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Events drastically changing our

viewpoint of BSM physics

+* CKM triangle measurement at Belle /Babar 2008.

+ The Higgs in 2012 (note that in the wikipedia
article they mention “the origin of mass”, this is
somewhat solved though the origins of the
hierarchy in flavours is unexplained)

<« Non-observations in FCNCs@B tactories, at
collider and Dark matter experiments (and the

flavour anomalies?) \

No Nobel prize though arguably
most radical information!?



ATLAS summary plots

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

May 2017 V5=7,8,13TeV
Model 6LT,Y Jets ET [Ladm™] Mass limit V5=7,8TeV | \5=13TeV | Reference
MSUGRA/CMSSM 0-3eu/1-27 2-10jets/3b Yes  20.3 1.85TeV  m(3)=-m(z) 1507.05525
33, qﬁq/v“ 0 2-6jets  Yes  36.1 m(#})<200 GeV, m(1* gen. §)=m(2" gen. §) ATLAS-CONF-2017-022
8 & G—4¥] (COMPressed) mono-jet  1-3jets  Yes 3.2 m(g)-m(E})<5 GeV 1604.07773
£ g—h’[q)( 1 0 26jets  Yes  36.1 m(¥})<200 GeV ATLAS-CONF-2017-022
% 22, 3-qalt >gqW:T) 0 26jets  Yes  36.1 m(¥})<200 GeV, m(Z=)=0.5(m(¥})+m(z)) ATLAS-CONF-2017-022
8 & gﬁqq(ll/vv))(o 3eu 4jets - 36.1 m(})<400 GeV ATLAS-CONF-2017-030
© B8 g-agWZl) 0 7-11jets  Yes  36.1 m(¥1) <400GeV ATLAS-CONF-2017-033
= GMSB (£ NLSP) 127+0-1¢ 0-2jets  Yes 3.2 1607.05979
£ GGM (bino NLSP) 2y - Yes 3.2 cr(NLSP)<0.1mm 1606.09150
g GGM (higgsino-bino NLSP) Y 1b Yes 20.3 1.37 TeV m(¥)<950 GeV, cr(NLSP)<0.1 mm, u<0 1507.05493
= GGM (higgsino-bino NLSP) ¥ 2jets  Yes 133 m(#)>680 GeV, cr(NLSP)<0.1 mm, >0 ATLAS-CONF-2016-066
GGM (higgsino NLSP) 2eu(2)  2jets  Yes 203 [z 900 GeV m(NLSP)>430 GeV 1503.03290
Gravitino LSP 0 mono-jet  Yes 20.3 865 GeV m(G)>1.8x 10°* eV, m(z)=m(g)=1.5TeV 1502.01518
ncx'f,"; & gﬁbb)(l 0 3b Yes  36.1 m(¥})<600 GeV ATLAS-CONF-2017-021
SE §*)lﬂ£1+ 0-1en 3b Yes 361 m(¥})<200 GeV ATLAS-CONF-2017-021
=0 28 §obiX] 0-1e,u 3b Yes  20.1 1.37 TeV m(¥?)<300 GeV 1407.0600
es bibi, l}l—»bfj 0 2b Yes  36.1 m(FY)<420 GeV ATLAS-CONF-2017-038
XS bbbty 2¢,u(SS) 15 Yes  36.1 ) . 275-700GeV m¥})<200 GeV, m(F;)= m(¥})+100 GeV ATLAS-CONF-2017-030 °
§ S &f, hobtt 0-2eu 12b  Yes 47133 |[#H 117-170Gev [N 200-720 GeV! m(FF) = 2m(?}), m(¥])=55 GeV 1209.2102, ATLAS-CONF-2016-077
@ § i.x},x'ﬁww?? or &) 0-2e,u 0-2jets/1-2b Yes 20.3/36.1 90-198GeV | 205-950GeV m(i))=1 GeV 1506.08616, ATLAS-CONF-2017-020
S8 7R, il 0 mono-et Yes 3.2 m(f;)-m(F})=5 GeV 160407773
S B nn (nalural GMSB) 2e,u(2) 1h Yes 203 150-600 GeV me¥)>150 GeV 14035222
5§ hhhoh+Z Seu  1b  Yes 36 290790 GeV. m(#))=0Gev ATLAS-CONF-2017-019
by, i +h 1-2eu 4b Yes  36.1 . 320880GeV m(#)=0 GeV ATLAS-CONF-2017-019
ARAY 2eu 0 Yes  36.1 ATLAS-CONF-2017-039
,)“(I—»Zv(m 2epu 0 Yes  36.1 , m(Z, 7)=0.5(m(¥} )+m(¥})) ATLAS-CONF-2017-039
