, Neubert (2307.10372)

e

The ALP-SMEFT interferenc

f> f> E¢f>— J; E¢ f> j;_ :
/, g X%
\ ; - ( * ——
Ve, g "
\? ,u . ' 1)
1% v ‘
oo

Renormalisation group evolution

d CSMEFT MEFTCSMEFT _
; —

S SMEFT
— AP C # 0

Suc =0, Spa =0,

= —293 CI%VW ; Suw =0,

[Anne Galda’s talk/poster]

Saws = —49192 Cww Cbs , Sgwe =0.

Cww, Css . ALP couplings
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[Galda, Neubert, Renner (2105.01078)]
[AB, Fuentes, Galda, Neubert (2307.10372)]

The ALP-SMEFT interferenc

e

NNNNNNN

[Anne Galda’s talk/poster]
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Summary

SMEFT

* Universal description of the
effects of heavy new physics

* Global analyses enable us
to fully exploit the data

e Results can be reused to
constrain light new physics

Anke Biekotter - JGU Mainz

Outlook
* Combining more sectors
* Precision
e« SMEFT@NLO
 Dimension-8

* Ongoing efforts by
experimentalists and
theorists
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Summary
SMEFT Outlook

» Universal description of the e Combining more sectors

effects of heavy new physics « Precision

e« SMEFT@NLO
* Global analyses enable us » Dimension-8

to fully exploit the data |
* Ongoing efforts by

experimentalists and
e Results can be reused to theorists

constrain light new physics

Thank you for your attention!

Anke Biekotter - JGU Mainz
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LHC 2018 fit - fermion-gauge operators

[Hagiwara-Ishihara-Szalapski-Zeppenfeld basis]

2 95%CL,Runl +1l
( Oce = ¢'¢ G G \ ['I'fg\\/'z] _ 1|0 Operlator fitl I Fl>rofileld ovelr remlainingl [/}r/;/\l_;]l ?/ 3
Oy = ¢TWWWW¢ 0l operators 1 0.3 | &
Opp = ¢! B, B" ¢ ]
O = (D,8) W (D, s | [os | {e
%’ Op = (1DM¢)TBw(DV¢) 0 } ‘ 1 } 100 1 30
S Op2 = 50"(¢'$)0u(¢' ) | los || |,
T owww = Tr (W o) ' -
Or = ¢'¢ Lyper 3 10T @”’9’ 1 0.3 119
O = ¢'¢ Qsdup,3 15 - 0
\ Op = "¢ Q3ddR 3 J 6® /é@ é@ L % 2:3 2;@ A A4

%  [AB, Corbett, Plehn (1812.07587)]
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LHC 2018 fit - fermion-gauge operators

[Hagiwara-Ishihara-Szalapski-Zeppenfeld basis]
(OGG = ¢l G2, G \
Oww = ¢ W, WH ¢
Opp = ¢' B, B" ¢
Ow = (Dyu¢)' W (D, )
Op = (Du¢)'B" (D, ¢)

Opr = 50"(610)0,(6'0)
Owww = Tr (W, 1701178)
Or = ¢'¢ Lzger,s
Or = ¢'0 Qspur,3

\_ O =¢'¢ Qs¢dp s Y,

Fermion-gauge
couplings

Higgs only

--------------------------------------------------------------------------------------------------------------
L 4

$
~

F/A2 95% CL, Run | + 1l AN
_2 | | |
[TeV™] —— 10 operator fit _ Profiled over remaining [TeV]
oL 18 operator fit :  operators 1 0.3
- : é H : ® :
JRRIE iR -
5 | i - : : 0.5
10 ,.f:‘;;itter : {03
B S A I

00 = 61(iD,0)(@1"Q)
. 04) = ot (iD, ) (dpy"dp)

08 = 61(iD",16)(Q7"0"Q)
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Exploiting the ALP-SMEFT interference

Observables used Six free parameters

* Electroweak precision

observables (EWPO) Cocy Cww, Cup, Cu, Ca, C.
* JO P [Eliis et al. (2012.02779)] C GG NS

