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e Lecture I: Introduction and Standard Model Measurements
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« Tests of QCD
* Precision measurements in electroweak sector

* Lecture lI: Higgs Boson and New Physics Searches
« The Standard Model Higgs Boson
* Problems with the Standard Model
e Supersymmetry
» Dark Matter at Colliders
* Flavour measurements and anomalies



“This could be the discovery of the century. Depending,
of course, on how far down it goes.”

M. Lancaster, 2019



The Higgs Boson

 Electroweak Symmetry breaking Peter Higgs
« caused by scalar Higgs field

« vacuum expectation value of the Higgs field <®> =246 GeV/c?
* gives mass to the W and Z gauge bosons,
« My < gy<®>
« fermions gain a mass by Yukawa interactions with the Higgs
field,
* Mmoc gi<P>
« Higgs boson couplings are proportional to mass

« Higgs boson prevents unitarity violation of WW cross section
* o(pp—o>WW) > c(pp — anything)
« =>jllegal!
« At\s=1.4TeV!

E? N Terms which grow

w w w wow w 2 .
A~ g ~ with energy cancel
Zly — 2 N
zly M, for E >> My
W+ W+ W+ W+ W+ W+ :
WMy YW w w :

w

Cry

This cancellation

W Ar-g" — .
B LA W;S H {W iy requires My < 800 GeV

2




A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

John ELLIS, Mary K. GAILLARD * and D.V. NANOPOULOS **
CERN, Geneva

Received 7 November 1975 Nucl. Phys. B106 (1976)

We should perhaps finish with an apology and a caution. We apologize to ¢x-
perimentalists for having no idea what is the mass of the Higgs boson, unlike the
case with charm [3,4] and for not being sure of its couplings to other particles, except
that they are probably all very small. For these reasons we do not want to encourage
big experimental searches for the Higgs boson, but we do feel that people performing

experiments vulnerable to the Higgs boson should know how it may turn up.
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Fig. 1. Branching ratios of the Higgs boson for different values ot its mass, The curves are cal-
culated from the decay rates of sect. 4.



Higgs Boson Production

\s=7TeV 7%
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* Production via various processes sensitive to different couplings of
Higgs boson
« ggF and ttH processes known in QCD to 5-10%
« VBF, WH and ZH processes known in QCD to 2-4%



Higgs Boson Decay
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Status end of 2011
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* Indirect constraints point towards low-mass Higgs
 Slight excess at low mass in Tevatron data

« 2011 LHC data rule out mass range of ~130-500
GeV
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Finding the Higgs Boson (with photons)

Higgs —y

simulation

Events/500 MeV for 100 fb~!

1 110 2o 130 140
Y a) M-y (Ge M(W)

IVIHiggsz M(W)= 2 E1 E2 (1-COSG)
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Higgs Boson Discovery 2012

m,, [GeV]

Both experiments saw narrow peak at ~125 GeV in
two different decay channels
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Nobel Prize 2013

Francois Englert and Peter Higgs:

for the theoretical discovery of a mechanism that contributes
to our understanding of the origin of mass of subatomic
particles, and which recently was confirmed through the
discovery of the predicted fundamental particle, by the
éTIﬁ%S and CMS experiments at CERN's Large Hadron
ollider" 12



Is it a Higgs boson actually?
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« Spin and parity consistent with Higgs: 0*
« Coupling strength to SM particles proportional to mass
« Within uncertainties of 20-50%



Understanding the Higgs boson

Higgs Snowmass report (arXiv:1310.8361)
Deviation from SM due to particles with M=1 TeV

Model Ky Kb

Singlet Mixing ~ 6% ~ 6%
2HDM ~ 1% ~ 10% ~ 1%
Decoupling MSSM  ~ —0.0013% ~ 1.6% ~ —.4%
Composite ~ —3% ~—3-9% ~-9%
Top Partner ~ —2% ~ —2% ~ +1%
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Understanding the Higgs boson

Higgs Snowmass report (arXiv:1310.8361)
Deviation from SM due to particles with M=1 TeV

Model Ky Kb
Singlet Mixing ~ 6% ~ 6%
2HDM ~ 1% ~ 10%
Decoupling MSSM  ~ —0.0013% ~ 1.6%
Composite ~ —3% ~—(3-9)%
Top Partner ~ —2% ~ —2%

Higgs studies have only just begun:

* Run-1 precision on about 20-50%

» Need ~3% precision on couplings to probe TeV

scale particles

= Need much more data (run-2 and beyond) to e.qg.

= QObserve and measure H->bb, H->pp, H->Zy
decays

= Observe and measure ttH and VH production

Run 1 Results on couplings k

ATLAS and CMS -8~ ATLAS+CMS
LHC Run 1 - ATLAS

-+ CMS
— 1o interval
-4 — 2cinterval

i
-

i ¥
IIII|IIII|IIII!IIII|IIIIIII

—2 -1 0 1 2 3

Parameter value
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The Higgs boson

my N
v + LVC a "j ‘(Uqé c.
v
2 This term could
EI_ _ 2my, el {> #)[7' not exist
v o without a vev
v
H H . ) H
H < / g Bm% A N2 g Bm% V (
N v / X N\ ’02 ¢)
AN / AN
" H H” “H

<= Coupling to fermions

<= Coupling to gauge bosons

<= Coupling to itself



Higgs in Run 2



Diphoton channel

« More than 10x higher statistics than

during discovery

* Precision measurement of cross
section

 Measurement of differential distribution

o (data) [fb]
o(theory) [fb]

65.217.1
63.6%3.3

Events / GeV

Data-Background

—_ ATLAS Prellmlnary ¢ Data
Vs =13 TeV, 139 fo — Fit
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Differential Cross Section Measurements
................ CMS 35.9 fb' (13 TeV)
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Higgs Couplings to Fermions

+ SM predicts m; = gf\/%

S/(S+B) weighted events / GeV

=>

35.9 fb' (13 TeV)
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e tau-tau channel observed at 50 end of Run-1

* BR

exp

(H — t7)/BR

exp

(H - uu)>100 at 95% CL

* Observation of dimuon decay with full run-2 data?

puu
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Higgs Coupling to b-quarks

* Most Higgs bosons decay to b-quarks in SM: 57%

* Very large backgrounds from W+jets

» Search for W/Z+H production

« Use complex event selection (multi-variate analysis)

Events / 10 GeV (Weighted, backgr. sub.)

18F
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—e— Data .

F {s=13TeV,79.8 " Bl VH, H — bb (1=1.06) 1
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T 2+3jets, 2 b-tags Uncertainty
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Observation
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ttH production

* Directly probes Higgs-Yukawa coupling of

top quark

* Diphoton probes same coupling indirectly
* 50 observation in 2018
» Agrees with SM value

Sum of Weights / 2.5 GeV
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What do we know about H now?
CMS 35.9 fo' (13 TeV)

* Production and decay consistent

10° = gg—H e Observed

with SM expectation S # — zZolaogs) 3
+ == 116G (SYS
« All production modes observed .\T%z 1ok VBE e SM prediction
« Decays to gauge bosons and 3 ™ : ‘ H4W() —_
generation fermions observed N 4k , H Z(l) +
N g
- Deviations possible but fornow all T |
. - -1 Stage 0 Simplified Template Cross Sections
agrees with SM S 0T ees

m— 110 (Stat @ syst) -

» Higher precision with more data

102 £ bb
: * WW
N 10 ¢ ‘ 7T
N . *
m
—> ; Y
M 10'f L ML
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The Higgs boson

f
- my & bl <= Coupling to fermions «
e e
/ (for 3" generation)
V .
o i (ng[‘ This term coul <= Coupling to gauge bosons
v o without a vev
N
D ; | i
’ N <= Coupling to itse
H / 2 N 2
o < B v(e)
\\ U // \\ v -
N H I’ e |
=> HL-LHC



What else do we learn from Higgs?

