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The Higgs boson (based on full Run 1 datasets)
Introduction

Status of analyses: Decays and production modes
Differential measurements

Properties: Mass, Spin, CP, Width, Couplings

Other decays ATLAS and CMS published
> 65 papers related to Higgs
Searches for additional Higgs bosons boson physics in 2015 and 2016!

Results from Run 2 at Vs = 13 TeV (started in June 2015)
W/Z, Dibosons

Top

Higgs

Summa
Searches k.
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Results from the LHC
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0.13 pb (~10%)
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Gluon fusion m,=125 GeV:

5=19.2 pb
(~10-15%)

1.58 pb (~3%)

Vector Boson Fusion

w,

1.12 pb (~3%)

WH/ZH ®
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BR(H — bb)
BR(H — WW)
BR(H — )
BR(H — Z2)
BR(H — vv)
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BR(H — Zy)
BR(H — uuw)

u

Results from the LHC

Higgs-Boson Decays

SM predictions for m;=125.09 GeV
(fermions, bosons):

57.5%
21.6%
6.3%
2.7%
0.23%

0.16%
0.022%

- ~88% of decays are observable
at this mass!

Higgs BR + Total Uncert
(@]

103

1059

Experimentally best suited, clean channels:
- Final states with leptons from ZZ and WW decays
- vy final state

—> can be analysed (also) in dominant gluon fusion process

C. Weiser, Univ. Freiburg
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tt and bb final states more difficult, typically need VBF or associated production modes

LHC HIGGS XS WG 2013
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Proton-Proton (He

Circumference: 27 km

Energy: Vs =7 TeV (2010/2011)
Vs =8 TeV (2012)
=13 TeV (2015) Run 2




LHC, ATLAS and Clv

CMS DETECTOR

CMSDETECTON oy ruions. " Proton-Proton (Heavy lon) Accelerator

Overall diameter : 15.0 m Pixel (100x150 pm) ~16m* ~66M channels
Overall length 1287 m Microstrips (80x180 pm) ~200m?* ~9.6M channels

Magneictld 337 Circumference: 27 km

Niobium titanium coil carrying ~18,000A

MUON CHAMBERS

Barrel: 250 Drift Tube, 480 Resistive Plate Chambers E n e r - ‘\/ S ? I ev ZO 1 0 I Z 0 1 1
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers. o L]
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P
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S = Vs =8 TeV (2012)

Silicon strips ~16m” ~ 137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

13 TeV (2015) Run 2

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PBWO, crystals

HADRON CALORIMETER (HCAL)
Brass | Plastic scintillator ~7,000 channels

Pixel detector
Toroid magnets LAr eleciromagnetic calorimeters
Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker




LHC Run 1 Data Taking

CMS Integrated Luminosity, pp

25

= 2010, 7 TeV, 45.0 pb '
= 2011, 7 TeV, 6.1 b *

20¢ = 2012, 8 TeV, 23.3 b '

15| Per experiment:
2011: ~ 5 fb!
2012: ~ 22 fb’

10+

Total Integrated Luminosity (b !)
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Data included from 2010-03-30 11:22 to 2012-12-16 20:49 UTC
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— = 2x10"° collisions during Run 1

— = 500.000

— = 30.000
— = 300.000

Higgs bosons produced

H — yy decays
H — ZZ — 4f decays ({=e,u)

H —- WW — fviv decays

H — Tt decays
H — bb decays

(but QCD b-jet production 107 x larger!)

+ acceptance and reconstruction efficiencies!

Results from the LHC
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Decays into Bosons:

BR(H — yy) = 0.23% tiny, but very clean H— zZZ" — 2¢¢8: ©o/den Channel
signature and good mass resolution BR(H — ZZ — 41) =~ 0.013%

+ intermediate Z boson, good mass resolution

> _IlllllllllllllIIIIlITIl!YIllIIIYIITIIIIII —_—
& 351 ATLAS $ o U
LQ E H—)ZZ*%“-Z |:|Sgalm =125GeV = 151) m
S 30 [ \s7rev J-Ldt:4.5fb" B =-cirouno 22 8
ﬂ C 1oV [Lato 205" Background Z+jets, tf E
% 25 i_\ - Jd e % Systematic uncertainty ] :
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H-> WW — v

