Moriond Electroweak Interactions & Unified Theories
[a Thuile, 23 Mar 2019

EW - Main Topics

* The Standard Model: precision tests

e Search for the Higgs Boson

* Beyond the Standard Model: searches, supersymmetry, rare processes, extradimensions, ...
¢ Flavour physics and CP violation (in the hadronic and leptonic sectors)

* Neutrino physics

* Axions

e Dark matter searches and Dark energy candidates

* Astroparticles and cosmological observations and their implications



Shahram Rahatlou
Executive Summary

> LHCb experiment at CERN stole the show this year at Moriond EW
Observation of CP Violation in charm mesons by LHCb !!!

> Flavor anomalies are still alive after updated result by LHCDb
— X2 more data still to be looked at by LHCb
— Heads up to BELLE, CMS, and ATLAS

> Neutrino experiments on track to tackle CP Violation as well

> Rich program across energy and mass scales to detect rare processes —
iIndirect search for New Physics

> Standard Model physics at colliders entering New Physics territory
> Vibrant and diversified direct search program for New Particles

> Multi-prong approach to Dark Matter expanding
— Not just WIMPs but also very light or exotic candidates pursued



CP Violation



CP Violation
in Decay

a.k.a.
Direct CPV

CP Violation
In Mixing

CP Violation

in interference

between Mixing
and Decay

==

Matter - anti—matter Asymmetry

CP Violation



Unitarity Triangle(s)
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> Probing new physics as enhancement
in Bs CP Violation



CP Violation in Bs—J/WKK

Jennifer Zonneveld, LHCDb

> Updated time-dependent angular analysis by adding 2016 data
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> Combination with other Bs decays for most precise measurement of Os
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CP Violation in Bs—J/W ¢

> Time-dependent angular analysis with 80 fb-1 collected in 2015-2017

> Uncertainties competitive with latest LHCDb results
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Probing CP Violation in Charm
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Observation ot CPV in Charm (at last)

> Dedicated TURBO stream with online calibration and reconstruction of events

— Increased event rate and faster turn around for critical measurements

soft pion tag
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> Probing also D0 =+ KsKs but no CPV yet

Giulia Tuci, LHCDb

Federico Betti, LHCb
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Standard Model
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Long Standing Anomalies
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R(K*) and R(K**) by BELLE

> Updated R(K") and first measurement of R(K™+) with 711 fb-1 of data collected

ion Y(4s) resonance
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> No deviation from SM predictions
— dominated by statistical uncertainty

Markus Prim, BELLE
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Anomaly is still out there

Q:M 20¢ Combined Run1 + Run2
- LHCb
1.5 | Rk = 0.846 1299 (stat.) 1391 (syst.)
i T ~ 2.5 0 from SM.
1.0 e R
. 1 new 0.083+0.017 0.089+0.020
— I= = RKeRun 1 — O-7171L0.0717—Lo.0167 Rk Run 2 = 0-928J—ro.o76J—ro.017s
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Compatibility taking correlations into account: LHCb-paper-2019-009

» Previous Run 1 result vs. this Run 1 result (new reconstruction selection): <1 ¢
» Run 1 result vs. Run 2 result: 1.9 o.

> Prospects
— LHCb still has x2 data to analysis (2017 and 2018)
— Additional measurements with Bs, B¢ and /Av will be useful to understand the puzzle
— Updated R(K*) still to come

— Updated R(D) and R(D*) could also help understand differences between charged and
neutral currents (written before Friday PM session)

— Input from BELLE-Il and other LHC experiments most welcome

Shahram Rahatlou, Roma Sapienza & INFN 44



Giacomo Caria, BELLE

R(D) and R(D*) from BELLE  rmmmromeerra

> Simultaneous measurement of R(D) and R(D*) and their correlation with 2D fit
to both D and D* samples

T | T T T 1 T | T T T 1 | T T T 1 | T T T 1
— Babar
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tag - .
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* Results compatible with SM - E
expectation within 1.20 - ey

P 0-26:_ SN SM prediction =

« R(D) - R(D*) Belle average is 3 ;(Eﬁ; o e [
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Thi "
. R(D) - R(D*) exp. world average Sltes
tension with SM expectation R(D) =0.307+0.037 £ 0.016
decreases from 3.80 to 3.10 R(D*) =0.283 +0.018 +0.014

> Eagerly awaiting the release of the paper or conference note!



Fits -update

Thanks, David, updates made in LaThuile straub
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LFUV in charm decays

> Probing LFUV with semi-leptonic decays of charm mesons and baryons at

.
““ b
— B + ‘.,

o pd

« .
N .
. .
. .

.

= Most precise measurements
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= No LFU violation in charm decays

(1]

Now Exp.
D*>I*v [u/7] ~10 20 10
D ,*>I*v [wr] ~3 4 2
D->K-I*v [e/u] ~1 0.7 0.35
D> rl+v [e/y] ~2 3.3 1.7
D.*>¢l*v [e/u] ~4
D *>nl*v [e/u] ~3
A2 AlMv [e/p] ~4 17 5

Now: Current D/DJ/A_ analyses are based 2.9/3.2/0.567 fb-! data at 3.773/4.178/4.6 GeV
Exp.: Expected precision is based on 12/12/5 fb-! data at 3.773/4.178/4.65 GeV
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Single leptoquark solution

minimal, predictive: Vector LQ, for R and Rp ”just around the
corner’ Angelescu

Which Single-LQ Model?

