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A QUICK NOTE 2

This 1s a pretty big topic to cover in ~1 hour

Matt Nguyen has graciously agreed to cover the latest Heavy lon
results for me.

Thanks Matt!



INTRODUCTION 3

Hard to cover all the very nice LHC results in ~1 hour

The LHC program 1s vast!
Dniven by deep, fundamental questions about our universe

My goal 1s to give you a taste of some of the recent exciting
results from the LHC

My examples will try to address a wide range fundamental questions
we'd ke to understand

Then I'd hke to wrap up with some encourage thoughts for the future

(apologies if your favorite analysis 1s not discussed)



OUTLINE .

Precision SM tests and the
stability of the universe

The Higgs lamppost
and the Higgs portal

Classic searches with weaker couplings

Indirect probes and being
ready for the unexpected

Connecting with the cosmos



OUTLINE 4

Where we are

Precision SM tests and the

QCD / Electroweak stability of the universe
W mass measurement
Higgs The Higgs lamppost
and the Higgs portal

VHbb, ggH, extend Higgs sectors

Searches
SUSY, Exotics, Long-hved
Electrweakinos, long-hved
Flavor and flavor anomalies Indirect probes and being
Anomalies at tree level, Anomalies in penguins, Leptoquarks ready for the unexpected
Dark matter and dark sectors
LHCb, Mono-X, and pushing lower (jet substructure)

Classic searches with weaker couplings

Connecting with the cosmos

Where we're going!
Higher Luminosity, Detector upgrades, and Beyond!




WHERE WE ARE
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HIGGS DISCOVERY 7
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The Higgs discovery was a major milestone in our understanding
of the Standard Model!
A major achievement by the experniments and accelerator
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FAST FORWARD - 2018
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Now we expect > 150/fb
by the end of 2018

We are 1n the regime of

linear luminosity growth

What else 1s out there
beyond the Higgs?
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AT THE ENERGY FRONTIER
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SUSY SEARCH SUMMARY

