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Outline for today/this week

First lecture:

® SMEFT via Higgs. SMEFT method to collider data, with symmetry orientation.
Old EWPD (S andT)

Second lecture:

e Parameter counting in SMEFT, with symmetry guidance. Modern EWPD via
SMEFT. Basics of dimension six corrections to SM predictions input
parameters.

Third lecture:

® \W mass interpretation and anomaly. Hierarchy prob in EFT.
Higgs and SMEFT example: Higgs Width in detail at leading order.

Forth lecture:

® Going beyond the leading order - loops and dimension eight challenges
Modern developments and problems that led to the geoSMEFT.

geoSMEFT seminar: The current state of the art and open challenges.

SMEFT review 1706.08945, Manohar EFT review 1804.05863, Burgess Review hep-th/0701053

T ——————————————
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Lecture one.




Outline for today

First lecture

® Motivation for EFT approaches considering the global data set now/in the future

® Massive vectors/a scalar in the spectrum- Higgs and SMEFT vs HEFT

® SM Higgs and custodial symmetry - ST EWPD analysis - support for SM

® Cut off scales and SMEFT and HEFT
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Motivation for global EFT



The golden age of data rich particle physics is now

Tensor-to-scalar ratio (ro02)
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What is the big EXP picture!?

- FNAL collider
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| m ageSZ http://www.hep.ucl.ac.uk/iop2010/talks/ [ 4.pdf
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http://www.hep.ucl.ac.uk/iop2010/talks/14.pdf

Ve will get a bit more Vs reach
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And a lot more data..



Collision characteristics different

(EATLAS
http://a

://atlas.ch
Run: 203602

Typical LEP Z event (Aleph).

Typical H event (Atlas).
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... but unified data analysis emerging

Typical LEP Z event (Aleph).

Typical H event (Atlas).

LsverT = Lsm + L) +£9 + 00
d)

A

O (
£d) — Z ﬁQE D for d > 4.
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Big TH picture: SM a good approx at colliders

July 2019 - CMS Preliminary

m 7 TeV CMS measurement (L <5.0 fb™)
0 8 TeV CMS measurement (L <19.6 fb™)
- - m 13 TeV CMS measurement (L < 137 fb™)
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® The measurement precision and accuracy is generically not at the % level
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Big TH picture: SM a good approx at colliders

March 2019 CMS Preliminary

CMS measurements 7 TeV CMS measurement (stat,stat+sys) F——0——
vs. NNLO (nLo) theory 8 TeV CMS measurement (stat,stat+sys)  —+—e——

13 TeV CMS measurement (stat,stat+sys) +r+eo—+—
YY ro——— 1.06 £0.01+£0.12 5.0fb™
Wy, (NLO th.) —_— " 1.16+0.03+0.13 5.0 fb"
Zy, (NLO th.) — — 0.98 +0.01+0.05 5.0fb"
ZY, (NLO th.) et 0.98+0.01+£0.05 19.5fb"
WW+WZ —o — 1.01£0.13+0.14 4.9 1b™
WW H——o—— 1.07 £0.04 £0.09 4.9 b
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WZ ———— 1.02+0.04 £ 0.07 19.6fb™
Wz — o — 0.96 +0.02 +0.05 35.9fb"
Y4 H o H 0.97 £+0.13+£0.07 4.9
ZZ ———— 0.97 +0.06 +0.08 19.6 fb™
ZZ —.— 1.06 £+0.02 +0.04 137"

.' e
All results at: Production Cross Section Ratio:

ttp://cern.ch/go/pNj7

® The measurement precision and accuracy is generically not at the % level
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New (expected) particle in spec

e Discovery of a (Higgs like) J¥ ~ 0" particle in 2012

CMS Experiment at the LHC, CERN
Data recorded: 2012-May-13 20:08:14.621490 GMT

CMS-PAS-HIG-16-041 (2017)

ATLAS-CONF-2017-045 (2017)

® \What is this new particle phenomena in properties if SM incomplete?
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New (expected) particle in spec

e Discovery of a (Higgs like) J¥ ~ 0™ particle in 2012
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® \What is this new particle phenomena in properties if SM incomplete?

T ——
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Very Interesting scales a bit out of direct reach
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Massive vectors/a scalar in the spectrum- Higgs




Recall the issue of masses of gauge fields

® This Lagrangian is invariant under a global phase transformation f = e’ f
£free fermion — f_jzfy,uﬁluf - mff

® One can also consider a theory of this form where the fermion couples to the gauge
field, and preserves a local symmetry, like QED

1 _ _
»CAfield—l—freefermion — _ZAM A,LLV + fzf)/u@'uf — mff

Couple the fields as
P D, =0 —1ieA,

| _. -
L= —ZAN A,Lu/ + fZ"y“D’uf — mff f N 62'04(:13)]07
A, — A, +0,a(r)
@ For a massless photon, there is (in a sense) a local symmetry here called a gauge

symmetry. There is also an interesting accident at work here due to low
operator dimension, ask me later if interested.

Michael Trott, NBI




Recall the issue of masses of gauge fields

® If one adds a mass to a U(1) gauge field by hand

1 _ _
L= _ZA/WAMV T miA“AM + fiy"Duf —mff

The linear symmetry is no longer present. But a nonlinear realisation

of the symmetry Is still possible due to a Stuckelberg mass (1938!!):
Die Wechselwirkungskrafte in der Elektrodynamik und in der Feldtheorie der Krafte", Helv. Phys. Acta. 11: 225)

%
L= A" Ay + Fin DU f —mff + (D"6) (D,6) — A(oto — )

Have the scalar take on a vev and then take the SCALAR mass to infinity ( A — o9):

1 _ . ng C.(d)
L = —ZA’LWAMV —+ m?élA’uAM -+ fi’y'uD'uf — mff —+ ; ﬁ@gd) for d > 4,

As an EFT this can be done. NOTE: Nonlinear realisation of a symmetry.
The vev of scalar around, the scalar itself generating that vev is not in the spectrum.
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When you see massive vectors ...

you can be seeing another phase...

Plasmons, Gauge Invariance, and Mass

P. W. Anderson
Phys. Rev. 130, 439 — Published 1 April 1963

Schwinger has pointed out that the Yang-Mills vector boson implied by associating a generalized

gauge transformation with a conservation law (of baryonic charge, for instance) does not necessarily
have zero mass, if a certain criterion on the vacuum fluctuations of the generalized current is satisfied.
We show that the theory of plasma oscillations is a simple nonrelativistic example exhibiting all of the
features of Schwinger's idea. It is also shown that Schwinger's criterion that the vector field m+#0
implies that the matter spectrum before including the Yang-Mills interaction contains m = 0, but that
the example of superconductivity illustrates that the physical spectrum need not. Some comments on
the relationship between these ideas and the zero-mass difficulty in theories with broken symmetries
are given.

