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Everyday life, and particle
physics, are described by the

Standard Model relying on
gauge symmetry
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Scales in particle physics

Year
when Lgravitation - 10" GeV $ Planck scale (MPI)
enefgyd 10" GeV —— GUT?
reache :
in labs 10™ GeV _I_ VR T
. LHC reach
010 ey 1 — }New Physics ?  probing
attometre
L weak 100GeV —t+— t, Z, W, H, EWSB scales
10GeV —1+— y,b, Y, B
1GeV —F+— T1,¢,np,p, ¢
~ 1970 Lstrong ~ 100 MeV —}— u s, -, QCD
10 MeV —F— U, d, nuclear binding E
1MeV —3— €
100 keV —F— l
10 keV —F—
1 keV —}— core of Sun
100eV ——
10eV —}— atomic binding E
~ 1900 [—— 10 1eV —}— Vv's
100 meV —1— |, l
10 meV ——

0 Y 8



Scales in particle physics

A 1 TeV-frequency microscope looks at really, really tiny objects...

Nanoscience

Particle physics today

(TeV scale)

o

Siphonaptera (flea)



The Standard Model

Elementary particle physics is successfully described by local gauge theories

A problem: local gauge symmetry requires massless spin-1 “gauge” (=force) boson
This has been well verified for QED, with a massless photon (= infinite range)

However, the W, Zbosons are massive (— finite range ~10-5 cm of weak interaction)

Only way to break gauge symmetry consistently is to spontaneously break the symmetry of
the vacuum in the ground state of a potential:

MZ W 0 < <0 | ¢ | O> =v = (0 [non-zerovacuumexpectation value ]

¢ is a complex doublet field with non-zero vacuum expectation value.
Three d.o.fs become Z, W* masses, fourth d.o.f is massive scalar Higgs boson

This is known asthe “Brout-Englert-Higgs (BEH) mechanism”



The Standard Model

BEH mechanism

The early universe, at temperature T > Tgy, wasin a symmetric phase (|¢min| = 0)

t T>TEW
V(g|)




The Standard Model

BEH mechanism

The early universe, at temperature T > Tgy, wasin a symmetric phase (|¢min| = 0)
A phase transition at ~ Tgyy (~several 10-'" s after big bang, causal domain of few cm) led O |¢n| > O

Phase transition

| T>T,
V(g|)
Potential barrier — T = TEW
BEH bubble expansion I Picture describes a 1st order phase

transition that would require light Higgs,
or new physics — currently disfavoured
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The Standard Model

BEH mechanism

The early universe, at temperature T > Tgy, wasin a symmetric phase (|¢min| = 0)
A phase transition at ~ Tgyy (~several 10-'" s after big bang, causal domain of few cm) led tO |¢nn| > O

Phase transition

t T>T,
V(g|)
Potential barrier — T = TEW
Higgs bubble expansion —{ /T <T
0 :
Condensation of Higgs field > , ‘qb]
— Y _/
v

“spontaneous” phase transition

) Simplestscalar potential thatbreaks

2 4 e
Higgs potential: V(¢) = uw, ’qb’ + )\,‘q)‘ + Y'lewégb ground state symmetry. Does what we

need, but bears fundamental problems.

(4, A determined once Higgs mass known ) Carriesthe seeds of new physics...



The Standard Model

BEH mechanism

Early universe: symmetric phase, Symmetric phase — early universe
fundamental particles are massless

— gauge symmetry is respected
Gravity \N\N\N\N\\NN\NNVN

Photon \ N\ N\ N\ N\ '\

Weak boson /VVW\/\/\/\/\/\N\

Neutrinos >
Electrons >
Top quark >

H. Murayama
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The Standard Model

BEH mechanism

Early universe: symmetric phase, Higgs quantum liquid in broken phase
fundamental particles are massless

— gauge symmetry is respected

Gravity VAVAVAVAVAVAVAVAVAVAVAVAN
A Higgs field displaces ground state ANANANANANNNANANANAN
breaking gauge symmetry Photon
It fills all space time (but without Weak boson %
orientation as it has no spin)
Particles interact with Higgs field and _ SOK— —
effectively reduce their velocity. Neutrinos — VL A1 VL

Acquired mass proportional to

interaction strength Electrons — e M

. . . Interaction with Higgs
— Action of the Higgs field Top quark field alters chirality of
creates “vacuum viscosity” t¥1 L massive birac fermion

H. Murayama
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Producmg the H|ggs Boson and Searchmg for New PhyS|CS
at the TeV Scale Requires a Huge Machine

de Broglie
Particles accelerators: L

> ook deeper into matter (size ~ 1/E)
(“powerful microscopes”)

> Discover new heavier particles (E= mc?)

Einstein

> Probe conditions of the early universe (E = kT)

Lawrence Boltzmann
(First cyclotron provided 80 keV proton acceleration)
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~—— Charged Hadron (e.g.Pion)
Neutral Hadron (e.9. Neutron)

ATLAS: emphasis on excellent jet CMS: emphasis on excellent
and missing-Erresolution, particle electron/photon energy & track
identification, flavour tagging, and (muon) momentum resolution,
standalone muon measurement and flavour tagging

Both: excellent hermeticity — very few “cracks”
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Luminosity — single

most Important
A\ quantity

W

._\

« Luminosity drives our ability to detect low cross-section processes

“Cross section” given by Nature

“Efficiency” of detection optimised by

obs — : i1 .
Ngvents = Cross section X efficiency X f L-dt experimentalist

Integrated luminosity delivered by LHC

« Luminosity is a function of the LHC beam parameters

2 Loy ~ 1.6 x 1034 s-Tcm2
n N 1 max
L ~ JrevMbunchNp [L] = . 10 nb-1s-1 = 10% s-om-2
4-7'[0'ny S+ Ccm ~ 1 GHz interaction rate
- foy = 11245.5 Hz is the bunch revolution frequency

= Ngnen = 1...2808 is the number of bunches in the machine

- Np

- Oy

= 1.1 x 10" is the number of protons per bunch (“bunch intensity”)

, = 12...50 umis the transverse beam width characterising beam optics, 02, = &,,, %y,
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_High luminosity comes

at price of pileup
INnteractions

‘?S‘%:ATLAS Pileup interactions
1 EXPERIMENT

« Average of 21 (peak: 40) interactions per
crossing in 2012. Similar in 2016.
LHC design value:

j = Oinet*L ~ 80mb-10 nb~1s™1

= ~ — 2
frev * Mbunch 11245s71.2808 >

» Most analyses quite insensitive to pileup at
this rate, several mitigation methods used

* However: higher trigger thresholds
— low-p;physics suffers

CMS very similar

20



Proton—Proton

Collisions

» For proton—proton collisions, cross section is convolution of Parton Density
Functions (PDF) with parton scattering Matrix Element

Parton distribution functions
Representing structure of proton,
extracted using experimental
data and QCD properties

21



Proton—Proton

Collisions

» For proton—proton collisions, cross section is convolution of Parton Density
Functions (PDF) with parton scattering Matrix Element

Parton distribution functions Hard scatter parton cross section
Representingstructure of proton, ™ & e Higherorder pQCD correction;
extracted using experimental D —le—= accompanyingradiation, jets, ...

data and QCD properties

X = jets, W, Z, top, Higgs, SUSY, ...

Underlying event

o _ . . A _ 2 _ . .
CM energy-squared of parton collision: s = M, = X, - X, -5,

 The PDFs rise dramatically towards low x:

— Higher cross section at higher proton—proton collision energy
— More luminosity also achieves higher achievable energy

— Low-xregime (eg, Higgs production) dominated by gluon—gluon collisions: “gluon collider”
22



Proton—Proton
Collisions

proton - (anti)proton cross sections

109 3 T T T T rrrrg T T T 1 T : L | } T E 109
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2 / ] 2 T
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Q 1 [ ' X 1,01 S *
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[ jet\ T ()
107 £ 110" @
0k 1102 & * Online custom hardware and
C 11 H t
0 o 2 software “triggers” reduce rate to
i © filter out events with a million & more
10" | 4 10* . .
i times smaller cross-sections than
10'5 :_MH=125 GeV . 10'5 . .
: , . minimum bias events
10° : : © o J0°
[ wusz2012 : ' : i
107 el s 107
0.1 1 10

\/S (TeV) *The LHCb phase-1 upgrade is preparing for exactly that! 23



Theoretical cross-

sections and
uncertainties

Progress in theoretical calculations— NNLO revolution

W/Z total, H total, Harlander, Kilgore

H total, Anastasiou, Melnikov VBF total, Bolzoni, Maltoni, Moch, Zaro

H total, Ravindran, Smith, van Neerven WH diff., Ferrera, Grazzini, Tramontano

WH total, Brein, Djouadi, Harlander Y-y, Catani et al.
H diff., Anastasiou, Melnikov, Petriello Hij (partial), Boughezal et al.
H diff., Anastasiou, Melnikov, Petriello ttbar total, Czakon, Fiedler, Mitov
W diff., Melnikov, Petriello Z-y, Grazzini, Kallweit, Rathlev, Torre
Wz diff., Melnikov, Petriello ji (partial), Currie, Gehrmann-De Ridder, Glover, Pires
H diff., Catani, Grazzini
. . ZZ, Cascioli it et al.
(oS} W/Z diff,¢”Catani et af.
(S oq / ZH diff., Ferrera, Grazzini, Tramontano
%o [¢] o WW , Gehrmann et al.
o o)
(0]

eXplOSi.On Of Ca lCUlation Z-y, W=y, Grazzini, Kallweit, Rathlev
In past 18 months

Hj, Boughezal et al.
2002 2004 2006 2008 2010 2012 2014 2016

Wij, Boughezal, Focke, Liu, Petriello
Hj, Boughezal et al.

VBEF diff., Cacciari et al.

Zj, Gehrmann-De Ridder et al.
ZZ, Grazzini, Kallweit, Rathlev

Hj, Caola, Melnikov, Schulze

Zj, Boughezal et al.
WH diff., ZH diff., Campbell, Ellis, Williams
Y-y, Campbell, Ellis, Li, Williams

Figure by Gavin Salam at LHCP 2016

WZ, Grazzini, Kallweit, Rathlev, Wiesemann
WW , Grazzini et al.
MCFM at NNLO, Boughezal et al.

Also experimental knowledge of PDFs Pz, Gehrmann-De Ridder et al.
limits precisioninmany LHC analyses!