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

July 2018 V5=7,8 13 TeV
miss -1 . .
Model e U, T, Y Jets ET JL£dtp™] Mass limit Vs=7,8TeV  Vs=13TeV Reference
4G, G—aX; 0 2-6jets  Yes  36.1 1.55 m(¥})<100 GeV 1712.02332
" mono-jet  1-3jets  Yes  36.1 0.71 m(g)-m(¥])=5GeV 1711.03301
QD - . - ~
S 88, §—>qéX? 0 2-6lets  Yes 36.1 % 2.0 m(t})<200 GeV 1712.02332
= g Forbidden 0.95-1.6 m(¥1)=900 GeV 1712.02332
% g8, 3-qq(LOX) 3e,pu 4 jets - 36.1 2 1.85 m(¥})<800 GeV 1706.03731
Q ee, it 2 jets Yes  36.1 g 1.2 m(z)-m(¥})=50 GeV 1805.11381
§ 28, §—qqWZX : 0 7-11jets  Yes 36.1 g 1.8 m(¥}) <400 GeV 1708.02794
S 3e,u 4 jets - 36.1 |2 0.98 m(g)-m(Y)=200 GeV 1706.03731
c N . i
= g3, 3ot 0-1e,u 3b Yes  36.1 g 2.0 m(¥)<200 GeV 1711.01901
3e,u 4 jets - 36.1 g 1.25 m(z)-m(¥!)=300 GeV 1706.03731
b1by, b —>b)?‘,) /X Multiple 36.1 1:;1 Forbidden 0.9 m(¥))=300 GeV, BR(hY})=1 1708.09266, 1711.03301
Multiple 36.1 by Forbidden 0.58-0.82 m(¥})=300 GeV, BR(b¥})=BR(t(])=0.5 1708.09266
Multiple 36.1 b, Forbidden 0.7 m(¥})=200 GeV, m(¥7)=300 GeV, BR({} )=1 1706.03731
o = Dby, My =2xM, Multiple 36.1 |4 0.7 m(t")=60 GeV 1709.04183, 1711.11520, 1708.03247
< .9 Multiple 36.1 £ Forbidden 0.9 m(Y])=200 GeV 1709.04183, 1711.11520, 1708.03247
T S . »
§g fify, o —WbY] or ¥} 0-2e,u 0-2jets/1-2b Yes  36.1 A 1.0 m(t")=1GeV 1506.08616, 1709.04183, 1711.11520
S 77y, HLSP Multiple 36.1 |4 0.4-0.9 m(t)=150 GeV, m(¥)-m(¥})=5GeV, 7, ~ 7, 1709.04183, 1711.11520
o % Multiple 36.1 £ Forbidden 0.6-0.8 m(t})=300 GeV, m(¥7)-m(¥})=5GeV, , ~ 7, 1709.04183, 1711.11520
S))
3 % f171, Well-Tempered LSP Multiple 36.1 |4 0.48-0.84 m(t%)=150 GeV, m(¥¥)-m(¥})=5 GeV, 7, ~ 7, 1709.04183,1711.11520
N » y - )
1, [ =k &, =k 0 2¢ Yes 361 |4 0.85 m(t%)=0 GeV 1805.01649
£ 0.46 m(7, ,&)-m(¥})=50 GeV 1805.01649
0 mono-jet  Yes  36.1 A 0.43 m(7,,&)-m(t])=5GeV 1711.03301
hiy, h—if +h 1-2e p 4 b Yes 361 |4 0.32-0.88 m(¥))=0 GeV, m(7,)-m(¥})= 180 GeV 1706.03986
X ~3 via WZ 2-3 e,u - Yes 36.1 X% 0.6 m(¥})=0 1403.5294, 1806.02293
ee, it > 1 Yes 36.1 | XX, 0.7 m(¥7)-m(t})=10 GeV 1712.08119
XiX3 via Wh tliCyyltbb - Yes 203 |Xi/K, 0.26 m(¥%)=0 1501.07110
5 XX X9, XT SF3v(v), X —Er(vi) 27 - Yes 36.1 | X //\:’g 0.76 m(¥})=0, m(¥,7)=0.5(m(¥)+m(t})) 1708.07875
E S Xy 1% 0.22 m(¥7)-m(¥])=100 GeV, m(7, #)=0.5(m(¥} )+m(k})) 1708.07875
O lirlLR, T—CX) 2e, 0 Yes  36.1 7 0.5 m(¥})=0 1803.02762
2e,u > 1 Yes  36.1 7 0.18 m(?)-m(¥])=5 GeV 1712.08119
HH, H—hG|ZG 0 > 3b Yes 361 |@ 0.13-0.23 0.29-0.88 BR(Y| — hG)=1 1806.04030
4 e, 0 Yes  36.1 H 0.3 BR(Y] — ZG)=1 1804.03602
Direct X1 .¥] prod., long-lived ¥ Disapp. trk 1 jet Yes 36.1 )gi 0.46 Pure Wino 1712.02118
8 0 X, 0.15 Pure Higgsino ATL-PHYS-PUB-2017-019
D
= 5 Stable  R-hadron SMP : - 32 |z 1.6 1606.05129
S Metastable 7 R-hadron, g—qq¥ Multiple 328 |& [@s=100ns,02n¢] 16 24 m(¥1)=100 GeV 1710.04901, 1604.04520
S 2 GMmsB, V-G, long-lived 1! 2y - Yes 203 | & 0.44 1<2(?°)<3 ns, SPS8 model 1409.5542
g’g,/??aeev/e,uv/,u,uv displ. ee/ep/pp - § 20.3 8 1.3 6 <cT(X|)< 1000 mm, m(t})=1 TeV 1504.05162
LFV pp—v, + X, V. —eu/et/ur eLL,eT,ut - - 3.2 1.9 A5,,=0.11, A432/133/233=0.07 1607.08079
TiXT I — Ww/zeettyy 4 e, 0 Yes  36.1 m(¥%)=100 GeV 1804.03602
33, 8—qq¥1, X| - qqq 0 4-5large-Rjets - 36.1 1.9 Large A7, 1804.03568
E Multiple 36.1 2.0 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
O 33,§ — s/ gy, X} — ths Multiple 36.1 2.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
i7, istl], X = ths Multiple 36.1 m(¥)=200 GeV, bino-like ATLAS-CONF-2018-003
ff, i —bs 0 2jets+2b - 36.7 0.61 1710.07171
fif, f1—bl 2e,u 2b - 36.1 i 0.4-1.45 BR(7, —be/bu)>20% 1710.05544
*Only a selection of the available mass limits on new states or 107! Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.