Received 8 November 1962

T —————— N
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W,Z have mass

® So just write down mass as an EFT with a non linear realisation! BUT, the EFT
consistent with what we knew (80's -00°s) did not extrapolate to arbitrary high energies:

1 1 1 _
L=~ Wt Wy, = BBy, — [G*V Gy + diDY
¢ Cno,stpry) ——= (@d) s ([ YR ) e
4 7 \/§ LY I/:ij (]JR

T.Appelquist and C. Bernard, Phys. Rev. D22 (1980) 200.

Y — 10gq ™ /U
— € A. Longhitano, Phys. Rev. D22 (1980) |166; Nucl. Phys. B188 (1981) 118.

W = OFWY — 0"WE — gaeanc W WS

Extra problem here is non-abelian vector fields

Why is this a problem? You can construct scatterings not present in the U(1) case that
grow quite rapidly with energy.

Michael Trott, NBI




How is the cut off scale working?

o So just write down mass as an EFT with a non linear realisation! BUT, the EFT
consistent with what we knew (80's -00°s) did not extrapolate to arbitrary high energies:

1 1 1 )
TWH Wy = B By — GGy + iDY

L=—
1
+MW W n_ + imQZZ“ZM — Mg+ hec +---

2

T . A~ Y
E?i M PV L A g
el ~ p"/my

e e VAYAVAYAVAVAVAVAVAV)

Lee, Quigg, Thacker pnys.Rev.D 16 (1977) 1519 Cornwall, Levin,Tiktopoulos phys.Rev.D 10 (1974) 1145
Chanowitz,Gaillard Nuci.phys. B261(1985)379 Vayonakis Lett.Nouvo Cim 17 (1976) 383
Appelquist,Chanowitz, Phys. Rev. Lett. 59, 2405 (1987) [Erratum-ibid. 60, 1589 (1988)].

Chanowitz, Furman, Hinchliffe phys. Lett. B78, 285 (1978), Nucl Phys B153, 402 (1979)
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Why worry about unitarity?

® [f the amplitudes grow with energy too fast, partial wave unitarity is violated.

® Hamiltonian constructed from (approximate low energy) real Lagrangian density is
Hermitian. So unitary by definition .

d
ihﬁw = Hv (Schrodinger Equation)

If unitarity fails - an approximation fails.

® Usually the approximation is that the low energy effective theory is taken beyond its
regime of validity. This regime of validity is approximated by the cut off scale A
present in the EFT power countina.

(p1 -+ PalS1.nlk1 - ko) o pr2 = (P11 - PalS1mlkr - - k)™

® Beyond this scale, the EFT is not expected to reproduce the S matrix of the full theory.

e New states are usually required with mass scale proximate (and below) A
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Why worry about unitarity?

® Usually the approximation is that the low energy effective theory is taken beyond its
regime of validity. This regime of validity is approximated by the cut off scale
present in the EFT power countinag.

(p1++* PalSt.mlk1 - K)o pr2 = (P1°+* Pal Stk -+ k) F T

® Beyond this scale, A EFT is not expected to reproduce the S matrix of the full
theory.

® New states are usually required with mass scale proximate (and below)
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How is the cut off scale working?

® Whyshoulda (T state be part of the nature of EW symmetry breaking?
The EFT consistent with what we knew (80°s -00°s) did not extrapolate to arbitrary high

energies:
1 Ly 1 Ly 1 v -~
EZ_ZW W“”_ZB BW—ZG G+ YiDy
+ ﬁTl‘(D »T DHY)- —— (aydy) e Y[ Yy h + h.c
4 a | V2 | y y;_ijj d’, o

\

Introduce a 0 scalar with general couplings, sets the correction to be such that the

cut off scale will be pushed up.
Michael Trott, NBI 18



How is the cut off scale working?

Why should a (T state be part of the nature of EW symmetry breaking?
The EFT consistent with what we knew (80°s -00°s) did not extrapolate to arbitrary high
energies:

1 1 1 —
L= WH W,y = 1 B* By — G Gy +9iDy
+ Umyp, st D). ——= (@ dy) s Y[ Y R\ 4 he
4 - V2 | y y;_i;j d’, o
' \ 0
w ® For WW scattering the cut off scale for the EFT
with the addition of a scalar is raised:
e o
A~4dro ..raised to... A247W/\/|1—052|

Couplings within 10% of the SM,
In this case, cut off scale 7 TeV...
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How is the cut off scale working?

Why should a (T state be part of the nature of EW symmetry breaking?
The EFT consistent with what we knew (80°s -00°s) did not extrapolate to arbitrary high

energies:

1 1 1 -
2 ‘ f o v (@t d: )% Y Yij 'z.z.JI';,
-+ ITI(D“E D Z)— \/§ LYl . -‘(d (IJ -+ h..C.,
. y\ Yij “R
\ ,
L T T [T T T[T T T [T T T[T T[T T[T T T[T T T[T T T [TTT]
W € 2.5 ATLAS Preliminary * Bestfit ]
§ " Vs=13TeV,36.1-79.81" —68% CL
______ 2-_mH= 125.09 GeV, |yH| <25 ----95% CL b
1.5 —
- ( \, —
- — Combined — H—77 s — .
C a 0_5'_—Hezz HoWwW R
E H—bb — H-11 E

IIIIlIl IIIIIII 11
0 02 04 06 08 1
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The case of the SM Higgs.




When you see massive vectors ...

Scalars coupled to them can also supply their mass

Broken Symmetry and the Mass of Gauge Vector Mesons

F. Englert and R. Brout
Phys. Rev. Lett. 13, 321 — Published 31 August 1964

Broken Symmetries and the Masses of Gauge Bosons

Peter W. Higgs
Phys. Rev. Lett. 13, 508 — Published 19 October 1964

Global Conservation Laws and Massless Particles

G. S. Guralnik, C. R. Hagen, and T. W. B. Kibble
Phys. Rev. Lett. 13, 585 — Published 16 November 1964
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Higgs (etc) Mechanism

L= (D*H)(D,H) — X (HTH - ”—22)2

® Higgs doublet complex SU(2) rep
7 [H+] <= Complex, 2 degrees of freedom

HO

<= Complex, 2 degrees of freedom

Re(d) |

® SU(2) generators are 7 = ¢*/2
.o 1 o |10 —i s_ |1 0

Hypercharge generator diagonal.Can use global rotations to get

® Three broken generators, three massless goldstones

Michael Trott, NBI




Higgs Mechanism

® One unbroken generator

Q=T3+Y:[(1) 8] Q(H) =0

® Expand around this vacuum expectation

"= [v\/gi h0]

® One finds directly

V(H'H) = 2 (\hﬂ +[h°)7 + \/_vRe(hO))2

%

Three broken generators, three massless goldstones
( Im(hg) massless)

Michael Trott, NBI




Gauge bosons

® Expanding out covariant derivative cos 0 sin 0
g3 v? v2\/ 9% + g3 Y g1 i
(DMH) (D, H) — 28 (WP + W35) + 81 2 =W’ - ———=B8
\/91 + g5 \/91 + 95
Voo -
2W+W_ m%/v — Zg% v2
zZ*  my= (g +g)

® Photon is massless orthogonal combination A = sin@W?° + cosf B

maA — 0
® |n limit Hyper charge coupling turned off
9% v 9 2 02\/9%‘1‘9%2 g2 3
(D*H)Y (D, H) — (W +W35) + : =W
\/91 + g5

There is a triplet with the same mass (W, Wy, W3)

T —
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SM Higgs and custodial sym/ST EWPD analysis



Custodial Symmetry

e There is a triplet with the same mass (W, W5, W3). This mass
s also given by m?%cos*0

p=—5—75~1
Colllz

Under what symmetry group is this a triplet?