, XL RS, X (), Ko —Tr(vi) 27 - Yes  36.1 m(-?, )=0.5(m(F7 J+m(E?)) ATLAS-CONF-2017-035
> § Sﬂt’Lvly_l(‘x)/v). EVELEY) 3ep Y Yes  36.1 §(m(,\'f§)+m(f/,')) ATLAS-CONF-2017-039
s Pave —WEZX) 28eu  O2jets  Yes 361 [ 1)=0, £ decoupled ATLAS-CONF-2017-039
b)(a*)W){]h)([ h—bb/WW/tt/yy &py 0-2» Yes 20.3 270 GeV ) =0, £ decoupled 1501.07110
Xz/\/g,/\.’zg Pt bdep 0 Yes 203 |X, m(x“)—m(x“) )=t o m(Z, %)=0.5(m(F3)+m(¥})) 1405.5086
GGM (wino NLSP) weak prod., X“—»yc Tep+y - Yes 20.3 w 115-370 GeV cr<imm 1507.05493
GGM (bino NLSP) weak prod., ¥ —yG 2y - Yes 20.3 W 590 GeV cr<imm 1507.05493
7 prod., long-lived X7 Disapp. trk ~ 1jet  Yes  36.1 mET)-m(E)~160 MeV, T(1)=0.2 ns ATLAS-CONF-2017-017
Direct ¥1X1 prod., long-lived ¥7 dE/dx trk - Yes  18.4 miE;)-m(E})~160 MeV, r(¥7)<15 ns 1506.05332
E o Stable, stopped g R-hadron 0 15jets  Yes 27.9 m(E)=100 GeV, 10 us<r(£)<1000 s 1310.6584
= % Stable g R-hadron trk - - 3.2 1606.05129
ST Metastable g R- hadmn dE/dx trk - - 32 m(¥)=100 GeV, 7>10 ns 1604.04520
S & GMSB stavle 7, F{~7@Merien 12p - - e R 537 GeV 10<tang<50 14116795
sl GMSB, ¥ -G, long-lived ¥} 2y - Yes  20.3 ia 440 GeV 1<7(¥)<3 ns, SPS8 model 1409.5542
gg,)zoﬁeev ey ey displ. eefep/ut - - 203 f/‘: 1.0 TeV 7 <n(i§)< 740 mm, m(z) 1504.05162
GGM g3, ¥ —ZG displ. vix + jets - - 203 |X) 1.0 TeV 6 <ct(¥1)< 480 mm, m(g 1504.05162 +
LFV pp—¥; + X, ir—ep/et/ut epet,ut - - 32 25,2011, Aizz331233=0.07 1607.08079 Ams Exollcs w’ches - 95% CL Umr EXC'US‘O‘\ um“3 ATLAs Pfe't'rma'y
Bilnear RPY CMSSM 2¢u(SS) 03b Yes 203 1.45 TeV. m@=m(g), crisp<1 mm 1404.2500 , {r -
)(1 —WX), /‘)(jﬁeev ey, v e - Yes 133 m(E)>400GeV, A#0 (k = 1,2) ATLAS-CONF-2016-075 l e (32-370}0° vs=8,13 L
XIXL, X —»WH] X > 11, etve Seu+t - Yes  20.3 mED)>0.2xm(EF), 13320 1405.5086 b -
5 8. gﬁql,,q e 0 45large-Rjets - 148 F‘;\(/J > R(b)- ga()c) 0% ATLAS-CONF-2016-057 Wozal fy Jets! E| JEws| Limit Roteronce
o E—nﬂﬂ MC 1 = g9 0 4S5large-Rjets - 14.8 00 GeV ATLAS-CONF-2016-057 T T T
i g_.,p(h;(‘ - qqq 1eu 810jets/0-4b - 36.1 M@= 1TeV, A112#0 ATLAS-CONF-2017-013 AND G o Yo L-n - M A I snd ALAR CONF 2000 o0
88, goiit, fi—bs lep 810jets/0-4h - 36.1 m(f)=1TeV, i3 #0 ATLAS-CONF-2017-013 ALQ non-ewonart vy 2y N Y ety . w IMIND L L
??, [ q:; , 0 2jets+2b - 15.4 1450-510 GeV i ATLAS-CONF-2016-022, ATLAS-CONF-2016-084 ADO G 2 M AN . o aet?
11, - en 2b 36.1 (7 —be/u)>20% ATLAS-CONF-2017-036 ACO B9 g 3 oy less N NP o aw &M = 5 Wias B
Other Scalar charm, z—c¥} 0 2¢ Yes 203 |& 510 GeV mi?)<200 GeV 1501.01325 ALD B rat e M e -, T LT
*Only a selection of the available mass limits on new states or = * * E— * * — Y G = My PSR- 1 Tew e 60
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Chacko, Talk Santa Fe 2014