The LHC Run-1:7 & 8 TeV pp, 5 & 20 fb

A brief history of selected highlights

25



Inclusive and differential jet cross section vs. jet prand rapidity

Agreement with theory over many orders of magnitude

., CMS Preliminary 1 cus pas sue o) 19.7 b (8TeV)
_QA> 11%11 - Precision measurements
) = :
Q|5 L anti-k (R=0.7) &theory developments
- 10°= (includes non-
B _é‘ — _CT1O NLO ® NP ® EWK perturbative and
R o ol == electroweak corrections)
°  E. — new quality of QCD
10°F tests at hadron colliders
10°
10—
= 00<lyl<0.5(x 10°)
107 - 05<lyl<1.0(x10%
100 == 1.0<lyl<1.5(x10°)
_ —— 15<lyl<2.0(x 107 g
-5 _ 1
107 —— 20<lyl<2.5(x10)
L+ 25<lyl<3.0(x10°) R |
107 80 100 200 300 400 500 1000 2000
Jetp_(GeV)
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Theory so far agrees with all measured cross-sections

Across widely different processes

Standard Model cross-section measurements

Status: June 2016

80 ub
— "8 total (@) — Harvest of cross-
-8_ 101 55 nemsic ATLAS  Preliminary Theory .
— section measure-
o 106~% 0.1 < <2 Tev Run12 s=7,8,13Tev LHCpp Vs=7Tev ments from LHC
- BOM et 45-4917 experiments (> 500
108 03<n; <5 TeV
5 LHC pp V3 =8 TeV papers/exp)
P B 0ee 2030 confirmed the
-0--n;>0 C
"o G op e 15 Tey predictive power of
S= e
103 pahE0 o the Standard Model
o o o ol BBl Data 0.08-321b"
pr>100GeV n;>2n;>1 oW
102 wen; > 1 CAa W
nj>3n22 o We o -V|V:E A "O" uOun  loftal
e ] nj>2 N AN
0= o wz 0
]_01 nj> 4ni23 20m| 22 A &Z HEQVFVW .
o -D-4n=-§_3 Ef-iog 7 7 a Wy Run-1is not over yet:
nj= lj 2 - y . .
) > Seamey - 4 Jo e Bl N o g high-quality, extremely
o j_u A Zy n
n>6 ) - . a well understood data
n; > g . .
10-1 o HoWW “ sample for precision
I 26 ° a i o measurements
1072 - =7 H—yy
nz7 h H—ZZ—4( A
A A WiAWi
-3
10 Wy
A
PP Jets ¥ w z tt t \"AY; YY H Vy {IWHEZ tty Zjj Zyy Wyy Wi
R=0.4 EWK nj=0 nj=0 EWK
fid. fid. fid. fid. tot. tot. fid. fid. fid. tot. tot. fid. fid. tot. tot fid.



Run-1 allowed critical first electroweak studies

Higgs boson acts as “moderator” to unitarise high-energy longitudinal vector boson scattering

Unitarity: if only Z and W are exchanged, the amplitude
of (longitudinal) W, W, scattering violates unitarity

A, (WW =WW )« %(s +t)

Higgs boson restores unitarity of total amplitude:

>~<I><

H;rrrr’ W my, must not be

2 | too large (which
A, (W*W‘ — W+W‘) o — mZH S ~+ t - H is fulfilled)
vt \s-m, t-my W I%HW W
q q q wt
wt ,
q . .
Look for VBS scattering in
X J high dijet invariant mass
v distributions
q q’ q [/V+
EW VBS production Non-VBS production Strong production

28



Run-1 allowed critical first electroweak studies

Higgs boson acts as “moderator” to unitarise high-energy longitudinal vector boson scattering

> LI U B B L B L ™
& [ ATLAS * Data 2012 i
3 10 20.3fb", \s =8 TeV BXJ Syst. Uncertainty 3
T . = : W=W=jj Electroweak 3
Unitarity: if iny Zand W are Qxcha}nged, thg amphtude g WAWS Strong
of (longitudinal) W, W, scattering violates unitarity 210 " B8 Prompt -
1 Conversions 3
1 “%j; B Other non-prompt
A, (WW =WW )« —(s+t S |
2y 7 (s+1) 1 OO E
XXX XXX N XXX XYY
Higgs boson restores unitarity of total amplitude: 10
2
m S t
+ - + - H .
AH(WW _>WW)°C_ 2 m2+t 2 E 7 i e Data/Bkg
vo\s-my —MH o - : L1 Bkg Uncertainty
o 5L : %225 (Sig+Bkg)/Bkg
[&] | . —
S gt
8 . :
8 97200 400 600 800 1000 1200 1400 1600 1800 2000
m, [GeV]
q q q wt
w+ ’
q . .
Look for VBS scattering in
X J high dijet invariant mass
w . . .
distributions
q q' q w+
EW VBS production Non-VBS production Strong production

29



The Higgs boson had been
vainly searchedfor at many
accelerators

Best non-LHC 95% CL limits
from LEP (CERN, 1989—2000)
and Tevatron (Fermilab,
1990—2011):

my > 114 GeV

147 GeV < my < 179 GeV

EW fit: my < 153 GeV




Higgs boson production at the LHC

At the LHC, the Higgs boson is dominantly produced via i g T q(’>
gluon fusion Oy i1a) ~22 pb at 8 TeV for my = 125 GeV q
Cross section steeply falling with Higgs mass ' ey
7
q('>

Higgs-strahlung:

(o
|
l
b

Total production of ~470 thousand SM Higgs bosons of
125 GeVin 2012 in each ATLAS and CMS




Higgs boson production at the LHC

44 Zy H(125 GeV)
Because of the coupling to the 99  023%  0.16% branching
mass of the decay particles: 8.52% fractions:
Z* Y
... the Higgs will decay with 2.76%
preference to the heaviest
particles allowed
... the Higgs does not
couple directly to photons
and gluons, but only via bb
“loops” involving / 56.9%
preferentially heavy
particles (e.g., top, W) ut
0.02%
TT
6.24% cc

2.87% Uncertainties 3~12%




No doubt on Hy,5 discovery in the bosonic channels

H — yy H—ZZ( — 4¢ H— WW® — 22y

E E“‘fl_‘d(‘:A.‘m‘b"‘l@-‘Tl"ev““ A‘TL‘A‘S‘\HHE %} :\\H‘\H\‘\H\‘\H\‘H;\‘\\\\‘\\H‘\\H\\\\: _I"'|||||||||II|IIII|II||_
% = fLdt=203 1" {5=8 TeV 4 oan E 0] 35 ATLAS bata - > - ATLASPIQ‘A/‘AI>l< -
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2 P Combined fit: B ) H—ZZ* - 4] H o 800 -1
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~ e o ----sfck;r:un:g ’ = s 30 5o7ev [Lot=asm’ I cccsrovna 22 = (OD B r A ]
120~ — Signal 4 §2] C sTov [Late203 " - Background Z+jets, tt ] - B B=7Tev, 4.5fb 7
wo; é GC) 25 } b f =20, T, systematic uncertainty { ; 600 __ (a) njs 1, 9M+99/MM __
o E i 20; E g - ¢ Obs=stat -
sof— — C ] Lﬁ | % Bkg + Syst _
- = 15 : 4001~ M Higgs ]
o = E ] L B ww i
- N 3 100 = L O Misid 4
: ] 200 [~ 8w —
: 5E ] i [ Top i
i W DY -
m E
, \ \ | \ 0 0
P 80 90 100 110 120 130 140 150 160 170 50 100 150 200 250
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> X E > C T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T .E r ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T ]
& sk F?EIYSY S/(S+B) weighted sum 8 351 Data . ° | - data W Wz:zZevW o _125Gev |
~ E ¢ Data C ]
»  ah ™ r .Z+X 1 i} — H—=ww top e 0/1-jet
P=1 E S4B fits (weighted sum) L ] 1 I . . wOt-jet |
§ 2'5: ------ Bcomponenlg _‘\g 30: I:IZ . 77 1 § 000 . WY() . DY+ets
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B 2 e T 2 2s5F [ |my=126Gev o .
E [ = 1
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o 15¢ [ ] <
q;’ 1; - +026 20; 7: %
o Foio=114%5 L 1 =
0.5 i, =124.70+ 0.34 GeV r B g |
6 F" " 150 . & 500
5’ [ Lovvn bvv e bvven bvv v b v b b ay [ m +
R I L L B B B IR r ]
200 1 . - @
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100—& M\\ R L n
O’I l 1. 7+T%TI%LITI Il x+ % = ll
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Very different experimental challenges in each of these discovery channels.

All analyses significantly improved since July 2012 33



Combined Higgs analysis and a flurry of property measurements

ATLAS & CMS
Combinations of Higgs
mass and coupling
measurements

[ 1503.07589, 1606.02266 |

Agreement among experiments

Combinedobservation of H — tt channel & VBF
production

ftH channelabitlarge: 4.40 (20 exp), 4 = 2.3

my=125.09 £ 0.214 = 0.115y GeV \... Higgs Boson Note that the least model-dependent

observables at the LHC are ratios of couplings
Higgs production processes

ATLAS and CMS - ATLAS+CMS Higgs decay processes
LHC Run 1 -+ ATLAS
-+ CMS ATLAS and CMS -8- ATLAS+CMS
— E R p LHC Run 1 - ATLAS
w ———— — =20 -+ CMS
agF ——— L ,
e : —=zlo
- 5 Y ——— — +20
i w R —
M —— e ——— —————
VBF —— L :
- uZZ ————
H e ——
wu T ———
WH < — N :
B Ww _-.-_
w ——— u S (
ZH ¥ : T .
— L : Many more #i199s
u : ° M‘IZ‘E ——0—— Sfadies, SM and
: = ———
ttH s = e beyond
: — ; |
IIIIIIIIIIIIIIIIIII|IIII|IIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIiIIIIIIIIIIIIIIIIIIIIIIIIIIIll
-1-050 05 1 15 2 25 3 35 4 -1 -05 0 05 1 15 2 25 3 35 4

Parameter value Parameter value



Combined Higgs analysis and a flurry of property measurements

ATLAS & CMS ! (500000Y
Combinations of Higgs !
mass and coupling N "
measurements
[ 1503.07589, 1606.02266 ] t
¢ \QQQ000 4
,
W
Mm —T1 ' 1 1 T T T
] 6’_ATLAS and CMS [JATLAS+CMS ]  —— W
| LHC Run 1 DATLAS
[ [Jcwms i W |
1.4} - ’
| 3 ] If\/\/\/\/\/\,’y
i t
1.2 - R i
- t
17 — NW\/V\/’Y
0.8 - Couplings to massless particles mediated
I | by loops involving heavy particles
0.6 | "'“”'"'“-n-..............n-““““‘ N )
| 68%CL .95%CL + Bestfit % SMexpected | Povvgrful test for newphysms (eg,.excludes
e e S SRS SM-like heavy 4t fermion generation)
0.6 0.8 1 1.2 1.4 1.6
K
Y

35



The Higgs boson as a portal to beyond the SM physics

Higgsis narrow: 4.1 MeV

For comparison:

ry =2.1GeV
r, =25GeV
Moo = 1.3 GeV

Even small couplings
to new light states can
measurably distort
branching fractions

My =4.1 MeV

10°
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100

; En T T 1 T T T 1 T T T 1 T T 171 T T T 1 T T T 1 T T T 71 T T T 1 T T T 71
S - .
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S =8 3
S - ]
E 10 g_e. .................................................................................................................................................... _§
(" = =
o - -
2 ~ 7
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Higgs mass (GeV)
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Flurry of results from LHCb |

60

50

40

30

20

S/(S+B) weighted cand. / (40 MeV/c?)