Question Kv K3z Kg Ky Awkh Ohz BRiny BRuna K¢ pay BR,, Ty
Is h Alone? + + +  + + +
Is h elementary? | + — o~ +4
Why m; < mp,? |+ + + +
Ist order EWPT? + + + + +
CPV? +(CP)
Light singlets? +
Flavor puzzles? +

BH, Y. Nir,
arXiv:1905.00382

* Many problems of particle physics today relate to Higgs observables



Collider Schedules: starting from T,

T, ) +10
0.5/ab 1.5/ab
ILC 250 GeV 250 GeV
5.6/ab 16/ab /Zag
CEPC 240 GeV M, | awm,

1.0/ab
CLIC 380 GeV

FCC 150/ab
ee, M,

10/ab
ee, 2Myy

5/ab
ee, 240 GeV

LHeC

HE-
LHC

FCC
eh/hh

NB: number of seconds/year differs: ILC 1.6x107, FCC-ee & CLIC: 1.2x107, CEPC: 1.3x10’
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HL-LHC Higgs measurement projections

(s =14 TeV, 3000 fb™! per experiment

| Total ATLAS and CMS

— Statistical HL-LHC Projection

—— Experimental
—— Theory Uncertainty [%]
Tot Stat Exp Th
Ky = 1.8 08 1.0 1.3
Kw = 1.7 08 07 1.3
Ky = . 1.5 0.7 06 1.2
Kg=__. 2.5 09 08 2.1
Ki B= 34 09 1.1 34
Ky = 37 1.3 13 32
Ky = 1.9 09 08 15
w = 4.3 38 1.0 17
Kzy 9.8 72 17 64
0 0.02 004 0.06 008 01 0.12 0.14

Expected uncertainty

* Precision:1.5-4.3% (except Zy)

« dominated by theoretical
uncertainties for most decay modes

« Scaled by factor 2 compared to
present uncertainties

 Measurement of absolute
couplings model-dependent

* Here: assumes no decays to non-SM
particles
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Comparison of Colliders

« HL-LHC achieves precision X (%)

Kz (%) K. (%) K (%) Kp, (%)
of ~1-3% in most cases - o 1 = =
* |n some cases model- " —= — — —
dependent L — [ [— e
+ - | — | — [ j—
* Proposed e e and ep 0004 081216 2.0 0004 0812 1.6 2.0 0 | 2 3 4 0 | 2 3 4 0 | 2 3 4

colliders improve w.r.t. HL-
LHC by factors of ~2 to 10 Ke (%) Ky (%) K (%) Ky (%) Kzy (%)

O 1 =] I 1
« Initial stages of eTe™ =, = = = —
colliders have comparable - - m— — o
sensitivities (within factors of = = = - —
2) 0 | 2 3 4 0015 30 45 6075 0015 30 45 60 75 0 4 8 12 16 0 4 8 12 16
. . modified version (x-scale) of the plot n the report for illustration purposes
* ee colliders constrain BR — Brim (< %,95% CL) B (< %, 95% L) Higgs@FC WG Kappa-3, May 2019
untagged w/o assumptions 3 - B FCC.cerFOC-chsFOC-Hh CLICxn
O — B FCC-eesqs+FCC-eeaqg ILC 0 +I1LCa50+1LCasp
» Access to k. at ee and eh = — | - FCCec o
—— — . e CEPC Bl LHeC (kv < 1)
| [ Bl CLIC350p+CLIC;500+CLIC3gg P HE-LHC (kv << 1)
[ ] CLIC50p+CLIC389 HL-LHC (/xy| < 1)
arXiv:1905.03764 000612182430 0 1 2 3 4 Al future coliders combined with HEALHE

29



Higgs width and/or untagged decays

* Unique feature of lepton-lepton
colliders:
» Detecting the Higgs boson without
seeing decay: “recoil method”

* Measure ZH cross section with high - : :
precision without assumptions on Q%0 100 10 120 130 140 1%

[JqqH(H—>bb) j

7Z-qqqq ]
Bl Z—qq
. WW—qqqq |

ILC: full simulation

Events/l

Vs = 250GeV

- /Ldt = 250fb !

M, [GeV]
olete™ »ZH)  o(ete »ZH) _[o(ete™ — ZH) - '
BR(H — ZZ*) N I'H — ZZ*)/FH o ['(H— ZZ*) SM *LH Collider ;‘51”;; ;%2 Extraction technique standalone result oy (?‘f’cf)i

. rom Ref. kappa-3 fit
measurement of width LComg 24 EFTR[] 24
SM .2 ILCsgp 1.6 EFTfit[3,11] 1.1
Iy Ky CLIC3s0 47  x-framework [85] 2.6
In kappa-framework: 'y = CLIC)500 2.6 k-framework [85] 1.7
| — (BRiny + BRunt ) CLIC 3000 25  K-framework [85] 1.6
CEPC 3.1 o(ZH,vvH), BR(H — Z,bb,WW) [90] 1.8
— i i i 1Y 1<l FCC-eeyy 2.7 k-framework [1] 1.9
> Will probe width with 1-2% precision ‘ hooo 3L e "

arXiv:1905.03764
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FCCee/ch/hh |

Invisible H decays: H—->E;™'ss

) Direct Search
Bl it o Bry,
FCCeesss [l Higgs@FC WG

FCCCC).‘() _I
CEPC I
CLIC:
o0 for lllustration purposes,

CLIC500 figure not In the report
CLIC:3s

ILCs00
ILCaso
LieC I |

HE-LHC [ e Direct searches dominate

HL-ALHC sensitivity
0 05 | 1.5 3 « HL-LHC will have sensitivity to ~2.6%

» e+e- colliders improve to ~0.3%

 FCC-hh probes below SM value:
~0.025%

rJ
ra
N
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Electroweak potential

HEATING UP THE STANDARD MODEL

EW sym. restored at T=130 GeV
through a smooth crossover

0 50 100 150 200 250 300

¢

No departure from thermal equilibrium

First-order EW phase transition

V(o)

Barrier separates 2
degenerate minima

2 phases can coexist

0

Nucleation, expansion and collision of Higgs bubbles

> Framework for EW baryogenesis !
> Stochastic bgd of gravitational waves

50 100 150 b 200 250 300

detectable at LISA !

G. Servant
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Measurement of Higgs Self-Coupling

. . g _h ¢
* Di-Higgs processes at hadron %w(/ ’
colliders: y ~_, P

* 0(HH) = 0.01x0(H)

 Important to use differential 3 ST T T ;
measurements 3 42— e et 3000 Gev «/L—;
- Di-Higgs processes at lepton as ™. —ees Zw0GY
colliders 3=
» ZHH or VBF production “E
complementary 1 5E-
» Single-Higgs production sensitive E
through loop effects, e.g. for k; = 2: i eSS
— 0.5 0 0.5 1 1.5 2

 Hadron colliders: ~3% N
* Lepton colliders: ~1% o _ As/ Az

01070107010 e o e
|




Sensitivity to A: via single-H and di-H production

* Di-Higgs:

 HL-LHC: ~50% or better?