BR(H — WW — 2v8v) = 1.1%, but 2 neutrinos
— missing transverse energy

— poor mass resolution Analysis categories:
Separate gluon fusion and
. T ATLASH W vector-boson-fusion production processes
G 800~ \s=8TeV, 20.3tb"
= i \s=7TeV, 4.51b" .
..\‘Q 600 ; (a) n]S1’eu+ee/uu ; L T T 1T T T TT T T 1T T TTT | T T 1T | T T TT | TT @
S i ¢ Obststat o L ATLAS
i1 B - Bkgxsyst | = -
" aol mhigss - : ATLAS [Eidufsy
- 1. 3 H-WWi s viv
200 [ E¥V —_ - \/§=7TeV,4.5fb'1 .
! By ] - (s=8TeV,20.3fb"
0 n ]
L _ 2 | ]
r (b) Back d-subtracted C ]
E 150 |- aekgronm .Sgbff"Big ] - + Obs (1.0,1.3) ]
= . — BkgEsyst — FObstic -
2 100} T E [[]Obst2c E
2 i B : (] Obs+3c ]
50 f - i o ExpSM(1,1) 4
. : J iExpSM+£1,2,301]
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:l||”|:”/’/|"' ”| | ||\||||||||||\||||: :|||||||||||.|.|||||||||||||||||||||||||||:
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_ +0.23
— 68 0) (58 eXp) M —_— 1.23_021 [PRD 92 (2015)]
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Fermions acquire mass via Yukawa couplings, different to vector bosons!

Largest BRs expected for b quarks and t leptons

Very complex final states, exploit dedicated topologies, apply multivariate analyses

ATLAS: Significance 1.7 o (2.7 o exp.)
CMS:

Results from the LHC
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% 107 ATLAS —e Data 2012
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S/(S+B) weighted entries

H - bb: Associated production with W/Z
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Signal strength: u=0.62_75

u=0.81"%
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Decays into Fermions:Leptons .

CMS, 4.9 fb™ at 7 TeV, 19.7 fb™ at 8 TeV
5 H 10% — T T s ] ‘
H - tt: Vector-Boson Fusion £ Dowwenr| 8 [ ATLAS . bua
(ma| . Iy) S 10 (125 GeV)ore 44 e 4 2 80~ H-> 1t VBF+Boosted  — H(125) (u=14)
-o- Observed ~ L 1 mlZ- 1t
1] . g 2] T \s=7TeV,451b
[ [ O-jet W H+lLz, ! c R Il Others
—_— 10° E 1-jet AT 10 ,///% S + b L%I) 60? \s=8TeV, 20.3 fo! ° //- Fakes
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O _ +0.40
ATLAS: Significance 4.4 o (3.3 o exp.) ATLAS + CMS u=14177%

CMS: combination: >5 ¢!

3.4 0 (3.7 o exp.)

n=0.89"0

H— yyand H — ee:

BR(H>uu) ~ 2.2 x 10
5 x 10

BR(H—>ee) ~
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BR(H — pp) < 1.6x10°3
(ATLAS: < 1.5x10?)

BR(H — ee) < 1.9x10?

Couplings to fermions NOT

flavour-universal!

(BR(H->1r) = 6.3%)

Loops and Legs 2016
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ttH Production

Many different final states studied,
sensitive to H - bb, yy, WW, ZZ, 1t

- Top-Higgs Yukawa coupling (y, ~ 1) cannot be
measured in decays into top quarks (too heavy)

ATLAS /s=7 TeV, 4.5 b

- Within SM, coupling to top quarks via loops TL ) W o STTeNAS g
already seen: statistcal (tot) (stat) <
tHH - y) - et p=12 22 25 >
(@)
>
ttH(H - WW/tv/Z2) [~ p—e—d  p=21 0 S
X
ttH(H > bb) [~ —e= p=14 0 0 o %
"
_ _ _ ttH Combination [ o w=17 05 e 1 O
- DIRECTLY probing this coupling needs both ] S
t and H In flnal state ) Best fit u for mH=125 GeV
— ttH important for model-independent
determinations of Coup“ngs cMs {s=7TeV,5.0-5.1 fb"; /s =8 TeV, 19.3-19.7 b’
q t " EEE e
bb [~ —a— ﬁ m
b
a Thth [~ i
H <5 . 8
4l T S
3l D 2
_ - =
d ' Same-Sign 2| — — —_
- Small production cross section, ComBran | T, 282 1.0)
very complex final states Best fit o/og, at m,, = 125.6 GeV
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Results from the LHC

0 20 40 60 80 100 120 140 160 180 200

Differential Measurements

Size of datasets allow measurements of differential cross sections

- Allows tests beyond event yields (QCD effects, ....),

ATLAS: yy and ZZ(4f) combined, NEW: WW; CMS: yy (and ZZ(4%), WW prelim.)