CMS EXOTICS SUMMARY 1
B 13Tev [ |8 Tev

LQ1(ej) x2
LQ1(ej)+LQ1(vj) B=0.5
LQ2(uj) x2 coloron(jj) x2
LQ2(uj)+LQ2(vj) B=0.5 coloron(4j) x2 .o
Lot x2 Leptoquarks | Multijet
LQ3(tt) x2 gluino(3]) x2 Resonances
- LQsiv) x2 gluino(jjb) x2
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ADD (y+MET), nED=4, MD
RS1(j), k=0.1 ADD () nED=4. 1S
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CMS Preliminary
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QCD / ELECTROWEAK MEASUREMENTS
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STANDARD MODEIL CONSISTENCY 13

Relationship of mw,mt, mu provide stringent test of SM
and 1s sensitive to BSM physics

. o m, world comb. + 1o
68% and 95% CL contours -..m, = 173.34 GeV
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VACUUM STABILITY

Top mass M, in GeV

50 100 150

Higgs mass M;, in GeV
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VACUUM STABILITY

0.121

0.120

0.119

0.118

Strong coupling a (M)

0.117

0.116

m; = 126 GeV

T T 1
1 1 13 I/
II /l() l'/
[ of
O 1 1
)
3
o)

[ ~~

1 / 1 /I I}
114 1 1 ]
U [ [

/
10#° 102 10/

170

171 172 173 174

Pole top mass in GeV

175

Top mass M, in GeV

150

3

LA
-

Higgs mass M;, in GeV

15



W MASS MEASUREMENT

PROTON

NEUTRINO

MUON/ELECTRON

PROTON
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MEASUREMENT STRATEGY
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CHALLENGES AT A HADRON COLLIDER

To have an extremely precise measurement of the W mass,

there are a number of core challenges:

Electron and muon energy scale
Recoil measurement
Expectation of the pT and rapidity distribution of the W bosons

Use the precise Z boson properties to constrain uncertainties

PDF

No single generator
can model all these effects

18



FINAL DISTRIBUTIONS

Events/ 0.5 GeV

Data / Pred.

19

><‘IO3 ><103
220 LI B = = ——
200E- ATLAS 1 -@- Data = E gggé_ ATLAS -@- Data =
180E- \s=7TeV, 4.1 fb W — utv = ~ 180E \s=7TeV, 4.1 fb” W ity =
160E- Background _= O 160 Background =
140E- v?/dof = 20/39 = -lGE) 140E- v?/dof = 57/59 =
1201 = o 1205 —
100 — 100E- =
80 — 80F- =
60 — 60E- =
40 E 4055 =
20 20 —=
_d 1.02 = U TV 1 N
I W 1 N 1
D&_) 1.01§-+++ gt Fh bt o ++_|.++'|"|'-|-+ ....... J’H
ST L AR A A A s S J[Jr ------ l
..cE 098;_ '''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' '|' N LY NN
S 60 70 80 90 100 110 120
m, [GeV]
Combined Value | Stat. Muon Elec. Recoil Bckg. QCD EW PDF Total | y?/dof
categories [MeV] | Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc. | of Comb.
mr-ph, W*, e-u | 80369.5 | 68 6.6 64 29 45 83 55 92 185 | 29/27