10

Beautiful flavour and low-pt physics measurements

CMS and LHCb (LHC run )

~300 papersto date ]

I T T T I T T T I
—¢— Data

— Signal and background
[ B—

P Ty

- - = Combinatorial bkg.
----- Semileptonic bkg.

— — Peaking bkg.

I|IIII|IIIL|

CMS & LHCb: observation of By — pu

[ Nat. 522 (2015) 68 ]

ATLAS Run-1 result

[1604.04263, consistency with SM at 20 ]

=l

B, — puis loop process (no tree-level FCNC)
thatis in addition CKM & helicity suppressed

Does the Higgs boson has brothers and sisters?

SM: 3.7 + 0.2 x 10-°

0.8

0.6

0.4

B(B® — u* u)[107°]

0.2

)

LA I S L L B B B

ATLAS
s=7TeV, 491"
Is=8TeV, 20 fb™

0 PR L L
ﬁ AN :
i ATLAS Contours for -2 Aln(L) = 2.3, i
—0.2 6.2, 11.8 from maximum of L _|
...|.l..|....|...|....|....T\....—
0 6 7

B(BS — 1) [10°7]



Since the LHC Run-1 the Standard Model is complete

It is a triumph for the It is a triumph for the
imagination and rigour of greatest experimental
the scientific endeavour undertaking ever:

Frontier of accelerator &
detector technologies

Global data sharing, analysis &
collaboration

38



It seems, however, that

th\e SM isn’t all there is
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It seems, however, that

the SM isn’t all there is

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

Status: July 2015 Vs=7,8TeV
Model & uTY Jets Ep™ [dam™) Mass limit [\5=7TeV| 5=8Tev Reference
T
MSUGRACMSSM 03127 210j0t53b Yes 203 |@E TETRIn-n) 1507.05525
4. 3-4%, 0 26jels  Yes 203 850 GeV. GV, m(1* gen. §)=m(2" gen.3) 1405.7875
@ 2,947 (compressed) monojet  13jets  Yes 203 100440 GeV. @ miE<10Gey 150705525
V t t f B S M h 5 .,ﬂ,uw/wﬁ‘; 2epu(off-Z) 2jets  Yes 203 780 GeV GeV 1503.03290
Foaat 0 26jels  Yes 203 1.33 TeV 14057875
ast amount O sSearcnes | M= ol S w % o
38, 3—qq(LL] /vy 2eu 03jets - 20 1.32TeV. miid)= 1501.03565
2 GusB (I NLSP) 120401¢ 02jets  Yes 203 QEREE] v 1407.0603
S GGM (bino NLSP) 2y - Yes 203 1.20TeV Cr(NLSP)<0.1 mm 150705493
. . ‘g (GGM (higgsino-bino NLSP) v 1h Yes 203 1.3TeV m(F})<900 GeV, cr(NLSP)<0.1 mm, u<0 1507.05493
I h eorv-aano St ic. sign at ure b ase d S GOM (higesino tino NLSP) Yz v 20 125Tev (E) a8, cr(LSP)<. g0 160705495
) GGM (higgsino NLSP) 2e,u(2) 2jets. Yes 203 850 GeV' m(NLSP)>430 GeV 1503.03290
Gravitino LSP 0 monojet  Yes  20.3 12 scale 865 GeV m(G)>1.8x 10 eV, m(z)=m(7)=1.5 TeV 1502.01518
H S 8 gl 0 3b  Yes 204 1.25TeV. m(})<400 GeV 14070800
S e a r C e S a S We a S I g y a r g e e 33 ¥ 0 710jets  Yes  20.3 1.1TeV. miFy) <350Gev 1308.1841
) < E 0len 3b Yes 201 1.34 TeV. m(E})<400 GeV 1407.0600
it Olep 3b  Yes 201 1.3TeV. mm’)«m Gev 1407.0600
model-dependent ones £ P —
5% 2eu(88)  03b s 275-440 GeV. )2 mi) 404,250
33 12eu  12h  Yes4 7/20 s v 230-460 GeV' (i) = 2miE}), m(i)=55 Gev 12092102, 14070583
o8 02e.p 02jets/2b Yeos 90-191 GeV 210700 Gev m(E)-1 Gov 1506.08616
s [ 0" monojetianves 03 i 90240 GeV. (7 m(E}) <85 GeV 1407.0608
5% natural GMSB) 2e.u(2) 1bh Yes 203 |7 150-580 GeV m(F)>150 GeV 1403.5222
Ben@ b Yes 203 @ 290-600 GeV m(i})<200 GeV 14035222
2ep 0 Yes 203 |7 90-325 GeV 14035294
LQ1(e)) x2 stopped gluino (cloud) 2ep 0 Yes 203 ¥ 140-465 GeV 7.7)=0.5(m(¥7 () 14035294
LQ1(ej}+LQ1(v]) sg:)peg stop :clcu d: 27 - Yes 203 fF 100-350 GeV' =0.5(m(¥)+smif1) 1407.0350
A ) Bepu 0 Yes 203 |A.K 700 GeV S(m(ET)+m(E) 1402702
LQ2(yj) x2 HSCP gluino (cloud) Longa-Lived 23eu  O02jels Yes 203 |End 420 Gev. 0, slptons decoupled | 1403.5294, 1402.7029
LQ2(uj}+LQ2(v) 4
Il.lIQ3(vb) x'2 LepTO qua rks HSCP stop (cloud) Particl Wy Y026 Yes 203 A 250 Gev. sleptons decoupled 150107110
g=2/3e HSCP e 0 Yes 203 |Ay, 620 GeV S(mE)em(et) 1405508
LQ3(th) x2 =3¢ HSCP artcies ) weak prod. e ury - Yes 203 |w 124-361 GeV cr<tmm 1507.05493
::83(“) xg chargino, ctau>100ns, AMSB Disapp. ik 1jet  Yes 203 |[Ff 270 GeV ml/h )-m(F)~160 MeV, r(F; 1310.3675
. (V) X neutralino, ctau=25¢cm, ECAL time dE/dx trk - Yes 184 |F 482 GeV (8 ()~ 150605332
gmgle Lg; A=1) 3 4 Tev R 0 15jets  Yes 279 |& 832 GeV mw 100 GeV, 10 us<7(3)<1000 13106584
ingle LQ2 (A=1) ) uk - BTN 127TeV 14116795
. 0_,; 124 - - 191 | & 537 GeV 10<tang<50 14116795
0 1 2 3 4 TeV j+MET, vector DM=100 GeV, A ong- E‘LS ivme o y - Yes 208 |t 435 GeV 2<r(E%)<3 ns, SPSB model 14085542
. - . y displ. ee/ep/pp - - 203 |, 1.0 TeV 7 <ct(F})< 740 mm, m()=1.3TeV 1504.05162
RS Gravitons J+MET, axial-vector DM=100 Ge\, A " displ vix +jets - - 203 |@ 1.0TeV 6 <erfy 450 . 11 Tov 150405162
RS1(yy), k=0.1 J+MET, scalar DM=100 GeV, A Dark Matter Seuferiur eerpr B 203 TTT 011,000 150304430
RS1(ee,pp), k=0.1 y+MET, vector DM=100 GeV, A SSM 2e4(S8)  03b  Yes 203 |dk 1.35TeV 14042500
i) K= ) | —seew,, euv, dep - Yes 203 |#; 750 GeV 1405.5086
RS1 U!)' k=0.1 y+MET, axial-vector DM=100 GeV, A iy eriy  Bep+T - Yes 203 | 450 GeV/ . 1405.5086
RS1(WW-4), k=0.1 LAMET, £=.+1, SUSD DM=100 GSVA o 67 23 |2 917 Gev BR)-BR (- BR( 0% 15020508
0 1 2 3 4 Tev . N N 949 0 67jets - 203 |& 870 GeV m(E})=600 Gev 1502.05686
. . I+MET, §=-1, SI/SD DM=100 GeV, A 2e4(SS)  03h  Yes 203 |& 850 GeV 1404.250
0 2ts+2b - 203 |@ 100-308 GeV. ATLAS-CONF-2015-026
C Ms P re II minga ry 1+MET, €0, SI/SD DM=100 GeV, A 2en 25 - 208 @ 04-1.0TeV BR( —be/)>20% ATLAS-CONF-2015-015
3 4 TeV W 0 2c Yes 203 |& 490 GeV m(E})<200 GeV. 1501.01325
SSM Z'(t7) y L
SSM Z'(j) ADD (y+MET), nED=4, [_O rge Extra 107! 1 Mass scale [TeV]
y — ADD (+MET), nED: . - e available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o theoretical signal cross section uncertaint
D) e — ADD (ee . nE Dimensions ’ ’
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Particle physics at the

dawn of the LHC Run-2
N

Confirmation of mass generation through spontaneous symmetry breaking "
in BEH potential. Scalar sector SM-like so far (but lacking precision)

QED tested to parts per million accuracy (slight anomaly in muon g-2) ?
@ It
Asymptotic freedom in strong interactions verified at % level A
JN 09 (e*e"-based)
-301+65 o
Electroweak unification tested to high precision DHMZ 10 (cbased) L
. . . . DHMZ 10 (e*e)
Quark sector: CKM picture for quark mixing & CP violation oo e
confirmed HLUNT 11 (e'e) e
Lepton sector: massive neutrinos, unknown masses, nature, dnes e ——
CP violation, sterile v's ? No flavour violation in charged 200 00 so0 400 so0 "z o o
lepton sector. Lepton universality tested to per-mil level a, - ao® x 107"

No compelling sign of new physics found at high mass scales, or anywhere else, eQ:
no electric dipole moments (EDM), no dark matter particles (only gravitational hints),
no axions (strong CP problem), no proton decay (GUT)
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The LHC Run-2: terra incognita
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The LHC Run 2 at 13 TeV

Following a two-year shutdown with consolidation
and upgrade work for LHC and experiments

Huge milestone achieved in 2015 with record
proton—proton collision energy of 13 TeV

After a rocky start, the LHC delivered L;,, = 4.2 fb~!