Anke Biekotter - JGU Mainz
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Exploiting the ALP-SMEFT interference

|
—
-

| 1 parameter

|
g
-

3.0

- AN=A4nf
T 2.0

E O(1) limits on ALP
— 1.0 couplings for f =1 TeV
00 ! I

= I l

O

0P,

=

5

|
N~
-

Coc Oww s o

Anke Biekotter - JGU Mainz 27



Exploiting the ALP-SMEFT interference

3.0 95% CL dark

= 09% CL light A =dnf

E O(1) limits on ALP
— 1.0 T couplings for f =1 TeV
~~ 0.0 1 1

@ i i

-

S —1.0

% 1 parameter

= _oof | *P

— lobal

—3.0 5

oo Oww s o
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Exploiting the ALP-SMEFT interference

3.0 95% CL dark

= 09% CL light A =dnf

E O(1) limits on ALP
— 1.0 T couplings for f =1 TeV
~ I I

o U0 I [

5 10

N

-*é oob | 1 parameter

= lobal

3.0 5

oo Oww s o
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Correlations

Dominant constraints
» Cca : Higgs + Top
« Cww : LE + Higgs
« UpB:low energy

« Cy:low energy

« Cq:low energy
« Ce:low energy

2.
= 0. OO
S
_9 |
0.9
g0 () O A = 4 f
0.5 f=1TeV
S
1
S 0 == O O
4 combi
_8.
—2.—1. 0. 1 —2. 0. 2 —0.5 0 0.5
Caa Cww CBB

Anke Biekotter - JGU Mainz
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» Cca : Higgs + Top
« Cww : LE + Higgs
« UpB:low energy
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Light gray bounds with
additional assumptions

Comparison with direct bounds

1n—1
10
1072}

10-3 | a7y
10 Flavor
1074}

107° l l l l
1072 107 1 10 10* 10°

meq |GeV]

Cecl/f [TeV™
Cpg|/f [TeV1]

Cwwl/f [TeV™1]

Mariotti, Redigolo, Sala, Tobiok (1710.01743)]
Bonilla, Brivio, Machado-Rodriguez, de Troconiz (2202.03450)]

Bauer, Neubert, Thamm (1708.00443)]
Bauer, Neubert, Renner, Schnubel, Thamm (2110.10698)]
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Light gray bounds with
additional assumptions

Comparison with direct bounds

10* 10*
10° 10°
e 102 — 10’
= =~ 10 > 10
= = S
= ; 1071 = 10"
_% >~ 1072 : o 1077} :
L~ Qv
O i jgi R ©) :‘g_z Flavor o
- Flavor B
1072 100 1 10 10* 103 1072 100 1 10 10* 103
m, |GeV] mg [GeV]
Mariotti, Redigolo, Sala, Tobiok (1710.01743)]
Bonilla, Brivio, Machado-Rodriguez, de Troconiz (2202.03450)] ALP-SMEFT interference
Bauer, Neubert, Thamm (1708.00443)] tests unconstrained parameter
Bauer, Neubert, Renner, Schnubel, Thamm (2110.10698)] space
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Comparison with direct bounds

T T
2 2
= =
= =
: ~
o} o
107* " Flavor
107° | | | | |
102107 1 10 10* 10° 10°
mg |GeV]

[Esser, Madigan, Sanz, Ubiali (2303.17634)]

[Bauer, Neubert, Renner, Schnubel, Thamm (2110.10698)]
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101
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107° "
10-4! SN
107° | ' | '
0210t 1 10 10* 10°
mg |GeV]
BaBar (1406.2980)]

Cel/ f [TeV™]

AB, Chala, Spannowski (2203.14984)]
Lucente, Carenza (2107.12393)]

Essig, Harnik, Kaplan, Toro (1008.0636)]
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1/A* effects

* Large number of dim8 operators
(Wh production: 66 dim8 operators)

* Focus on dim8 operators induced in matching of
specific UV-complete models in a specific
process

(few parameters, relation between WCs)
* Or: all dim8 operators have the same magnitude

Wh: O(10%) effect
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SMEFT fits - a global effort!