Maodel RK(.J RDI" RK"' & RD(o)

S] — (3.1)_1',.'3 X" v X"

RQ — (3.2)7‘,'0' X v X

R, = (3.2 / X =

2= (3.2)1s6 X o of mi;=15TeV Belle
S3=1(3,3)_1;3 v X X 077 Lusim sond coim sinisl- o m_soned tpian_soal s iven sralaning
(1) 1077 10°1% 1071 101 10 107

1=1(3,1)23 v v v S

. Blr—
Us = (3,3)23 v, X X (T=up)

Lower bound on LFV pushed upwards by pp — £7 for any my,! (s backup)
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Pati-Salam leptoquark solution

Heeck Pati-Salam LQ’s for Rx and Rp and seesaw Il with NO

R(K) & R{D)

Rki-) & type-ll seesaw

-------------------------------

N -~ Pp + TV :
A .- Gl = R(K)and p—e fix

A o A neutrino parameters!
2o __//z -7 L . pp WV » Fixing {43} = 50 meV : =
g / ’ - : |Azatoy s, 100710715 i o
= 1 4 parameter | best fit 1
3 I} uic Ms, 11.4 TeV
- ;1 ——36 pp ' S5, m,, 2.1 meV
n s_ ' pcoue . ’ . = )
% 1 : i 300 fb tuty dcp 0.2n 155 from R
= : ! emea 3000 M i (AR RS- 2G-16-02 /] X 0.55x | SR

0.0 Lo [ tgalls o g .:1.4 IR L LN 2y e\ .'3 0.957'- " 2 D i -
(.6 s 1D 1.2 1.4 1.6 1.5 2.0 . -
Q. mrmee [Tal/] R 2.45 lightest m,,[meV]

2 scalar LQs, S; "just around the corner”

2L.Qs Hati connecion with (radiative) m,,, dark matter and LFV
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/7! solutions

simplified L; = (Q\97,Q + LA\~,L)Z"* Collider reach depends on
up-vs down flavor in couplings A%** in mass basis; third familly
hypercharge U(1)’; anomaly cancllation

MDM Model, 95% Sensitivity

;r 7 . — HLAHC
5 | 9B : HE-LHC
(] )\ | Fec
+ R~ - Unique Solution
ll : ’I
= } ,]" s ] "“ . “ ' v f ! ¢ [) ' ’ A
SN | : Fop =0 Fug =0 Fie=0  Fp=0
s "\ ) 4 : F,,=10 Fy=-1/2 Fy =1/6 F, =2/3
2 S e '.’| | l",‘\;..'; —1/3 F r = —1/2 l",.:,“ —1 Fy #0 |
- ! /,,/' . L =Y,Q4 Ht'y + Y,Q4 HWy + Y; Ly H i + H.c.,
1 S )
! A B, Mixing . L .
-W - ASnach, Corbett Dolan, You, 2018 - @ First two families massless at renormalisable level
5 1 15 20 25 30 e Their masses and fermion mixings generated by small
AngeleSCU iz [TeV) non-renormalisable operators

Planck/GUT scale framework, m, seesaw, with VL fermions «ing

31



Rare Processes



Events / 40 MeV

Bs = up with ATLAS |

> Standard Model BF =3 x 10-°
sensitive to BSM enhancements

> 26 fb-1 of data collected in 2015-2016

> Abundant sample of J/psi K+ as reference

Jfu

B(Bly = ™) =

18 _l T T T | T T T T T T T T T | T T T | T T
16 ATLAS e 2015-2016 data
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14
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Ja(s)
N [ I LS TR T W VRIS 0 B T TN RS B LTI BT SM:
©' 1.2 ——— Run 1 data ]
= | ATLAS — 2015-2016 data : Br(Bs— ) =(3.6520.23)x10-9
= | Run 1 + 2015-2016 data -
by - — LHCb Run 1 + partial Run 2 data ] Br(B®—uu) =(1.06+0.09)x10"
T 08_—__ Ptk Lo Likelihood contours for —:
I e i T i Best fit of Run 2 data :
0AL. ff i = Br(Bs—Hy) =(3.2£0.9)x10°°
02F i ¥ = Br(BO—up) =(-1.3+2.1)x10-1
N /”%\'t_\f\‘.\ l'" 3
1 :
E . Run 1+ Run 2 result @ 95% CL
—0.2F | |, MoweSe 0V T P
0 2 3 4 5 6 7 Br(Bs—UH) =(2.8+0.8)x10-°
B(BY — u* ) [1077] Br(B°—up) < 2.1x1071°

First theoretical implications already shown yesterday afternoon!
(see theory summary)



Flavor Changing Neutral Currents

> Forbidden in Standard Model at tree level

> Typically small predicated rates and hence sensitive to new particles in strong
and electroweak penguin loops

> Rich area of probe in b, ¢, s, and now also top decays

14
, K n BR( — gH) ~ 10-15
, - .\ BR(t —» gZ) ~ 10-14
u/c u/c

Loic Valéry, ATLAS




FNCN with radiative decay Ap = /\y

> Rare radiative decays sensitive to new physics

> Only theoretical prediction affected by large

uncertainties: 105 — 107

Ab <

— Experimental limit  CDF: B(AY — Ay) < 1.9 x 1073 at 90% CL

> Machine learning techniques to reduce comblnatorlal background and

iImproved particle identification

— 99.8% background rejection
with 1/3 signal efficiency

N(AY— Ay)  fao y B(A9 — Ay) B(A— pr) (A9 — Ay

N
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Events / (50 MeV/c?)

Go413

..

N(BO— K*0)  fgo  B(BY— K07)  B(KO 5 K¥tr—) " e(BO— K0,

Signal excess with 5.6 o significance — first observation of Ag—> Ay

D | ~~—

LHCb Preliminary

Branching fraction measurement within range of SM predictions
B(AY— Ay) = (7.1+£1.5+0.6+0.7) x 107°

> Begging for new theoretical calculation

5500 6000 6500

m(A%) (MeV/c?)

> LHCDb also investigating other such radiative decays

Latest results from LHCb
@ Best world limit on BT — utp—ptv,

Shahram Rahatlou, Roma Sapienza & INFN

e Full angular analysis of A2 — Aptp~

Carla Marin , LHCDb
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: compatible with SM
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Lepton Flavor Violation

f-—

> Neutrino-less double beta-decay a prime probe of LFV

> NAG62 at CERN reported on K+—=11-I+l+ with of 2017 data
— measurement normalised to similar FNCN mode K+—=1t++|- oredicted Backgrount

in Signal Region

% [NA62 e Data
%1 0° = K5 0.70 £+ 0.40
g B K >ty 0.05 + 0.05
Decay BR UL @ 90% CL PDG (2018) UL @ 90% CL = ol mmcen | 0075005
+ - + + -10 —-10 g f 0 K outvitn (<10)]| 0.01
K —> 7T e'e 22)(10 64)(10 3103? L Total =
Kt >nutu* 4.2x1071 8.6x1011 s porEed
i 1 event in SR
10; - Ve
. . 107"
Alessio Boletti, CMS 2 WL 1

107380 400 420 440 460 480 500 520

m(m utpt) [MeV/c?]