That luminosity already increases the new physics
reach for many searches

Expect ~1.2x10% cm=?s'and ~25fb~1in 2016




The LHC Run-2: 13 TeV / 8 TeV inclusive pp cross-section ratio

Minimum bias
W(ln)

Z(l)

ZZ
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stop pair (0.7 TeV)
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)
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Heavy flavour cross section

scales = linearly with +/s
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2015 LHC proton—proton luminosities (no 2016 data results released yet)

LHCb after luminosity levelling:0.32 (0.36) fb~' recorded (delivered)

= 6_ T T T T T T T T T T T T — —~ 4500 T T T . — 4500
No) C . . . _ 7 — I LHC Delivered: 4012.95 pb™
-i - ATLAS Online Luminosity Vs=13Tev ‘% 4000 B CMS Recorded: 3610.95 pb-’ 4000
= 5 [ LHC Delivered 1 =
2 - [_] ATLAS Recorded - &' 3300 13300
= - - n . . . .
= C © 3000l Preliminary Offline Luminosity 13000
3 4 Total Delivered: 4.34 fo £
T [ Total Recorded: 4.00 fb” N § 2500 lotalin 2015 (recorded): 12500
= C , _ _ - . R_ . -
g 3: Peak luminosity: . B 2000} B=38 T: 2.9 ]‘:bj 1000
o | _50x10®cm2s ] = * B= 3.8T.O.l8b |
i< 2—_ max . 7 a 1500} (due to problem with cryogenic supply) 11500
© - . 1 : N 7] _ 1 :
E . 3.3-3.6 fb~! for physics ] £ 1000/ 2.3-3.3 fb~' for physics 11000

11— — -

C N 8 500} 1500
C . o
0_ L L L | 1 1 | 1 1 L | L L L a F 0 L 0
27/05 28/06  30/07 31/08 02/10 04/11
Day in 2015

Current luminosity precision from van-der Meer scans: 2.1% (ATLAS), 2.7% (CMS), 3.8% (LHCb)

Pileup profiles: ATLAS/CMS: <p>54,6 = 20, <p>o5 ps = 13 (<p>grey = 21), LHCb: <> ~ 1.7
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(First) physics at 13 TeV proton—proton collisions



Measurement of jet cross section at 13 TeV
Primary test of QCD at highest collision energy

Double differential cross section measured by CMS

<71 pb* (13 TeV)

CMS 1605.04436

A'I 01 5 o E:MS Preliminary 19.7 b (8TeV)
% i3 CMS —o— lyl<0.5 (x10% ; QE 1;; anti-k; (R=0.7)
% 10 _ NLOJet++ CT14 ~—®0.5< lyl <1.0 (X1O4) NSEHO’T ~CT10 NLO ® NP ® EWK
o Anti-k R = 0.4 +1.O<Iyl<1.5(x103) s
— 10" e —»— 1.5<lyl <2.0 (x10°) =
3 ro- —— 2.0<lyl <2.5 (x10?) o
-10° k- —=25<lyl<3.0 (x10:) 10}~
S ' —— 3.2<lyl <4.7 (x10)) 0'E T Oasmietols
~ 107 L joo b= 1.0<lyl<1.5(x
@) L C ~ 15<lyl<20(x
G s D |
105 E_ T g . 107 5750 200 B0 400 B0 7000 2000
= =--==- ‘ JetpT(GeV)
10° . -===__'===_ \‘
10 - A -=='! 'e== : : .
= S W Comparison with 8 TeV plot (right)
101 '!i S shows effect of increased parton
- luminosities at high jet p;
10-3 | | | | | | I | | I N B I |
200 300 1000 2000

Jet P (GeV)
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CATLAS New physics in events with jets *

it/ atlasich -
,ﬂwﬂmszﬂg"s!!

Run: 280464 —

Event: 478442529 ?‘m:r’

2015-09-27 22:09:07 CEST

&\S\\\\\\\\’\'\:\\\\\\\\\\\\m

W
¢ p——

Do quarks have substructure?
Can they be excited?



Searches in high-pr multijet final states at 13 TeV

Processes with large cross-sections, sensitivity to highestnew physics scales

Look for deviation in mass or Sy spectrum from smoothly falling function

Events

/

g

data - fit
L

Data-MC  Significance
MC

o N

o —_

|
—_

ATLAS 1512.01530

| 11 l [ \\\\\\\l\\\\HHHHHHH”HHHH\HH 1l
(L D R L

ATLAS
s=13TeV, 3.6 fb
« Data
Background fit
— BumpHunter interval
—o-q*,m _ =40TeV
o QBH(BM), m_=6.5TeV

q*, 0x3
QBH (BM)
p-value = 0.67
Fit Range: 1.1 - 7.1 TeV
ly*l<0.6

‘ mﬂﬁll

=HTm

E

I

2 3 4 5 6 7
m; [TeV]

CMS PAS EXO-15-007

2.2 (13 TeV)

S 105k CMS Preliminary

T T T T T ] T T T 1
—&— Data with multiplicity = 8

-— E —— Bkg prediction from data §
0104_5 - Mp=4TeV, M, =5 TeV, n=6 -
; = == My=4TeV,M,, =6TeV,n=6 I
i) C ]
c 3 — My=4TeV, MBH=7TeV, n=6
210 EF Mp=4 TeV, M, =8 TeV, n=6 E;
L 2 .---"""”------""- ]
10° P e
105 Wyga e 3
1= 5
10'1E
— 2
ic 1.5
= 1
ic 05
0
8 -0.5
T -1
Q-15
2

2500 3000 3500 4000

4500

6500 7000
S. [GeV]

5000 5500 6000

Sensitivity to excited quarks, strong gravity, etc. Also looked for lepton-jet resonances (lepto-quarks)
No anomaly seen in these searches
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Highest mass central dijet event measured by ATLAS in 2015 (vs = 13 TeV): m;= 6.9 TeV

hIp://utIus.ch

Run: 280673
Event: 1273922482
2015-09-29 15:32:53 CEST



Z and W production at 13 TeV — examples: 0, (1376v) ~ 1.9 nb, Gyars (13TeV) ~ 19.71b

Expectincrease of cross section by factors of 1.7 and 1.6, respectively

Pure channels. Leptonic decays of Z & W are also standard candles to calibrate e/u performance
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[ ATLAS 1603.09222, CMS-PAS-SMP-15-004 ]
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/Z and W production at 13 TeV

Expectincrease of cross section by factors of 1.7 and 1.6, respectively

Inclusive cross sections shown, also fiducial cross sections measured

Comparison of measured cross-sections with NNLO QCD & NLO EW Drell-Yan predictions (FEWZ 3.1):
good agreement found within uncertainties

Ratios are powerful tools to constrain PDFs: W+ /W~ sensitive to low-x u & dvalence, W/ Z constrains s

| | 1 1 1 1 1 1 1 1 1 1 1 1 LI 1 1

o) [ I _]

‘9‘_ ®  CMS Preliminary, 43 pb™ (13 TeV) W
m — ® CMS, 18 pb' (8 TeV) W+ —

4 O  CMS, 36 pb™ (7 TeV) W
X10"E" m  corRun =
o [— O DORunli ]
— A UA2 m
| ¥ UA1 yA ]
3l PP ]
10° =
— A _
21 _
1 O — —
[— Theory: NNLO, FEWZ and NNPDF 3.0 PDFs ]
[ 1 1 1 1 1 1 | 1 1 1 1 1 1 Ll | 1 1 ]

0.5 1 2 5 7 10 20

Center-of-mass energy [TeV] o5



Searches in leptonic final states

Canonical searches for new physics in high-mass Drell-Yan production (Z', W’)

Measured mass spectra are compared with SM prediction

No anomaly found. SSM Z’ /W' benchmark limits setat 3.4/ 4.4 TeV (2.9/ 3.3 TeV at 8 TeV)

ATLAS-CONF-2015-070, CMS-PAS-EXO-15-005 2.6 (13 TeV) ATLAS 1606.03977, CMS-PAS-EXO-15-006

> 105 T T T T T T T T I CMS ‘(L) T T T T T T T T Iy T T T T T
8 10* ¢ Data . § 106 = ATLAS —W (2TeV) o Data
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— Narrow Z' (M =2 TeV) [JDiboson

10—6 1 1 1 I 1 1 1 1 1 1 1 1 I 10_1
70 100 200 300 1000 2000 2 14
m(ee) [GeV] n 12
5 1
£ 8
ATLAS & CMS also looked into high-mass ep (LFV) EDQ 14
production. Main background top-antitop. o = 1-21

L9 )
No anomaly seen 5208

J
200 300 1000 2000
Transverse mass [GeV]
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CMS CMS Experiment at the LHC, CERN
Data recorded: 2015-Aug-22 02:13:48.861952 GMT
Run / Event / LS: 254833 / 1268846022 / 846

« Display of rare colossalete- candidate
event with 2.9 TeV invariant mass

+ Eachelectron candidate has 1.3 TeV E;
» Back-to-backin ¢
Highest-mass Run-1 events: 1.8 TeV (ee), 1.9 TeV (up)



Events

DIbOSOI’] pl’OdUC’[IOﬂ — example: Oww, no Higgs (13 TeV) ~ 120 pb

Highly important sector of LHC physics, intimately related to electroweak symmetry breaking

ATLAS & CMS performed inclusive, fiducial and differential cross-sectionanalyses at 8 TeV.
First 13 TeV results. Theoretical predictions at NNLO needed to match data.
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Searches for diboson resonances (X — VWV, VH, HH, V=W/Z)

High-prof bosons boosts hadronic decay products giving merged jets

Hadronic decay modes use jet substructure analysis to reconstruct bosons. 1

Important strong interaction backgrounds

Some excess of events around 2 TeV (globally 2.50 for ATLAS) seen at 8 TeV
in VV in fully hadronic channel, not seen in the other decay channels (eg, lvaq)

ATLAS 1606.04833
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So far no
excessin 13
TeV data
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also other
diboson
searches do
not show

anomaly
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Diphoton resonance searches: ATLAS

Dedicated searches for a spin-0 and a spin-2 diphoton resonance.