Eboli, Gonzalez-

Input

Linear/
quadratic

Basis

EW scheme

Flavor
assumptions

NLO QCD
included

Fitting
procedure

Uncertainties

UV complete
model fits

Specialties

References

Filled to my best knowledge

. Fitmaker SFitter TopFitter HEPfit SMEFit Deran cnal, | O E e el
Garcia et al al.
. . . : EWPD+Higgs+VV,
EWPD+Higgs+VV, | EWPD+Higgs+VV | EWPD+Higgs+VV, EWPD+Higgs+VV . . .
DY +VV + top top top Flavor VBS +tcc)iI|3boson, EWPD+Higgs+VV | EWPD + Higgs
Both Linear Both Linear Linear Both Linear Linear
HISZ Warsaw HISZ (Higgs) Warsaw Warsaw Warsaw Warsaw Warsaw
Warsaw (top)
Alpha Alpha Alpha - Alpha mW mW Alpha
SU 3 0 SU 3 0 SU 3 5
SU(3)° , (3) 5 , (3) ; SU(3)° (3) SU(2)* x SU(3)" | SU(2)* x SU(3)? SU(3)°
SU(2)* x SU(3)” | SU(2)” x SU(3) general
LO Top only Top only LO LO Top only Vh, diboson, EWPO only
EWPO
Chi2 Bayesian Toy MC, _Ch|2, Chi2 Bayesian Toy MC Chi2 Bayesian
Bayesian
Gaussian, theory Gauss Gauss, Poisson, Gauss (Asymmetric) Gauss Gauss, Gauss
correlated flat Gauss, flat uncorrelated
VV + DY Higgs + I.EWPO +1op Corrglation of Top Projections CP odd operators NLO for VV and Vh |UV complete models
+ diboson uncertainty classes VBS
1211.4580, 1308.1979,
1509.01585, 1404.3667, 1505.05516, 1506.08845, 11970150603574604 1901.05965, 58?3'82833’
1805.11108, 1803.03252, 1604.03105, 1512.03360, 1907 04311, 1906.05296, 2007.01296 5015 03830
1812.01009, 2012.02779 1812.07587, 1901.03164 191014015 2101.03180 9111 05876
2108.04828 1910.03606 ' '

Anke Biekotter - JGU Mainz
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SMEFT fits - a global effort!

Eboli, Gonzalez-
Garcia et al

Input

Fitmaker

SFitter

TopFitter

HEPfit

SMEFit

Dawson et al.

Filled to my best knowledge

Chakrabortty et
al.

Linear/
quadratic

Basis

Warsaw (top)

. . . : EWPD+Higgs+VV,
EWPD+Higgs+VV, | EWPD+Higgs+VV | EWPD+Higgs+VV, EWPD+Higgs+VV ) : .
DY +VV + top top top Flavor VBS +tcc)ii|3boson, EWPD+Higgs+VV | EWPD + Higgs
Both Linear Both Linear Linear Both Linear Linear
HISZ Warsaw HISZ (Higgs) Warsaw Warsaw Warsaw Warsaw Warsaw

E‘Al ~aleavea

Uncertainties

correlated

Many groups contribute to the field.
Each of them has their own strength.

Gauss, flat

ausSs

uncorrelated

ausSs

UV complete
model fits

Specialties

References

Hi + EWPO +t rrelation of L P rator
VV + DY 998 + ¢ O +top Co ation o Top Projections CP odd operators NLO for VV and Vh |UV complete models
+ diboson uncertainty classes VBS

1211.4580, 1308.1979,
1509.01585, 1404.3667, 1505.05516, 1506.08845, 11970150603574604 1901.05965, gg?g'éiggg’
1805.11108, 1803.03252, 1604.03105, 1512.03360, 1907 04311, 1906.05296, 2007.01296 501203839,
1812.01009 2012.02779 1812.07587 1901.03164 ' ’ 2101.03180 ' !

’ ’ 1910.14012 2111.05876
2108.04828 1910.03606

Anke Biekotter - JGU Mainz
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Dim-8 effects in specific UV models

 Heavy U(1) boson mixing with B,
vector-triplet model contributions to
EWPD

» vector-like top partner contribution to
tth: 0(1 <)/o)

o Size of effects depends on input
parameter shifts

o 2HDM: improved description of UV
limits when including dim8

tanf

10

5

0.5

0.1

95% CL

IIIIIIIIIIIIIIIIIIIIII

— Exact 2HDM
Dim-6, A2

Dim-6, A~
Type-1 2HDM — Dim-8

lllllllllllllllllllllll
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Top down - matching of a new model