LA L L L L B B B | LI L L L L B N B

=
M HRes + XH

B NNLOPS+PY8 + XH

¥ MG5_aMC@NLO+PY8 + XH
B SHERPA2.1.1+ XH

===« XH = VBF + VH + ttH + bbH -

-¢- data, tot. unc. syst. unc. 1

\s=8TeV, 20.3fb"

i ATLAS pp—H @ |

R

Pl [GeV]

(Cross-section normalised
- Shape comparison)
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1/0 do, /dp

—

_.
Q

Q
N

10°°

Ratio to NNLOPS

1.5

0.5

ATLAS 9g—H B NnLors+Pvs
L -4 data, tot. unc. sys.unc. Mas_amcenLo+Pvs
B SHERPA2.1.1
Vs=8TeV, 20.3 0"
H-WWsevuy

=

| |
ATLAS

[0,20] [20,60] [60,300]
Pl [GeV]

[arXiv:1604.02997 (2016)]

19.7tb™" (8TeV)
g 3OF 1 T T —]
_8 Fcms + Dat -
~ = Ogy(H-ry) from LHC Higgs XS WG —
© 30 ' AMC@NLO + XH ]
C #%% POWHEG HJ + XH ]
C S POWHEG + XH ]
25 -~ POWHEG + XH, FW=5E° GeV*
C Z - - - POWHEG + XH, FW=-5E° Gev*
C é 1 XH = VBF+VH+{iH 7
20 7 4 i
el i | T
C é | CMS ]
151 ! —
C i n
- I, i
- L.—. g s Emm ey —
10— ! ? ! —
C & §- ] ]
C | n
Se . =
u ad I N S
0 C | ) e IR R Pt
- E I | I 4
X 0 1 2 >3
c;) of — S i 3
a _...((,.** 4 s B E POy i
s I I
o O ; I
= 0 1 2 >3
o
Njets

- Good agreement within (experimental and theoretical) uncertainties
- Will become more and more important in the future for parameter determinations

C. Weiser, Univ. Freiburg
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PROPERTIES

Mass m = 125.09 + 0.24 GeV

The Higgs boson in the 2015 HO Signal Strengths in Different Channels

PDG Review of particle physics See Listings for the latest unpublished results.

Combined Final States = 1.17 + 0.17 (S = 1.2)

W W* = 0.81 & 0.16

77" =1.157938 (S=12)

7y =1177¢7;

bb = 0.85 + 0.29

ptp— < 7.0, CL = 95%

T =0.79 £ 0.26

Z~v < 9.5, CL =95%

ttHO Production = 2.5J_r8:g

p

HO DECAY MODES Fraction (I';/T) Confidence level (MeV/c)

invisible <58 % 95% -
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VEES

The only unknown parameter of the Higgs boson in the SM [PRL 114 (2015)]

ATLAS (m,=12536+0.37,,+0.18_ ) + CMS (mH:125-02i%.2267,stat i‘;;i‘;syst) combined measurement
of Higgs-boson mass in high resolution channels H — yy and H — ZZ — ¢22¢:

1 | 1 I 1 I 1 1 I 1 1 1 1 I 1 1 1 | I | 1 I 1 I 1 1 ] I I 1 1 I 1 I 1 1
ATLAS and CMS —— Total | ' Stat. 1 Syst.
LHC Run 1 Total  Stat. Syst.
ATLAS H—yy F——e——+ 126.02+0.51 (*0.43 * 0.27) GeV
CMS H—yy ——— 124.70 £ 0.34 (£ 0.31+ 0.15) GeV
ATLAS H—ZZ —4l ! | 124.51+ 0.52 ( £ 0.52 + 0.04) GeV
CMS H—ZZ -4l ——— 125.59 + 0.45 (£ 0.42 £ 0.17) GeV
ATLAS+CMS yy H:-E—r-l 125.07 £ 0.29 (£ 0.25 + 0.14) GeV
ATLAS+CMS 4l ——— 125.15 + 0.40 (£ 0.37 £ 0.15) GeV
ATLAS+CMS yy+4l —— 125.09 + 0.24 ( £ 0.21+ 0.11) GeV
= —m
L I L 1 1 1 I 1 1 L L I 1 1 1 1 I 1 1 1 1 I L 1 1 1 I L 1 1 1 I L 1
123 124 125 126 127 128 129
m,, [GeV]
my =125.09+0.21_,, + 0.11, . GeV
stat syst
=125.09 £ 0.24 GeV > 0.2% precision!