Theoretical ways forward I: e
Hierarchy problem alternatives: 5 ()

+ Models escaping LHC bounds: split SUSY, light S 1000pr e

higgsinos Graham et al 2015, Nelson et al 2017 O, 9o~ ATLAS Simulation Preliminary Oug=30% 3

éix' 8005— 14Ty ILdI:SOOOfb::.p=140, 95%'CLexclusion _E

700 %— 3-lepton channel ... ][L ot ; 300", ,:;o 9;5% Cll.s::::ion _§

+ Twin Higgs/Neutral naturalness - particles which R S N — {:‘fof‘;“j’;gjf:f‘;;’j:f:m :

explain cancellation of top loop not coloured, 500F- ™ = ™ I .

Hierarchy problem still solved by symmetries o e P

Chacko et al 2005 B00E- e . E

200 et =

+ Relaxion - Hierarchy problem not directly 100k : .
controlled by symmetries, weak scale selected b 500 300 400 500" 600500800 506" 10001100 1200

Yooy / )
dynamics Current CMS 36/fb 2SSL+3L+4L MMz CY]
(*OSL has greater reach in parent mass)
Hall et al 0911.1120
Y

Conventional DM alternatives:
Heavy (Sommerfeld
enhancement)-100 TeV collider.
Alternative mechanisms to
freeze-out e.g. freeze-in, still
testable at next generation DD
experiments.  pencke 4B et al 2016
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Theoretical ways forward 11

See Dario Buttazzo’s talk

+ Look for weakly coupled particles/ very light particles, axions (CP

problem) or axion-like particles (ALPs), as mediators between SM
and dark sector. Testable at flavour/astrophysics/cosmology and

dedicated experiments.

+ B anomaly driven model
building: Correlate with
other channels via EFT,
Leptoquarks, Z’, new
ideas for unifications, test
via further measurements

+ Lattice QCD: much
progress recently, crucial
inputs for B physics, g-2,
DM...

Isidori, LHCb implications 2017

E.g.: correlations among down-type FCNCs [using the results of U(2)-based EFT]:

pu (ee) 1 vV T pe
b—s Ry, Rg+ B>K®»tw | BoK®w : BsKtmu |[B—Kype
0(20%) - — 100xSM O(1) 77?
b—d | By— uu B — 1t 1T B—rmvwv Bontu |B—mpe
Bomu ) goxsm || O | 777
By — KO pp :
0(20%) [R¢=R,] 5
s —d long-distance NA K—mw NA K—pe

pollution

77?




Theoretical ways forward 11

+Look for weakly coupled particles/ very light particles, e.g. axions (CP
problem) or axion-like particles (ALPs), as mediators between SM and

dark sector. Testable at flavour/astrophysics/cosmology and dedicated

experiments.

+ Flavour probes/model
building: Anomalies in b to s
and b to ¢ channels, lepton
flavour plays important role:
Correlate with other channels
via EFT, Leptoquarks, Z,
new ideas for unifications,
test via further
measurements

Isidori, LHCb implications 2017
E.g.: correlations among down-type FCNCs [using the results of U(2)-based EFT]:

uu (ee) T vV TR pe
b—s Rk, Rgx Bo>K®»tw | B>K®w ! Bs>Ku |[B—>Kupe
020%) || —100xSM | 299
b—d | By— uu B — 1t 1t B—nw B—ontu |[B—ompue
B —mpup o(1 : :
— 100xSM (1) | — ~107 22?
B Ko | | cow ] i [Gae]
0(20%) [Re=R,] '
s —d long-distance NA K—rnvv N4 K—pe

pollution

17?7

+ Lattice QCD: much progress recently, crucial inputs for B physics, g-2, DM...
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Contents

+ Models with light mediators and motivation
+ Generation of dark matter + cosmological constraints
+ Searches/prospects at Belle II

+ Searches/prospects at LHCb

Disclaimer: not an expert, hoping for corrections and comments!