> Search for T3 in copious sample of leptons

CMS preiminary 331 (13TeV)

from B and D decays in 2016 data at 13 TeV g F T Y ]

~ DF — ¢nt — pTp T used as reference sample £ 7 —siern) ]

i € o4t T 4 et s ans ol

H g E’-‘L‘;‘Ix‘l .+ | 3

/7 o TMHd' 1 3

T il ut g‘ rL_ [ "i .‘;'—-U\.iv." (1l 3

— - 25 B iR Y et el gy

.- @ "1l ™

w g % i 2 f E

v ot CMS PAS-17-004 ]

Most stringent limit (Belle): BF < 2.1-10"° (90% CL) 20f- 3
_ t

CMS BF(r —3u) <8.9-10° O o e s
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Neutrinos

> Only confirmed proof of Physics Beyond Standard Model (BSM)
— mass term confirmed by oscillation experiments but not predicted in SM

> Open Questions
— origin of the mass and nature of neutrinos
— overall mass scale
— mass hierarchy of 3 generations
— mixing angles
— CP violation

— existence of new (possibly sterile) neutrinos
o and how to detect them

— anomalies in flux of anti-neutrinos

> EXxperimental approach
— appearance and disappearance of each generation
o NOVA, T2K, Day Bay, Ice Cube

— Investigation of flux anomaly at reactors
o Daya Bay, STEREO, PROSPECT, CONUS



v-fits Update PMNS, masses

PMNS matrix parametrization

J )] \ f/ (Wh 0

! 1 . ’ \ " J fia0 ¥ .'. ll' s S :l; "n v" o vl
[ 0 s s | ( D I i) e ) I l 0

A < 44  § | 14 v )
\ D S Gs / \ s1aa'” ) Cis J A\ N D I OO, {

NO- m; < my < m;
Ams, >0 for NO

: e\ 3
WOt < iy = Ay =4 i % ns )
- e e | Amy, < 0 for 10

Hernandez Lmi, 3&.'1:_3[ -~ __.'v whern &';v‘: vt v:f*'
With current data (up to Fall 2018)

012 : 14% , 013 : 8.9%,
023 1 27% [24%)] , Scp : 100% [92%] ,
Amg1 : 16% , |Am§£| : 7.8% [7.6%] ,

6012, 023, 013 & dcp,
Am?, < Am?, (Mass ordering)
- NO is favour over 10, Ax? = 4.7(9.3)
- sin? B3 2° octant Ax? = 4.4(6.0)
- CP violation, Ax? = 1.5(1.8)

Some tensions (Kamland 20 -AmZ2,, NOVA-T2K (6 p), Normal ordering favored




Neutrino Mixing and Mass Hierarchy

> Taking advantage of both appearance and disappearance

> NOVA: 2 detectors using NuMI beam from FNAL with narrow energy spectrum
— First anti-neutrino data: Total analysis exposure 6.90x1020 (antineutrino) + 8.85x1020

(neviino) POT

— Additional antin-antis-neutrino data collected and to be added

> T2K: 2 detectors using narrow energy beam from J-PARC

— recent run mostly in anti-neutrino (50% more statistics wrt neutrino 2018 results)

— best year of data taking in 2017~2018 NOVA Preliminary
T | I ! | J

-
> Both experiments favor maximal - Normal Hierarchy 90% CL -
= = . - —— NOVA — — MINOS+ 2018 B
mixing for neutrinos and 30— ---- T2K 2018 o iceCube 2017 —~
Normal Hierarchy for mass «— [ "~ SK2017 1

s | F

o | _

: ey 25— i

> Slight preference for Normal £ | -
: < N B
Hierarchy also by lceCube I _
DeepCore - .
2.0f— *® Best fit .

— limited sensitivity N N R




CP Violation in Neutrinos

e CP conserving values (0, =) fall outside of the 20 CL intervals !

A )

e Still fall within the 3o CL intervals
e Suggestive result, but need more data

Sensitivity

Data (20 CL)
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* Analysis improvements and accelerator for up to 900 kW

Significance (o)

» 20 sensitivity to CP violation for favourable parameters by 2024
* Possible hierarchy determination at 3o in 2020

- ——

* Joint NOVA-T2K analysis efforts ramping up
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Diana Mendez, NOVA
Alain Blondel, T2K



Neutrino Mass Scale

> QOscillation measurements not sensitive to neutrino mass scale

Cosmology
m? m2
o ACDM N -V, A
Ozimi<0.12—lev -V,
< -V
T
. 0 :l: solar~7x10"5e V2
e Majorana phases . 12
atmospheric 1
e Matrix elements ~2x1073eV? .
atmospheric
* ‘Zz UZmi| <0.2—4eV My’ e — ~2x107eV?
4
B-decay & EC
? ?
e Final states v
0 0

o \/Zz Uei]*mi2 < 2eV

y




Counts / keV

Neutrinoless Double 3-Decay (Ov[3[3)

> Rare process in Standard Model sensitive to :

— Nature of neutrinos
— lepton number violation
— absolute neutrino mass scale

GERDA 18-06

- > |
i o
L < 4
.'(2 L
10° = %
- ®)
10%
10
1=
- enriched detectors - 53.9 kg-yr
- OvBp (T ,=1.0-10%yr)
107
i |

2vpp (T, = 1.93 -10* yr [EPJC 75 (2015) 9])

1800

2000
Energy (keV)

| | | | | ‘ |
500 1000

1500
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| ‘ |
2000
Energy (keV)

Y

Wy,
O
Ve T e

Half life of 0v35 (in case of light Majorana neutrino exchange):

(T1/2) = Goy X ’M0V|2>< (%)2

e

Phase Space Integral: well known quantity

Nuclear Matrix Element: most critical ingredient, produces uncertainty in
the determination of mgs (quenching problem)