- Statistical uncertainty dominating
- Dominant systematic uncertainties: energy/momentum measurements of leptons and photons

Results from the LHC C. Weiser, Univ. Freiburg 27.4.2016 Loops and Legs 2016



The Higgs Boson Width: T',

BR(H» f)=BR'=

r/ =
4 S
[_‘I

Ly

In the SM for m;; = 125.1 GeV: T, =4.15MeV (t, =16 x 108 fs)

1:
—> tiny compared to typical experimental mass resolution 10_15 /

Limit from direct measurements of width of mass distributions 1035500 200 300
(channels yy and ZZ>41, o, ~ 1-2 GeV)

15F

10

sk

o

CcMS \s=7TeV,L=51fb";1s=8TeV,L=19.7fb"
> r T | T T T | T T T | T T T [ T T T N T T T
(059 35 * Data —
Pl CMS/| mlzx
; 30 . —
g [z zz ]
o %F [ | my=126Gev
20F -

0 80 100 120 140 160

180

m,, (GeV)

[PRD 89 (2014)]

107 /

CMS yy and ZZ combined:
Iy <1.7 GeV
(2.3 GeV exp.)

ATLAS [PRD 90 (2014)]:
Z7:T,<2.6 GeV
vw: I'y<5 GeV

- 0O(1000) missing to SM!

71000
M,, [GeV]
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Width: Off-Shell Cross Section

H
. o do-j_,H_>f= glzgi % “Off I_
dmff (mip—qu)2+m§,r}, U rf{M

Caveat: Assuming no change of couplings, no new physics at
high masses, no anomalous couplings!

______ ~ 2, Above threshold (> 2mj )
enhanced production of longitudinally polarised vector bosons

Wi, ZL
gl _1* T T T T T T T T T T T T T
% 10 g l ' l . | :‘ E cmMs _ l19.7lfb“(?TeV?+5.l1 fb“l(7Te|V)
% - ATLAS Slmulatlor;g . 2e2u‘3=8TeV ] i ' Observed 1 — CMS *:
2 . 2ln e i [ IT=10aT U
- 107¢ hb'ﬂ., — ggo H > 22(9) E 10~ T rH_10xr§M f =2x10*7 FH < 26 MeV (41 MeV exp.)

= - o g9 77 (B) : i fo -3’ - i
S I lrl | et 22 ] - Efﬁjﬁ;o:‘fq‘{” o 8
-8 10-3 Bl d .H;: e T 99— (H'=) 22 (., =10) 8 i B gg+VV— 4€tota(l) 1N

Clol™ by} e B bk T3 -
= | N g | Soeme 1D ATLAS:
= 10%H " € CMS 1 1o Ty <23 MeV (31 MeV exp.)
o 0 N
N o
UN) 10—5E *e®y
O TL SRt
- XPERIMEN i - . .
& 10'6 1 | 1 1 1 | Il 1 1 l 1 Il 1 ‘ 1 1 ll-IJ * . : 8(')0 *: (FH < 46 (73) MeV Wlth floatlng
o 200 400 600 ~ 800 1000 anomalous coupling parameter)

m,, [GeV]
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Spin and Parity

Variables sensitive to spin and Compare SM hypothesis (JP=0*, well defined couplings)
parity, typically angular variables, o alternative scenarii (probe a wide range of models,
often combined using multivariate defined by their couplings)

tools

ATLAS H—oZ7" — 4] m
—e— Observed ATL AS 's=7TeV, 451’ o
------- Expected Hrmlas: s=8TeV,20.3 1" «
""""""""" B 0'SM+ 16 . @)
I 0°SM+ 20 H— WW* > evuv ~
N 1
[ ]0°'SM*3c 's=8TeV, 20.3 b .
O J 20 » =
b 's=7TeV, 4510 o
[ 1J°+306 | ) o
o 1s=8TeV,20.3fb —_
CMS 19.7 ! (8 TeV) + 5.1 it (7 TeV) 30¢ .
Frrrrrrprerrprrrr e e e e e T T [
0.09E 99— X(27) = ZZ + WW +yy E 20F
o f ] 10} l'—
0.08F E
= E o CMS /14 or
O 5 007F m E : .
o> E C ] -10F
5 0.06F 3 g
NS : - | _
S8 oos) - - -20¢
o 8 005 E :
o g F - '30:_ E
(0] 0.04_— 3
Q ¢ g JP=0r JP=0 JP=2r JP=2 yP=2r gP-2r YR
m 003 - - Kq=Kg Kq=0 quo K, :21<g Kq=2Kg
o E = P<300GeV p <125GeV p <300GeV p <125GeV