2\ 2
V(H H) = A (HTH ~ %)

As a function of H'H = ¢? + ¢ + ¢3 + &3

This potential has an SO(4) symmetry

Isomorphicto SO(4) ~ SU(2) x SU(2)r

To make symmetry breaking manifest introduce ® = (ic?H*, H)
] - 2 TT%
—10°H

This bi-doublet transforms linearly under SU(2)r x SU(2)r
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Custodial Symmetry

® When the Higgs gets a vev

® Manifest that the breaking is to the
diagonal subgroup

SU(Q)L X SU(Q)R — SU(Q)V

o (W, Wy, Ws) Is atriplet under SU(2)y

® (Custodial symmetry is broken by the Hypercharge interactions
and also mass doublet splitting in SU(2), fermion doublet.

® (Can calculate such contributions to the W and Z mass

Michael Trott, NBI



Custodial Symmetry in the SM

Breaking due to SU(2)r doublets:

Via interactions: [H”EYd g; + HYTY, g; + HUEY,l; + h.c.]

4 4 X

Left handed doublet fermions

[ t
Biggest contributions w MMQNW W Z Msz
b ;

2002

: _ . 3G . . mim; . m;
Gives: p~1+ — (mf +mj — 2—t—=1n "2)

m; —mg M
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Custodial Symmetry in the SM

® Breaking due to Hypercharge at one loop: (D, H)" (D" H)

h
,}1 ,//—\\ . 11G1uW§ Si112 gw In m'fl
/ = \ — —
4 \ + \ / gives 24+/272 ' M3
NAANANAANNAANANANNNAN AANNANAAATRAANNANANANANAN

We see this custodial breaking in precision EW measurements:

5 a1 4 SOF 2, 2 mim; . m; 11Gp M3 sin® 0y . m;j
p~l+ — my + my — 2— sln—-| — n—
87r2\/§ myg —mg Mg 24 \/§7r2 1\/I§

Divide this out and examine the residual, which should be one.

= MZeZp as(My) = 0.1189+0.0016 , 2019
T ———— ————————————————......

Michael Trott, NBI




Custodial Symmetry in BSM

® \When considering BSM physics, non SM effects on the mass
relationship is parameterised as

Mww(0) Tlzz(0)
M, M3

~

&(Mz)T —

Large BSM contributions to the T parameter need to be avoided.
For quite a few years the standard approach to EWPD was S,T fits

a(M) o Tpz(ME) TGRS & — iz Moy (M0 TLy (M)
A G M2 éz5z M3 M?

(S violates custodial symmetry too ....
but does not contribute to ¢ at tree level)
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Custodial Symmetry in BSM

e —
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® Heavy new physics can contribute to these deviations
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Where the C are some unknown numbers that multiply the operators

QHWB ‘ Hir'HW,, B* Qup ‘ (H'D,H)" (H'D,H)

e

In the Warsaw basis of operators extending the SM

B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek,
H Dimension-Six Terms in the Standard Model Lagrangian, JHEP 1010 (2010) 085, [arXiv:1008.4884].
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Old school EWPD analysis
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S
e Careful with interpretation, if hypothesis testing SM - OK!

® NOT a proper general constraint for arbitrary new physics sectors.
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Parameters that change SM predictions

based on symmetry expectations can be
strongly constrained




Why were ST analyses a good idea?

e S, T analyses were responsive to the actual global data available.
No Higgs discovered, no LHC, no WW LEP2 run..etc AT THE TIME

® They were oriented to test what Generates mass
- effects the 2 point functions of observed bosons

® ® Higgs vev

Post 201 2
Yy Yy Oblique/niversal

ries. Just stop.

® SM Higgs (supported by all current data) then this built in.
New physics more complex expression in op forms
- need a SMEFT analysis. Not just 2 point ST effects.
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Cut off scales in EFT: SMEFT and HEFT




The Standard model ...

® The SM, an SU(3) xSU(2)xU(1) linearly realized gauge theory

1 , 1 , 1 y —
Lsy = —ZG;;‘,,GA“ - ZW,{,,W’“ — 7BuB" + (D ,HYD'H)+ Y 9ibv
IIJ:q,U-adel,G
1 5\2 _ ~.. .
— A (H*H - 51;2) - lH*Jde g; + HTY, ¢; + HUEY,l; + h.c.],

T —

THE STANDARD MODEL
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Then how is the cut off scale working!?

® When you introduce a scalar doublet in this manner, the cut
off scalar raises dramatically.

lWI Win _ 1

1 A ~4
Lsm = _ZG;WG Y — 4w 4

B, B" + (D,H")(D"H)+ Y %iDv
v=q.u,dl.e

1 5\2 _ ~.. .
- (H*H - 5&’) — [H*Jde g; + H'@Y, q; + HUEY,l; + h.c.] ,

W 2
WV = W «42451%(8“)( 2)0
o o

Case of SM Higgs.
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The Standard model EFT

e An SU(3) xSU(2)xU(1) linearly realised EFT:

1 , 1 , 1 , —
Loy = _ZG{},,GA“ - ZW;VW’“ ~ 7BuB" + (D ,HYD'H)+ Y 9ibv
v=q.u,d,l.e
2
- (H*H - %v2> —~ lH”EYd g; + HTY, ¢; + HUEY,l; + h.c.] ,
T —
THE STANDARD MODEL 1 1
Fermions Bosons LSMEFT :@—I— —I— @ o o o
u ¢ t 7 Asr0 £ A?
o up charm top photon
‘rd s | b | Z > Glashow 1961, Weinberg 1967 (Salam 1967)
down strange bottom Z boson g,
e W > Weinberg 1979, Wilczek and Zee 1979
; oo | rmiivo e Leung, Love, Rao 1984, Buchmuller Wyler 1986,
e y ) T g,g O Grzadkowski, Iskrzynski, Misiak,Rosiek 2010
e | S—
T — T
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Then how is the cut off scale working!?

®  When you introduce a scalar doublet in this manner, the cut
off scale raises dramatically.

T C(d) o e oy

Lsmerr = Ly + L) +£06) 4+ £ Ad 4Q( ) ford > 4,

® ® Now a linear order higher d op insertion
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Then how is the cut off scale working!?