Neutrino Effective Mass: by measuring T 1 /2 Mgp can be estimate

Experimental sensitivity

elfi cnenn e
S X a\_, / """""""

V AE B/,,\backgmuna
abundanu index
cncrgy
resolution

in case of background-free:
(Npkg < 1 at full exposure)

Soxa-M-t

Aim at background-free experiment



OvRP with CUORE detector at Gran Sasso

> Cryogenic detector of 750 kg of high-purity TeO2 crystals readout by

bolometers

130Te is an ideal candidate for the Ov38 search

e Qs moderately high: (2527.515 4 0.013) keV (between the 2%T| peak and Compton edge)

e large natural abundance: (34.167 & 0.002)%

> Most precise 2vpB[3 measurement
— now almost the only source of background

> Energy resolution of 7.7 keV currently

10°

107

10

Events [counts keV™]

107 =

’P/ij . .
i\\%‘t‘.fg paper in preparation

— Experimental (M,)
B 130 9,3
| YK (crystals)

;

CUORE Preliminary M
Exposure: 86.3 kg-yr
AR S T TN T [N T T T T S O N T NI |
500 1000 1500 2000 2500

Reconstructed Energy [keV]

mgag [eV]

Ov
t1/2

> 1.5-10%°yr @ 90%C. L.

mgg > (110 — 520) meV

1: Ll B
: “Se Mo}
- "Te (CUORE-2018) T 6Ce
10_15_ = 136 3
IH
107%g L -
10°E L i
-4 1 |||||||| 1 |||||||| 1 |||||||| I 11l 1 |||||||| |||| 1 |||||||| L1111l
10" 10 10 10" 10 107 10 10" 1

> Ambitious goal of 9 x 1025 yr @ 90% C.L.

mlightest [eV]

Stefano Dell’Oro, CUORE



OvRp with LEGEND detector

> Successor of GERDA and MAJORANA detectors using 76GE
— First stage with 200 kg of "6GE aiming for 0.6 counts/t/yr

> Qutstanding performance for GERDA and MAJORANA

energy resolution ~ 0.1% at Qgg
lowest background ever achieved: 6 - 10~* cts/(keV-kg-yr)
exploration of the 0v3/3 decay at the 10%° yr scale

enriched coaxial - 23.1 kg-yr [ ] prior active background rejection

[ after liquid argon (LAr) veto
I after LAr veto and PSD
Monte Carlo 2vfg - T”2 from [EPJC 75 (2015) 9]

Counts / 15 keV
5&7

50 keV blinding

=

Bl

: )
N - LLILIL, | Valerio D’Andrea,
g 10° enriched BEGe - 30.8 k
-30.8 kgyr -
: y | E ) : LEGEND
S0 I ‘ = 500 K -
2 10 | - Qg 2 2K %
S | S | 6
O 102 . 2B ! 208 © e \ L
"".-.l. [ . 2Mg; Tl 0 1460 1480 7500 1520 1540
10 I |I | ] I | Energy (keV) I
i 0
Ifl% I IH.I H N 0 I n| O l.I. m| il u uin III H u
| [ I [l
] [} | I
| {01 | |
|
1000 1500 2000 2500

4500 5000
Energy (keV)

> LEG END alms at SenSItIVIty isotope Tlo/V2 [102° yr] Sf}’z [102° yr]  mpgg [meV] experiment
of 1027 yr and neutrino effective mass !¢ 9 11 104228 GERDA
Ge 2.7 4.8 157-346 MAJORANA
limit of ~10 meV 130Te 1.5 0.7 162757 CUORE
136X e 1.8 3.7 93-287 EX0-200
136X e 10.7 5.6 76-234  KamLAND-Zen
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o arXiv:1703.00860, S. Gariazzo et al

o —=— Bugey-3 —+— Daya Bay == JLL —— Palo Verde —#— Rovno91
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Flux Anomaly at Daya Bay

> Day Bay confirms 5% deficit in flux of
anti-neutrinos WRT Huber-Mueller expectation

> Fuel composition of 4 primary isotopes: 235U,
239PU, 238U, 241Pu

— 235U believed to be the largest contribution
o Typically makes up 50-60% of fuel

— but composition evolves in time

> |n addition, investigating discrepancy also
In spectral shape of prompt energy

around 4-6 MeV
— reported also by other experiments

Reactor Prediction Mode! %o Uncedainty
“RENO 2016 (Modified Aversge e 1y - 7

NEOS 2016 (Modified Average R » 1) :

Daya Bay 2016
- Double Chooz IV < ND

Data / MC (Shape-Only)

Shah. ... . ...._,

Liang Zhan, Daya Bay

Jianrun Hu, Daya Bay
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RAA with STEREO at Grenoble

Gamma-catcher

scintillator liquid
(no Gd)

> Probe anomaly through measurement of distortion of anti-neutrino energy
spectrum as a function of distance
— Independent from prediction

> Spectral shape: significant deviation in the
6-7 MeV range to be investigated with more
data and complementary experiments

> Best-fit hypothesis of Sterile neutrino preferred by
RAA rejected at ~99.8% C.L.

Shahram Rahatlou, Roma Sapienza & INFN
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RAA with PROSPECT at Oak Ridge

>99% of flux from 235U

Single 4,000 L éLi-loaded liquid
scintillator (3,000 L fiducial volume)

11 x 14 (154) array of optically
separated segments

Very low mass separators (1.5 mm thick)
Corner support rods allow for full
in situ calibration access

Double ended PMT readout, with light
concentrators

WATER BRICK NEUTRON SHIELD

BORATED POLYETHELYNE

“BLessAL.
9999990090009

l:: INNER DETECTOR ARRAY::}

0980990099009

S000e000808008)

good light collection and energy
response

~5%VE energy resolution

full X,Y,Z event reconstruction

> Same approach as STEREO via spectral distortion

> Spectral shape: Huber model broadly agrees

with spectrum but exhibits large

chi2 and not a good fit

> Best-fit hypothesis of Sterile neutrino preferred by

RAA disfavoured at >95% C.L.