* Improved bg/ HE-LHC (~15%),
ILCSOO (~27 /0), CLIC15OO
(~36%)

¢ PreCISG|y by CLIC3000 (~9%),
FCC-hh (~5%),

« Robust w.r.t other operators

 Single-Higgs:

* Global analysis: FCC-ee365
and ILC500 sensitive to ~35%
when combined with HL-LHC

e ~21% if FCC-ee has 4 detectors

» Exclusive analysis: too

sensitive to other new physics
to draw conclusion

FCC-ee/eh/hh | [ et

FCC-ee
FCC-ee

Higgs@FC WG | di-H, excl. Bl di-H, glob. [ single-H, excl. [l single-H, glob.

All future colliders combined with HL-LHC

50% T
HL-LHC -
S0% . . . . .

10-20%

HE-LHC

240 [ | e e ——
365 1o
ILC
ILCys 267t

27%

ILCs00 2=
CEPC ;.
CLICsg .
CLIC, .,
1500 ;5.

C L I C -7%+11%

28%
250 7

................................................................................................................................................

...............................................................................................................................................

3000 ;.. L
0 10 20 30 40 50
May 2019 68% CL bounds on x5 [%]

Sensitive enough to probe if there is a strong first order EWK phase transition in early Universe!



Beyond the SM
Searches



36
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Unifcation

SUPERSTRIN G
M—tMoy, heterotic
N ‘olono-\,

Anti-matter | |
At,nntfr

We really don’t know
what is going on at TeV

stupid theorists!

Can we zoom in onto
a point on this map?

Scherk- Expect the unexpected

by 112 gehwere

Ir f S" \

THOUGHT DOF




What is the Dark Matter?

B [

A v/
K'energy

dark matter

Standard Model only accounts for
20% of the matter of the Universe

matter

all atoms

NGC 6503

10 20
Radius (kpe)

= =»n+0.39
— .| “_lﬁJ.(;l,
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Dark Matter: the WIMP miracle

y: n/s

Ntmber denist

t(ns)
102 10° .
3¢+ [he relation between Q, and
o my =100 GeV annihilation strength is
1 wonderfully simple:
106 10" .
| 1 m3
Lo 102 x x <_> ~ 1
rs / 1 »
| Q, ot X
10°'° ¥ 100
observed XI q
10" \ \
. 102
]O—ld ‘\" X X q
' 10
1077 Loy * mx~100 GeV, gx~069Q)(~01

109

T(GeV)

Remarkable coincidence that particle required has
approximately the mass of weak scale particles
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How to search for WIMPs?

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

XENONIT in Gran Sasso S DM SM
3
Q
)
3
O
D

© DM SM

_

production at colliders




Problem: why is m;,,, so small?

Higgs mass unstable aZ = Moot (1 )+(Q)+(Hvb)

H

M, .. heeds to be tuned precisely =>seems very
unnatural!

M2 = 3.273,459,429. 634,290, 543, 867, 496, 473, 159, 645
3,273,459, 429, 634, 290, 543, 867, 496, 473, 159. 643 GeV?
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“Naturalness” or “

41

Finetuning” Problem

from H. Murayama



What and Why?

Problems

* Dark Matter

* Baryogenesis

* Strong CP

* Fermion mass
spectrum & mixing

Plausible EFT

solutions exist

VS

Mysteries

* Cosmological Constant
* EW hierarchy

e Black Hole information
paradox

* very Early Universe

Challenge or
outside

EFT paradigm

R. Rattazzi
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Simplicity vs Naturalness

The two Chief Systems

I. The SM is valid up to Ayv > TeV
* B, L and Flavor: beautifully in accord with observation
* Higgs mass & C.C. hierarchy point beyond naturalness

* multiverse
* cosmological relaxation, Nnaturalness, ...

¢ failure of EFT ideology (UV/IR connection)

I1. Naturalizing New Physics appears at Ay, ~ 1TeV

® Constraints on B, L, Flavor & CP met by clever model building

Simplicity

Naturalness

R. Rattazzi
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Measuring Naturalness

unavoidable and global perspective
on energy frontier exploration

Hierarchy
Paradox

In any model with calculable my;

m,% |exp
Am}% |7na$

fine tuning € =

offers a measure of where Nature stands in the negotiation
between Simplicity and Naturalness

2 _ 2
mj = E Am;
i

« Measures of fine tuning

 Direct searches: depends on top
artner constraints in model (e.g.
Hl)JSY varieties, composite H, twin
« LHCnow: e 1072 -1
« FCC-hh: € £107* — 1072 (if nothing)
» Higgs observables: e ~é6g/g
» Electroweak precision: € ~ 10%x8S/

S

¥

Higgs and EWK precision observables can

test naturalness beyond direct searches

R. Rattazzi
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Comparison of Colliders

« HL-LHC achieves precision X (%)

Kz (%) K. (%) K (%) Kp, (%)
of ~1-3% in most cases - o 1 = =
* |n some cases model- " —= — — —
dependent L — [ [— e
+ - | — | — [ j—
* Proposed e e and ep 0004 081216 2.0 0004 0812 1.6 2.0 0 | 2 3 4 0 | 2 3 4 0 | 2 3 4

colliders improve w.r.t. HL-
LHC by factors of ~2 to 10 Ke (%) Ky (%) K (%) Ky (%) Kzy (%)

O 1 =] I 1
« Initial stages of eTe™ =, = = = —
colliders have comparable - - m— — o
sensitivities (within factors of = = = - —
2) 0 | 2 3 4 0015 30 45 6075 0015 30 45 60 75 0 4 8 12 16 0 4 8 12 16
. . modified version (x-scale) of the plot n the report for illustration purposes
* ee colliders constrain BR — Brim (< %,95% CL) B (< %, 95% L) Higgs@FC WG Kappa-3, May 2019
untagged w/o assumptions 3 - B FCC.cerFOC-chsFOC-Hh CLICxn
O — B FCC-eesqs+FCC-eeaqg ILC 0 +I1LCa50+1LCasp
» Access to k. at ee and eh = — | - FCCec o
—— — . e CEPC Bl LHeC (kv < 1)
| [ Bl CLIC350p+CLIC;500+CLIC3gg P HE-LHC (kv << 1)
[ ] CLIC50p+CLIC389 HL-LHC (/xy| < 1)
arXiv:1905.03764 000612182430 0 1 2 3 4 Al future coliders combined with HEALHE
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Supersymmetry (SUSY)

« Standard Model particles have
supersymmetric “partners”

« Similar to matter vs anti-matter particles

» Has candidate for Dark Matter:
e called "WIMP” (weekly interacting
massive particle)

« Can solve finetuning problem
* Requires stop to be light(ish)

Particles

Without SUSY:

Mf =

Supersymmetric “shadow” particles




Supersymmetry (SUSY)
« Standard Model particles have
supersymmetric “partners”
« Similar to matter vs anti-matter particles

 Has candidate for Dark Matter:

e called "WIMP” (weekly interacting
massive particle)

Particles

 Can solve finetuning problem Supersymmetiic ‘shadow” paricies
* Requires stop to be light(ish)

With SUSY:
-~ t

Mt (2 ) ) (O )

My ~ 125 GeV/o2’ 0 M%,ygml




Supersymmetry (SUSY)

