i iy "" |h-.“ &
s l|I|I||ﬂ||"~||||||||i I
pﬂll||||ll-..||“|||]I.

|

(il 2

.-

Higgs in Perspective I1I: concrete BSM

Pilar Hernandez

% VNIVERSITAT c S l C
&5 DOVALENCIA

CONSEJO SUPERIOR DE INVESTIGACIONES CIENTIFICAS



The concrete BSM way...

(not longer just top-down)



Which BSM ?

In the “good old days”, we had a grand scheme:

leptogenesis
flavour
strong CP & axion

vV masses
EW baryogenesis Quantum

Gravity
\ \ \ \ M N
eV keV MeV GeV TeV Mpianck
Dark Matter
inflation

Hierarchy problem and dark matter




EW Hierarchy problem ?

An enormous brain effort has been devoted to solving this problem,
ie. understanding the separation between Mpyjges << Mpjanck

Mp | Mp | Mp |

. 1 i 4 170
::::::::::::? I T ATC T MKK = MKK
1T H TNy T My T Mg
“Natural” Higgs ExtraD
Clockwork
SUSY compositeness (RS)

New states at TeV, top quark special



LHC EW hierarchy razor

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

March 2019 Vs =13TeV
. 1 .
Model Signature  [Ladr (] Mass limit Reference
i, i-qt) Oep  26jets  EP™ 361 1.55 m(¥})<100 GeV 1712.02332
o mono-jet  1-3jets  EP' 361 0.71 m(g)-m(¥})=5GeV 1711.03301
% 2. §-qak Oep  26jets  EPs 361 [z : 2.0 m(E)<200Gev 171202332
s g Forbidden 0.95-1.6 m(¥})=900 GeV 1712.02332
B 55 goqaeor 3ep 4 jets - 1.85 m(})<800 GeV 1706.03731
Q ee, i 2jets  EMS 361 z 1.2 m(g)-m(¥})=50 GeV 1805.11381
B 33 goqqWzt) Oeu 7-M1jets EP 361 | 18 m(PY) <400 GeV 1708.02794
S Bepu 4 jets 36.1 z 0.98 m(g)-m(¥1)=200 GeV 1706.03731
<
= gz oot O-1epu 3b EPS 798 |2 2.25 m(¥})<200 GeV ATLAS-CONF-2018-041
Bepu 4 jets 36.1 4 1.25 m()-m(¥1)=300 GeV 1706.03731
biby, by —b%) ji0E Multiple 36.1 by Forbidden 0.9 m(¥})=300 GeV, BR( 1708.09266, 1711.03301
Multiple 361 |5 Forbidden 0.58-0.82 m(¥})=300 GeV, BR(bY})=BR(:t 1708.09266
Multiple 36.1 by Forbidden 0.7 m(¥})=200 GeV, m(¥7)=300 GeV, BR(:X} 1706.03731
25 biby, bi—b — bk Oep 6b  EMS 139 |, Forbidden 0.23-1.35 Am(E3,¥9)=130 GeV, m(¥| SUSY-2018-31
§ b By 0.23-0.48 Am(¥3.¥))=130 GeV, m(¥’ SUSY-2018-31
=3
&8 an, i-wbt or b) 0-2e,u 0-2jets/1-2b X 364 | i 1.0 m(¥)=1GeV 1506.08616, 1709.04183, 1711.11520
s é- fif1, Well-Tempered LSP Multiple 361 |4 0.48-0.84 m(F))=150 GeV, m(¥5)-m(¥))=5GeV, 7; ~ i, 1709.04183, 1711.11520
> @ 1, i —>T1by, 71 —1G Tr+lepnr 2jetsNb EPS 361 |& 1.16 1803.10178
B iy, ekl /22, el Oe,p 2¢  EPS 361 e 0.85 1805.01649
i 0.46 m(iy,&)-m(¥})=50 GeV 1805.01649
Oepu mono-jet  EFS  36.1 i 0.43 m(7,&)-m(t})=5 GeV 1711.03301
b, hoh +h 1-2ep 4b EPS 361 | & 0.32-0.88 m(E})=0GeV, m(7;)-m(¥})= 180 GeV 1706.03986
XS viawz 23eu EPS 361 )?‘/)?i 0.6 m(e})=0 1403.5294, 1806.02293
ee, upt >1 EP™ 361 )?%/)22 0.17 m(E;)-m(¥)=10 GeV 1712.08119
2epu EMs 139 | &y 0.42 m(¥})=0 ATLAS-CONF-2019-008
0-1ep 26 EPS 361 |4 0.68 mee 1812.09432
S 2epu Eps 139 | &7 1.0 m(Z.7)=0.5(m(¥})+m ATLAS-CONF-2019-008
E 9 27 Ep 361 [ HE 0.76 o, m@)=o.m 5(m(F pem(E})) 1708.07875
S x%/xz 0.22 m(F;)-m(¥)=100 GeV, m(#, #)=0.5(m(¥} )+m(¥})) 1708.07875
2ep Ojets  Ems 139 7 0.7 m(¥)=0 ATLAS-CONF-2019-008
2e.p >1 Es 361 |7 0.18 m(@)-m(E})=5 GeV 1712.08119
HH, H-hG/(ZG Oep >3b  EPS 361 | & 0.13-0.23 0.29-0.88 BR(Y! — hG)=1 1806.04030
4ep Ojets  EMS  36.1 i 03 BR(Y] — 2G)=1 1804.03602
B @ Direct.¥]¥] prod., long-lived ¥i Disapp. ttk ~ 1jet  EFS  36.1 Pure Wino 1712.02118
g % Pure Higgsino ATL-PHYS-PUB-2017-019
g E Stable g R-hadron Multiple 36.1 1902.01636,1808.04095
S = Metastable g R-hadron, z—qq¥! Multiple 36.1 mE)=100 GeV 1710.04901,1808.04095
LFV pp—¥. + X, Vr—ep/et/ut CpLeTUT 3.2 A4y,=0.11, A132/133/233=0.07 1607.08079
XX 100 — wwyzeettvy dep Ojets  EP™  36.1 m(¥})=100 GeV 1804.03602
22, 8-qa¥, X! > qqq 4-5large-R jets 36.1 Large 17, 1804.03568
n>_ Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
o b, ) = tbs Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
1, 11=bs 2jets+2b 36.7 1710.07171
fif, =gl 2ep 2h 36.1 BR(f; —be/bu)>20% 1710.05544
1u DV 136 BR(7) —qu)=100%, cosf,=1 ATLAS-CONF-2019-006