Shahram Rahatlou, Roma Sapienza & INFN
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June 2018 CMS Preliminary

'8_ B ¥ 7 TeV CMS measurement (L2 5057

5 A
.._..10 o ¥ 8 TeV OMS meaguamant (L 1960 ")
o o P 13 TeV CMS measuemant L <3598

.\nn&. Thoc_uyo'odtcnm
S 10°E° . L L 2 CMS 05%CL linits a8 7. 8 and 13 TeV
o) -
§ 10° v : Inclusive W and Z top eair
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Standard Model

New Physics through Precision




Precision top physics
> LHC is a top factory

Most abundant production

The LHC world @13TeV mechanism of top quarks
Ow =~ 830 pb - :
5 / Copiously produced via
= tt | t- and tW-channels
> o
:‘/)3 Gt-ch ~ 220 pb, O-tW-Ch ~ 70 pb,
.8 } Os.ch = 10 pb
> ~ { Rare processes
= | M Ouw ~ 0.6 pb, Otz = 0.8 pb, Oy = 0.2 pb,
'% E ttbb Own ~ 0.5 pb, Otzq ~ 1 pb, Otyq ~ 3 pb,
Q : :
O : th** : / OiHg =~ 0.07 pb, owmw = 0.02 pb,
o- Otibb < 4 pb , O = 0.01 pb
ttx** : ol
y ttt: Rare CKM-suppressed decays
T N . — - J— -3
7,' D). Visitd) ‘ ............ I
since iCLFV,:FCNC* BNV
st Moriond = zT— Not reachable at the LHC
PFCNC < 10-12 &
() FCNC is covered by Loic Valery Process type Peny < 10-27 ﬁ .
(**) Higgs results are covered by Stephane Cooperstein Popy < 10-55 "
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Top agreement with theory

> Cross section of ttbar + V measured by both experiments with 2016 data

d t
g
g " t
t A
d ; /v
u W g t
s o(ttZ) = 0.99701% (stat) 17 (syst) pb Cwith”
oo S — o L s L en
(W) = 0777073 (stat) "5 (syst) pb PETTFISERIR] Good 287C°"E L e
NLO predic

ATLAS E‘TN-Z = 0.95 £ 0.08gq, £ 0.105y. pb Good agreement with

> Differential cross section of ttZ now better precision than NLO calculations

> tt+bb production now exceeding theoretical knowledge!

— Important background in study of top-Higgs Yukawa coupling 4} A
. . . . A
> Top spin correlations also provide valuable comparison : :
. g—T¥Et—8
with theory = | <= A
— NNLO predictions needed to mitigate discrepancies up to 30 {} i ' 0-
Shahrany\F(E:atiluTgT!? S-Ellp(ipzas& INFN

56



Triple Gauge Boson Production

¥ ".
——p—AAAAAA, | ! 1 q ’
! . Vi
RAAAAAA, | — - Vet
- ‘ ) {i' !I “u
Vi Ve
Vi

¥

—thrrnann | ——anannn

> Search at ATLAS (79 fb-1) and CMS (36 fb-1) for WWW in final states with 3
leptons or at least 2 same-sign leptons + jets

— ATLAS also considering WWZ and WZ2Z

. . . ATLAS Preliminary s =13 TeV, 79.8 fb
and reporting first evidence for VW L P U B
- . _ tot. ---- 8omlt))med
Q - T T T T T T T T T T T t t == om Stat
& | ATLAS Preiiminary eData [COvwW  @WZ e Comb. tof. :::2 s;a;tg
L 13 TeV, 79.8 1 zz Non- . N +0. +0.
5 104? Postfi Er{z =v;?(;pmmm=&c;?;rv WWw 2¢ -4 WU=224 L7 o3

7z Uncertainty

4054  +0.49
w=047 5 oua

WWWw 3¢

4096  +0.49
w=-0.10 Jggs -0.47

WVvZ 3¢

rrrrr

4092  +0.83
g W=244 “gon o375

WVZ 4¢

- +0.39 _ + 0.23
Combined k= 1.38 -0.37GWWW - 068 —0.21 pb

'g 1 - PR ST T Y SN SRR S "

a — + 0.20

= 050 N e 4 6 owwz =0.49 Zg1g pPb
< . — best fit u = oYWV ol¥V

o e o s,,:;lg'ﬁ%:’;, Yo Wy W2cy Foglley Cuy ey “uy M

> Multiboson domain finally accessible thanks to high luminosity of LHC
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Observation of Light-by-Light Scattering

> Forbidden process at tree level enhanced in Pb-Pb collisions »pb p.Pb
— Cross section proportional to Z4 ﬁ _,H'
— Another probe of anomalous gauge couplings and BSM contributions | 1
— Evidence had been reported already e ng

> First observation by ATLAS in collisions recorded in Nov 2018
— better trigger and enhanced identification of photons

p.Pb p,Pb

8 50:I T T T T T | T T | | | T T | L T I: > 18_ T T T T T T T T T | T T T T | T T T T | T T T T H
S 45k ATLAS Preliminary . 8 16: ATLAS Preliminary ]
o ] - Z - _
% a0t Pb+Pb |5, =5.02TeV ] £ 14; Pb+Pb |5, =5.02TeV ]
— _ o — ]
I 35t 3 oo b :
n —e- Data 2018, 1.7 nb”" ] 121 ¢ —e- Data 2018, 1.7 nb”" —
30% [_]Signal (yy = vy) E N [_|Signal (yy = vy) N
o5 [C]CEP gg — vy E 100 [C1CEP gg — vy B
- Elyy —ee ] 8:— yy —ee E
20 £ Sys. unc. = - B8 Sys. unc. .
o E i
105 i - 4 =
5= = 2 + =
0 e ot s [ —L

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 5 10 15 20 25 30
Aco m,. [GeV]

O,ras = 78 £13 (stat) £8 (sys) nb
SM predictions: 49 5 nb
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muon g — 2