Models with hght mediators

< Vector Portal —— LD €Vu J gM

B HioosPortall, = L 5 )\SQ(HTH)

. @ F
+ Axions/ALPS — L[ D ; Fyt~® f
\ A
€5 T8 ¥
Each of these can be mediators between the
DM and the SM: can have significant

interactions with the SM and be probed via
collider experiments




Motivation for light mediators

QS slowly rolling field (inflation provides friction) that scans the Higgs mass

+ Strong CP 5 ge 2 Ady (99 1 ¢~
problem (PQ A ( 1+f(A))|H| AV A +32772f0 G

axion) e /' I

Higgs mass potential needed to force
o< Hierarchy depends on ¢ ¢ to roll-down in time axion-like coupling
problem (during inflafi?n) that v.vill seed 'rh.e potential barrier'
: v stopping the rolling when the Higgs
(Relax10n) ~ 4 develops its vev
/ A3QCD h cos ?
+ Small-scale ’//¢ f
’ I} Al

structures If ¢ continues rolling, the Higgs vev

increases, the potential barrier increases
and ultimately prevents ¢ from rolling

,"l\\\',',‘ down further

See Nelson and Prescod-Weinstein 1708.00010

.......and as a gateway to the Dark sector! 9

“* probably more




Fxperimental signatures/constraints

+ Dark matter relic density generation

+ Cosmology / Astrophysics bounds: BBN, Horizontal
branch stars, DM self interactions, SN1987 A

+ Electron and proton Beam dump experiments:
SLAC E131, SLAC E137, CHARM, NuCal, NA62

* Production at Flavour experiments: FCNC K and B

decays, upsilon decays, direct production
10



Freeze 1n and freeze out

Bernal, Heikinheimo, Tenkanen, Tuominen and Vaskonen arXiv:1706.07442

Three values of the rate I' between the visible sector and DM particles x, where
arrows indicate the effect of increasing I' . For freeze-out x = mx /T For freeze-in,
x=ma /I and forboth ¥ =ny/s. 11



Non-standard DM generation

Chu, Hambye and Tytgat, arXiv:1112.0493
Bernal et al. arXiv:1706.07442

+ Dark freeze-out: DM osl T -:
ot in thermal eq. Wl th _1.0: 4. reannihilation 3. dark freeze-out ]
SM but with dark sector,
generated from as in

I
-

freeze 11’1. DM annlhllates _3'0;_ 52. freeze-in 1. freeze-out i

; : ~3.5¢ : :

into dark sector, different . | 1
—12 -10 -8 -6 -4 -2

temperatures. ~logiy

* Reannihilation: DS in eq. within itself but dark freeze-
out would occur before yield from SM has ended. DM
freezes out only when production has ended.

12



Loglo[a' ]

0
Dark Photon couplings  _,|
. e
<+ Freeze-1n: €2~ 10-17 to 10-15 = :
) _
S -6}
<+ Reannihilation: €2~10-15 to 109 ;
8| =
P Dark freeze-outie2-102t010° of / / /7 / / = @ W
1210 8 6 -4
phase diagram Log,,[Ypm] (mpm=m.) : — Yp‘hafe (Iﬁalgf?m|LY°g1Xo[|YD1|VI][ ('.nD|M=.O'.1G.eY)r S LOQ']OK
° | where K represents
the strength of the
Interaction
e / between the SM
i - ‘: and the dark sector
|
| | €.
: v k= ¢
i / E 12N g
1 6 I

lllllllllllllllllllllllll
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(C.osmological motivation

Hints for self interactions from small-scale structures:

Unclear if N-body simulations can reproduce small-scale
structures where structure formation is strongly non-linear.

Problem Observation

Mass density profile for CDM halos | Galaxy rotation curves prefer a
increases toward the center: p«r-! constant “cored” density profile por?

Core-cusp

Disk galaxies with same max circular

Density profiles of galaxy halos

Diversit ; ; : velocity have large scatter, i.e. core
y quite uniform for given mass densities can vary by factor O(10)
B : In Milky-way predict O(100—1000) Only O(10) dwarf spheroidal
MlSSlng S atelhtes subhalos large enough to host galaxies galaxies discovered

Brightest galaxies at centre of | Central region of largest sub-halos too
dense to be consistent with stellar

formation of brightest dwarf spheroidals

Too-big-to-fail

largest sub-halos.