®  When you introduce a scalar doublet in this manner, the cut
off scalar raises dramatically.

s , ( SNSRI AP S ’
Lsmerr = Lsp + LY + L0 4+ £0 4 L@ = z %QZ@ for d > 4, §

=1

Depends
On the C;
Pattern

® Deviations from the SM the theory WILL break down at lower scales
| | Michael Trott, NBI |




Then how is the cut off scale working!?

®  When you introduce a scalar doublet in this manner, the cut
off scalar raises dramatically.

nd I ( . . T ’1
Lsmerr = Lsp +LO) +£O +£0 4 L9 = Z %di) for d > 4, §

=1

® Note expansion parameters in the SMEFT:

(HTH) Expansion in SM vev -relevant
For SM dominated phase space

2
A measurements - i.e. “pole parameters”
Depends e
On the C; bi Af . Expansion parameter(s) in novel

Kinematic regions (tails of distributions)

Pattern

® Deviations from the SM the theory WILL break down at lower scales
| Michael Trott, NBI |




Then how is the cut off scale working!?

® When you introduce a scalar doublet in this manner, the cut
off scalar raises dramatically.

nd I ( . . AR ’1
Lsmerr = Lsp +LO) +£O +£0 4 L9 = Z %di) for d > 4, §

=1

® Note expansion parameters in the SMEFT:

(HH) Better theoretical control, less operators
A2 Can be exactly solved using geometry.
More precise measurements needed.

Depends
On the C;
Pattern

p; -p; Less theoretical control, stronger
A2 sensitivity to theory breakdown.
Less precise measurements can deviate

® :Deviations from the SM the theory WILL break down at lower scales
Michael Trott, NBI 37b




HEFT: Nonlinear chiral+ singlet

® General EFT : Nonlinear SU(2)xU(1) + Singlet scalar” 3 = el /v

1, 02 o h B2 B3
L = §(c9“h) —V(h)—I—ZTI‘(DMZDE) 1—|—2awz——|—bzw—2—|—bgzw—3—|—
Ui 7 udh udh2 y“uj
(Y |1 L,a " a7 t] h.
vz (et [ Ty T ](y%d%z e
1 ds [ 3m? dy [ 3m?
h _ 2h2 h h3 h h4
40 PR ( v ) 24 \ 0?2

® Also higher dimensional operators: (hats -dual fields) SEE RODRIGO’s lectures

5 h 5 h h
‘C’HD — 6993 G,LH/G'LLV —I_CWQQ W,uz/ |/ ‘l'CBg%;B,uI/B'uVa

A

. h A h A L h 5
+CW92;WMVWMV_|—CB.915BMVBM +CGQ§;G,U,VGM

* Grinstein/Trott 0704.1505, see also Bagger et al 9306256, Feruglio 9301281 for
Technicolour sigma version, informed discussion in Burgess et al hep-ph/9912459
Modern foundation: 1203.6510, 1212.3305, 1307.5017

V(Rediscovered - at least 4 times independently!!! - convergent physics evolution!)
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https://arxiv.org/abs/1203.6510
https://arxiv.org/abs/1212.3305
https://arxiv.org/abs/1307.5017

Then how is the cut off scale working!?

®  When you introduce a scalar doublet in this manner, the cut
off scalar raises dramatically.

L = 1Bh2 V(h Tr(D,X" DFE) |1 +2 h b R~ b b
= §(u) ()+— ( ) [1+ awz  tOzw 5 t0zw 3+

[1 +‘ +c§;j :z : ] < Z’J Z;R ) + h.c.,
ij
2 N, N, Na Ny N, N, Ny
W > am gt oo e B Bl
M [Case of HEFT deviations in I—jh:ggs ]

| properties expected to be bigger, and
ﬁut off scale lower

T — — J
> """ "i A= T Ol e e

G. Buchalla, O. Cat a and C. Krause, Phys. Lett. B 731, 80 (2014) [arXiv:1312.5624
B. M. Gavela, E. E. Jenkins, A. V. Manohar and L. Merlo, arXiv:1601.07551

® ® Now a linear order higher d op insertion
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LHC consistent with either setup, no other states around