Tree level One loop

Model with new heavy vector boson
Start from full UV-complete model and match onto EFT

Anke Biekotter - JGU Mainz
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Tree level One loop

Model with new heavy vector boson
Start from full UV-complete model and match onto EFT
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Top down - matching of a new model

pp—=Vh, T4

y
\
o [fb/bin]

10%E

7 10 -
7”7 -
I D6°
1t D6 -
: ] ] ] | ] ] ] ] ] ] | ] ] ] | :
Tree Ievel 200 400 600 800 1000

m,,, [GeV]

Model with new heavy vector boson
Start from full UV-complete model and match onto EFT

Anke Biekotter - JGU Mainz
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Two Higgs doublet model

p)
Lag, = LIS 4D Ho |2 — m2, | Ha? Z‘? Ho |
— (e |H|? + g, [Ha|?) (H Ho + HIH)
H|?[Ha|? — My 2| H Ha|? — My, 3 [(fﬁ%z)z + (Hgﬁ)ﬂ

o >\H2,1

AV s en + VG, Mo u + V)G, Hodr + hie. |

* CoDEX [Bakshi, Chakrabortty, Patra (1808.04403)]

9y !
Cup = Aoyl T A2
384m2mz, T2
Higgs 2
1
>‘7‘12,1 T 5)‘7-[2,2
2
)\7.[2 2 EWPO: Electroweak precision observables (mostly LEP data)

[Anisha, Bakshi, Banerjee, AB, Chakrabortty, Patra, Spannowsky (2111.05876)]
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Two Higgs doublet model

p)
Lag, = LIS 4D Ho |2 — m2, | Ha? Z‘? Ho |
— (e |H|? + g, [Ha|?) (H Ho + HIH)
H|?[Ha|? — My 2| H Ha|? — My, 3 [(fﬁ%z)z + (Hgﬁ)ﬂ

o >\H2,1

~ ~

AV s en + VG, Mo u + V)G, Hodr + hie. |

* CoDEX [Bakshi, Chakrabortty, Patra (1808.04403)]

9y !
Cup = Aoyl T A2
| 384m2mz, T2
Higgs 2
1
>‘7‘12,1 T 5)‘7-[2,2
2
)\7.[2 2 EWPO: Electroweak precision observables (mostly LEP data)

[Anisha, Bakshi, Banerjee, AB, Chakrabortty, Patra, Spannowsky (2111.05876)]

Anke Biekotter - JGU Mainz 35


https://arxiv.org/abs/2111.05876
https://arxiv.org/abs/1808.04403

Two Higgs doublet model

A
Lag, = LIS 4D Ho |2 — m2, | Ha? Z‘? Hol
— (nu|H? 4y, [Ho|*) (H Ho + HIH)
H[?[Ha[? = Mgy o[ H Mo = Ny 3 | (HH2)? + (HEH)?|

— Ayl
Y9, H Y g, H Y\Yq, Hodr + h
Ho VL 2 €R T 1., 41 oUR T 1, A1, 712 R T+ h.c. ;.

CoDEX [Bakshi, Chakrabortty, Patra (1808.04403)]

9!
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oy
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Higgs

40 20 0 20 40
/27/2,1

EWPQO: Electroweak precision observables (mostly LEP data)

[Anisha, Bakshi, Banerjee, AB, Chakrabortty, Patra, Spannowsky (2111.05876)]
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Two Higgs doublet model

A2,
Lag, = LIS 4D Ho |2 — m2, | Ha? Z‘ Ho |
— (e | H|? + nagy [ Ha|?) (H Hy + HIH)

— Ay 1 f[|2\7{2\2 — >\H2,2|ﬁT%2‘2 — MH2,3 [(ﬁTH2)2 + (H;fI)Q}

AV s en + VG, Mo u + V)G, Hodr + hie. |

CoDEX [Bakshi, Chakrabortty, Patra (1808.04403)]

2
9y 1
Cup = A — A\

Higgs

A 40 20 0 20 40
Ho,2
/27/2,1

EWPQO: Electroweak precision observables (mostly LEP data)

[Anisha, Bakshi, Banerjee, AB, Chakrabortty, Patra, Spannowsky (2111.05876)]
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W boson mass - SMEFT interpretations

[Bagnaschi et al. (2204.05260)]

[CDF Il (Science)]

SM
DO | 80478 + 83 &
CDF | 80432 + 79 ®
DELPHI 80336 t 67 @
L3 80270 = 55 ®
OPAL 80415 + 52 @
ALEPH 80440 + 51 &
DO Il 80376 = 23 ——
ATLAS 80370 = 19 -0~
CDF 1 80433 = 9 L 2
coeov e v by by e by b gy

79900 80000 80100 80200 80300 80400 80500
W boson mass (MeV/c?)