From review on self-interactions and small scale structure by Tulin and Yu, arXiv:1705.02358 i



(Cosmology and astro constraints

Cadamuro and Redondo, arXiv:1110.2895

+ SN1987A: Weakly coupled particles with masses up to 100
MeV could provide an energy loss mechanism similar to

neutrinos before the explosion. Neutrino observation from
SN1987 A results in bound on other particles cooling the SN.

+ Horizontal branch stars: Energy-loss mechanism here too,
effecting evolution of stars, constraint from star counts in the
colour-magnitude diagrams of globular clusters

+ BBN bounds: mediators must decay sutficiently quickly before
BBN to avoid changes to the expansion rate/entropy density /

destruction of certain elements. Irrelevant if decay time<1s. .
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Dark Sector@LHCh ==

Je
Je

W Phil llten 2017
v

!
1
[
1
[
]
1
]

Il

See Carlos Vazquez Sierra’s talk

[lten, (Soreq), Thaler, Williams and Xue, arXiv:1603.08926, arXiv:1509.06765

Dark photon searches ‘
proposed using inclusive di-

muon production and D*0
— DO ete—

PI, Ompt an d dl Spl ace d | meson decays SM Drell-Yan ut |
searches to be performed
simultaneously, covering
large region of parameter

space with the full Run 3
LHCDb dataset.

D*0 search (requires Run 3 triggers)

will cover dark photon masses from the
2me to 1.9 GeV, and inclusive di-muon

(possible with Run 2) above 2m,,

16
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* LHCb Run 3 (di-muon)
1 Phys. Rev. Lett. 116 (2016)

| ultimate LHCDb reach SeaQQuest

LHCDb Run 3 (di-electron
f Phys. Rev. D 92 (2015) Dark Freeze out

Reannihilation

Freeze In
/ Phil llten 2017 i
001 o017 T

my, |GeV]

-l
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Production and decay modes at B factories

Three fundamentally different ways to produce light mediators (M):
* Non-resonant annihilation of an electron-positron pair: efe-—=M + X

+ Resonant production from tree-level decay, e.g. e*e-= Y (nS) > M+X.

+ Resonant production from loop-level rare decay, e.g. efe-= B+X—2> K+M+X.

Once produced, the mediator can have four different types of decays:

M
ok
XX il qi9» ¢

18



Promising search channels at Belle 11

For more information see Belle II physics book.

s ee M + X:
+ Relies on e-coupling, best for vector, if pseudoscalar via alpsstrahlung ete-— y*—yM, or
photon fusion ete-—M-+ete—syy+ete). or ete— y*—=rr—=M-+1T,
+ If invisible, y needed for triggering (ete—M + y), if leptonic, y can also help enhance

trigger acceptance (Displaced vertices also possible.)

+ ete-—=Y(2S/3S)—= Y (1S)+mmt = M+y+1Tt:

+ For spin-0 or axial-vector mediators Y(1S)—My , (bump in photon spectrum). M—¢7¢,
leptonic invariant mass shows peak.
+ 77, gg, hh final states also possible. Triggering on it allows M—inv, even if y off shell.

+ ete-> B+ X2 K+M+X:

%+ M—inv (like B to Kvv but diff. K distribution), yy (good for pseudo-scalar with mass near

2m,) or uu (strongest limit for spin-0).

+ Displaced vertices can also be identified. See |.aura Zani’s talk

19



2w 1072
i 107
[ Belle Il (Phase 3) —
10713 -="" LDMX1@4GeV —
LDMX2@8GeV _
v@“ 7
10° F E
10_17 i Y st il e i id il - 10—4
107 1072 10~ 1
m, [GeV/c’]

Dark Freeze oyrw

l

Expected sensitivity Belle Il 20 fb™ (simulation)

1072

107"

€eff
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Al.Ps searches at Belle 11

Dolan, Ferber, Hearty, Kahlhoefer and Schmidt-Hoberg arXiv:1709.00009

et
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Conclusions

LHC and worldwide particle physics experimental programme playing
major role in how we look at physics beyond the SM

Lack of signs of BSM@LHC resulting in new ideas for potential solutions to
hierarchy problem, e.g. neutral naturalness, relaxions, LHC(b) and Belle
results are putting flavour in the spotlight with the B anomalies, attracting
attention to leptoquark and Z” models

Lot of model building activity in the light sector, trying to find innovative
ways of solving the DM, strong CP, neutrino mass and hierarchy problems.

Prospects of Belle II and LHCb look promising but need continuous
thinking of new channels to further probe this sector experimentally!

Creativity of theorists moulded by experimental revelations
22