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: May 2020 [£dt = (3.2-139) fo! V5 =8,13TeV
Model (,y Jetst ET™ [Ldt[fb] Limit Reference
Ll Ll LI ) ' Ll T Ll T T LI ) ' Ll Ll L] Ll Ll L) LI I L) Ll T L]
ADD Gkk +g/q Oe,pu 1-4j  Yes 36.1 Mp 7.7 TeV n=2 1711.03301
€  ADD non-resonant yy 2y - - 367 | Ms 86TeV  n=3HLZNLO 1707.04147
S  ADDQBH - 2j - 37.0 | My 89TeV n=6 1708.09127
€  ADDBH high ¥ pr >le,u >2j - 32 | M 8.2 TeV n =6, Mp = 3 TeV, rot BH 1606.02265
“E’ ADD BH multijet - >3 - 36 | Mg 9.55TeV n—6, Mp — 3 TeV, rot BH 1512.02586
3 RS1 Gkk — yy 2y B - 36.7 Gkk mass 4.1 TeV k/Mp; = 0.1 1707.04147
g Bulk RS Gk —» WW/ZZ multi-channel 36.1 Gkk mass 2.3 TeV k/Mp; = 1.0 1808.02380
£ Bulk RS Gk —» WV — (vqq 1eu 2j/1J  Yes 139 | Gkk mass 2.0 TeV k/Mp = 1.0 2004.14636
w Bulk RS gkk — tt leu >1b,>1J/2) Yes 36.1 gkk mass 3.8 TeV r/m=15% 1804.10823
2UED/ RPP leu >2b,>23j Yes 36.1 |KKmass 1.8 TeV Tier (1,1), B(AMD - tt) = 1 1803.09678
SSM Z" — ¢t 2eu - - 139 | 2" mass 5.1 TeV 1903.06248
SSMZ' - 11 27 - - 36.1 Z’ mass 2.42TeV 1709.07242
) Leptophobic Z’ — bb - 2b - 36.1 Z' mass 2.1TeV 1805.09299
S Leptophobic Z" — tt Oe,u 21b,>22J Yes 139 Z’ mass 4.1 TeV r/m=1.2% 2005.05138
3 SSM W’ — ¢v lepu - Yes 139 W’ mass 6.0 TeV 1906.05609
-8 SSM W’ - v 17 - Yes 36.1 W’ mass 3.7 TeV 1801.06992
% HVT W —» WZ - fvggmodelB 1 e,u 2j/1J Yes 139 W’ mass 4.3 TeV gv =3 2004.14636
% HVT V/ - WV — gqqqg modelB O e,u 2J - 139 V’ mass 3.8 Tev gv = 1906.08589
(0} HVT V' - WH/ZH model B multi-channel 36.1 V’ mass 293 TeV gv=3 1712.06518
HVT W — WH model B Oeup >21b,>2J 139 W’ mass 3.2 Tev 8v = CERN-EP-2020-073
LRSM Wy — tb multi-channel 36.1 Wr mass 3.25 TeV 1807.10473
LRSM Wgr — uNg 2u 1J - 80 Wpg mass 5.0 TeV m(Ng) =0.5TeV, g = gr 1904.12679
- Cl gqqq - 2j - 37.0 A 21.8TeV 7, 1703.09127
O  Clttgq 2e,u - - 139 A 358TeV 1, CERN-EP-2020-066
Cl tttt >2tepu 21b,21j] Yes 36.1 A 2.57 TeV [Cael = 4n 1811.02305
Axial-vector mediator (Dirac DM) Oe,pu 1-4j Yes 36.1 Mined 1.55 TeV 8¢=0.25, g,=1.0, m(y) = 1 GeV 1711.03301
=3 Colored scalar mediator (Dirac DM) 0 e, u 1-4j Yes 36.1 Mpmed 1.67 TeV g=1.0, m(y) = 1 GeV 1711.03301
Q VVyy EFT (Dirac DM) Oe,u 1J,<1j  Yes 3.2 M. 700 GeV m(y) < 150 GeV 1608.02372
Scalar reson. ¢ — ty (DiracDM) 0-1e,u  1b,0-1J Yes 36.1 my 3.4 TeV y =0.4,1=0.2, m(y) = 10 GeV 1812.09743
Scalar LQ 1% gen 12e >2j Yes 36.1 LQ mass 1.4 TeV =1 1902.00377
C  ScalarLQ 2" gen 12u >2j Yes  36.1 LQ mass 1.56 TeV B=1 1902.00377
= Scalar LQ 3" gen 27 2b - 36.1 LQj mass 1.03 TeV B(LQS — br) =1 1902.08103
Scalar LQ 3" gen 0-1e,pu 2b Yes  36.1 LQg mass 970 GeV B(LQY - tr) =0 1902.08103
VLQ TT — Ht/Zt/Wb+ X  multi-channel 36.1 | Tmass 1.37 TeV SU(2) doublet 1808.02343
s_@ VLQ BB —» Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
a VLQ T5/3 T5/3|T5,«3 - Wt+ X 2(SS)/>3eu>1b,>1j Yes 36.1 Ts/3 mass 1.64 TeV B(Ts;3 > Wt)=1, c(Ts;3Wt)=1 1807.11883
f g_ VLQY - Wb+ X 1epu >1b,>1j VYes 36.1 Y mass 1.85 TeV B(Y - Whb)=1, cr(Wb)=1 1812.07343
VLQ B - Hb+ X Oeu,2y >1b,>1j VYes 79.8 B mass 1.21 TeV kg=0.5 ATLAS-CONF-2018-024
VLQ QQ — WqWq 1epu >4 Yes 203 [lQiEEScoocew 1509.04261
w Excited quark ¢° — qg - 2j - 139 q" mass 6.7 TeV only u” and d*, A = m(q") 1910.08447
3 _E Excited quark g° — qy 1y 1j - 36.7 | q* mass 5.3 TeV only u” and d*, A = m(q") 1709.10440
'§ E Excited quark b* — bg - 1b1]j - 36.1 b* mass 2.6 TeV 1805.09299
w K} Excited lepton ¢* 3epu - - 20.3 A=3.0TeV 1411.2921
Excited lepton »v* Seut - - 20.3 A=16TeV 1411.2921
Type Il Seesaw 1eu >2j Yes 79.8 N° mass 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2u 2j - 36.1 Ng mass 3.2 TeV m(Wg) = 4.1TeV, g = gr 1809.11105
> Higgs triplet H** — ¢ 2,34 e, (SS) - - 36.1 H** mass 870 GeV DY production 1710.09748
g Higgs triplet H** — (r 3eur - - 20.3 — DY production, B(H}* — (1) =1 1411.2921
Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 TeV DY production, || = 5e 1812.03673
Magnetic monopoles - - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
\/-=13TeV v;=13-rev raaal - 1 1 a3 gl 1 1 1 T | 1 1 1 1

*Only a selection of the available mass limits on new states or phenomena is shown.

i Small-radius (large-radius) jets are denoted by the letter j (J).
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consistent with either setup, no other states around