Standard particles SUSY particles

Gravitino

’ Leptons . Force particles Squarks . Sleptons ' Susy
Force particles

Quarks

« SM particles have supersymmetric partners:
« Differ by 1/2 unit in spin
« Sfermions (squark, selectron, smuon, ...): spin 0
« gauginos (chargino, neutralino, gluino,...): spin 1/2

* No SUSY particles found as yet:
« SUSY must be broken: breaking mechanism determines phenomenology
* More than 100 parameters even in “minimal” models!
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Sparticle Cross Sections

49

Cross-section [pb]

NLO + NLL, PP, v'§= 1\3 TeV

4 E ! | l l

10 e erereeeene e e ,Me --------------------------------------------------
= : : [R— (higgsino- I ke
= | | 113 99 )

10° -\ o — —xxz wtTo: hke} """""""""""""""
102 00

MENN W R
1

107 NN S S E—
T — SN S
103 [grem——— pr— T ’

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

10_5 | | | 1 i | | 1 | i | | | | i | 1 | | E | | |
0 500 1000 1500 2000 2500

Susy particle mass [GeV]

100 evts
for
L=100/fb




Signhature depends many parameters

4 jets + Bmiss 2jets + Ex™s Gjets + B g ieqg 4 mis

q q
jet Jet
9. _ __ g
jet Jet

 In any real model many signatures may appear at the same time
« But which exactly and with what strength very unclear

« Strategy is to look for many signatures and to interpret both in simplified models
and in more complete models (e.g. pMSSM)
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Selection and Procedure

» Selection:
» Large missing E;
* Due to neutralinos
» Large H;
* H=3E{
* Large A¢

* Between missing E; and jets and
between jets

« Suppress QCD dijet background due
to jet mismeasurements

* Veto leptons:
* Reject W/Z+jets, top

51

Procedure:

1. Define signal cuts based on
background and signal MC studies

2. Select control regions that are
sensitive to individual backgrounds

3. Keep data “blind” in signal region
until data in control regions are
understood

4. Open the blind box!



QCD Dijet Rejection Cut

§ 105% lJ‘LIO:,[INIs;s pk|)1 o Ii?;tjéo;\;é(\é:l?lTé\b JE
00 S [ . miss [ ] QCD multijet N
QCD multijet ; 10 22jets ] S
background E L Er /Me>03 B Z-jets _I
= 400 GeV<m, <500 Gev I
102 £, Control * ret. poin —;.
10 gt tibeenci®ire g Vg eeft L +?;
 Cut on A¢(jet, E{Mss) 1E
» Used to suppress and to 107
understand and reject QCD ro2be o | | E
multi-jet background § fg é;"""""ii:"'"""""'"""i’:i"'ﬁﬁ;;E;ﬁffiﬁﬁifiﬁ;;;+;;i;;;ﬁﬁﬁifﬁﬁﬁiffiﬁﬁﬁ;ffiﬁﬁ;;;;;;;;iffﬁﬁﬁﬁﬁﬁﬁﬁiiﬁﬁ;;;" .
E 0ab et et s ++.H+++++ _
% 05 4 15 > 25 3
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Control Regions to check backgrounds

CR

SR background

CR process

CR selection

CRY
CRQ
CRW
CRT

Z(— vv)+jets
multi-jets
W(— €v)+jets

tt and single-

y+jets
multi-jets
W(— {v)+jets
tt — bbqq' tv

Reversed Ad(jet, ET™ )y, and EX'S /meg(N j) requirements?

Isolated photon

30 GeV < mr (£, EF'S) < 100 GeV, b-veto
30 GeV < mr (¢, EP) < 100 GeV, b-tag

y+Jets

W+Jets

top

> = T e Emm > = e B e o > {QFETTTTTTTT T T T T T T T T T
[0} = O] [0} E imi 3
& F ATLAS Prel|m|nary J‘L dt= 203 fb" 8 C ATLAS Prel|m|nary J'L dt =203 " & E ATLAS Pr‘ellmmary _[L dt =203 fo
o 1 05 L CRYA - 2 jets 1 o 10t CRWA - 2 jets - o C CRTA - 2 jets ]
o E atter cut: E}m ,(N,,) > 020 ®Data2012(Is=8TeV)] S = ® Data 2012 (1s = 8 TeV)q <) - n ® Data 2012 (Vs = 8 TeV)
— - et _ - ~— - 3 ~— 3 b |
5 SM Total > B —SM Total 1 5 10 . —SM Total
£ 10% THets T E 0L [ Wsiets - z F ’ [ Wiets
[} = Multijet [} E g) L ) ;
o i P W+jets 3 o tt & single top o 5 tt & single top
103 E _ = N .Z jets 10° .Z+jets 3
E ~ tt & single top E 102 L — E
F W Diboson E Boiboson 3 F Boiboson
107k . E i i
E 3 i 10 3
r 10 3 F
10k - - B
F i = 4 -
1E — 1E E 1 E E
E L E o ]-.-A—Jlt—l—u—u—d-c
@) E - &) ] 25 SN | T N
s S s E > p—
~ E ~ 3 B ] S I b e
< i < = B SRS = PO ¢ ol D e —
= E = '<T: 1 ‘§¢$+$ f
< 5E g X B 5 0_5E L m § S E
e % 500 1000 1500 2000 2500 3000 3500 4000 % 500 1000 1500 2000 2500 3000 3500 _ 4000 % 500 1000 1500 2000 2500 3000 3500 4000

mgg(incl.) [GeV]

m(incl.) [GeV]

 Adjust background normalization if disagreement observed

* Next: look at the signal region!

mg(incl.) [GeV]
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A Nice Candidate Event!

4 jets: pp=974, 276, 146 and 61 GeV
E;ms5=084 GeV
M. =2441 GeV
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Signal Region: Data vs Background

> Y LA L B L L B BN R AN BN '
8 10 § ATLAS ® Data 2015 and 2016 §
o 8 » %55 SM Total 1
] [ Vs=13TeV,36.11b [ Wejets ] 0 — T T T 1T T T T T T T T T T T T T T T T T T 1
_Bi- : . c
§ B [ Diboson E w A 7999‘ SM TOta|
o [ I Vit 1 Vs=13TeV, 36.1 fb I W+jets
- == gg onestep, EW ingl
106 m(@, 1, x0)=(1705, 865, 25) 3 3 ] tt("‘ ) & single top
: : 10 [ Z+jets
- 1 o. 3 Diboson
. Multi-i o
WL | B Multi-jet .
F B meme= AL 00 - 3 2 0
C ] 10
1.5 . 3
@ A‘lﬁ '/jl 7 Y
g 0'5; 1" ? ) (K s 10
04000 1500 2000 2500 3000 3500 4000
m,4(incl.) [GeV] 8 i
/)
> A L L B I B R BN B 1 |
8 C ATLAS ® Data 2015 and 2016 ] _
o 10*E | %44 SM Total = _'(E 2
< E  Vs=13TeV, 36.1 fo' [ Weiets 3 O 15
o C Meff-4j-2200 ] fi+EW) & single top ] = 3
% 10"; — Eé:li?:on 3 (% 1////»6///{//////+///+// } /‘///////‘//7,+// /// /r//)///(//%/ﬂ// i
i . :. B Multi-jet ] ..\‘E 05 g‘
10°E === 90 direct, 3 ©
= m(g, x7)=(1800, 800) 3 a 0 O O O O O O 9 O O 9 9 9 9 9 9 9 9 9 O 9 O O 9O 9
C ] S & 6 & & & 6 6 &6 6 &6 6 6 & &6 &6 & 6 6 6 6 & © &
AN ©®© & ~ ¢« ®© © ®© ¥ ® 6 ¥ ®&® N © 6 ® K & ® N ® ™ ©
10F E T g4 g Q4 = - - o7 - Qg o - - g Qg - - o A
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% 2E t 3
1.5 =
~ 1:’ y & * ‘l%
% 0.5E ' f/ ! . 4
o E . ) ) ) ) N
04000 1500 2000 2500 3000 3500 4000
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Constraints on Simplified Model