30370 + 7 (stat.) £ 11 (exp. syst.) £ 14 (mod. syst.) MeV

30370 £ 19 MeV,



LHC W MASS VERSUS OTHER MEASUREMENTS 20

| I | B | | | | | | | | I | | | | I | | | | I | |

ATLAS ® my % - ATLAS — m,, = 80.370 £ 0.019 GeV -

== Stat. Uncertainty O, 80.51 B m=17284+0.70 GeV _

— Full Uncertainty E; B ----my,=125.09 + 0.24 GeV -

80.45— s 68/95% CL of m,, and m, —

LEP Comb. @ 20376£33 MeV - R
Tevatron Comb. @-50387£16 MeV 80.4—

LEP+Tevatron ® 80385+15 MeV 80.35 := =:,

80370+19 MeV - ]

ATLAS ® ° 80.3 = == 68/95% CL of Electroweak™

| - Fit w/o m,, and m, :

Electroweak Fit @-203°618 MeV - (Eur. Phys. J. C 74 (2014) 3046) -

I I I I B | | | | | I | ] | | I ] |

80320 80340 80360 80380 80400 80420 80.25 180 185
m,, [MeV] m, [GeV]

Measurement competitive with world best single measurement
from Tevatron!

Consistent with SM expectation



HIGGS MEASUREMENTS
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HIGGS RUN 1 LEGACY
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No direct observation of Higgs couplings to fermions
One of the focuses of Run 2 (H to TT, tt, bb)



RUN & HIGHLIGHTS (NOT COVERED)

35.9 b (13 TeV)
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HoT TAKE! HBB 24

proton - (anti)proton cross sections
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o o Higgs decays at m«=125Ge
10’ 10°
10° 10
10° 10° ;w =
10° 10° g
am 3%
10° 10 mg
10° 10° |, Other
3 10' N 1%
£ 10 §
0 100
© 10 8
" 10" @
10 ?)
10° 10° "q:')'
10° " 10° 3
10° s Important to observe Hbb
10° [ M=125 GeV{ H A majonty of the total wadth of the Higgs
'3 Over I ; : 10-6
10 - B
o7 [ s [W.. Stirling, priv c:ljn ] -
1
0.1

1
Vs (TeV)



VH(—BB)
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VH(—BB) KEY ANALYSIS ELEMENTS 26

Main backgrounds
V + jets: reducible background from V + bb 1s challenging to model
because of g > bb simulation

ttbar: large cross-sections with natural heavy flavor
VZ: a nice validation process

1. Very high performance b-tagging
Cnitical performance of CMS/ATLAS tracking pixel detectors

2. Mass resolution of bb jet invariant mass
Includes mass regression and kinematic fits for the whole VH system

3. "boosted” regime: requining high pT V or H reduces SM
backgrounds and increases S/B



MBB DISTRIBUTIONS a7

A number of kinematic varniables are included 1in a multivanate

discriminant
Most important: mpb, ARpb, pT(V) most important

Control regions are fit ssimultaneously to control backgrounds
from V+jets and ttbar (fit in the BDT discriminant)

Diboson fit can be used to validate methodology
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COMBINED MULTI-CATEGORY FIT

0-lepton

p/r > 150 GeV

p/r > 150 GeV

1-lepton

75 < pY < 150 GeV

2-leptons

p/r > 150 GeV

sf_) :IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII: 1Cf_)15_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_ Sf_) EIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIE S'_) :IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII:
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VHBB OBSERVATION!