ATLAS EXxotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: May 2020 JLdt=(3.2-139)fb! Vs =8,13TeV
Model (,y Jetst ET™ [Ldi[b] Limit Reference
T T T T T T T T T T ™
ADD Gkk + g/q Oeu 1-4j]  Yes 361 7.7 TeV n=2 1711.03301
g ADD non-resonant yy 2y - - 36.7 8.6 TeV n =3 HLZNLO 1707.04147
g ADD QBH - 2j - 37.0 89TeV n=6 1703.09127
c ADD BH high ¥ pr >lepu >2j - 3.2 8.2 TeV n =6, Mp = 3 TeV, rot BH 1606.02265
g ADD BH multijet - >3j - 3.6 9.55TeV n =6, Mp =3 TeV, rot BH 1512.02586
3 RS1 Gkx — vy 2y - - 36.7 4.1 TeV k/Mp; = 0.1 1707.04147
Bulk RS Gk —» WW/ZZ multi-channel 36.1 23 TeV k/Mp, = 1.0 1808.02380
% Bulk RS Gk — WV - (vqq 1epu 2j/1J  Yes 139 2.0 TeV k/Mp = 1.0 2004.14636
Bulk RS gkk — tt le,u >1b,>1J/2) Yes 36.1 3.8 TeV r/m=15% 1804.10823
2UED/ RPP leu >2b>3) Yes 36.1 1.8 Tev Tier (1,1), B(A®Y - tt) =1 1803.09678
SSM Z" — ¢t 2epu - - 139 5.1 TeV 1903.06248
SSMZ" - 17 21 - - 36.1 2.42 TeV 1709.07242
» Leptophobic Z" — bb - 2b - 36.1 2.1 TeV 1805.09299
S Leptophobic Z’ — tt Oe,u 21b,>22J Yes 139 4.1 TeV r/m=12% 2005.05138
3 SSM W’ — ¢v 1epu - Yes 139 6.0 TeV 1906.05609
-8 SSM W’ — 1v 17 = Yes 36.1 3.7 TevV 1801.06992
83 HVT W — WZ — {vggmodel B 1e,u 2j/1J  Yes 139 4.3 TeV gv =3 2004.14636
8 HVT V' - WV — gqqq modelB O e, u 2J - 139 3.8 TeV 8gv = 1906.08589
(O] HVT V' - WH/ZH model B multi-channel 36.1 293 TeV gv =3 1712.06518
HVT W’ — WH model B Oeu >21b>2J 139 3.2 Tev gy =3 CERN-EP-2020-073
LRSM Wg — tb multi-channel 36.1 3.25 TeV 1807.10473
LRSM Wg — uNg 2u 1J - 80 5.0 TeV m(Ng) = 0.5 TeV, g = gr 1904.12679
- Cl gqqq - 2j - 37.0 21.8TeV 1, 1703.09127
O  Clttqq 2epu - - 139 358TeV 1, CERN-EP-2020-066
Cl tttt 2leu 21b21j Yes  36.1 2.57 TeV |Cael = 41 1811.02305
Axial-vector mediator (Dirac DM) Oe,u 1-4j Yes 36.1 1.55 TeV 8¢=0.25, g,=1.0, m(x) = 1 GeV 1711.03301
E Colored scalar mediator (Dirac DM) 0 e, u 1-4j Yes 36.1 1.67 TeV g=1.0, m(y) = 1 GeV 1711.03301
VVyy EFT (Dirac DM) Oeu  14,<1j Yes 3.2 700 GeV m(y) <150 GeV 1608.02372
Scalar reson. ¢ — ty (DiracDM) 0-1e,u 1b,0-1J Yes 36.1 3.4 TeV y =0.4,1=0.2, m(y) = 10 GeV 1812.09743
Scalar LQ 1°* gen 12e >2j Yes 36.1 1.4 TeV =1 1902.00377
QG ScalarLQ 2™ gen 1.2 >2j Yes  36.1 1.56 TeV B=1 1902.00377
= Scalar LQ 3" gen 27 2b - 3641 1.03 TeV BLQS — br) =1 1902.08103
Scalar LQ 3 gen 0-1e,u 2b Yes  36.1 970 GeV B(LQY - tr) =0 1902.08103
VLQ TT — Ht/Zt/Wb+ X multi-channel 36.1 1.37 TeV SU(2) doublet 1808.02343
;g VLQ BB —» Wt/Zb+ X multi-channel 36.1 1.34 TeV SU(2) doublet 1808.02343
§ § vLQ T5/3 T5/3|T5/3 - Wt+ X 2(SS)/>3 eu>1b>1j Yes 36.1 1.64 TeV B(Ts3 = Wt)=1, c(Ts3Wt)=1 1807.11883
aE o VLQY - Wb+ X 1eu >1b,>1j Yes 36.1 1.85 TeV B(Y - Whb)=1, cr(Wb)=1 1812.07343
VLQB — Hb+ X Oep,2y >1b,>1j Yes 79.8 1.21 TeV kg=0.5 ATLAS-CONF-2018-024
VLQ QQ —» WqWgq Teu >4 Yes 20.3 1509.04261
8 Excited quark ¢* — qg - 2j - 139 6.7 TeV only u” and d*, A = m(q") 1910.08447
g S Excited quark g* — qy 1y 1j - 36.7 5.3 TeV only u* and d*, A = m(q") 1709.10440
3 E Excited quark b* — bg - 1b,1]j - 36.1 2.6 TeV 1805.09299
l,ﬁ K Excited lepton ¢* 3eu - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* 3eurt - - 20.3 A=16TeV 1411.2921
Type Ill Seesaw Ten >2j Yes  79.8 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2u 2j - 36.1 3.2 TeV m(Wg) =4.1TeV, gL = gr 1809.11105
= Higgs triplet H** — ¢¢ 2,34 e, (SS) - - 36.1 870 GeV DY production 1710.09748
§ Higgs triplet H** — (1 3eur - - 203 DY production, B(Hj* — {r) =1 1411.2921
Multi-charged particles - - - 36.1 1.22 TeV DY production, |g| = 5e 1812.03673
Magnetic monopoles - - - 34.4 237 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
V§=13Tev v;=13'rev 1 1 a3 aal 1 1 1 a3 aal 1 1 1 1
: -1
partial data full data 10 1 10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown.

tSmall-radius (large-radius) jets are denoted by the letter j (J).

Michael

Trott, NBI
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consistent with either setup, no other states around

ATLAS EXxotics Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: May 2020 fL dt = (3.2 -139) fb-1 \/_=8, 13 TeV
Model (,y Jetst ET™ [Ldi[b] Limit Reference
T T T L) T T L L LI l Ll L) L) L) L) L) L. l L) L) L) L)
ADD Gkk + g/q Oeu 1-4]  Yes 361 o 77Tev D] 1711.03301
€  ADD non-resonant yy 2y - - 36.7 . 86TeV n=3HLZNLO 1707.04147
g ADD QBH - 2j - 37.0 S 89TeV n=6 1703.09127
= ADD BH high ¥ pr >leu >2j - 3.2 - 82Tev n =6, Mp = 3 TeV, rot BH 1606.02265
g ADD BH multijet - >3] - 3.6 - 955TeV n=6,Mp=3TeV,rotBH 1512.02586
T RS1Gkk =y 2y - - 36.7 S 4aTev k/Mp; = 0.1 1707.04147
Bulk RS Gk — WW/ZZ multi-channel 36.1 . 23Tev k/Mp =1.0 1808.02380 Th ese bO un d S h ave
g Bulk RS Gkx — WV — fvqq 1epu 2j/1J  Yes 139 . 20TeV k/Mp; = 1.0 2004.14636
Bulk RS gkk — tt leu >1b >1J/2) Yes  36.1  38TevV r/m=15% 1804.10823
2UED/ RPP leu 22b2>3) Yes 361 - 1.8TeV Tier (1,1), B(AM — tt) =1 1803.09678 bee n p u S h ed away
SSM Z" — (¢t 2epu - - 139 - 51TevV 1903.06248
SSM Z’ - 27 - - 36.1 . 242TeV 1709.07242 fro m
» Leptophobic Z* — bb - 2b - 36.1 . 21Tev 1805.09299
S Leptophobic Z’ — tt Oe,u >1b,>2J Yes 139 . a1Tev r/m=12% 2005.05138
B sSMW - by 1eu 7 Yes 138 T TeaTev 1906.05609
8 ssMW o1 17 - Yes  36.1  37Tev 1801.06992
S HVTW - WZ - (vggmodel B 1e,u 2j/1J  Yes 139 . 43Tev gv=3 2004.14636
3 HVT V' - WV — gqqqq model B O e, u 2J - 139  38TevV gv=3 1906.08589 v Y m h
(0] HVT V' - WH/ZH model B multi-channel 36.1 . 293Tev gv =3 1712.06518
HVT W’ — WH model B Oeu >1b>2J 139 . 32Tev gv=3 CERN-EP-2020-073
LRSM Wy — tb multi-channel 36.1  325TeV 1807.10473
LRSM Wg — uNg 2pu 1J - 80  50Tev m(Ng) =0.5TeV, g, = gr 1904.12679
—  Clgqqq - 2j - 37.0 e 218TeV 1703.09127
O  Clttgq 2eu - - 139 ke CERN-EP-2020-066
Cl tttt >leu 21b21] VYes 36.1 . 257TeV |Cael = 4n 1811.02305
Axial-vector mediator (Dirac DM) Oe,pu 1-4j Yes 36.1 1.55 TeV 84=0.25, g,=1.0, m(y) = 1 GeV 1711.03301
E Colored scalar mediator (Dirac DM) 0 e, 1-4j Yes 36.1 1.67 TeV g=1.0, m(y) = 1 GeV 1711.03301
VVyy EFT (Dirac DM) Oe,u 1J,<1j  Yes 3.2 700 GeV m(y) < 150 GeV 1608.02372
Scalar reson. ¢ — ty (DiracDM) 0-1e,u  1b,0-1J Yes  36.1 . 34Tev y =0.4,1=0.2, m(y) = 10 GeV 1812.09743
Scalar LQ 1% gen 12e >2j Yes  36.1 1.4TeV B=1 1902.00377
C  Scalar LQ 2" gen 12u >2j Yes  36.1 1.56 TeV p=1 1902.00377
= ScalarLQ 3 gen 27 2b - 361 1.03 TeV| B(LQY - br) =1 1902.08103
Scalar LQ 3" gen 0-1eu 2b Yes  36.1 970 GeV B(LQJ - tr) =0 1902.08103
VLQ TT — Ht/Zt/Wb+ X  multi-channel 36.1 1.37 TeV. SU(2) doublet 1808.02343
;_Q VLQ BB —» Wt/Zb+ X multi-channel 36.1 1.34TeV SU(2) doublet 1808.02343
§ § VLQ Ts/3Ts3|Ts3 — Wt + X 2(SS)/>3eu>1b,>1] Yes 36.1 _ B(Ts/3 > Wit)=1, c(Ts;3Wit)=1 1807.11883
Ia VLQ Y —» Wh+ X leu =21b>21] Yes 36.1 1.85TeV B(Y - Wb)=1, cr(Wb)=1 1812.07343
VLQB - Hb+ X Oep,2y >1b,>1j Yes 79.8 1.21 TeV kg=0.5 ATLAS-CONF-2018-024
VLQ QQ — WqgWgq leu >4j Yes 20.3 1509.04261
» Excited quark " — qg - 2j - 139 - B7Tev only u* and d*, A = m(q") 1910.08447
g 5 Excited quark g° — qy 1y 1j - 36.7 ~ 53Tev only u* and d*, A = m(q") 1709.10440
S E| Excited quark b" - bg T S B  26Tev 1805.0299
W g Excitedlepton (* e - - 203 A=30TeV 14112921
Excited lepton v* Seurt - - 20.3 A=16TeV 1411.2921
Type Ill Seesaw Ten >2j Yes  79.8 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2u 2j - 36.1 . 32Tev m(Wg) = 4.1TeV, g1 = gr 1809.11105
S Higgs triplet H** — ¢¢ 234eu(SS) - - 36.1 870 GeV DY production 1710.09748
§ Higgs triplet H** — (r 3eurt - - 20.3 DY production, B(H;* — (r) =1 1411.2921
Multi-charged particles - - - 36.1 1.22 TeV DY production, |g| = 5e 1812.03673
Magnetic monopoles - - - 34.4 . 237TeV DY production, |g| = 1gp, spin 1/2 1905.10130
V§=13Tev vg=13'rev 1 1 11 33l 1 1 1 A | 1 1 1 1
i -1

