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CURRENT LIMITS ON NEW PHYSICS:

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: July 2021 JLdt=(36-139)fb? Vs =8,13TeV
Model fy  Jetst ET* [rdm] Limit Reference
T T T
@ ADD Gk +g/q Oepry 1-4j Yes 139 [Mp 12TeV n=2 2102.10874
.S | ADD non-resonant yy 2y - - 367 | Ms 86TeV  n=3HLZNLO 1707.04147
2  ADDQBH - 2j - 37.0 | M 89TeV n=6 1703.09127
©  ADD BH multijet - 23] - 36 | Mu 9.55 TeV 6, Mp = 3 TeV, rot BH 1512.02586
E  RS1Gkk >y 2y - - 139 | Gk mass 45TeV kfMp =01 2102.13405
B BukRS Gk » WW/2Z multi-channel 36.1 | Gy mass 23TeV M, 1808.02380
8 | BukRS Gkk - WV - (vqq feu  2j/1J  Yes 139 [ Gyxmass 2.0 TeV 2004.14636
,5 Bulk RS gkk — tt lepu Yes 361 [ &kkmass 3.8 TeV 1804.10823
2UED/ RPP 1eu Yes 361 | KKmass 1.8 TeV 1803.09678
SSM Z’ — ¢t 2ep - - 139 ['Z'mass 5.1 TeV 1903.06248
w SSM Z' — 77 27 - - 36.1 2’ mass 2.42 TeV 1709.07242
€ | Leptophobic Z' — bb - 2b - 361 |2/ mass 2.1 TeV 1805.09299
©  Leptophobic 2’ — tt Oepu  >1b,>2J Yes 139 |2’ mass 41 TeV r/im=12% 2005.05138
8 ssMw oy Tepu - Yes 139 | Wmass 6.0 TeV. 1906.05609
© SSM W' — v 17 - Yes 139 W’ mass 5.0 Tev ATLAS-CONF-2021-025
S SSMW - th - >1b,21J - 139 | W’ mass 44TeV ATLAS-CONF-2021-043
©  HVT W' — WZ — lvggmodel B 1 e 2j/1J  Yes 139 | W' mass 4.3TeV av=3 2004.14636
G | HVT Z' - ZH model B 0-2eu 12b  Yes 139 |2’ mass 3.2TeV gv=3 ATLAS-CONF-2020-043
HVT W’ — WH model B Oeu  21b,>2J 139 | W mass 32TeV av=3 2007.05293
LRSM Wg — uNg 2pu 1J - 80 Wp mass 5.0 TeV m(Ng) = 0.5TeV, g = gr 1904.12679
Clgqqq - 2j - 37.0 |A 21.8TeV 1703.09127
Clttqq 2ep - - 139 | A 358TeV. 2006.12946
Ol eebs 2e 1b - 139 | A 1.8 TeV 2105.13847
Clpubs 2p 1b - 139 |A 2.0TeV 2105.13847
Cl ttet >teu  >1b>1j Yes 361 [A 2.57 TeV 181102305
Axial-vector med. (Dirac DM) Oepury 1-4] Yes 139 | 21 TeV 210210874
s Pseudo-scalar med. (Dirac DM) O e u, 7,y 1-4j Yes 139 Mied 376 GeV =1, 2102.10874
(=) Vector med. Z’-2HDM (Dirac DM) 0 e, u 2b Yes 139 Mmed 3.1 TeV tanp=1, gz=0.8, m(x)=100 GeV | ATLAS-CONF-2021-006
Pseudo-scalar med. 2HDM+a  multi-channel 139 Mmed 560 GeV tanp=1, g =1, m(x, ATLAS-CONF-2021-036
Scalar reson. ¢ — ty (DiracDM) 0-1e,u  1b,0-1J Yes 361 |ms 3.4TeV 1812.09743
Scalar LQ 1% gen 2e 22 Yes 139 LQ mass 1.8 TeV B= 2006.05872
Scalar LQ 2" gen 2pu >2j Yes 139 LQ mass 1.7 TeV. B=1 2006.05872
&) Scalar LQ 3" gen 17 2b Yes 139 LQ; mass 1.2 Tev B(LQS = br) =1 ATLAS-CONF-2021-008
= ScalarLQ 3" gen Oeu  22j,22b Yes 139 | LQE mass 1.24 TeV BLQY — tv) =1 2004.14060
Scalar LQ 3" gen 22epu 21721, 21b - 139 LOa mass. 1.43 TeV BILQY - tr) =1 2101.11582
Scalar LQ 3 gen Oep,2170-2j,2b Yes 139 | LQjmass 1.26 TeV BLQZ - by) = 1 2101.12527
VLQTT - Zt + X 2e/2u/>3ep 21b,21] - 139 [Tmass 1.4 TeV SU(2) doublet ATLAS-CONF-2021-024
S8 VLABB - Wt/Zb+ X multi-channel 36.1 | Bmass 1.34 TeV SU(2) doublet 1808.02343
® &5 VLQTs3TsslTss > W+ X 2(SS)23 e > 36.1 | Tsj3 mass 1.64 TeV B(Tsp3 » Wi)=1, c(Ts W)= 1 1807.11883
£33 VIQT - Hyzt Teu > 139 [T mass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
VLQ Y - Wb lepu > 36.1 | Ymass 1.85 TeV B(Y — Wh)=1, cr(Wh)=1 181207343
VLQ B — Hb Oep >2b, 139 | Bmass 2.0TeV SU(2) doublet, k5= 03 ATLAS-CONF-2021-018
B'@ Exciedquark q” - qg - 139 |iqtmass 6.7 TeV only u* and d°, A = m(q°) 1910.08447
£ S Excitedquark ¢’ — qy 1y 36.7 | ' mass 53TeV only u* and d°, A = m(q°) 1709.10440
S E Excitedquark b' — bg - 361 | b* mass 2.6 TeV. 1805.09299
Excited lepton v* - - 20.3 1.6 TeV 1411.2921
Type Ill Seesaw 22j Yes 139 N° mass 910 GeV ATLAS-CONF-2021-023
LRSM Majorana v 2 2j - 36.1 Ng mass 3.2Tev m(Wg) =4.1TeV, g1 = gr 1809.11105
o Higgs triplet H** — W*W* 234 e, (SS) various  Yes 139 H** mass. 350 GeV DY production 2101.11961
S Higgs triplet H** — (¢ 234eu(SS) - - 361 | H* mass 870 GeV DY production 1710.09748
S Higgs triplet H* - (r 3eput - - 203 DY production, B(H:* — fr) = 1 14112021
Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 TeV DY production, |q| = 5e 1812.03673
Magnetic monopoles - - - 344 | monopole mass 2.37 TeV DY production, lg] = 1go, spin 1/2 1905.10130
Vs=13TeV | vs=13TeV sl P | N PR | N P
partial data full data 107t 1 10