0
Phe Xq
-

~

~~ ) ~ -0 . . N N
gg production, B(g — qq x1)=100 Yo qq production, B(q — q x:))=100%

; 1800 L ! ! ! ! | ! ! ! ! | ! ! SUISY | - ;‘ 1 400 L I e e L L LI B B B R T T
5 - | = Obs. limit (21 0,0,) ] ) [ ATLAS s Obs. limit (21 650o) i
O, 1600~ Vs = 13TeV, 361 fo === Exp. limits (+10,,;) ] O) - Vs =13TeV,36.1 b -—-: Exp. limits (+16,,.) 5
- F L - ] = 1200 imits (£1 0, _
sz — (O-leptons, 2:6 jets Exp. limits MEf . R [ O-leptons,2-6jets ~  ——- Exp. limits MEff —
1400 - MEffor RUR (Best Expected) Exp. limits RJR ; B = | MEffor RUR (Best Expected) " Exp. limits RJR ]
1200 [ All limits at 95% CL = OL obs. limit (13 TeV, 3.2 fo") 1 1000 __A|| limits at 95% CL —— OL obs. limit (13 TeV, 3.2 fb—w) __
: : T e o~ o~ / —
B / - B (udsc) .
1000_— - - 800__qL+qR uds.c // E
u - B N i
800 : : 600 __ < « "-_:" I T ‘-——_—:_“—-.—-:-\ _‘& —_
600 :_ —: C S — ............................ ]
4 ] 400 i
200 = 200 -
0 - | 1 1 1 1 | 1 1 1 1 [ 1 1 1 1 "-ill B 1 1 . H H

500 1000 1500 2000 2500 %00 600 800 1000 1200 1400 1600 1800

m; [GeV] m, [GeV]

* Limits exclude gluinos up to 2 TeV for LSP masses < 600 GeV
* Limits exclude squarks up to 1.5 TeV for LSP masses < 300 GeV
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Searches with b-jets

» Strong theoretical motivation for searches with b-jets from

naturalness arguments
« Sbottom and stop should be “light”
« Both decay via b-jets!

Gluino decay:

t b
P t p b
g < . g < _ B
7 < XY i <* XY
200 _ L % 2000, ! K
g - g -
p / p b
t b

Direct pair production:

t

t
'\ 4x NP
,” 1 - ~ >~< A
>y >1 a =~

b
\\\ - ~:F ’/
ST~ =0 S <X - <
i Xi 2 ' X ~~s 0
p P W b X2
57 p
t
b

t

N. Arkani-Hamed

Coopley ikl SV

| 300 \» j
Yoo %A—,R I,_
V
125 _ h
' Uning(: Yoo ’ 1mg
uha\/mclo\ue- '%‘ jS (——;'E) ) (_)‘4?



Multiple b-jets + missing E-

» Several signal regions with varying
number of jets and O or 1 lepton

* Main background: top

 Sensitive to gluinos decaying via top or

b quarks
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Summary of Supersymmetry searches

N
o

Mass [GeV]
o
o
o

1000

500

ATLAS
0

\s =8 TeV, 20.3 b’

O

O

i I
~ ~0 ~0 ~0 ~0
9 X X, X X,

T

1

T

2

~

~+ ~*

X, X,
Sparticle

Fraction of Models Excluded



Universe Content

Observations

21 cm hydroee® f»'%

visible matter 4,83% Lot e

dark matter 25,85%

~Expe,
2T from vigipge g

30
R (x 10001y)

e Corbelli, Salucci, MNRAS 311, 411 (2000).

dark energy 69,32%
0.02226(23),

0.1186(20),

Planck, 2013-2015 »



What type of particle can Dark Matter be?

* Dark Matter particle properties
* Electrically neutral
» Stable (cosmologically)
* Non-relativistic when galaxies form

* Not a Standard Model particle



How to search for WIMPs?

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

XENONIT in Gran Sasso S DM SM
3
Q
)
3
O
D

© DM SM

_

production at colliders




Signatures for Dark Matter x

* Many signatures possible
depending on properties of particle
that couples to DM

» Could be the H boson
* Only unknown: coupling to DM g,

* Could be new particle, e.g. Z
 Many unknowns: mass, 9y» 9q» 9i» spin

« Could be several new particle (“dark
sector”)

« Even more unknowns...

1 W,Z x q W, Z
W W, Z Iiix
q X q X
->'<>Z e of b
e N x ola N\ x 3999999'?;\
g b g 7 g X
q
Z, q Z/

X2
h
Z/ X]. Z/ \\\D<X

q X1 q X



Three ways to search for WIMPs at LHC

1. Invisible Higgs-boson decays

« |f Dark Matter acquires mass through Higgs
mechanism and is light enough

2. Supersymmetry

« Decay from other particles, e.q.
supersymmetric partner of gluon (gluino)

3. pp->xX + X
* Inverse of freeze-out process
« Mono-X signature: E;Mss+X
« X=jet, photon, W, Z...

: XDM
miss
X+Er

64



“Invisible” Higgs decays?

* Does dark matter (y) interact with the Higgs?
- Higgs can decay to dark matter candidates If my > 2 m,

i)

q

/+Dark Matter 2 jets+Dark Matter
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Search for invisible Higgs decays

% 10* ATLAS Data Z+jets 1;|
Q) 1 mmzzZ mmNon-resonant-l 3 X
= 4
S g (s=13TeV, 36.1 1" _ ' = Others 1=
= LU S Stat. + Syst. 3 N
2 10 .. DM(m | _500 100 GeV)x0.27.] &
o) — ZH(ll+inv) with B(H—sinv)=0.3 I
@ 10 N
N
1 3
Q

107
q e-i— 102 E
Q 1.4 | I ; I

O i N, O O S O 0

Main Backgrounds: 2 =
o 77 — vll £ N \k '\&\\\
© 08 > ---------------------------------------
e W7 - lllv 0 g6 | l I
100 200 300 | 1000
? % [GeV]

 Fraction of H bosons decaying invisibly <67% at 95%CL
« Expected limit BR(H->invisible)<39% at 95% CL
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Invisible Higgs decays: VBF jets +E ™mss

ATLAS
13TeV, 361fb™
« Data

— B+S,B,,,=1
4 B+ syst

/,
/]
/,(/, ’///%/

Main Backgrounds:

* VBFjets+Z(— vv) 3 g 5 -
e VBFjets + W(— Iv) § 1E E etk \% 0
O = ) ) . 1 . ) . 1 . T BT R i A s
0 2000 4000 200 400 600 800
m; [GeV ET* [GeV]

Fraction of H bosons decaying invisibly
 Using only direct searches: <26% at 95% CL (exp. <209 )*x:1802.00682
* Direct and indirect measurements: <23% at 95% CL 7