*Only a selection of the available mass limits on new states or phenomena is shown.
it Small-radius (large-radius) jets are denoted by the letter j (J).

Michael Trott, NBI




Runll and beyond: Resonance limits to local operators

ATLAS EXxotics Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: May 2020 fL dt = (3.2 -139) fb-1 \/_=8, 13 TeV
Model (,y Jetst ET™ [Ldi[b] Limit Reference
T T 1 L) T T L L LI I L L) L) L) L) L) L. l L) L) L) L)
ADD Gkx + g/q Oeu 1-4j  Yes 361 o 77Tev D] 1711.03301
€  ADD non-resonant yy 2y - . 36.7 . 8sTeV n=3HLZNLO 1707.04147
g ADD QBH - 2j - 37.0 S 89TeV n=6 1703.09127
= ADD BH high ¥ pr >leu >2j - 3.2 - 82Tev n =6, Mp = 3 TeV, rot BH 1606.02265
g ADD BH multijet - >3] - 3.6 . 955TeV n=6 Mp=3TeV,rotBH 1512.02586
T RS1Gkk =y 2y - - 36.7 S 4aTev k/Mp; = 0.1 1707.04147
Bulk RS Gyx — WW/ZZ multi-channel 36.1 . 23TeV k/Mp = 1.0 1808.02380 Th ese bo u N d S h ave
g Bulk RS Gki — WV — (vqq e 2j/1J  Yes 139 . 20TeV k/Mp, = 1.0 2004.14636
Bulk RS gkk — tt leu >1b>1J/2) Yes  36.1  38Tev r/m=15% 1804.10823
2UED/ RPP leu 22b>3] Yes  36.1 - 1.8TeV Tier (1,1), B(AM — tt) =1 1803.09678 bee n p u S h ed away
SSM Z" — (¢t 2epu - - 139 - 51TevV 1903.06248
SSM Z' - 1 27 - - 36.1 . 242TeV 1709.07242 fro m
» Leptophobic Z* — bb - 2b - 36.1 . 21Tev 1805.09299
S Leptophobic Z’ — tt Oe,u >1b,>2J Yes 139 . a1Tev r/m=12% 2005.05138
B SsMw by 1eu 7 Yes 138 T TeaTev 1906.05609
8 ssMW o1 17 - Yes  36.1  37Tev 1801.06992
S HVTW - WZ - (vggmodel B 1e,u 2j/1J  Yes 139 . 43Tev gv=3 2004.14636
3 HVT V' - WV — gqqqq model B O e, u 2J - 139  38TevV gv=3 1906.08589 v Y m h
(0] HVT V' - WH/ZH model B multi-channel 36.1 . 293Tev gv =3 1712.06518
HVT W’ — WH model B Oeu >1b>2J 139 . 32Tev gv=3 CERN-EP-2020-073
LRSM Wy — tb multi-channel 36.1  325TeV 1807.10473
LRSM Wg — uNg 2pu 1J - 80  50Tev m(Ng) =0.5TeV, g, = gr 1904.12679
—  Clgqqq - 2j - 37.0 S 218TeV 1703.09127 U S E th t
O  Cltqq 2ep - - 139 ke CERN-EP-2020-066 a
Cl tttt >teu 21b>1j Yes 36.1 257 TeV |Cael = 4n 1811.02305
Axial-vector mediator (Dirac DM) Oe,pu 1-4j Yes 36.1 1.55 TeV 84=0.25, g,=1.0, m(y) = 1 GeV 1711.03301 M 1
E Colored scalar mediator (Dirac DM) 0 e, u 1-4j Yes 36.1 1.67 TeV g=1.0, m(y) = 1 GeV 1711.03301 ’U <
VVyy EFT (Dirac DM) Oe,u 1J,<1j  Yes 3.2 700 GeV m(y) < 150 GeV 1608.02372
Scalar reson. ¢ — ty (DiracDM) 0-1e,u  1b,0-1J Yes  36.1 . 34Tev y =0.4,1=0.2, m(y) = 10 GeV 1812.09743
Scalar LQ 1% gen 12e >2j Yes  36.1 1.4TeV B=1 1902.00377
Q  Scalar LQ 2™ gen 12pu >2]j Yes  36.1 1.56 TeV B=1 1902.00377
= ScalarLQ 3 gen 27 2b - 3641 1.03 TeV| B(LQY — br) =1 1902.08103
Scalar LQ 3" gen 0-1e,pu 2b Yes  36.1 970 GeV B(LQJ - tr) =0 1902.08103
VLQ TT — Ht/Zt/Wb+ X  multi-channel 36.1 1.37 TeV. SU(2) doublet 1808.02343
>0 VLQ BB — Wt/Zb+ X multi-channel 36.1 1.34TeV SU(2) doublet 1808.02343
ﬁ h VLQ Ts/3Ts3|Ts3 — Wt + X 2(SS)/>3eu>1b,>1] Yes 36.1 - B(Ts/3 > Wit)=1, c(Ts;3Wit)=1 1807.11883
5‘:’ g_ VLQ Y —» Wh+ X leu 21b,>21 Yes  36.1 1.85TeV B(Y - Wb)=1, cr(Wb)=1 1812.07343
VLQB - Hb+ X Oep,2y >1b,>1j Yes 79.8 121 TeV kg=0.5 ATLAS-CONF-2018-024
VLQ QQ — WqWgq 1eu >4 Yes 20.3 1509.04261
» Excited quark " — qg - 2j - 139 - B7Tev only u* and d*, A = m(q") 1910.08447
8 5 Excited quark g° — qy 1y 1j - 36.7 ~ 53Tev only u* and d*, A = m(q") 1709.10440
S E| Excited quark b" - bg - 161 - 361  26Tev 1805.0299
W g Excitedlepton (* e - - 203 A=30TeV 14112921
Excited lepton v* Seurt - - 20.3 A=16TeV 1411.2921
Type Ill Seesaw Ten >2j Yes  79.8 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2u 2j - 36.1 . 32Tev m(Wg) =4.1TeV, gL = gr 1809.11105
= Higgs triplet H** — ¢ 234eu(SS) - - 36.1 870 GeV DY production 1710.09748
§ Higgs triplet H** — (r 3eurt - - 20.3 DY production, B(H;* — (r) =1 1411.2921
Multi-charged particles - - - 36.1 1.22 TeV DY production, |q| = 5e 1812.03673
Magnetic monopoles - - - 34.4 . 237TeV DY production, |g| = 1gp, spin 1/2 1905.10130
V§=13Tev vg=13'rev 1 1 11 33l 1 1 1 3 a1 aal 1 1 1 1