*Only a selection of the available mass limits on new states or

phenomena is shown. Many of the limits are b.

ased on

simplified models, c.f. refs. for the assumptions made.

Mass scale [TeV]



LHC EW hierarchy razor

B 13Tev [_]8TeV
LQ1(ej) x2

LQ1(ej)+LQ1(vj) B=0.5 t
LQ2(1) x2 coloron(jj) x2

LQ2(pj)+LQ2(vj) p=0.5 coloron(4j) x2
e — Leptoguarks
LQ3(tt) x2 /3 g )
o Leswyxe = gluino(jjb) x2
Single LQ1 (\=1) [————1
Single LQ2 A\=1) =3
0 1 2 3 4 TeV

Multijet

Resonances
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2 3 4 TeVv

ADD (y+MET), nED=4, MD

RS1(j), k=0.1 RS GI’OV”OI’]S ADD (jj), nED=4, MS

RS1(yy), k=0.1 QBH, nED=6, MD=4 TeV

RS1 (ee’uu)’ k=0.1 [ ] NR BH, nED=6, MD=4 TeV
|

1 2 3 4 TeV

String Scale (jj)

QBH (jj), nED=4, MD=4 TeV ]

CMS Preliminary oD e e, 0

ADD (ee,py), nED=4, MS La rge Extra
ADD () nED=4, MS Dimensions
SSM Z'(t1) Jet Extinction Scale
SSM Z'(jj) o 1 2 3 4 5 6 7 8 9 10
SSM Z'(ee)+Z'(up) Tev
SSM W'(jj) dijets, A+ LL/RR
SSM W'(lv) dijets, A- LL/RR
SSM Z'(bb) [—————1 dimuons, A+ LLIM
0 1 2 dimuons, A- LLIM
X dielectrons, A+ LLIM
Excited dielectrons, A- LLIM
e* (M=A) Fermions single e, A HNCM .
w M=1Y single j, A HCM
a* (gv)(?j) inclusive jets, A+
b* inclusive jets, A\-
0 1 2 3 4 5 6 Tev 01234567 8910111213141516171819 TeV

CMS Exotica Physics Group Summary — ICHEP, 2016



EW Hierarchy Problem ?