Comparing direct detection and Higgs
constraints oriv:1809.05937

. . . -
Assume Higgs is sole mediator for — 10 e 20 10 (A3 TEV)
. . = 2 . s
interactions between nucleons and dark S, ,,»L CMS 90% CL limits 7
§ = B(H— inv) < 0.22 =
matter g | g
_ F(H N XX) ool ; = -~ Fermion DM 3
BR;lV = —g5p = —awi XD S ®5 . _wl —— Scalar DM .
D +T(H — xx) Ty /ry+03, °© 107 E
1041 L Direct detection ?:
. _ SI E — LUX 3
With T = F(H — XAXA)/O-XP 1042 L ' —— CDMSLite -
- —— XENON-1T s
10 E CRESST-II -
- — PandaX-Il 3
107 2
107 &
1074 é____ ————————————
10—47 B 11
1 10 107 10°

Mgy [GeV]
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Comparing direct detection and Higgs

constraints

Assume Higgs is sole mediator for
interactions between nucleons and dark
matter

_ F H O'SI
BR;?V — ( — XX) Xp

- IEM A T(H = xx) B oM/ 4—0%9

with 7y =[(H — XAXA)/U%

« Approaches are complementary

* |Invisible Higgs searches more sensitive at
low mass (in this model!)

 Direct detection experiments more sensitive
at high mass (>m/2)

* If we see anything in the future the other will be
needed for truly understanding it

« Future: probe BR to ~1% or better

[cm?]

DM-nucleon

GSI

107%
10°%
107%°
107
107"
107%
107
107*

0%

—

107

107

arXiv:1809.05937

35.9fb' (13 TeV)
TT I| T T T T T 1T
CMS 90% CL limits

\ B(H— inv) < 0.22

- Fermion DM
—— Scalar DM

Direct detection

— LUX

—— CDMSLite

= XENON-1T
CRESST-II

— PandaX-Il

IIIIII|_|,| IIIIII|_|,| IIIlII|_|,| IllIllL|_| lIIIII|,|_| IIIIII|_|,| L

- -
——
-

1 10 10? 10°

Moy [GeV]
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Flavour



The flavour puzzles

From http://ctp.berkeley.edu

fermion masses

* Why is there structure in dfe:siel "be
charged fermion masses and ue ce te
mixing angles? V) —eieVs0V3 ce HeTe

 Why is there no structure in e P T ey e a2y
the neutrino fermion masses
and leIng? Quark mixing matrix:

0.22438 +0.00044  0.9735970-0001)  0.04214 +0.00076

o [f there is new physics at the Vexu =
0.00896 000035  0.04133 +0.00074 0.999105 + 0.000032

TeV scale, why are there not

flavor-changing neutral Neutrino mixing matrix: _
currents? 0.799...0.844 0.516...0.582 0.141...0.156

Y. Nir, 2018 Vins= 0.242...0.494 0.467...0.678 0.639...0.774
10.284...0.521 0.490...0.695 0.615...0.754
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History: B Mass and Lifetime

» Upsilon observation 1978 40
« 3rd generation exists
* Mass about 5 GeV -0 L ~

d; | 0 ] J
a/M//

16 [H
1677 t+
AT Tt
=38
o=
" u ” h
L L 1 1 " l“ l‘ 1
(4 =] 10 12 o /6

Mess GeV

Phys.Rev.Lett.51:1316,1983

| 1 | |
[

30 + (o)

%
o

em?/GeV

(¢)

* Lifetime observation 1983: : 5
* Lifetime = 1.5 ps-’ _
* Enables experimental =T k ,
techniques to identify B’s 0 "6 05 © 05 10

4595A1 IMPACT PARAMETER (mm)



LHCb at the LHC

LHCb Integrated Recorded Luminosity in pp, 2010-2018

- 2018 (6.5 TeV): 2.19 /fb

. 2017 (6.5+2.51 TeV): 1.71 /tb + 0.10 /fb 2018201
2016 (6.5 TeV): 1.67 /fb ./ r-

¢ N
I I I I

2015 (6.5 TeV): 0.33 /fb ‘/
. 2012 (4.0 TeVi: 208/ feebege o 2016.

. 2011 (3.5 TeV): 1.11 /fb

1.6 = 2010 (3.5 TeV): 0.04 /fb

Integrated Recorded Luminosity (1/fb)
o

Qpar ™ May Jd Sep  Nov
Month of year

» Spectrometer layout: instrumented at |n|>2.1
» Optimized for B-physics: strong tracking and particle ID
* Luminosity lower than ATLAS and CMS



Particle Identification LHCDb

Important to distinguish hadron species, e.g. pion and kaon
. e.g. B->DK much more common than B->Dmt
Use RICH detector to separate K and 1t

—_
-—

B I L] L ] L] I
™ No. Tracks in Event

[0,100]

T—r——r—
LHCb O ALLIK-x)>0

vs=7TeVMonteCarlo ¢ = ALLIK-7)>5

Efficiency
o

—=— [100,200]
- —a— [200,300]
[ —— [300,400]

Pion Mis-ID Efficiency
=

-

Q
(X
|

LHCb =
A10° \s=7TeV Data I

20 40 60 80 100 . ]

Momentum (MeV/c) 0.6 0.8 1
Kaon ID Efficiency




Performance Belle Il (2018 data)

Drift chamber (CDC) i TR
” : > | [B-DKx
-010'_ . d ) Joo: ->D(Kn
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a o S o >~ | 8D Kn Kanp
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« Commissioning of experiment successful based on ~0.5 fb-! of data
* Expect to exceed current Belle+Babar dataset in 2021
« Ultimarte goal: 50 fb-! by 2025



B Physics: Lepton vs Hadron Colliders

~60 mb-q--==-== e == m =
B Factories Hadron colliders l'otal Inelastic Cross—Section
Belle (1999-2010) Tevatron (<2 TeV, 1983-2011)
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environment Clean! Pure BB event ¢/ Messy! Proton remnants give 10°g =
background particles 'i“k_, b TS |y
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8 [ 3] AR
_ LTy - 054 1058 1062
Production o(B) 1nb ~100-500 pb ¢/ = -
S 4+
@ ol ﬁl}*
B hadron boost Small (By = 0.5) Large (By = 100) ¢/ i, P'IH.}*
o lppe e
B hadrons created | B*B~ (50%), B°B° (50%) B* (40%), B® (40%), B (10%) ¢  “X"F '7 i f\ -
b baryons (10%) 4ab = Prgy o e
- I 1111 I 1111 I‘“lml“lt;‘l‘vlc'lll 11 111l l 1

0 5 10 15 20 25 30
pi"" (GeVic)

56



New physics contributions to B decays

* New physics could contribute to
B-decays
« SUSY particles can contribute in
addition to SM particles
« /' bosons could also alter the
effective couplings

« Complementary to direct
searches

S——— V1

Br(Bo—p*p) =3.3 x10

S——

Br(B,>—u*u’) oc tan°p
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Observation of B.optu-

Limit (90% CL) or BF measurement
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Observation of B.oputu-

CMS and LHCb (LHC run 1)
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Lepton Flavor Violation (LFV)?