ATLAS 1606.03833

Main difference is acceptance: spin-0: E+(y;) >0.4-m,,, E4(y,) > 0.3-m,,, spin-2: E+(y;,,) > 55 GeV

Photons are tightly identified and isolated. Typical purity ~94%

Background modelling empirical in spin-0, and (mainly) theoretical in spin-2 case (for high-mass search)
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Data - fitted background
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N — Spin-0 analysis

2878 events (m,, > 200 GeV)
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Lowestp-value at ~750GeV, ' ~ 45 GeV (6%)
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Events / 20 GeV

Data - fitted background

10*

10°

102

10

1

107

L I I I B B
ATLAS ) Data
Background-only fit
Statistical uncertainty
B Total uncertainty

Spin-2 Selection
Vs=13TeV, 3.2 b

TTTTTTTT \HHH‘ HHHH‘ HHHH‘ HHHH‘ T TTTIT ¥ TTTTI)

uluu\uuuu\uu\uuhu:\ ol ol ol ol vl

LA ARRNRARN LARRNRAARN]

5066 events (m,, > 200 GeV)
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Lowestp-value at ~750GeV, ' ~ 7% of mass

Local/global Z=3.8/2.1c
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Diphoton resonance searches: CMS

Agnostic search for spin 0 and 2 bosons

New 13 TeV analysis with improved ECAL
calibration (~30% improved resolution above
m,, ~ 500 GeV), and including 0.6 fb- of B-
field off data

+ Acceptance: E+(yy5) > 75 GeV, at
least one y with |n| < 1.44 (barrel), split
EB-EB, EB-EE

» Dedicated calibration of B-field-off
data, slightly lower y-1D efficiency,
better resolution, harder PV finding

+ Empirical background modelling

« Combinationof 13 & 8 TeV data
(model-dependent, good compatibility)

Lowestp-value at ~750 GeV
(760 for 13 TeV data only), narrow width

Local/global Z = 3.40/1.6c
(2.90 /<1 for 13 TeV data only)

No compelling evidence for signal.
More data needed.
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Top-antitop production at 13 TeV

Extraction of top-pair cross section (expect: 13TeV /8 TeV ~ 3.3)

ATLAS & CMS studied top production in many ways at 13 TeV — very prompt analyses turn around

Inclusive tt cross section [pb]

-k
o
w

—
o
N

10

OdOrem<«o0omEOEJ

Tevatron combined 1.96 TeV (L = 8.8 f5)
ATLAS eu 7 TeV (L=4.6fb")
CMSeu7TeV (L=51fb"

ATLAS en 8 TeV (L = 20.3 fb)

CMS eu8TeV (L=19.7 b

LHC combined eu 8 TeV (L = 5.3-20.3 fb'1)
ATLAS en 13 TeV (L= 3.2 fb)
CMS en 13 TeV (L = 43 pb’)
ATLAS ee/un 13 TeV (L = 85 pb’)

LHCtopWG

ATLAS+CMS Preliminary

Mar 2016

ATLAS l+jets 13 TeV (L= 85 pb")
CMS I+jets 13 TeV (L = 42 pb") 1000}
800
600
=== NNLO+NNLL (pp) I
——— NNLO+NNLL (pp)

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004

| | I0pl |

13

m,, =172.5 GeV, PDF(? ag uncertainties according to PDF4LHC
1 1 1 1

I@ [ll'eV]

4 6 8 10

2

Robust ey final state gives most precise inclusive results at all CM energies

14
Vs [TeV]

Agreement with
expected factor of 3.3

Also differential cross-section measurements at 13 TeV: reasonable modelling, though
some deviations at large jet multiplicity. Known problems from Run-1 not fully solved
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Events

Data / Pred.

Top-antitop production and a vector boson at 13 TeV

First results on important ttV process, in it's ownright, and as background to ttH and searches

ATLAS & CMS have preliminary 13 TeV results

Analyses combine several multilepton final

states, difficult mis-ID background

At 8 TeV, both processes observed, and

found to agree with SM prediction
(tW ~1o upin both ATLAS & CMS)

Preliminary tt+W/Z results from ATLAS, tt+Z from CMS:

T T _
ATLAS Preliminary -4-Data | |4

Vs=13TeV, 3.2 fb" Wiw mwz
Post-Fit 7z tZ
10% twz G
[l Other

7/, Uncertainty

== I I I

Fake leptons

05

/%////%V////////%////wy//f///////////#////////W

sL.WZ_cR 4L‘Z?~c/q SLop, 224

2u-sg

Events

CMS Preliminary
90

276" (13 TeV)

Bz -
W -
[] data-drivené

+ Data

/////////////////

DT PIRIOLIIL. s

2j(=0b) 2j(=1b) 3j(=0b) 3j(=1b) 3j(=2b) 4j(=0b) 4j(=1b) 4j(=2b)

Different
production
processes and
thus 13/8 TeV
cross-section
ratios for ttZ &
ttW: 3.6 &2.4

ATLAS:
ttW: 1.38 £ 0.70 £ 0.33 pb
ttZ: 0.92+0.30+0.11pb

CMS: 0.35 +0.17
. +U. +U.

SM (NLO):

ttW: 0.57 + 0.06 pb
ttZ: 0.76 + 0.08 pb
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Searches in high-prheavy-flavour final states at 13 TeV

Processes with large cross-sections, sensitivity to highestnew physics scales

Also searches for a b-anti-b and top-antitop resonance

ATLAS 1603.08791 e/u+jets, 1 ttag 2.6 fb_1 (13 TeV)
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107 C@SDC% Background fit E - 1@
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g . 40 Top-taggeddatasample  —
10 = B i
= SSMZ', o x50 3 __ __
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(Very) first Higgs boson results

N \ AT LAS

Beautiful event : EXPERIMENT

consistent with

VBF production e Run: 280862
of a Higgs I Event: 53564866
N\ u " 2015-10-02 16:24:44 CEST

boson decaying
to four leptons

Display of H — eepp candidate from 13 TeV pp collisions. The electrons have a transverse momentumof 111 and 16 GeV, the muons 18 and 17 GeV, and
the jets 118 and 54 GeV. The invariantmass of the four lepton systemis 129 GeV, the dielectron (dimuon) invariant massis 91 (29) GeV, the pseudorapidiy
difference between thetwo jets is 6.4 and the dijet invariant massis 2 TeV.



Current 13 TeV data sample still marginal for Hys

But important to look for the signal in an agnostic way at new CM energy

ATLAS & CMS looked for Higgs decays to bosonic and fermionic channels

H—Z2Z*— 4¢
CMS Preliminary 2.8 (13 TeV)
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€ - v Uncertainty 40 u>J r B Z+X i
) C Jv - -
@ 10 . i 10f s :
8 - 8- ]
L ® ' N 4 ]
6 - - 6 . [ =
4 — _: 4:_ 1
o 2

0" o ket
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+25 +0.57
otot,data = 1 2—16 pb u = Odata /OSM = 082 -043
Otot,sM = 51£5 pb Expected significance (SM): 3.40

Expected significance (SM): 2.80

CMS-PAS-HIG-15-004
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Current 13 TeV data sample still marginal for Hys

But important to look for the signal in an agnostic way at new CM energy

ATLAS & CMS looked for Higgs decays to bosonic and fermionic channels

H—vyy
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Current 13 TeV data sample still marginal for Hys

But important to look for the signal in an agnostic way at new CM energy

ATLAS & CMS looked for Higgs decays to bosonic and fermionic channels

Extracted cross sections vs CM energy

H — 4¢, fiducial cross section
Combined H —=4¢, yy

5.1 fo™ (7 TeV), 19.7 fb™' (8 TeV), 2.8 fb™' (13 TeV)
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Events / GeV

First search for ttH production at 13 TeV by CMS

Most interesting of the SM Higgs channels at current luminosity

CMS showed preliminary results for ttH in all major Higgs decay channels: H — yy, multi-leptons, bb

Highly complex analyses, huge effort to get these done so quickly after data taking
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BSM Higgs boson searches

Single BEH doublet and form of potential simple but Nature may be more complex (eg, SUSY)

Beyond the SM “Higgs zoo”

[ Will Davey, LHCP 2014 ]

Higgs coupling to mass, look for decays to tau leptons or weak bosons, for example:
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Supersymmetry

Still among the most popular SM extensions as elegant solution of hierarchy problem

Very diverse signatures. Highest cross-section events

produce gluino / squark pairs with decays to jets and missing

transverse momentum

q
q__ X1
qi*- X0
p
q

No significantanomaly
seenin many different
analyses
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Searches for dark matter production at the LHC

Canonical signature is ‘X+MET’ with large variety of ‘X’

Direct dark matter production at the LHC

Requires boost for triggering. Depending on
coupling it can be made by different objects.

Experimentally challenging to control Z/W+jet
background. Theory input needed.