LHC has found no smoking gun for a solution to the big hierarchy
problem and has enhanced the “Little hierarchy problem”:

But O(10-100)TeV still an interesting scale to explore!



WIMP Dark Matter

Thermal relic (freeze-out):

neutral and stable Weakly Interacting Massive Particle related to the
physics that solves the hierarchy problem (eg. SUSY LSP)

thermal freeze-out (early Univ.)

indirect detection (now)
Bl

DM %9\ 1
DM SM

e ————————
production at colliders

direct detection

1 10 100 1000
x=m/T (time -)

1 (ov) ~ 107%%cm? /s
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Qparh? x



WIMP Dark Matter

Vanilla WIMP getting squeezed but a clear motivation to explore
the [10GeV-100TeV]!

10722 ey
= Qwimp = Qpwm .

1024 —

—————————————————————

Overabundance

0.1 1 10 102 10° 10* 10°
m, [GeV]

Leane, Slatyer, Beacom,Ng ‘18



Strong (and complementary) constraints from direct detection and colliders

TT \3\\5"9 fb\-1 (|13I \-I-\e\y)

10_36 = ’I a T T T T T 1717
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Many ideas in the market to target the low mass region in direct detection

Several anomalies: DAMA-LIBRA, CDMS and also astrophysical 3.5keV,
GeV excess...



What if solving the hierarchy
problem is not the right lead ?

...we still need to understand data: DM, neutrino masses,
Matter-antimatter asymmetry



Motivational Toolkit beyond EW hierarchy

I. Avoid hierarchy problem & improve testability

leptogenesis

flavour
strong CP
< Dark Matter I> vV Masses
| | | — | | | | M N
eV keV MeV GeV' TeV Mpianck
new DM production mechanism changing paradigms: lighter and

(FIMPs, asymmetric Dark Matter...) more feably coupled,



Models for the spotlight ?

Standard
LHC + DM
searches




Models for the spotlight ?




New spotlights for well motivated models

Standard
LHC + DM
searches




Motivational Toolkit beyond EW hierarchy

II. Occam’s Razor

Example: heavy majorana neutrino<-> type I seesaw

Origin of neutrino mass:

SM

Higgs Higgs

+ Origin of matter-antimatter asymmetry for My > O(100)MeV



BSM: Neutrino mass-Leptogenesis

New spotlights: beam dump and collider searches of neutral heavy leptons
0]

L} T
[ Excluded
B logAM prior
logM prior
— SHiP
—— LBNE
=  FCC
# Test Point ||

£ (YB (param) — ngs)z

Oypg

_10 -05 00 05 1.0 15 2.0
10g10(M1 /GeV)

The measurement of the mixing to e/pu of the sterile states, fov and & in neutrino
oscillations have a chance to give a prediction for Yy



BSM: Neutrino mass-Leptogenesis

New spotlights: beam dump and collider searches of neutral heavy leptons

Tau coupling dominance: U%:U}:U? = 0:0:1

a e 10~
=
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10_5 20
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Motivational Toolkit beyond EW hierarchy

I1. Occam’s Razor

Mediator ALPs and more generally pNGB:
f strong CP, dark matter, flavour,...

6= (f+s)e!

_ l

QCD axion: m%fﬁ X mifg E(? !’




Axion Dark Matter
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Axion Dark Matter

Bright prospect to explore the phase space of QCD axion models

Laboratory
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Motivational Toolkit beyond EW hierarchy

I1. Occam’s Razor

Mediator ALPs and more generally pNGB:
f strong CP, dark matter, flavour,...

6= (f+s)e!

_ l

Alternative to QCD anomalous breaking: mg f 2 > 77172T fﬁ é@ l%!,




ALPs searches

New spotlights: ALP searches @ colliders and beam dump experiments
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Motivational Toolkit beyond EW hierarchy

I1. Occam’s Razor

Mediator

Hidden
Sector

SM

X1y X25 - Xn

New spotlight: Long-Lived Particles

lepton-jets, or
lepton pairs

trackless,
i low-EMF jets

Many models of this type to explain Dark Matter: FIMPs, SIMPs, Mirror worlds...



Motivational Toolkit beyond EW hierarchy

II1. Searching for connections: towards a new grand scheme

Strong-CP

<
(§O
&
v

Matter-
antimatter
Dynamical Flavour 12

Lepton number

B-anomalies
\\




The BSM Landscape
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“Truth is ever to be found in simplicity, and not in the multiplicity and confusion of things”

|. Newton