Hadronic light by light contribution from lattice QCD

Blum it I
Experiment - Theory
SM Contribution Value + Error (x10*) Ref notes
QED (5 loops) 116584718.951 L 0.080 [Acyama et al., 2012]
HVP LO 6931+ 34 [Dawier et 3, 2017]  — 3.50
6932.6 L 24.6 |[Keshavarzl et al., 2018] — 370
6925 + 27 [Blum et al, 2018]  lattice+R-ratio (FJ17), — 3.7
HVP NLO —-08.2 1 0.4 [Keshavarzl et al., 2018]
[Kurz et al., 2014]
HVP NNLO 1241 0.1 [Kurz et al., 2014]
HLbL 105 + 26 [Prades ot al., 2009]
HLbL (NLO) 3+2 [Colangelo at al., 2014]
Weak (2 loops) 153.6 £ 1.0  [Gnendiger et al., 2013]
SM Tot 116591820.5 & 35.6  [Keshavarzi et al., 2018)
Exp (0.54 ppm) 116592080 £ 63 [Bennett et al., 2006]
Diff (Exp — SM) 2505 £ 72  |Keshavarzietal.2018] — 3.70

main messages: QCD errors dominate, A HLbL ~ A HVP,

FNAL E989 runnilf goal to reduce BNL 821 error by 1/4

"Prel. QEDL a — 0,
HLBL will rescue SM”

— oo limits taken; QED., w.i.p. Unlikely that

discrepancy is large




g — 2, both of them

@ Last year:
, Rb - &
@ New measurement of o in Cs Parker et al, 2018
a2 —1,159,652,180.73(28) x 10~ 12 g2 - SR
ax" =1,159,652,181.61(23) x 10°'¢ Cs ——t
s Aae = —0.88(36) x 10 '2[2.50] 19 14 09 04 01 o0¢

(¢”'/1137.035999139 - 1)x 10°
Hoferichter @ Dominant uncertainty now in a°"°

Aa, .':.-10 Minimal flavor small |d,.|
small _\ violation

-
v..‘

( N e s

Note, Aa, > 0; possible correlatlon with yge)% and muon EDM.
"[Model with VL fermions] works for a. but tensions with a,,”.
Modification with extra scalar (for a,) and a. from Higgs work —
interesting lepton flavor structure beyond (m./m,,)" scaling Hormigos
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|—| | g g S PrO p e rtl es Heather Gray, ATLAS

[ [ [ | [ [ [ [ [ [ | [ [ [ | [ [ [ | [
ATLAS Preliminary T
mi Y +——Total Stat. == Syst. "I SM
> Similar performance for ATLAS and CMS |- 13Tev.2¢5- 70810
my, = 125.09 GeV, ly, | < 2.5
[ | T 1 | T 1 | T 1 | T 1 | T 1 | T 1 | 1T 1 | T 1 | T 1 | T 1 pSM=71°/° TOtaI Stat SySt
. . | +0.09
ATLAS Preliminary  —e— Total Stat. B Syst. | sM 9gF vy s 0.96 *;"j:( +011, 00g)
VE — 13 TeV, 245 _ 798 fb-I ggF ZZ |-iﬂ-'| 1.04 i0:15 ( +0.14, +0.06 )
m,, = 125.09 GeV, |yH| <25 ggF WW ITEI 1.08 +o019( +011, +0.15)
+0.59 +0.37 +0.46
p,, = 76% | g9Fw == 096 ‘os( ‘0w ‘om)
SM Total Stat. Syst. 9gF comb. qu 1.04 <000 ( 007, 007
I + 0. + 0. + V.
ggF F=o=H 1.04 :o0o( o007, 00 VBF vy == 139 03 ( 030, lode)
VBF 2Z ——— 268 SR( (3%, 10%)
VBF ———— | 121 102 +018 4018, VBF WW v 059 *033( 8%, =oa1)
VBF 1t e 116 *05( 046, ‘o)
WH —H = — 130 (03 o +029, VBF bb : — 1301 TS e, 8
VBF comb. oy 121 92 oIS, 018
ZH == — 105 0% ( o2, 'g77) VH vy ———— 100 0%( 0%, 8%
Ll L +0.26 +0.20 VH 22 " = I 068 o7 ( o7, To11)
ttH+tH H * — 1.21 Zoo4 (2047, Zg5g)  VHbb = 119 05T ( R, )
| I | 1 1 I | | I | | I 1 1 | I | | I | | I 1 1 1 I | | I | 1 1 I | I | VHcomb I'rE'I 115 +8§%( __I—O.IG’ +8ig)
06 08 1 12 14 16 1.8 2 22 24 26 ttH-+tH vy - 110 Zog%( Zo3, ot
: : ttH+tH VvV = 150 05 ( 04, o)
Cross-section normalized to SM value et e o= : 13 -1 com om)
: | ftH+tHbb === 079 Igg( =0z, xos)
> Experimental precision approaching ftH+tH comb. = 121 & som, 0%
I I I I I I I I I I I I I I I I I I I I I

theory precision even before using

—2 2 4
full statistics of Run2 0 6 8

Parameter normalized to SM value
o ~— -~ ~—

o/osy = 1.11f8:8§ = 1.11 + 0.05 (stat. fg:gi (exp. fg:gi (sig. th. fg:gg (bkg. th.)

> Also extensive measurement of differential cross sections
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H — invisible

ATLAS Preliminary

-
< 12 Vs =13 TeV, 36.1 fb”
A — V(had)H(inv) ]
10 — Z(lep)H(inv)
— VBF H(inv)

- Combined

-0.2 0 0.2 0.4 0.6

BH—> inv

B(H—inv) < 0.26 (0.17+007 905) @ 95% CL

SM

95% CL upper limit on o x B(H — inv)/o

1

o
©

o
N

o
o))

o
o

f
QQQQ, >
g g
H A Y
\ X X
g H
il. 0000 —«—L - - -
X

49" (7 TeV) +19.7fb™" (8 TeV) +38.2fb™" (13 TeV)

o
oo
T

CMS
—e— Observed

--©- Median expected

. 68% expected

95% expected —

Combined 7+8+13 TeV Combined 13 TeV Combined 7+8 TeV

Binv < 0.19 (0.15)

> Aiming for 2-3% limit at High-Luminosity LHC with 3000 fb—1
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Heavy Resonances