W Leptonic Branching Ratios

ALEPH
DELPHI
L3
OPAL

LEP W—ev

ALEPH
DELPHI
L3
OPAL

LEP W—puv
* LEP measured leptonic BR of Ws: AEen

L3
» 2.60 lower for tau decays OPAL

LEP W
2B(W — 1v0;) /| (B(W — eve) + B(W — uv,)) = 1.066 % 0.025 o

* Precision tests in B decays interesting! HEP e

_A_
e —

10.78 + 0.29
10.55+ 0.34
10.78 + 0.32
10.71 + 0.27

l 10.71+ 0.16

10.87 + 0.26
10.65+ 0.27
10.03 + 0.31
10.78 + 0.26

o 10.63 + 0.15

11.25+ 0.38
11.46 + 0.43
11.89+ 0.45
11.14 + 0.31

° 11.38 £ 0.21

¥’Indf=6.3/9

10.86 + 0.09
[

vvvvvvvvvvvvvvvvvv

Br(W—lv) [%]

¥’Indf = 15.4 / 11



Search for LFV in B - D™y, decays

 Measure

BR(B — DWtu,)

Ry =

BR(B = D™ puy,,)
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Search for LFV in B? - K*01t~

A L L L L L L L B
0 e -
_ = BRZ S &= T
" 0.8 | _'
B° I } I ]
; 4 -
Mo ® LHCh ]
- BIP ]
2 4 0.4 Y CDHMV
N _ i ® EOS i
g = /LQ/< ] 0.2 B ® flav.io B
BO KO - LHCb o IC i
d d OO T A BT AT A I A S S S T B A A A BT AT AT

g 0 1 5 6

Discrepancies are >2.1c and 2.40 in the two regions

https://arxiv.org/abs/1705.05802

> [GeV?/c]]



Follow-ups on “Flavour Anomalies”™

 More data from LHCb: Run-2 data about 2x
more than Run-1

~ 05

« Eagerly awaiting update el

« Completely independent analysis by Belle-l| 0.4:
» Expect Belle result on RK soon but unclear if :

statistically sufficient

 Belle-ll expected to pass Belle+BaBar by ~2021 03¢

» Searches for related phenomena in ATLAS

and CMS 0.k

* E.g. leptoquarks => tomorrow

0.35}

0.25}
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Belle Il Projection Be”e ” 50 ab-1 N

~— Belle Combination T

—— Babar -
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- SM prediction: PRDS2 054410 (2015), PRD85 094025 (2012)
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Leptoquarks

35.9 fb' (13 TeV)
T | T T T | T T T | | I T | T T T | T T T I T
CMS — Obs. limit
----- Exp. limit
B Exp. limit + 1 s.d.
Exp. limit + 2 s.d.

theory

* New bosons that carry lepton and
baryon.

« Became interesting recently due to
flavor anomalies in B-physics
experiments (=> yesterday)

10

-0

IIIII| | IIIIIIII | IIIIIII| ] IIIIIII| 4
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1 1 | | 1 1 1 | 1
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arXiv:1811.0080




Explanations of Flavor Anomalies

1706.07808

U [1512.01560)
\

* High mass di-tau events also LOF -
sensitive to models explaining s S
anomaly, e.g. LQ or Z’ exchange | - R :
y.€9.LQ d s é o Vector LQ
° . . - OO 2 M 2 PRS- 1 2 N 2 2 1 2 2
Will probe region needed to explain s 0 > 50

anomaly with run-2 data.



Summary

* Higgs boson scientific programme grown a lot since discovery
* Properties and cross sections agree with SM prediction
* Much higher precision expected in the next years

* Many puzzles continue to exist which might be related to the electroweak
scale
» Huge programme of searches for new particles
* No significant hints so far
* Much of interesting parameter space excluded in e.g. SUSY

Many LHC searches are ongoing!
Hopefully some/one will find something interesting!!
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Dijet search
Phys. Rev. D 96 (2017) 052004
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Dijet Searches:
Summary of Constraints on g, and M

ATLAS Preliminary July 2018 Vs = 13 TeV, 3.6-37.0 fb™"

95% CL upper limits
Observed
- -- Expected

Dijet 8 TeV
20.3 b~

Phys. Rev. D 91, 052007 (2015)
Large-R jet + ISR
—36.1fb"

arXiv: 1801.08769
Dijet + ISR (y)
— 155fb""

ATLAS-CONF-2016-070
Dijet + ISR (jet)
— 155fb"

ATLAS-CONF-2016-070
Di-b-jet
—— 24.3-36.1 fb~’

arXiv: 1805.09299
Dijet TLA
— 3.6-29.7 fb~"

arXiv: 1804.03496
Dijet
37.0fb"

Phys. Rev. D 96, 052004 (2017)
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Constraints on DM and Mediator masses: gp=1

27 fb' & 36 fb' (13 TeV)
————

= ooE e T 5
8 1600 Seer GL limits g
_IE 1400 2
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E 1200 ©
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- & Dirac DM
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o, 0 o1 L
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Constraints on DM and Mediator masses: g,=0.1, g=0.1

-
<D

E - ATLAS| Preliminary July 2018 i
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% 3 ]
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3 2o / u
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q DM

SM DM

= Dijet
Dijet v = 13 TeV, 37.0 fb™
Phys. Rev. D 96, 052004 (2017)

Dijet TLA Y& =13 TeV, 29.3 fb"
arXiv:1804.03496

—— E{ISS+X

ET™+7 ¥ =13 TeV, 36.1 b
Eur. Phys. J. C 77 (2017) 393
ET™+jet V& = 13 TeV, 36.1 fb!
JHEP 1801 (2018) 126

— Dilepton

¥s =13 TeV, 36.1 fb™
JHEP 10 (2017) 182
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Constraints on DM and Mediator masses: g,=0.1, g,=0.01
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— E.rEISS+X

ET™+7 & = 13 TeV, 36.1 b
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JHEP 10 (2017) 182
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Constraints on DM-nuclean cross section

10°%

T E| —Dijet gq=0-25; gI:O’ gDM=1

Dijet ¥ = 13 TeV, 37.0 fb™!

ATLAS Preliminary July 2018

1 0_38 Phys. Rev. D 96, 052004 (2017)
Dijet TLA Y& =13 TeV, 29.3 fb"!
1 0—39 arXiv:1804.03496
Dijet + ISR V& = 13 TeV, 15.5 fb™!
ATLAS-CONF-2016-070

1074 CRESST III

ETS4 X
T Dijet

— E?iss_*_x

ET™+7 V& =13 TeV, 36.1 b
Eur. Phys. J. C 77 (2017) 393
ET"“+jet ¥E = 13 TeV, 36.1 b’
JHEP 1801 (2018) 126
ET*+Z(l) V& = 13 TeV, 36.1 b

104

o, (DM-nucleon) [cm?]

1042

-43
10 PLB 776 (2017) 318
ET*+V{had) ¥ = 13 TeV, 36.1 b
] 0_44 ATLAS-CONF-2018-005
.4 —CRESST Ill
1 0—45 e arXiv:1711.07692
3 ~—XENONIT
1 0—46 - arXiv:1805.12562
3 =—PandaX
] 0_47 - Phys. Rev. Lett. 117, 121303 (2016)
ATLAS limits at 95% CL, direct detection limits at 90% CL J = DarkSide
10_48 1 L 1 L1 l 1 1 L1 | L1 11 l a,m‘mosgg‘
2 3
] 10 10 10 —LUX

Phys. Rev. Lett. 118, 021303 (2017)

DM Mass [GeV] Phys. Rev. Lett. 116, 161302 (2016)



Three ways to search for WIMPs at LHC

3. pp->xX + X
* Inverse of freeze-out process X
« Mono-X signature: E;Mss+X 1 Aﬁ/’:/““
« X=jet, photon, W, Z...