{agw, Gp, Mz} scheme

SW

—Cyp
m%v 4C2W A?

2 2
omy,  Sow U (cW |
SW CW

global fits and
SMEFT studies

[de Blas et al. (2204.04204)]
[Bagnaschi et al.
(2204.05260)]

[Balkin, Madge et al.
(2204.05992)]

[Almeida et al. (2204.10130)]
[many more (...)]

(4051) — 2011) + 4CHWB>

Anke Biekotter - JGU Mainz
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2022 my, update

No my
2 parameter fit
4 parameter fit

CHp
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Chi I
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LHC 2021 fit

0.6
- 95% Credible Intervals
- Global Fits
T B e  H i E
L T - L —
X _
S | | [
Nﬁ 0.0 “ H | | ' | “ I ‘ 1
T
02F -
04 | — 2020 Data | | Lo
| — This Analysis | | | .
b\ g | EWPO Bosonic Yukawa
| © @Y S A o N R o o 0% ef oo o ® oY 08 o o o o o (¢
c* Q.\O A A O QQ\O \“G o ¢ R NN
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LHC 2021 fit
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Two Higgs doublet model
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Table 3: Warsaw basis effective operators and the associated WCs that emerge after integrating-out the heavy
field Hs : (1,2, —%) Operators highlighted in red do not affect our current set of observables and are thus absent
from our analysis. Operators highlighted in blue are functions of SM parameters only, while the red coloured
ones do not contribute to our observales.

Two Higgs doublet model
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Constraints on two Higgs doublet model
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1/A* effects

* Large number of dim8 operators
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Including NLO QCD corrections

SMEFT @ NLO, e.g. NLO QCD for
diboson + Vh
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Including NLO QCD corrections

SMEFT @ NLO, e.g. NLO QCD for
diboson + Vh
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Including NLO QCD corrections o osmesta oo
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Combining more sectors

o _ _ [Ellis, Madigan, Mimasu, Sanz, You (2012.02779)]
Combining different sectors, e.g. top + Higgs

[Ethier et al. (2105.00006)]
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Combining more sectors

Combining different sectors, e.g. top + Higgs

[Ellis, Madigan, Mimasu, Sanz, You (2012.02779)]
[Ethier et al. (2105.00006)]
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Toy MC

 (Generate a random "toy"-measurement
according to the uncertainties

e Construct the Likelihood (or x2
equivalently)

 Minimize x?

* Report result in Histogram

[Sebastian Bruggisser]
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Toy MC

 (Generate a random "toy"-measurement
according to the uncertainties

e Construct the Likelihood (or x2
equivalently)

 Minimize x?

* Report result in Histogram
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Toy MC

 (Generate a random "toy"-measurement

according to the uncertainties

e Construct the Likelihood (or x2
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Toy MC

 (Generate a random "toy"-measurement

according to the uncertainties

e Construct the Likelihood (or x2
equivalently)

 Minimize x?

* Report result in Histogram

1 = 105 — 5(c1 + ¢2) *

o =93+ 3(c1 —co) &

™ Measurements
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Toy MC

 (Generate a random "toy"-measurement

according to the uncertainties

e Construct the Likelihood (or x2
equivalently)

 Minimize x?

* Report result in Histogram

1 = 105 — 5(c1 + ¢2) *

~__—==Predictions
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Toy MC

Generate a random "toy"-measurement

according to the uncertainties

Construct the Likelihood (or x?2
equivalently)

Minimize y?
Report result in Histogram

1 = 105 — 5(c1 + ¢2) *

o = 93 —+ 3(01 _ C2) :
ex et ement
'ul/g:]-o(): easurements
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Toy MC

Generate a random "toy"-measurement

according to the uncertainties

Construct the Likelihood (or x?2
equivalently)

Minimize y?
Report result in Histogram

1 = 105 — 5(01 -+ 62)

o = 93 —+ 3(01 _ C2) :
ex et ement
'ul/g:]-o(): easurements
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Toy MC

[Sebastian Bruggisser]

 (Generate a random "toy"-measurement
according to the uncertainties

e Construct the Likelihood (or x2

equivalently)

 Minimize x?