Diboson resonance using

Z’ in dileptons boson tagging with substructure
> ——— . . 3 >104. — — S
S 10t = ATLAS L3 = 10° ATLAS Prelummary ¢ Data
o - Is =13 TeV, 139 fb - S \s=13TeV, 139 fb" —F!t
—~ 10° = A — <~ 10° --- Fit + HVT model A m=2.0 TeV
% § /" ‘\Signal § = -« Fit + HVT model A m=3.5 TeV
T = ' e = i
- Background - 1
10 %— e Data \‘. ,'L'_ _g 10 1
— Background-only fit O o -
1= ---- Generic signal at 1.34 TeV, [/m=1.2% o — 102 WZ or WW SR
= Generic signal at 2 TeV, [/m=1.2% R 3 1°/DOF = 6.0/4
10—1 - .=+ Generic signal at 3 TeV, /m=1.2% & '+ *
E ] N E @
° 3L S
= 2t gt Db R W
5'3 _8 ++ +++ ﬁ + ++++ #H.} + +++ +#H++ +{+ +++ + + ) ) 5 5’
i—é’/ —4 2 3 3 3 =
< 3-10 10 2-10° 3-10

Excluding particles with mass ~ 4-5 TeV

> Also updated ATLAS diet bump hunt with full Run2
— Addition of full Run2 data extends exclusion limits by "just” 700 GeV

, Savanna Shaw, ATLAS Alberto Zucchetta, CMS
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Long-Lived Particles

Search for supersymmetry with

displaced vertex d
' -
t . p
- /
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D 23k
q

Stop Squark R-Hadron, Various Decays arXiv:13810.12602
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1)
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O 1600 A
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©
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Nora Pettersson, Karri Folan

DiPetrillo, ATLAS

Search for supersymmetry with
delayed jets

3ns <t <20 ns

s

CMS Preliminary L, =137fb" Vs=13TeV

E 3500 pp - GG, § —g+ G GMSB NLO+NLL exclusion _f
- -seeeenaes 95% CL expected median =10 -
g i
95% CL observed ;
3000
2500
2000
1500
1000
2.5 3 3.5 4 4.5 5
|Og10(Ct0/mm)

> Extremely quick turn-around for long-lived particle search
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Supersymmetry .

> Many new searches targeting both strong ',

ONNLL—fast (Pb)
LHC, V'S =13 TeV 1

and electroweak production 1
— No significant excess observed so far 102
1073 .
. Sso - —amge=----(0.3fb
> Strong SUSY searches targeting 10~

1072
10~6

> Searches now using also H—yy and exotic !’

nggs decays |n eIeCtrOWeak productlcn 500 1000 1500 ?E(éf)()v) 2500 3000
mg, = mg (Ge

masses ~ 2 TeV
SUSY

pp — X3%z pp — X%, pp =TT Juiy 2018

;I A AL LA L L I BRI B
& 1400 CMS rreiiminary 35.9 fb' (13 TeV) 1
oo [ —1709.05406, 3 (XF3—Hil, BF(I)=0.5, x=0.5) ... -
X [ 1709.05408, 3 (Ze—vll, x=0.5) Expected |
1200~ - 1807.02048, 2t comb. (XH3—TvT, X=0.5) serve -

[ —SUS-17-010, 21 OS (X%—Rv1, x=0.5) 1

- =1807.02048, 2t comb. (XX;—>tvvT, X=0.5) i

1000~ _1801.03957, comb. (XC—WZ7%) ]

. —1801.03957, comb. (XX3—WHXX3) .
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600 E
400 _
200/~ E
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Shahram Rahatlou, Roma Sapienza & INFN Marco Masciovecchio, CMS Matthew Gignac, ATLAS 71




WS

Direct Detection Production at Colliders

q

i Dark Matter
(mass ~ GeV - TeV)

 Gérmanium 4

recoil energy
E~3V (tens of keV)
8 PN

Dark Matter

The known unknown




Dark Matter Mass Spectrum

zeV aeV feV peV neV ueV meV eV

Enectali Figueroa-Feliciano, CDMS

keV MeV GeV TeV PeV 30M,

Absorption

————— 11—t
—> Y

QCD Axion

Ultralight Dark Matter
M
Pre-inflationary Axion

H ‘
Post-Inflationary Axion

Superfluid Helium

Scatterin
WIMPs

A4

Hidden Sector Dark Matter Black Holes

e
Hidden Thermal Relics / WIMPless DM

ﬁ
Asymmetric DM

—
Freerein DM

<3
SIMPs / ELDERS

Photon emission

Chemical-bond breaking

2 NR
1 keV 1 MeV 1 GeV
Sl I |  DMmass
il | I (scattering)
meV 1eV 1 keV
W | | . DMmass
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. ER
Superconductors Semiconductors Noble liquids
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Minimal ADM, m, and BAU

asymmetric dark matter scen. mpy, ~ d5m, gives Qpy =~ 5Q;
"minimal” 2 RH neutrinos, SMxSU (2)p x Z3

‘ The decay of the lightest RH neutrino generates at
Let us constder a mummal model [or lcplogcncsxs with two the same time an asymmetry in | eptons an d DM:
RII nculrinos to cxplum the neutrino masses and give the

correct mixing matrices, as well as lepfogenesis.

\V;
* . . - gtk
The particle content of the model is given by N / \\ LH

(.';'.1 Lt Fermian Fickds Scalar Felds |
Cyraup ‘ Iy = ey | i 'Y 0 i . N, " N ‘
SU3). ! ! ! . [ [1] 1 .
sU{2), 1 N ! HEBERE |
SUi20n | —|-‘ | | *_|_ ] 2 -'—‘
- ol i - v 12 - Need similar CP violation in both sectors !

Covi

Works with Yukwas with large CP-phase; only one Majoranaphase a low enery; effective mass

Meff = | Z miUe%;‘ within few meV.
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Xenon-1T at Gran Sassp

> Dual phase time projection chamber

— Using s1/s2 discrimination instead
of pulse shape

> CEVNS: subdominant background

— will be more important in next generation Darwin experiment

> Events shown as pie charts showing relative PDF from
each component for the best fit model of a 200 GeV WIM

Il ER W Surface Neutron I AC H WIMP

R [cm]

Electronic Recoil (ER)
7,B Backgrounds

Nuclear Recoil (NR)
WIMP signal, neutrons,
CEVNS

8000

4000

2000

cS2y, [PE]
S
S

€. e 10
400

200 '//"'l. . A ..- .