Combining with Run 1 result,

> N L L L LI BRI LI L BRI B
() — _
. 0, B ATLAS —o— Data B -
flna]. VH (bb) re SUlt 1C_) 100_ s=13TeV, 79.8 fb'1 - \[;:-llg,o:oi bb (M=1 '06) _
=~ ~ 0+1+2 leptons . |
0 - tt i
. 4'9 o (ObS), 5'1 o (exp) . -IqE) 80— 2+3 jets, 2 b-tags Single top —
Combining with other production 3 | Dietmassanalysis Il Wjets :
3  Weighted by Higgs S/B Bl Z+jets .
modes (VBE ttH): £ 60 JUncertalnty
ko) e Pre-fit background  _
5.4 o (obs), 5.5 0 (exp) S [ e —VHH—bbx5 -
ol o3t B
CMS also reported a similar result: i i
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Best fit u
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specially-trained ML techniques
for double-b tagging in a single jet

Not just a daunting challenge,
chance to probe unexplored new physics
contributions to the Higgs at very high pr

a/g
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a1 S 500080 ¢

g s —o——+------ h

specially-trained ML techniques
for double-b tagging in a single jet

Not just a daunting challenge,
chance to probe unexplored new physics
contributions to the Higgs at very high pr

a/g

n.b. this is a very hard SM Higgs calculation at very high pT'!
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anti-double-b tagged double-b tagged
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HIGGS PORTAL

We have just begun to scratch the surface on the exploration of
the Higgs boson

A wide array of searches looking for exotic decays of the Higgs and
Higgs partners in extended Higgs sectors (e.g. in MSSM)

A fun example with a twist on traditional VH search:

-'(L) 1O6§||||III|IIIIII|III|III|III|III|IIIIII
§ = ATLAS ¢ Data
[~ YL Vs=13TeV, 36.1 10" B WH
| ? 1 lepton, 4 jets, 4 b-tags tt + light
. H—aa —4b,m_=60 GeV H + co
v 1045_ it + bb
- [ Other
q W= 10°E o
W
b
e =
~ _
o N - b
q <
AN b _8 1.255— o E
a S W//g%///////@%
7 T 075 77 Z
o D — .

BDT (4], 4b, m_= 50 GeV)



THE EVOLUTION OF SEARCHES

Where is everyone!?

even new physics at few hundreds of GeV might be difficult to see and could escape our detection
> compressed spectra
#—susy

> displaced vertices
Neutral naturalness

> no MET, soft decay products, long decay chains (twin Higgs, folded susy)

> uncoloured new physics Relaxion

Chirstophe Girogeon

33



SUSY, EXOTICS, LONG-LIVED

54



SUPERSYMMETRY

SUSY 1s a popular BSM scenario to explore

(a very broad framework to explore BSM final states)

Solution the hierarchy problem and coupling unification
Natural DM candidate

) Quarks @ Leoions @ rocceponicies

Standard particles SUSY particles

35



SUPERSYMMETRY

Strong SUSY dominated searches early
High cross-sections, high mass final states
Striking signatures (MET tails)

Sleptons/Sneutrinos,
Appearing 1n the decays of EWKinos

EWKinos (Wino/Bino):
Neutralinos: X190 x20 x39 x40
Chargino: x1* X2+

MO

Squarks ) Sleptone W) SUSY torce
Dartcios

SUSY particles

50



NATURAL SUSY

/ 2 A
~ t VoL 2 Yi Gs o (
l OMmsr ~ me,. lo
| H , l g
t A | 4 L e Mgluino
\ /
\\ _ /
h----- D m m - h
-~
7t 3 A
/ \ .
2 2 9
\\ /l dmiy ~ 22 Yi Miop log ——
2 2
h—-—----= - ———- h  omy ~ |y
7]

:
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Cherstophe Girogeon

light stops, light gluinos!
well tested @ LHC
but most questionable predictions

(RG effects)

light Higgsinos!
very low sensitivity @ LHC
ILC needed to probe the other side




CANONICAL SUSY - STOPS

38



SAMPLE EWK SUSY SPECTRUM

Carstana Botta 39

In principle, any bino/wino/higgsino mass hierarchy is allowed

~
I

X3° X° X»* =—=—= H (higgsino)

°xt == W (wino)

X°—— B (bino)

~

G (gravitino)