* Report result in Histogram
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Toy MC

[Sebastian Bruggisser]

 (Generate a random "toy"-measurement
according to the uncertainties

e Construct the Likelihood (or x2

equivalently)

 Minimize x?

* Report result in Histogram
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Toy MC

Generate a random "toy"-measurement

according to the uncertainties

Construct the Likelihood (or x?2
equivalently)

Minimize y?
Report result in Histogram

1 = 105 — 5(01 -+ 62)
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Toy MC

Generate a random "toy"-measurement
according to the uncertainties

Construct the Likelihood (or x?2
equivalently)

Minimize y?
Report result in Histogram

1 = 105 — 5(01 -+ 62)

—— = Predictions
o = 93 -+ 3(01 _ 62) & :
ex et ement
'ul/g:]-o(): easurements
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[Sebastian Bruggisser]

Toy MC

 (Generate a random "toy"-measurement
according to the uncertainties

 Construct the Likelihood (or 2 10
equivalently)

ot

 Minimize x?

* Report result in Histogram
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Toy MC

Generate a random "toy"-measurement
according to the uncertainties

Construct the Likelihood (or x?2
equivalently)

Minimize y?
Report result in Histogram

1 = 105 — 5(01 -+ 62)

—— = Predictions
o = 93 -+ 3(01 _ 62) :
ex et ement
'ul/g:]-OO: easurements
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Toy MC

[Sebastian Bruggisser]

 (Generate a random "toy"-measurement

according to the uncertainties

e Construct the Likelihood (or x2
equivalently)

 Minimize x?

* Report result in Histogram

1 = 105 — 5(01 -+ 62)
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[Sebastian Bruggisser]

Markov Chains

Metropolis-Hastings

e Start at random point Xx;

« Make one random step to X+
 Generate random number u in (0,1)

o if L(xi+1)/L(X)) > u keep xi+1 and repeat

* else discard Xxi+1 and repeat
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Markov Chains

Metropolis-Hastings

e Start at random point Xx;

« Make one random step to X+
 Generate random number u in (0,1)

o if L(xi+1)/L(X)) > u keep xi+1 and repeat

* else discard Xxi+1 and repeat
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Markov Chains

Metropolis-Hastings

e Start at random point Xx;

« Make one random step to X+
 Generate random number u in (0,1)

o if L(xi+1)/L(X)) > u keep xi+1 and repeat

* else discard Xxi+1 and repeat

[Sebastian Bruggisser]
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Markov Chains

[Sebastian Bruggisser]

Metropolis-Hastings

e Start at random point X; 10

« Make one random step to X+
 Generate random number u in (0,1)
o if L(Xi+1)/L(X) > u keep xi+1 and repeat .

O 0

* else discard Xxi+1 and repeat
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Markov Chains

[Sebastian Bruggisser]

Metropolis-Hastings

e Start at random point X; 10

« Make one random step to X+
 Generate random number u in (0,1)
o if L(Xi+1)/L(X) > u keep xi+1 and repeat .

O 0

* else discard Xxi+1 and repeat
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Markov Chains

Metropolis-Hastings

e Start at random point Xx;

« Make one random step to X+
 Generate random number u in (0,1)

o if L(xi+1)/L(X)) > u keep xi+1 and repeat

* else discard Xxi+1 and repeat

[Sebastian Bruggisser]
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Markov Chains

[Sebastian Bruggisser]

Metropolis-Hastings

e Start at random point Xx;

10

« Make one random step to X+
 Generate random number u in (0,1)
o if L(Xi+1)/L(X) > u keep xi+1 and repeat .