ATLAS 1604.07773, CMS-PAS-EXO-16-014

Energetic gluon/photon
radiation in the initial sate

Direct
Detection

X (DM collision nuclear recoils)

X
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Production at colliders

Several 13 TeV results already available:
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The next steps
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The main proton—proton physics goals in a nutshell

Run-1 (up to 8 TeV, 25 fb-1) Run 2 & 3 (13-14 TeV, 300 fb-) HL-LHC (14 TeV, 3000 fb-)
 Discovery of Higgs boson » Searches for new physics * Precision measurements of
N . Higgs couplings
» Searches for additional * Improved measurements of Higgs
new physics (negative) couplings in main channels » Observation of very rare
. o _ Higgs modes (uy, Zy, HH)
» Observation of rare « Consolidation / observation of
processes, such as B, — pu Higgs channels (tt, bb, ttH, VH, VBF)  « Ultimate new physics search
o reach (on mass & forbidden
» Precision measurements of * Measurement of rare Standard_ | decays, eg, FCNC)
Standard Model processes Model processes & more precision
o » Ultimate SM & HF physics
» Study of CP asymmetries in * Improved measurements of rare precision for rare processes
B, sector B decays and CP asymmetries
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LSt 13 TeV EYETS 13.5-14 TeV 14 TeV 14 TeV energy
splice consolidation ini::;grptgi)g{ ide cryolimit H L-LHC got(r)n;;I
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Total Integrated Luminosity [fb™]

Status of Run-2 (2015)
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Total Integrated Luminosity [fb™]

Status of Run-2 (2016)
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Expected integrated luminosity of Run-2 until end of 2018
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Expected integrated luminosity of the LHC & HL-LHC until ... 2035
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Expected integrated luminosity of the LHC & HL-LHC until ... 2035

Linear scale!
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Next updates:
International Conference on High-Energy Physics (ICHEP 2016),

3-10 August 2016, Chicago, USA

[ https://lwww.ichep2016.org |
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Extra slides



Conclusions in more words



Conclusions

The Higgs-boson discovery proved the BEH mechanism to break gauge symmetry,
but many profound questions remain unanswered. Among these:

« Naturalness requires the separation of scales, but in the SM what happens at the electroweak
scale seemsto depend on much larger scales

« There are only gravitational proofs of dark matter, no massive WIMPs seen (axion?)
 The SM flavour sector with its 22 parameters has no dynamical explanation

 Lepto- and baryogenesis require new physics

The currently ongoing LHC Run-2 is a key period for particle physics

« High CM energy and first 100 fb~" are critical for searches for new physics in all signatures

«  Further consolidation of Higgs sector with observation and measurement of H — 1T & bb, and ttH,
as well as precise coupling and fiducial & differential cross section measurements

«  The luminosity of Run-2 will hugely increase the amount of interesting Standard Model and flavour
physics measurements



How can these LHC luminosity improvements be achieved ?

Run-1 (up to 8 TeV, 25 fb~")

Eveam = 0.45-4TeV

Loy = 0.8 x10%* cm—2s-1
Aty nen = 50nNs
Nonones,max = 1380

pB*=60cm
[ recall: L &< (0,0,)" = (&, B*Iy)"]

Norm. emittance ¢, ~ 2.3 uym

Nprotons / bunch <1.7: 1011

<p> ~ 21

(note: Ppea Much larger)

Run 2 & 3 (13-14 TeV, 300 fb")

* Epean = 6.5-7TeV

* Lo =0.7-2x10% cm=—2s"
* Alyyneh = 25ns

* Nounches max = 2028~2748 (?)

Crab crossing:

(deflects head and tall /

in opposite direction) g4 Ty

HL-LHC (14 TeV, 3000 fb)

* Epeam = 7 TeV

* Lo ~ 5 x10% cm—2s1
* Alyynen = 25108

* Nounches,max = 2748

X 7 \\

e

* pF=40cm - f*=15¢cm
e &, =2.5-3.5um (2.3 um with BCMS) e g, =2.5um
* NIOrotons /[bunch ™~ 1.2-10™ * Nprotons /bunch = 2.2-10"
s <u>~21~50 s <p>~ 140

LS2: injector upgrade for increased beam
brightness (batch compressionin PS, new

optics in SPS, collimator upgrades)

LS3: new triplet design (low-8*
quadrupoles, crab cavities), injector
upgrades for luminosity levelling

7 TeV

Run 1 ’ | Run 2 ’ ‘ Run 3
LS1 13 TeV EYETS 13.5-14 TeV 14 TeV 14 TeV energy
injector upgrade 5t07 xI
splice consolidation cryo Point 4 limit - nomina
8 TeV button collimators We are here DS collimation fnrt)gorggtlion HL-LHC luminosity

R2E project

2012 2014 2016

2015

2013

experiment

5% beam pipes

nominal
luminosity |

nominal luminosity

P2-P7(11 T dip.)
Civil Eng. P1-P5

2018 2020 2021

2017

experiment upgrade

2022 2024 2025 2026
_/'
radiation
. damage experiment
2 x nominal luminosity
upgrade phase 2

regions

installation

phase 1 —

integrated
luminosity



Beyond the HL-LHC

Only a very brief enumeration of projects
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Future hadron collider projects in a nutshell

The next discovery machine

HL-LHC: £, = 14 TeV, 3 ab~', 2026~2035... (formally approved as project by CERN council last week)

Future Circular Collider FCC-hh (CERN):

Ecy ~ 100 TeVin 100 kmring, L ~

2 x 1035 s 'cm—=2

~16 T magnets, possibly HE-LHC (Eq, ~ 28 TeV) as

intermediate stage

Huge detectors for muon prymeasurement

Possible start of physics ~ 2035

g Schematic of an
¢ 80-100 km
¢ long tunnel
.
)
‘+

s
L
&

~
Sapguun*®

-

SppC (China):

« Egu~71TeVin 55km ring,

L ~1x 10%s'cm=2

« Requires very high gradient dipole
magnets ~20 T

» Possible start of physics ~ 2042

Parameter FCC-hh SppC LHC HL LHC
collision energy cms [TeV] 100 71.2 14

dipole field [T] 16 20 8.3

#IP 2 main + 2 2 2 main + 2
bunch intensity [101"] 1 1(0.2) 2 1.1 2.2
bunch spacing [ns] 25 25 (5) 25 25 25
luminosity/lp [1034 cm-2s-1] 5 ~25 12 1 5
events/bunch crossing 170 | ~850 (170) 400 27 135
stored energy/beam [GJ] 8.4 6.6 0.36 0.7
E-loss/turn 5 MeV 2 MeV 7 keV 7 keV
synchrotron radiation/beam 3 MW 5.8 MW 5.4 kW 9.5 kW
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Future e-e* collider projects in a nutshell
Measure EW & EWSB sector to highest precision

International Linear Collider ILC (host candidate: Japan)

« 20vyearsof R&D, mature technology, ~32 MV/m accelerating gradient ~xFEL at DESY (45 MV/m for 1 TeV)
* Eqy ~ 500-1000 GeV in 31-45 km total length, L ~ 1.8 x 1034 s~'cm~2, only one interaction region
* nmbeam size, possible start of physics ~ 2030

. . *A low energy, high current, “drive” beam is decelerated
Compact Linear Collider CLIC (CERN) in power extraction structures and the RF power is

. High-gradient 2-beam scheme*: 100 MV/m gradient transferredto the cavities that accelerate the main beam
« Eqy ~ 380-3000 GeV, 11-50 km total length, L ~ a few x 103* s~'cm~2, only one interaction region

« 0.5ns bunch distance, nm beam size, large beamstrahlung, physics ~ 2035

Future Circular Collider FCC-ee (CERN):
’ gahrﬂ']ghig)_cafg (73'31/1 'gir%gsf S(‘91(()3|:T1‘ , energy/beam [GeV] 45 120 175 120 105
« Synchrotron power (E4/Rupto 7.5 punches/beam el I " > )
GeV/turn): 100 MW (LEP-2: 22 MW) beam current [mA] fas0 = £ Lo .
luminosity/IP x 103 cm2s-1 70 5 1.3 2.0| 0.0012
Circular EP collider CEPC (China): energy loss/turn [GeV] 0.03 1.67 7.55 31| 334
* Eqy~240GeV,L ~2x 10%s'cm=2 synchrotron power [MW] 100 103 22
* Singlering, 50 bunches RF voltage [GV] 0.08 3.0 10 6.9 3.5

» Possible start of physics ~ 2028
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Everyday life, and particle
physics, are described by the

Standard Model relying on
gauge symmetry

HERA data from electron—

quark scattering into e+qg
(NC = y,2 orv+q (CC = W*)

Electron

HERA

C\; T T T T TTT | T T T
) B, E'ewon{? H1 e*p NC (prel.) j
g 10 T2y A H1ep NC (prel.) E
= g . O  ZEUS e'p NC 06-07 (prel.)
o %8, . o ZEUS e’p NC 05-06 3_
% SM e'p NC (HERAPDF 1.0)
2. —— SMe'p NC (HERAPDF 1.0)

_8 10

* H1e'p CC (prel.)

A H1epCC(prel)

= ZEUS e'p CC 06-07

e ZEUS ep CC 04-06

SM e*p CC (HERAPDF 1.0)
~—— SM e’p CC (HERAPDF 1.0)

IIII;;L[' IIIIL|,|,|,| IIIII|,|,|,| IIIII|,|,|,| IIIIL|,|,|,| |

3
Tl'm] IIII|'|T|'| IIII|'|T|'| IIIII|T|'| IIIII|T|'| TT |'|T|'| IIII|'|T|'| TTIT

Electron

Neutrino

The SM is the legacy of 201
century particle physics

- It unifies quantum mechanics, special
relativity and field theory

- It unifies electromagnetic and weak
interactions
- |t describes ~ all laboratory data

Is the SM the theory of everything?
Or rather of almost everything” No!

» Electroweak unification reduces 27 SM
parameters by one
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LHC experiments started more than a : .
decade ago with large scale computing B:;'}T%Sesriem;”
— now big data is everywhere Sooale seaiEn e 2986 PB

98 PB
Note: LHC has a public science budget,
database

unlike Google or Facebook 6 PB

Contentuploaded to

Video adto Facebook each year
YouTube/yedr: 15 PB 182 PB

} ATLAS managed
data volume
130PB

ATLAS annual

Largest data volume from simulated data volume

events, not from real collision data !