Winos NLSP

Mass

Strong SUSY constants are pushed by
going to the energy limit, while EWK

SUSY signatures have weaker couplings are
require large datasets




COMPRESSED EWK SUSY Crrstana Botta 40

Compressed spectrum are common 1n SUSY spectra
where the Higgsino 1s the hghtest stable particle

Winos Nm




SEARCH STRATEGY

Look for soft Z* = yu/ee

Special trigger requirements to get down to

E{miss > 250
low MET (pu/ee + MET) T ’

35.91b” (13 TeV)

CMS Preliminary
|llll|llll|lllllllll

: © 4Daa -

: : : - ) TChi150/20 =
Require presence of high pT ISR jet s mre)
B DY _

i VV _

41— I tW —

. B Fakes _

Backgrounds from DY to taus with soft ; mRaes -
3 “7]total bkg. unc._

leptons and non-prompt leptons from : :
b-jets in ttbar A “ 7

NN N 0 NN, 0 O 0

= [ stat. bkg. unc. total bkg. unc.

— pE—

— p——

—# +
+

M(Il) [GeV]

O a N W O
T T B




COMPRESSED HIGGSINO LIMITS

- CMS Preliminary 332359 (13 TeV)

% PP =X, X X, > L X X, > WX
O, 45| =0bserved+ 16

~0 ~+ ~0 x ~0 ~+ ~0

theory
===Expectedt 1¢c

experiment

l

40

~0
Xz’X-I
[

35 s
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95% CL upper limit on cross section [pDb]

—h
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(OING EVEN MORE COMPRESSED!

Am(Xy, X3) [GeV]

December 2017

50

20 -
10

N
|

0.5

0.2 &

2¢ compressed, SUSY-2016-25, m(x3%) = m(x?) + 2Am(x7, X3 -
Disappearing track, PUB-SUSY-2017-01, m(x3) = m(x?) -
LEP2 X excluded

Theoretical prediction for pure Higgsino

.-~ ATLAS Preliminary )
v/s=13TeV, 36.1 fb~’

pP — XX1, X2X1, XiX1. X7 X7 (Higgsino) _
All limits at 95% CL :

— QObserved limits
- - = Expected limits _

— —_— ——
— — — -
—— — — e —
— —_— —
—_— —
—

180 200
m(x7) [GeV]

S R B S N
100 120 140 160

435



LONG-LIVED SIGNATURES TJame Antoneldn

displaced

==nns NEytral ,
charged HSCP dilepton

- ANy charge

disappearing displaced
track lepton
(l SN NEEnpn
0.“
displaced ".‘ displaced
dijet ‘:‘ photon

Not pictured:

displaced 4 out of time decays

displaced
veriex

conversion

44



INDIRECT PROBES, FLAVOR, AND THE UNEXPECTED
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INDIRECT PROBES Netds Tuning 46

v B decay Fermi 7| Reactor v-CC  Cowan, Reines 1956 .
W B decay Fermi W->ev UA1, UA2 1983
C K®up GIM 1970 J/y Richter, Ting 1974
b CPV K°>nn CKM, 3™ gen Y Ledermann 1977 |
7 v-NC Gargamelle 1973 | > ete UA1 1983
r B mixing ARGUS 1987 t=> Wb DO, CDF 1995
H ete EW fit, LEP 2000 H-> 4u/yy  CMS, ATLAS 2012
? What's next ? ? ? |

Indirect (lower energy) hints for new physics are often a
precursor for direct new physics discoveries

Complementary approaches to probing the standard model!