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

FSmall-radius (large-radius) jets

are denoted by the letter j (J)

Mass scale [TeV]

There is no target scale !
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CMSs preliminary

Overview of CMS EXO results
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COMPARE TO EARLIER DISCOVERIES:

* Beyond the Fermi theory: W and Z bosons
* Beyond the bottom quark: top quark

* Beyond the electroweak theory: the Higgs boson
New physics scale known

Now: no.




MODEL LANDSCAPE BEFORE THE HIGGS DISCOVERY

Driven by “naturality problem?”:

mpg~my —+ AZ

Resolved by adding a spectrum of bosons and fermions

or

making the scale dynamical, leading to composite spectrum.




IS THERE A NEW LIGHT RESONANCE?

NO.

ANP

(NYNMSSM, SMEFT
(higher dim. ops)
(Pseudo)Goldstone Higgs,

Walking Technicolor

Aweak



PRECISION MEASUREMENTS

e.g. k; = (Higgs coupling i)/(SM Higgs coupling i) Much theory work required:

(s =14 TeV, 3000 fb™' per experiment

Higgs production at NNNLO 1503.06056 | Total ATLAS and CMS

e — Statistical HL-LHC Projection
80 | - ot i | —— Experimental
vemwoaeea H LO E NLO ® NNLO ® NNNLO 1 —— Theory Uncertainty [%)]

Central scale: s = my/2
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02F
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0.0 :

01 sz — \9.8 72 17 64

‘ 6 s 10 12 0 002 004 006 008 0.1 0.12 0.14

Jsre Expected uncertainty



MAGNETIC MOMENTS

a,(SM) = a,(QED) + a,(Weak) + a,(Hadronic)

QED N
A 4 116584718.9 (1) x 107" 0,001 ppm
Wéak ‘ |
+... 153.6(1.0) x 107'"  0.01 ppm I
,/"l/ * X X I .
/ Hadronic... N\ BNL g-2
s e b @ i
...Vacuum Polarization (HVP) 6845 (40) x 10-11 0.37 ppm FNAL g-2
a? A e [0.6%]
\\ ~ 150
...Light-by-Light (HLbL,
9 .t gl 92(18) x 1011 0.15 ppm < >
385G+ [20%] = ® B ® =
R J BMW, lattice QCD  Experimental
Standard Model Average
lattice —B—
R-ratio —&—
420
BMWcC20 | | . e < >
Mainz’19 | = | — .P ’
19 | e 5 ite Paper
FHVT Standard Model
ETM19 | =) ! \ ! ! ! ! ! !
RBC'18 | = 17.5 18 18.5 19 195 20 205 21 21.5
BMWc'17 | = : 1 9 »
DHMZ'19 | o 5 : a, X 0 —-1165900
KNT'19 | & : .
CHHKS'19 | =6~ nonewphysics 1 2002.12347