: XDM
miss
X+Er

94



Simplified Models for Dark Matter

* Assume there is some “mediator” which couples to both SM and DM

particles M DM
SM
Med.
DM
SM SM

* LHC produces mediator, and then looks for its decay into either DM or SM

SM SM DM SM

95

SM DM SM



Mono-jet search

jet

SM SM DM

SM DM

Events / GeV

Data / SM

JHEP 01 (2018) 126
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EXPERIMENT

SATLAS

Run:

97

Event: 738941529

2016-06-20 07:26:47 CEST



Monojet search interpretation

1 | | I | | | | | | | | | I
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Jet Energy Scale

1_1 T T T lllll
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 Jets are calibrated in situ with calibration processed:

* photon+jet, Z+jet, multijet

"I

2 |

H v 7
s D'
i P,

« Systematic uncertainty due to understanding of

99

« calibration procedure, jet flavor composition/response, pileup
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Jet Energy Resolution

F0. 25— ' — ] _ 1
,\i’: - Anti-k, R = 0.6 jets EM+JES calibration ] - \'s=7 TeV, L=359 pb’_ __CMs
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 Jet energy resolution
* p=50 GeV: 0~12-15% p, [GeV]
* p=200 GeV: 0~8%

. ¢ Deteriorates with pileup (see tomorrow’s lecture)



Impact of Plleup

* Pileup can create jets and degrades resolution
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e Several correction methods exist
 All work on average but fluctuations are large

« “Jet Area Correction” by M. Cacciari and G. Salam works best

q’_et,corr — ﬁ),l;d—pXA%et
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Missing E;

102
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* Pileup suppression important to retain missing ET resolution
 Resolution typically 5-10 GeV (for events with no E;™Miss)

« Long tails can cause up to ~100 GeV of E,™miss



What if mediators mostly couple to 3"
generation?

* Direct detection and dijet constraints can largely be evaded if mediators
couple primarily to 3" generation, e.g.

g b g / b X

SO S 2
- P and
g b g n g X

=> Searches for b- or t-jets + E;™*, b-jet resonances, ...



Searches for E;™'ss + b-jets

g b b X

_ < v oy ,
R A
X

g b g

 Jets from b-quarks
experimentally identified due to
long lifetime of b-hadrons

* Main Background:
« Z > vv + Db-jets
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Interpretation of E;™'ss+b-jet search

E.g. colour-charged

fermionic mediator >
O,
b X =
W =
i
b
] /1b b
..
¢£9¢§9r "
g X

P. Agrawal et al.,
PRD 90 (2014) 063512

b-Flavoured DM, ¢ —x b, & _set according to the relic density arXiv: 1710.11412

1 OO ........................... —
ATLAS

s=13 TeV, 36.1 fbo’' _

80 SRb1 Limits at 95% CL -
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60
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40
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Interlude: Measuring Jets and Missing E-

« Jets and E-™ss are experimentally among the most challenging
guantities to measure

« Jets are primarily measured by calorimeter but significantly aided by tracker

« E.g. CMS has so-called “particle flow” algorithm which attempts to use tracker for charged
hadrons and calorimeter for neutral hadrons only

« E;™ss is a derived quantity:

miss __ pomiss,e miss,”y Miss, T ymiss, jets
Exy) = Exty)” T Exy) T Exy) T Ex(y)

Emiss — \/(Expiss)'z 4 (Er}li$)2
+Emi~$,softjets + (Emiss,calo,;t) + Emiss,CellOut + miss,p x y '
x(y) x(¥) x(y) x(y) Pl — arctan(E;P&/E)’f“SS).
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Partons are Produced In the hard scatter

Iy

* Would like to know the 4-vector of these partons
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Partons hadronize

hadrons

« Hadronization is non-perturbative QCD phenomenon

* Phenomenological models implemented in Monte Carlo generators
* Lund String Model: PYTHIA, SHERPA
» Cluster fragmentation: HERWIG

« Semileptonic decays of heavy quarks cannot be recovered by
experimental technique event by event
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Multiple pp interactions (Pileup)

_IIIIIIIIIIIIIIIIIIlllllllllllllllllllll
- ATLAS Online, 13 TeV JLdt=‘I48..‘5fb'1
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 Particles from additional pp interactions can overlap jet from hard scatter
 LHC run 2: <y>=10-70
« HL-LHC: up to ~200

» There is also so-called “out-of-time pileup”

w ° ATLAS calorimeter integrates signal from several bunch crossings



Hadrons enter Calorimeter

« Calorimeter response to hadrons determines what we measure: typical resolution
« ~1% for piO’s (as they decay to photons)
* ~10% for charged hadrons (+ significant tail)

« Hadrons can also get stuck before entering calorimeter

« Response may be non-uniform as function of angle
10 * There are often “crack” regions with poorer instrumentation



Noise

* Noise can overlap the jet in the calorimeter
 May depend on e.g. instantaneous luminosity

* Must be subtracted from jet on average
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End of Interlude =>

Back to Searches
with Jets



WW scattering

* Higgs prevents unitarity violation of W, W, cross section

c(pp—>WW) > o(pp — anything)
* => jllegal!
« at Vs=V(8T<d>2)=1.2 TeV

22

”ﬁiﬁfﬂi

-

Terms which grow

with energy cancel
for E >> My

W ? ............ i A —o E_ This cancellation
S Y M, D ‘requlres My < 800 GeV \

 Before finding the Higgs boson we knew that something had

to be found at LHC to prevent unitarity violation

 check if energy dependence as expected from SM Higgs

 will not be the case if new particles contribute to vertex



Vector boson fusion and scattering

* Process characterized by

* 2 high p+ Jets at high |n]

v W - Large separation between
these two jets |An|

A * No hard jets between them

—\q W  Typical analysis signature

" * High invariant dijet mass mjj

» Large An

* Recent analysis:
* Observation for electroweak production of W*W* pairs

q q q q q q

W+ W+ Wt
v.Z,H
wt W+ w+
/

q q/ q q q q/



Vector Boson Scattering

q

Events
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 Cross sections measured in fiducial regions corresponding to
measurement phase space

* in agreement with SM expectation
« Significance of signal for electroweak production of W=W=: >50



Higgs in Supersymmetry (MSSM)

» Minimal Supersymmetric Standard Model: - . )\ .
- 2 Higgs-Fields: Parameter tanp=<H_>/<H > ;Z:]> R b
« 5 Higgs bosons: h, H, A, H* 0000008 :

* Neutral Higgs Boson:

2
c xBR =2X0 ., X tanp X 2
* Pseudoscalar A SUSY M7 ¢ Ab)2 [9+(1+ Ab)z]
 Scalar H, h
 Lightest Higgs (h) very similar to SM
Tevatron Tevatron
2,07 SM 9023, MSSM, tanB=50
© 10} _ 10l - .. gg+bb-H
: gg+bb->H : bb~H gg
-1t -1
10 M 10}
102} 107
10°} 107}
10— 10—
100 200 300 400 100 200 300 400
M, (GeV) M, (GeV)
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Supersymmetric Higgs boson

T, T, b-tag 35.9 fo! (13 TeV)
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 Constraints on mass of A vs tanf3
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