LHCB RARE DECAY RESULTS

A wealth of sensitive probes in rare processes

suppressed in the SM and can be enhanced by

new physics effects

Flavour Changing Neutral Current

Leptonic Mesonic
M |44
1% - b
/2 v/Z
Strange K’=u'w K —za"w
K% — 7lyy
Charm D= utu D= hthut
D= ety J/w—D" e
Beauty B —uw B —=K¥u'uw/ete
B =t BT —=K¥u'u/ete
BO(S) — €+ILL BOS — §0ﬂ+ll1'
B — K*u' i

Baryonic

1

ut

2T pu

A= pup

Ay= A p'

WE o~
v/Z°
b 7
@
b [
7/\.2\’\<
ot

Charged Current

Semi-leptonic

b - [
W

vV

B = D¥uty /1ty
B."=Jyuv/ty

4'7



LHCB RARE DECAY RESULTS

A wealth of sensitive probes in rare processes

>
suppressed in the SM and can be enhanced by fﬂ S
7/\.Z\< )

new physics effects

Flavour Changing Neutral Current Charged Current

Leptonic Mesonic Baryonic Semi-leptonic

/2"

Strange K=t

Charm D= u*t
DV— et J/w—D" e
Beauty Bl —uw B = K¥u'wrete yA,—=Au'w B = D¥utv /'y
B =t BT —=K¥u'u/ete B —=Jyutv/tty
BO(S) — €+ILL' BOS — §0ﬂ+ll1'
B = K*u'w

4'7
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Studying ratios of processes in different lepton flavor final states
probes new physics scenarios which violate lepton flavor universality

SM expectation: Rk =1

Similar expectations for both the
charged and neutral final states




B— Kupy/B—Kee

Jefteey Bertymdd 49

Studying ratios of processes in different lepton flavor final states
probes new physics scenarios which violate lepton flavor universality

SV expectation: Rk = 1

Similar expectations for both the

charged and neutral final states
Dewviations at the 2.5 o level

N s

..........

10

® LHChH ~
| :3;18211‘ -
Belle

15 20)
¢’ [GeVZ/c?

) £ 0.03 (syst)

- 0.05 (syst)

for 0.045 < ¢* < 1.1 GeV?/c*

for 1.1

< q¢* < 6.0 GeV?/ct



B— Kupy/B—Kee

Studying ratios of processes in different lepton flavor final states
probes new physics scenarios which violate lepton flavor universality

2()_r—|—r—1 T T | n
= 1.OF —

SM expectation: Rk = 1
100 - JOUUTURT I B -
Similar expectations for both the —— d
, 0.5 | ® LHCH ™
charged and neutral final states - e
D .. h 2 _ LHCb N Belle
eviations at the 2.5 o level (m(,)- | . L . ;0
) ) Z

q°> [GeV?/c']

Additional deviations 1n:

BO— K™Ouu: angular analysis (3.40 deviation, arXiv: 1412.04442)
BO—opu: differential branching fraction (3o deviation, arXiv: 1506.08777)



SEMILEPTONIC B DECAYS 51

Common b decay through semi-leptonic “beta decay” (b = clv)

BO = D*1l+y,D* = DO -, DV = K+ -1s a popular final state because of simple
3 charged hadron final state

Light leptons (muon, electrons) are studied well, but tau decays
have not been expenmentally accessible until recently

Effective operator with NP

SM canonical decay (charged higgs, leptoquark, etc.)

=
B

N
= o

2
Q|

Q|
Q|



SEMILEPTONIC B DECAYS 52

Common b decay through semi-leptonic “beta decay” (b — clv)

BO = D*1l+y,D* = DO -, DV = K+ -1s a popular final state because of simple
3 charged hadron final state

Light leptons (muon, electrons) are studied well, but tau decays
have not been expenmentally accessible until recently

electron/muon final state tau final state

2e/uvv+v Vi

D*+T v )/B(B() D*—F,Uf—ﬁ,u)



R(D*) RESULTS

vvvvvvvvvvvvv

vvvvvvvv

4000
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X

Combinatorial

0 Misidentified u
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BaBar had. tag
0.332+£0.024 £0.018

Belle had. tag
0.293 +0.038 +0.015

Belle sl.tag
0.302+0.030 £ 0.011

Belle hadronic tau
0.270 +0.035 +0.027

LHCb muonic tau
0.336+0.027 +0.030

[LHCb hadronic tau
0291 +0.019 +0.029

Average
0.306 £0.013 £0.007

SM Pred. average
0.258 £0.005

PRD 95 (2017) 11500
0.257 £0.003 1 ®)

JHEP 1711 (2017) 061 —
0.260 + 0.008 O

JHEP 1712 (2017) 060
0.257 +0.005 C
O
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CONNECTION TO HIGH ENERGY SEACHES!