660 680 700 720 740
1010 5 gLO-HVP

H 7



RARE PROCESSES

fQ% aBBt- K ptu) |, o, | _

p - % dq? 1

i fQ% dB(BT—K+tete )
Q1 dq?

dq?

In SM Ry = 1 +(rad. corrections)

LHCb (2103.11769): o

. Belle

BaBar
0.1 < ¢%> < 8.12 GeV*/¢*

1.0 < ¢? < 6.0 GeV?/c*

LHCb 9 fb™!
1.1 < ¢*< 6.0 GeV?/c*

Lepton flavor violation at 3.1 ¢ 0.5 1

1.5
Ry



SM: FANTASTICALLY SUCCESSFUL YET GLARINGLY INCOMPLETE

Precision computations needed.

Many unanswered questions:
e Dark matter?

« Patterns of fermion masses?
« Baryogenesis?

« Strong CP violation?

* Origin of EW scale?

« Why three generations?

« Why one Higgs doublet?



DARK MATTER: EVIDENCES

Observations -

A stable, neutral massive particle: L

~ Velocity

Galaxies: rotational velocities of stars Tolatkte i

~

~
-

e '
] IO

Clusters: velocity distribution of galaxies

20,000 30,000 40,000

Obsevable universe: CMB data R e e (o vets)




DARK MATTER: MAIN QUESTIONS

MSSM
Nature of DM? Well motivated: a superpartner
Mass scale of DM? Hierarchy/ naturality: around EW scale

Stability of DM? Put in by hand: R-parity.
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DARK MATTER: MAIN QUESTIONS

TECHNICOLOR

Nature of DM? Well motivated: a technibaryon

Mass scale of DM? Above TeV

Stability of DM? Technibaryon number

12



DARK MATTER: MAIN QUESTIONS

QOCD axion ~ 1072evV
|
' Warm DM border Unitarity limit ) )
' 1 1 Primordial
\ 2 I I black holes,
. \\4 . v ) Bosonic stars,
Ultralight DM Light DM WIMP Composite DM
< | | | L .
I I I I I
10720 eV keV GeV 100 TeV Mo,
Non-thermal boson field warm DM CDM

Thermal relic window

There is no target scale !

SM as observed + hidden sector

Simple benchmark models for DM

13



10" GeV

TeV: GeV MeV eV

1073eV

Inflation ?

EW
PT QCD
PT

BBN

CMB

16% s

107% s

Evolution and decoupling:

f — F(k)(f_feq)

10735

107195 100 y

14



ppy = 0.3 GeV/em? —
Velocity distribution: f(v)~ exp(— ”—2) 0(Vyeo — V) (:f;i Gl o

Vo

E ;
=
S
e

> z
: -

; =

e )

g
)
i
X
"”.:W x




DM SCATTERING ON NUCLEI

Xenon1T 1805.12562
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Dark Matter-nucleon og [pb]



e Dark Matter

E/GeV (mass ~ GeV —TeV)
10—3 - s ‘
nuclear recoils ’ Germanium
1076 -
recoil energy
o SV (tens of keV)
-9 electron recoils
107Y -
10—12 A | | ‘ mDM/GeV
1076 1073 109 108

Smaller DM masses, smaller recoil energies.
E~0(10 — 100 eV) ~ atomic displacement energy.

Effects dependent on material properties.
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Constant level of recoils Threshod energies in Ge

as the Sun moves in the Galaxy.

Galactic Longitude

o\ 180° .
- 210° (Auriga) 150°
(Monoceros) (Perseus)

‘\ 25 000 ly / (Cassiopeia)
/\/ 7.7 [Kpe A~ [\

50000 ly
15 .3 Kpc
Sun's orbit

Additional effects from
movement of the Earth



mpm=0.3 GeV

Total rate:

Nevents (Normalised)

1903.08654
2103.08511




CONCLUSIONS

There are things we know
- SM

There are things we know we do not know,

- SM observables at high precision
- Nature of DM

Lots of interesting work to be done
- Precision QFT, lattice,...

- New concepts for DM detection

- Connections to materials science
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