i Small-radius (large-radius) jets are denoted by the letter j (J).

Deviations then look like local contact operator effects in EFT, this allows Higgs properties to be
consistently studied allowing the SM to break at higher energies
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A “BSM is heavy” approach is SMEFT/HEFT

VERY! Efficient to
constrain BSM/interpret the
data in EFT

No BSM resonance seen

Decoupling
v/M <1 no other (hidden) light
states.

SMEFT =il

observed scalar ggfienr\geoduzfgar

in doublet
; ; Rodrigo’s lectures.

Basics of the SMEFT formulation: IR operator form
C(d) y

Lsmprr = Lo +LO +£O 4 D L@ = Z A Q" ford >4,

UV dependent Wilson coefficient
and suppression scale

Michael Trott,




EFT basics.




When you do measurements below a particle threshold

e -
e

S-—7n2—kzF

EFT approach not a guess.

General approach based on S
matrix theory and motivated by
experimental situation.

® Observable is a function of the Lorentz invariants:

f(87 t? /u’)

@ Generally an analytic function of these invariants,
except in special regions of phase space, ex. where
an internal state goes on-shell.

IF the collision probe does not reach ~ m%eavy
THEN observable’s dependence on that scale simplified

® You can Taylor expand in LOCAL functions (operators)

0~ 00, f;\; Jt,u) N sz\; t,u)

heavy heavy

This is the core idea of EFT interpretations of the data.

T —
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How formally do we know the Mrheayy dependence is so simple?

® Why don’t you generate arbitrarily complicated math functions with no simple expansion?
Without a controlled dependence on Mneavy? (Assumed in later works - probably naively)

On the Multiplication of the causal function in the quantum theory of fields

Published in: Acta Math. 97 (1957) 227-266

® Formal decoupling theorem (not applied to useful examples IMO)

Infrared singularities and small distance behavior analysis

K. Symanzik (DESY) (Apr, 1973)
Published in: Commun.Math.Phys. 34 (1973) 7-36

Europe/US
communication gap!

Infrared singularities and massive fields

Thomas Appelquist and J. Carazzone
Phys. Rev. D 11, 2856 — Published 15 May 1975
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EFT Applied to physics of the SM.

® Applied decoupling theorem extremely instructive and inductive reasoning, applied to real datal!

Heavy Quark Contributions to Deep Inelastic Scattering

Edward Witten (Princeton U.)
Dec, 1975

32 pages
Published in: Nucl.Phys.B 104 (1976) 445-476
— — It works as expected

Applied to actual data!

SHORT DISTANCE ANALYSIS OF WEAK INTERACTIONS *

Edward WITTEN **
Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08540

Received 12 July 1976

Effective Hamiltonian for Delta s = 1 Weak Nonleptonic Decays in the Six Quark Model

Frederick J. Gilman (SLAC), Mark B. Wise (SLAC)
May, 1979

® For many leading theorists at this point, the EFT paradigm is rather clear.
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EFT Applied to physics beyond the SM.

THE STANDARD MODEL

i f,m ¥ 7 X Not discovered yet in early/mid 70’s
d s X X ] @ These examples were with physics of that was becoming
——} established as the SM
.Ve v, X WW :
§ SRR EE ® A good idea to also apply to EXTENDING the SM
.Sm o T with heavy unknown physics low energy effects,

such as leading to neutrino mass.

1

1
LsmEFT @—F m@"‘ a

O Glashow 1961, Weinberg 1967 (Salam 1967)

D Weinberg 1979, Wilczek and Zee 1979

Q Leung, Love, Rao 1984, Buchmuller Wyler 1986,
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Very Interesting scales a bit out of direct reach

10000— 111 \SMHiggs?

| The interesting scales! ~ 47v/c

— - W -

LHC
1000 AP e *lc
>
)
S
my
> 100 ®SIC,
o -8 TRISTAN
- & "PETRA, PEP
o ,®CESR _ _
= 10 ‘é; e VEPP IV ® Expect % effects on Higgs properties
> ’
u SPEAR, DORIS .
g ,/A’[‘,'ONE Are % level deviations ruled out? NO.
3 /7 ete- Colliders
= 1 e PRIN-STAN, VEPP II, ACO osm+i 1 N2 |k |26
B osm 1672\ gsm A
c
(@) T — el
O

|

1960 1970 1980 1990 2000 2010 2020
Year of First Physics We need a precision Higgs pheno program!

T — N
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