Theoretical cross-
sections and

uncertainties

Progress in theoretical calculations™

NNLO revolution

W/Z total, H total, Harlander, Kilgore

H total, Anastasiou, Melnikov VBF total, Bolzoni, Maltoni, Moch, Zaro

H total, Ravindran, Smith, van Neerven WH diff., Ferrera, Grazzini, Tramontano

WH total, Brein, Diouadi, Harlander v, Catani et al.
H diff, Anastasiou, Melnikov, Petriello Hj (partial), Boughezal et al.
H diff., Anastasiou, Melnikov, Petriello ttbar total, Czakon, Fiedler, Mitov
W diff., Melnikov, Petriello Z-y, Grazzini, Kallweit, Rathlev, Torre
WIZ diff., Meinikov, Petriello ji (partial), Currie, Gehrmann-De Ridder, Glover, Pires
Hdift, Catani, Grazzini /- 22, Casciol itetal.
°0 oy oo // / W G Catan S ZH dift, Ferrera, Grazzini, Tramontano
%0 o o WW , Gehrmann et al.
%o tibar diff,, Czakon, Fiedler, Mitov
5

H . ° b Z-y, W-y, Grazzini, Kallweit, Rathlev
explosion of calculations o e
in past 18 months

Wi, Boughezal, Focke, Liu, Petriello
2002 2004 2006 2008 2010 2012 2014

Hj, Boughezal et al.
VBF diff., Cacciari et al.
Zj, Gehrmann-De Ridder et al.
22, Grazzini, Kallweit, Rathlev
Hj, Caola, Melnikov, Schulze

2016

Zj, Boughezal etal.
WH diff., ZH diff., Campbell, Ellis, Willams
Y-y, Campbell, Ellis, Li, Williams
WZ, Grazzini, Kallweit, Rathlev, Wiesemann
WW , Grazzini et al.

MCFM at NNLO, Boughezal et al.
piz. Gehrmann-De Ridder et al.

10%

5%
2%

-2%
-5%

-10%

-15%

-20%

DY (tot.)

& e H (L)

= = o ol = o - o o ol 5 o
8 B B T B B ©° 5 B8 8B T B © IZ
= E s s = s P = R =
E £ElE £ £ £ = = = =N T el =
T 7 ZINZEYILFsSEN8EE
= ;g = ® > >
N
(o}

|
=]
]
|
15}
1l
(|

NNLO
NLO

Also experimental knowledge of PDFs is limiting precision in many LHC analyses !

*Gavin Salam at LHCP 2016



90

Striking phenomena observed,
e.g. in lead-lead collisions and "= |
soft pp physics \\

Run 168795, Event 7578342
Time 2010-11-09 08:55:48 CET

SUSUMARTEEE
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T

e
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e %%

=z
N

i

\ N
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XS 2R
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[ ATLAS, PRL 105, 252303 (2010) ]



The LHC is also a high-precision machine

Electroweak sector requires precise measurements of myq,, My, sin?6,,

Newest top mass combination
from CMS features total
uncertainty of 480 MeV

Best top mass from LHC:
e 17244 +0.13 £ 0.47 GeV (CMS)

« 172.84+0.34 + 0.61 GeV (ATLAS, not
yetall 8 TeV results available)

640 MeV for Tevatron combination

Reaching systematic limit from b-
quark fragmentation

Alternative my,, determinations

ATLAS+CMS Preliminary LHCIOpWG my, summary,|s = 7-8 TeV Sep 2015
"""" World Comb. Mar 2014, [7]
stat
total uncertainty total stat
Mep = 173.34 = 0.76 (0.36 = 0.67) GeV ey = total (stats syst) & Ref
ATLAS, I+jets (*) I—l—-—l—-—| 172.31+1.55 (0.75= 1.35) 7 TeV [1]
ATLAS, dilepton (*) ——t— 173.09x 1.63 (0.64 1.50) 7TeV [2]
CMS, I+jets . 173.49:1.06 (0.43= 0.97) 7Tev [3]
CMS, dilepton I—|—°—|——| 172.50+1.52 (0.43+1.46) 7 TeV [4]
CMS, all jets i 173.49+ 1.41 (0.69+ 1.23) 7TeV [5]
LHC comb. (Sep 2013) 4 173.29= 0.95 (0.35= 0.88) 77TeV [6]
World comb. (Mar 2014) e 173.34 0.76 (0.36 0.67) 1,967 TeV [7]
ATLAS, I+jets ———H 172.33+1.27 (0.75= 1.02) 7 TeV [8]
ATLAS, dilepton I—l—-—|—| 173.79+1.41 (0.54+ 1.30) 7 TeV [8]
ATLAS, all jets ——=—+ 175.1x1.8 (1.42 1.2) 7TeV [9]
ATLAS, single top —— 172.2+2.1 (0.7 2.0) 8 TeV [10]
ATLAS comb.(:‘f;’;tgf’;g_ H——-H 172.99=+ 0.91 (0.48= 0.78) 7 TeV [8]
CMS, l+jets HeH 172.35+0.51 (0.16+ 0.48) 8 TeV [11]
CMS, dilepton e 172.82+1.23 (0.19 1.22) 8TeV [11]
CMS, all jets e 172.32+0.64 (0.25: 0.59) 8TeV [11]
CMS comb. (Sep 2015) e 172.44= 0.48 (0.13= 0.47) 748TeV [11]
E [1] ATLAS-CONF-2013-046 [7]1 arXiv:1403.4427
[2] ATLAS-CONF-2013-077 [8] Eur.Phys.J.C (2015) 75:330
[3]1 JHEP 12 (2012) 105 [9] Eur.Phys.J.C75 (2015) 158
(*) Superseded by results [4] Eur.Phys.J.C72 (2012) 2202 [10] ATLAS-CONF-2014-055
shown below the line : [5] Eur.Phys.J.C74 (2014) 2758 [11] CMS PAS TOP-14-022
co o b Ry
165 170 175 180 185
mtop [GeV]
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The LHC is also a precision machine

Electroweak sector requires precise measurements of my,,, My, and the weak coupling strength

First forward—backward measurements in Z— #¢ events by ATLAS, CMS and LHCb are interesting
feasibility tests, but yet an order of magnitude below the LEP/SLD precision

Best current M, measurement from Tevatron (corspo 12040022 1, oya = 15 MeV, no result from LHC yet

l;' [ T T T T | T T T T | T T T T | T T T T T T T T /’I/_/
8 ~ 68% and 95% CL contours ™ V;::‘:;:';‘:éz\;" T
= 80.5 — [l fitw/o M, and m, measurements ] -- 0=0.76 GeV o
3 - fit w/io M., m and M, measurements | { — =076 ®0.50, ,GeV Z
= _ w’ H p ]
L direct M,, and m, measurements -
80.45 — —
80.4 [ .
No W mass ! . )
measurement 80.35 - M, world comb. = 1o =
.35 [— M, =80.385 = 0.015 GeV . ‘ —
from LHC yet - ° § : §
80.3 — T —
N o RSP 1§ (P ]
- Qoe ,Lo,."b‘ QQOQ g QbQ‘ e -
8025 T (O INESING ) ] fitter]x/:
C '|'/| L Lo l"/l L1 L'/|l 1 PRI T N R N R R
140 150 160 170 180 190

Competitive top mass results from the LHC

Best currenttop mass from LHC: 172.44 £+ 0.13 £ 0.47 GeV (CMS), 172.84 £ 0.34 = 0.61 GeV (ATLAS, not yet all 8 Tev)

m, [GeV]
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The Higgs mass value has important implications

Agreement with : :
electroweak
precision data

o

z
e t' f
// \\
1 \
\ I
\ /7
aVAVAVAVAVAVAVAVRTAVAVAVAVAVAVAVS

: r‘ T 1T LI L LI L LI L T T T T T I T T _ T I T T ;:

9 :_ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,E_: 30

E g =
8 — Theor =

- o L] uncer¥ainty 3
7= o —
6 2 =

- = -

5 E_ < _E
G — 20
3 :_ +25 _:

= MH =94 T GeV -

2 - —

E <153 GeV (95% CL) 3
1T N A — 10
o :I I 11 1 I 11 1 I 1 11 I 11 1 I 11 1 I 11 1 I 11 1 I 11 I:

40 60 80 100 120 140 160 180 200 220 240

M, [GeV]

M, [GeV]

~Agreement with perturbativity and
(meta)stability bounds for high SM
cut-off scale A

350 B T T T T T T T T T I T T T I T T T I T T T T ]
B —— Perturbativity bound i
- [ ] Stability bound —
300 B =21 [ Finite-T metastability bound |
- o= B Zero-T metastability bound -
I =7 Shown are 1o error bands, w/o theoretical errors 1
250 — |
200 — —
- ———

150 A= M32/2v?%, A(A)
ATLAS & CMS %

100 4 6 8 10 12 14 16 18
Iogm(A/ GeV)
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Beautiful flavour and low-pt physics measurements

Flurry of results from LHCb [ -300 papersto date]

Precision measurement of ¢ DO 6 b
0.14} HFAG @
[ PRL 114, 041801 (2015): ¢pg =—0.010 £ 0.039 ]
— 0.12 Czhg?b . 68% CL contours
. I (Alog £ = 1.15)
Observation of new states 3, 010
. . S ) L =1
consistent with pentaquarks " CDF 9.6 1b
[ PRL 115, 072001 (2015) ] ~
<1 008
g o " 0.06
= : ATLAS 19.2 fb™
1L(_) 700 (b) r LHCb , , , , ,
= Y Data ~0.4 -0.2 0.0 0.2 0.4
..g 600 * + Fit result (ZS;:ES [I‘&d]
2
LLl 500

400

C (b) S
b —P@é } " ‘M E}K
Ab u S . AOb {E E} PC
A — d

d

Y
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Flavour anomalies ?