Leptoquarks provide an explanation for the B anomalies

A new boson that carrnies both lepton and baryon number
Can show up 1n GUTs, Composite models and SUSY

Mass scales may be accessible at CMS/ATLAS (~1 TeV)

g <
Q.-
LQ ™

g - <

CMS/ATLAS
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CONNECTION TO HIGH ENERGY SEACHES!

Leptoquarks provide an explanation for the B anomalies

A new boson that carrnies both lepton and baryon number
Can show up 1n GUTs, Composite models and SUSY

Mass scales may be accessible at CMS/ATLAS (~1 TeV)

Events / GeV

Obs./EXxp.

12.9 b (13 TeV) .
 opserved | Unfortunately no signs yet!

— LQ 900 GeV

ti+jets LOQ+LQ — 7 b v b final state

[ SingleTop
I Electroweak

QCD multijet
Uncertainty

12.9 fb” (13 TeV)

. |1

| |Observed exclusion
---Median expected limit
68% expected limit

Oi—tlllllllllllllIllllllllllllllllllllllll
200 300 400 500 600 700 800 900 1000

M, [GeV]
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CONNECTION WITH THE COSMOS
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DARK MATTER @ LHC

thermal freeze-out (early Univ.)
indirect detection (now)

DM SM

_

direct detection

DM SM

production at colliders
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DARK MATTER COMPLEMENTARITY

0.01 E

0.001
0.0001
10-8

10-6
Increasing <o,v>
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—
_—--—-————-——

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

| X
1 z

IN THERMAL EQUILIBRIUM
IN THE EARLY UNIVERSE
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DARK MATTER COMPLEMENTARITY

gom

MONO-JET

IN THERMAL EQUILIBRIUM
IN THE EARLY UNIVERSE

58

Important when
Mz > 2 X My



DARK MATTER COMPLEMENTARITY

T

DIJETS 99
T
T

MONO-JET gom
T

IN THERMAL EQUILIBRIUM
IN THE EARLY UNIVERSE

58

dominant when
Mz <2 X My

Important when
Mz > 2 x My



DARK MATTER COMPLEMENTARITY

1 Tev 9
N q
@ﬁ//,@"'/
10 GeV ) q
10 GeV

59



DARK MATTER SIMPLIFIED MODELS 60

Dark matter search phase space 1s

q X
described by 4 parameters Z
Mwea, MbMm, gpm, gq(sm) . X
Interpretations are typically now g
presented in the ssmphfied model
framework:

vector, axial-vector, scalar,
pseudoscalar




DARK MATTER SIMPLIFIED MODELS 61

Dark matter search phase space 1s
described by 4 parameters 12,916 (13 TeV)
> 5' I I I | I I I I I I | I I I | I I I | 7

) ) 10 3 +Data E

Mwmea, Mbm, gpm, gq(sm) CAl S - :

monojet

Interpretations are typically now
presented in the ssmphfied model

framework:

vector, axial-vector, scalar,
pseudoscalar

Z(I)+jets, y +jets

QCD

Higgs Invisible, m, = 125 GeV

Axial-vectorr m =1.6TeV
med

Canonical search looks in the MET

tails iIn mono-jet

A wide suite of “mono-X" results!
(mono-V, mono-top, mono-di-b, )

(Data-Pred.) Data / Pred.

DEO - T . - r
2 I I I I I I I I I I I I I I I I I I I

200 400 600 800 1000 1200
ET™ [GeV]




VISIBLE MEDIATOR SEARCHES

(Data-Prediction)
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DARK MATTER SUMMARY

CMS Preliminary LHCP 2017
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