WIMP-nucleon og; [cm?]

cS1 IPEI

> Limits with 1 year of exposure

1 1 |
03 10 20 30 40 50 60 70 500 1000
R2 [em?21

Tioe
4
S2
pctrone Rec
WP, 1 Dvift time
~ Particle - indicates depth

_/&\ 7~

Nucea Reco SS"

b o2 electrons
NN UV scintilation photons {(~175 nm) oty 0 Kot P

Jacues Pienaar, Xenon

10—43

Normalized

1074 1

10_45 = WIMP mass [GeV/c?]

- pox 00
10746 -

10_47 = | 1 1 1 L1 ol 1 1 1 " I B
10! 10 10°
WIMP mass [GeV/c?]

— p-value of ~0.2 for m >= 200 GeV does not disfavor a signal hypothesis
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> Single phase LAr using pulse shape discrimination WIMP scatters on argon nucleus
N Singlet and triplet Ar dimers form

Singlets decay (~6 ns), create

128 nm photons

TPB shifts light to visible,

detected by PMTs

Triplets decay (~1.3 us), create

128 nm photons

TPB shifts light to visible,

detected by PMTs

' ,,, 1
Zg |

' % z}' :
R a.'.!m” >

-

The DEAP Collaboration, Design and Construction of the DEAP-3600 Dark Matter Detector,
Astropart. Phys. 108, 1 (2019).
—1 0—42 .

> o o
& & &

E

arXiv:1902.04048

102 103 10‘
WIMP mass [GeV/c?]
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Directional Detection

> Nuclear Emulsion based detector acting both as target and tracking device

Cygnus North

Constellation /—rh - Celestial

v Pole

Dark Matter
wind

Polar R
Avis “, Declination
© Axis

Aim: detect the direction of nuclear recoils produced in WIMP interactions
Background reduction: shielding surrounding the target

Fixed pointing: target mounted on equatorial telescope constantly 10
pointing to the Cygnus Constellation -
Directionality: Unambiguous proof of the galactic origin of Dark Matter :
Location: Gran Sasso underground laboratory 107"

30 nm - 0.8 ton x year

— 60 nM - 16.8 ton x year
w00 nm - 308.3 ton x year
200 nm - 531.1 ton x year
""" Neutrino Floor NEWSdm
Billard et al.

104

> Potential to overcome the neutrino floor,
where coherent neutrino scattering
creates an irreducible background

> Plans (if funded) o F |
— 2020: construction 10748 e
— 2021: data taking ' ST |
— 2020: analysis ! 0 e mas Geviey  1© i

Shahram Rahatlou. Roma Sapienza & INFN K1

WIMP-nucleus cross section (cm?)




Annual WIMP Modulation

> Strong signal reported by DAMA/LIBRA

— pure Nal crystals
— Not confirmed by any other experiment

— Excluded by many other experiments using
different technologies and methods

1-3 keV
z s ‘ DAMA/LIBRA-phase2 <250 kg (113 tonyr)
Modulation persists in DAMA Phase 2 ? 1 i BT e
- 6+ additional years / 1.13 ton-year 3%_ o 3 N
- Threshold lowered to 1 keV £ P E: RS |
: o

(1 — 6) keV: 9.50 from 1.13 ton- year N~ N T A T O T W T SR T e, T

(2 — 6) keV: 12.90 from 2.46 ton-year S 0.05
Signal consistent with Dark Matter 50025 | toats
. Mod’n amp.: 0.0103 + 0.0008 cpd/kg/keV 3 0 et S oty prtatasioes
- Phase: (145 + 5) days ;50.025 : Eﬂase;
« period: (0.999 + 0.001) year 005 & it e e ase 1
0 2 4 6 8 10 12 14 16 18 20
Energy (keV)

> @Galileo (the physicist) would suggest at least one other experiment to
reproduce results as closely as possible
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COSINE-100 at Yang Yang Lab (Korea)

> 8 copper encapsulated Nal(Tl) crystals,106 kg total

— Detailed Geant4 simulation; BDT background rejection
— Currently background ~ x 2-4 DAMA

> First results with 2 years of exposure
— disfavors standard spin-independent WIMP

interaction with Nal(Tl) as explanation for DAMA/LIBRA

> Effort underway for COSINE-200 with

ultra pure crystals

— 5 year of data needed to confirm DAMA with 3o

1078
= NAIAD (2000-2003)
R DAMA-Na Savage et al (3, 2009)
\9/ --------- DAMA-| Savage et al (30, 2009)

[ COSINE-100 90% expected (1o0)

[C""] COSINE-100 90% expected (20)

—g—  COSINE-100 observed limit (90% C.L., 2018)
Exposure: 6303.9 kg day
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)
s

-43 L1110
10 3

—_
o

102 510
WIMP Mass (GeV/c")
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WIMP at LHC

signature

<
<

w TSSO

missing

energy SM
q X q X MET (GeV)

v/W/Z/H + MET gluon(jet) + MET

> |n addition to classic MET + mono-object search, also constraining mediator
mass and coupling in simplified models

CMS Preliminary
LS L TTESR T l‘l

L
vouamw_l)mou.:;{-c!is.gmvm

> No excess reported

AR
Boostod dijet (35.6m )

E 10®
— Significant reduction of both = 10 farko:1710.00189
. . 37 —___ Dijeazsam’
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Shahram Rahatlou

Outlook

> Standard Model still stands strong after Moriond EW
> Qbservation of CP Violation in D mesons another victory for Standard Model

> Flavor anomaly still there and to be pursued at low and high mass
— Redundant measurements and revamped interest for Z° and LQ

> My desiderata or wish list for near future (~ 5 years) based on this week

— Resolution of flavor anomaly
o possibly still standing and confirmed by heavy new particles

— Verification of DAMA/LIBRA by Nal experiments
o Possibly also in the southern hemisphere with SABRE

— Reaching the neutrino floor at low mass with superCDMS
— First evidence for coupling of Higgs to second generation fermions
— Updated heavy neutrino searches at LHC