B-factories and LHCb measure ratios of semileptonic B decays. Robust SM predictions

. BR(B® —» D™ v) - BR(Bt = K*uu)
) = K=
D™ BR(B® —» DWv) BR(B* - K*ee)
-o-LHCb -m-BaBar -a—Belle
il SRR Y ST o RARE I AL I
) - —— Belle, PRD92,072014(2015) Ay =10 1 i LHCDb
& 045F LHCb, PRL115,111803(2015) - - ]
L —— Belle, arXiv:1603.06711 ] 15 4
N = HFAG Average, P(%2) = 67% N ~L i _
04 [ = SM prediction ~ - 1
0355 - 1F ]
03 Q - i t }
025 <= - i ]
- R(D), PRD92,054510(2015) . [ ]
[ R(D*¥), PRD85,094025(2012) ] [ i
02 u U R [ S S W R I S S S S N ] 0 N PR S T S T N TR T TR TR A S TR SR T R T
02 0.3 04 0.5 0.6 0 5 10 15 20
R(D) q* [GeV?/c4]

Latest measurement by Belle using semileptonic tagging of recoil B (Moriond EW):
Ry =0.302 £ 0.030,, = 0.011,,; [SM: 0.252 + 0.003, 1.60]

New world average by HFAG: Ry = 0.316 + 0.016 + 0.010 (3.3c from SM, combined Ry- & Ry is 4.00)

http://www slac.stanford.edu/x org/hfag/semi/winter 16/winter16 dtaunu. html
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It seems, however, that the

SM can’t be all there is

Not unexpectedly*, a few of these searches ended up showing some anomaly,
a legacy to be checkedin Run-2

2L(Z) + MET 2L(SS) + b-jets + Hr+ MET Diboson resonance (VV’ — JJ)
[ ATLAS 1503.03290 ] [ ATLAS 1504.04605 ] [ ATLAS 1506.00962 ]
% 14_\ | TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT | \_ ‘g T T T T T Data T T E 104 %’ A‘T‘LA‘S\ L | ‘_‘._‘D;ta\ T LI B R R ?
© | ATLAS s ztaa::dard Model ] L% 10t ATLAS = O M 8 i [ s=8Tev.20sf’ T BEGGIMRAmOe o
To) + Z E - - = — 1 e= =
o 121 s=8TeV, 203 fb" [_] Flavour Symmetric ]| 10° Vs=8TeV, 20.3 b -|:I Ei'ke/non-prompt leptons P R - gg ;Zx Egm w. zf 1 3
; [ SRz [_] Other Backgrounds [ Dibosons § 107 [ o S‘igniﬁcance (sta{) h
T 1 [oncee m(g),u=(700,200)GeV_] 102 === [/ Other w E B Significance (stat + syst)
s Ut m(g)4=(900,600)GeV 1 52285 22 Uncertainties F W2Z Selection 3
L 8» 4 10 10 E + =
6: ] ! 1 .
B ] 10" F ]
L ESN S 4 107 —L E
4: """"" ] 8 3E JRN SN VL H
= e 1 i — :
I T Y . & 2E S
N2 7 0 Wt 2 3 E 3 73]
8 2 8 4 6 8 8 90 9 2 9 4 9 6 9 8 1 00 SRVLQO Sg;l/!‘_81 S;i;{l‘lt_SZ SRVLQ3 SRVLQ4 SSF}%/!‘:ES Sg;{/zlt_ge Sg%/[‘:37

m, [GeV]

*There is a large “look elsewhere effect” (= statistical trials factor) in these searches, hard to quantify
96



The LHC Run-2: 13 TeV / 8 TeV inclusive “parton luminosity” ratio

WJS2013
100 T T T T T T T AL AL AL | ' ' oo
[ ratios of LHC parton luminosities: 13 TeV /8 TeV I;" ]
[ 0Ly 1 [tdz ) ) M3 i
N 8M§( — E/T ? fa(xaMX)fb(T/xaMX)7 T = T /
- PDFs / |
o | 99 ;o
T ---- XqQ 7
- - a9 Stronginteraction P
:'(%' 10 dominated processes '/;/ p
o ]
= _
= _
E _
Electroweak processes MSTW2008NLO
1 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1
100 1000 4 TeV

M, (GeV)

Larger cross section increase for gluon induced than for quark induced processes
Early Run-2 puts emphasis on searches



Inclusive inelastic cross-section measurement at 13 TeV

Fundamental initial measurement, based on forward scintillators

Measurement in fiducial region E = MXQ /s>10° (Mylargest mass of two proton-dissociation systems)

« Use Minimum Bias Trigger Scintillators (MBTS) with acceptance 2.07 < |n| < 3.86, 4.2M selected events

* Systematic uncertainty fully dominated by luminosity

100
S 90
80
70
60
50
40
30

)
E
©
=

ATLAS: 1606.02625

IIIIIII| T IIIIIII| T IIIIIII| T T T TH

ATLAS (MBTS) — Pythia 8
ATLAS (ALFA) --- EPOS LHC

TOTEM --- QGSJET-II
ALICE

LHCb

Auger

pp (non-LHC)
PP

N

nr
A Y

O e <> a«al O

1 1 I I I I I
TLAS 7000 8000 9000 10000 11000 12000 13000

TIII|IIII|IIII|IIII|IIII|IIII|IIII|II

A

10? 103 10*
\s [GeV]

Measured inclusive inelastic cross
section:

013 TeV — 793 + 08 + 13 (|Uml)
+ 2.5 (extr) mb

Best measurement of total cross
section via elastic scattering and
optical theorem:

Otot ocm felastw’c“ - O)

using dedicated forward devices
(up to 1.4% precision in Run-1,
dominated by luminosity error)
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Single top quark production

Increase of cross section by factor of 2.5 (t-channel) over 8 TeV, roughly 1/31 of tt cross section

ATLAS & CMS have so far released preliminary t-channel
measurements at 13 TeV

13 TeV: ATLAS-CONF-2015-079, CMS-PAS-TOP-16-003
" ATLAS+CMS PreliminaryLHCTOPWG = A4S tchannel ]

. } PRD90(2014) 112006, ATLAS-CONF-2014-007,
Single top-quark production ATLAS-CONF-2015-079

® CMS t-channel -1
June 2016 JHEP12(2012) 035, JHEPO6 (2014) 090,

CMS-PAS-TOP-16-003 -1

—H— O ATLAS Wt
- PLB716(2012) 142, JHEP01(2016) 064 -

CMS Wt
PRL110(2013) 022003, PRL112(2014) 231802
* LHC combination, Wt

ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019
i i ‘ I ! ----------- A ATLAS s-channel

ATLAS-CONF-2011-118 95% C. L.,
PLB756 (2016) 228

¥ CMS s-channel
arXiv:1603.02555 95% C.L.

x  7+8 TeV combined fit 95% C. L.

102

Inclusive cross-section [pb]

R - %.... - == NNLO PLB736(2014) 58

%_ =~ scale uncertainty
E

=== NLO+NNLL PRD83(2011) 091503,
] PRD82(2010) 054018, PRD81(2010) 054028
Wi: tt contribution removed
scale ® PDF @ o, uncertainty

10

—— NLO NPPS205(2010) 10, CPC191(2015) 74
W= = My,
CT10nlo, MSTW2008nlo, NNPDF2.3nlo
Wt: P, veto for tt removal=60 GeV

and w= 65 GeV

scale uncertainty

scale ® PDF ® a, uncertainty

Myp= 172.5 GeV

s [TeV]

“t-channel”
(“4 flavour
scheme”)

9 b

“Wt-channel” W-

“s-channel”
(not easierat 13 TeV)

Tevatron: 6.30, ATLAS Run-1: 3.20
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One word on lepton flavour violation in Higgs decays

Both experiments have finalised their Run-1 LFV analyses

While H — pe is severely constrained from flavour physics, H — 1y, Te are not (~10% limits)
CMS released early 2015 a H — Tty search finding a slight (2.40) excess
Not confirmed by ATLAS in the full Run-1 analysis

19.7 b (8 TeV)
>
) ® Data
(05 60 CMS [ Bkgd. uncertainty
« B smH H— Tu:
P [ ]zow
= 50 I Other ATLAS:
> It t — o 9 9
% i — BR =0.53+ 0.51% < 1.43% (95% CL)
S T el | ... LFV Higgs, (B=0.84%) .
g CMS:
@
=
)
=+
Q
?

30 BR = 0.84%050 % < 1.51% (95% CL)
20 H — Te:
o ATLAS:

BR=-0.3 +0.6% < 1.04% (95% CL)

o
a4 o Lo
UL ILILALLN LALLALN B

'
o

Data-Bkgd (fit)
Bkgd (fit)
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One word on lepton flavour violation in Higgs decays

Both experiments have finalised their Run-1 LFV analyses

New preliminary result with 13 TeV from CMS | cuis-pas-Hic-16-005 |
Six categories considered: (U1, UT,) x (0,1,2 jets)
No significant excess, combined limit: BR=-0.8 £ 0.8 % (<1.2% at 95%CL)

Limit on non-diagonal Yukawa couplings: 1/|Yur|? + | Yeu|? < 3.16 x 1072

2.30 fb' (13 TeV) 2.30 fb' (13 TeV)
> L CMS Preliminary —— Data it > C CMS Preliminar, —e— Dat:
o . 180F- y ata v,
8 30 - - oodet [ Post-fit background unc. 8 r © 0-Jet [ Post-fit background ung.
o - out, B sw Higgs o 1600 M, I sV Higgs
- r [zem N r [ zow
~ 25 . s ~ C o
2 — I @ 140F =
s - [ [ r [ EAR
g 20f wy 2 120F . v
1] i [ misidentified leptons Ll - [ misidentified leptons
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Third generation quark partners

Top-quark largest contributor to Higgs corrections b
p p
b4 X1
SUSY stop and sbottom may be the lightest sfermions. IR X
They have low cross-sections, so run-2 luminosity just b i b
b

enough to increase sensitivity

Vector-like quarks™ (VLQ) singly or pair produced

decay to bW, tZ or tH. Also exotic X553 — tW possible
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Bottom squark pair production, 51 —-b 7(?

- ATLAS Preliminary

L Vs=13TeV, 3.2 fb
All limits at 95% CL

Best SR

SUSY)
theory:

Expected limit (1 04yp)

ATLAS ET™ + 2 brets, 20.1 fo, 15=8 TeV]

ATLAS monojet, 20.3 b, Ys=8 TeV
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ATLAS-CONF-2015-066
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CMS Preliminary

— Observed ----Expected

—=SUS-16-007 HPTT, O-lep stop, 2.3 o' (13 TeV)
=SUS-16-007 HETT, O-lep stop, 2.3 o' (13 TeV)
—SUS-16-002, 1-lep stop, 2.3 fb ' (13 TeV)
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*Hypothetical fermions that transform as triplets under colour and who have left-
and right-handed components with same colourand EW quantum numbers

90C

Signatures are b-jets, jets, possibly leptons and MET

Total of 10
Run-2 analyses

No anomaly
seen

Sensitivity
improved
over Run-1

Similar for
VLQ searches
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Searches in unconventional final states
ATLAS & CMS also started to look for long-lived massive particle at 13 TeV

Long-lived particles in many new physics models

(due to: large virtuality, low coupling, mass degeneracy).

Multitude of signatures, some requiring dedicated triggers,
most requiring dedicated analysis strategies.

ATLAS and CMS have so far looked into heavy long-lived

SUSY particlesat 13 TeV

g R-hadron — g/qq 7(:) ; Mz =100 GeV
1

Status: March 2016
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Diphoton resonance searches: ATLAS

Dedicated searches for a spin-0 and a spin-2 diphoton resonance

Compatibility with 8 TeV result (slight reanalysis: latest e/y calibration, 13 TeV analysis method)

SN S Din-0 analysis
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SN S i-2 analysis
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