O 0

* else discard Xxi+1 and repeat
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[Sebastian Bruggisser]

Markov Chains

Metropolis-Hastings

o Start at random point Xx; " , J .
N=50
 Make one random step to Xi1
* Generate random number u in (0,1)
* if L(xi+1)/L(x) > u keep xi+1 and repeat ¥ P.
. o
* else discard xi+1 and repeat L
'3
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Markov Chains

[Sebastian Bruggisser]

Metropolis-Hastings

e Start at random point X; 10

« Make one random step to X+
 Generate random number u in (0,1)
o if L(Xi+1)/L(X) > u keep xi+1 and repeat .

O 0

* else discard Xxi+1 and repeat
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[Sebastian Bruggisser]

Markov Chains

Metropolis-Hastings

e Start at random point X; 10

 Make one random step to X1

 Generate random number u in (0,1)

o if L(Xi+1)/L(Xi)) > u keep xi+1 and repeat

* else discard Xxi+1 and repeat
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[Sebastian Bruggisser]

Markov Chains

Metropolis-Hastings

e Start at random point Xx; "

 Make one random step to X1

 Generate random number u in (0,1)

o if L(Xi+1)/L(Xi)) > u keep xi+1 and repeat

* else discard Xxi+1 and repeat
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Markov Chains

Metropolis-Hastings

e Start at random point Xx;

« Make one random step to X+
 Generate random number u in (0,1)

o if L(xi+1)/L(X)) > u keep xi+1 and repeat

* else discard Xxi+1 and repeat

[Sebastian Bruggisser]
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Markov Chains

[Sebastian Bruggisser]

Metropolis-Hastings

AN

e Start at random point X; 10

« Make one random step to X+
 Generate random number u in (0,1)
o if L(Xi+1)/L(Xi)) > u keep xi+1 and repeat

* else discard Xxi+1 and repeat

N=100000
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MC vs. Toys

Markov Chain

[Sebastian Bruggisser]
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MC vs. Toys

Toy Monte Carlo

[Sebastian Bruggisser]

10

ot

O 0

N=100000

—10

10

10

45



A 2D example:
CP-odd triple gauge couplings



CP-odd dimension-6 operators

* Linear effect of CP-odd operators
on the total cross section is very
small

(zero before kinematic cuts)

* Influence of CP-odd operators on
CP-even+CP-odd fit often
negligible [Ethier et al (2101.03180)]

- CP
odd

e Need dedicated observables

Anke Biekotter - JGU Mainz

Only few fits of CP-odd SMEFT
operators

Higgs production and decay

Brehmer et al (1712.02350)]
Bernlochner et al (1808.06577)]
Englert et al (1901.05982)]
Bhardwaj et al. (2112.05052)]

Low-energy experiments (EDMs +

LEP+ b — X57)
[Cirigliano et al (1903.03625)]

Diboson production

[Bakshi et al (2009.13394)]
[Ethier et al (2101.03180)] (distributions)
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https://arxiv.org/abs/1712.02350
https://arxiv.org/abs/1808.06577
https://arxiv.org/abs/1901.05982
https://arxiv.org/abs/1903.03625
https://arxiv.org/abs/2009.13394
https://arxiv.org/abs/2101.03180
https://arxiv.org/abs/2101.03180

CP-odd triple gauge couplings

14 |44
44 14

Lov = —igwwv | (WJyW_“VV — WM_VWJFMVV)
W, V]

Anke Biekotter - JGU Mainz

Z/v
ZW‘@<<

Z /v
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CP-odd triple gauge couplings

W W
Z/7~ws< Z/Wv%
|44 |44

Lov = —igwwv | (W;VW_“VV — WM_VWJFMVV)
W, V]

Luckily only two dim-6 operators contribute

Cyi C i
_ W . . “HWB _
L= Lsm - A2 Oy - A2 O s

 _ TJK yy/-1v Jp Ku
Oy = "KW wle w!

Oywp =H' T"HW,, B"

Anke Biekotter - JGU Mainz
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CP-odd triple gauge couplings

14 |44
44 14

Lov = —igwwv | (W:VW_”VV — W[L_VW—I_MVV)
W, V]

Luckily only two dim-6 operators contribute

Cyx Crrix
_ | W o HW B N

- _ TJK yx/1v Jp Ku
Oy = KWW Iew!

Oywp =H' T"HW,, B"

Anke Biekotter - JGU Mainz

Does not exist in the SM
First contribution appears at dim-8
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