0.02F
0.01F

,

" Observe consistency with SM hypothesis. Other models
iy 0 excluded with large confidence levels (typically > 99%)
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ATLAS & CMS Combination: u, Couplings

\s=7TeV, 4.5-4.7 fo

ATLAS Input measurements
Individual analysis ticonpu
m, (GeV)
H
Overall: p = 1.17;2'2; 125.4 . Kot | . :
H- vy goF:p =1.32% 1254 D e : :
VBF: 1 =0.8"7 |125.4 ———
WH:p=1.0"% |125.4 e
ZHI!J.:O.“j: 125.4 I . :
‘0= 1040 1125.36 . . C——i - . .
H o 7z* Overall: p = 1.4470_33 : : : : :
ggF+ttH:p = 1707 |125.36 S
et : . : . . .
VBF+VH: 1 =03 | o o e i
Overall: u = 1.16°2* |25 36 : : fot : :
H — wWw* o : : : : : :
ggF: 1 =0.98""% 12536 T T : .
VBF:p = 1.28"%% 1125 36 D M : :
VH:p=3.0"7 |125.36 i i
Overall: p = 1.43°%%° |125.36 : E——H . .
H- 1t os . . :
ggF:u= 2.()11'2 125.36 : 4 : .
L +0.59 . : . .
VBF+VH: = 1'2470 54 [125.36 1. |‘—§-o—| L ) )
Overall: p = 0.52j:g 125.36 =t : .
VH — Vbb 1065 . H . .
WH:p = 11172 125 D —te— .
. +0.52 . . .
21 =00%04 125 Ml i SN BRI I
H— Overall: p =-0.7"7 |125.5 - : :
H-— ZY Overall: pu = 2.7 125.5 - :
43 g .
bb: = 1.5"1{125 i
ttH 11 :
Multilepton: p = 2.1:"2‘ 125 : .
L _ 4 at262 .
TR= 1'371.75 1254 | N t |
L. R B R

\s=8TeV, 203"

Signal strength (u)

Combined
n=1.00+0.14

H— vy (untagged)
H— vy (VBF tag)
H— vy (VH tag)
H— vy (ttH tag)
H— ZZ (0/1-jet)
H— ZZ (2-jet)
H— WW (0/1-jet)
H— WW (VBF tag)
H— WW (VH tag)
H— WW (ttH tag)
H — 1t (0/1-jet)
H— 1t (VBF tag)
H— =zt (VH tag)
H — =t (ttH tag)
H — bb (VH tag)
H — bb (ttH tag)

4

19.7 b7 (8 TeV) + 5.1 fb' (7 TeV)

CMS

Pgy = 0.84

CMS

m,, = 125 GeV

-2 0

[ATLAS-CONF-2015-044
CMS-PAS-HIG-15-002]

2 4 6
Best fit G/GSM

Results from the LHC
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Production Processes and Decay Modes

Assume SM decay BRs: u; =1

ggF

MVBF

Assume SM production cross sections: y; = 1

ATLAS and CMS Preliminary -—ATLAS ATLAS and CMS Preliminary - ATLAS
LHC Run 1 --CMS LHC Run 1
- ATLAS+CMS -~ CMS
~ e —* 1o L o ATLAS+CMS
= ATLAS i -
‘*:7 ' —_ G
. o EXPERIMENT ].LW ——
— H i o u—
: w.= ; i
; " (o) CMS B i
- /__ BR
- pww e w = 7
i - (BR )SM
o~ — ;
B l HTT 5_0_
i ——
; o L :
| l | | | | | E
N S e [N SN S N |IIII'IIIIIIIII|IIII|IIII|IIII|IIII
0 05 {1 2 25 3 35 4 0 0.5 1 1.5 2 25 3 35 4

Parameter value Parameter value

Global signal strength u

(all w; and ; are the same):

u=1.09

Results from the LHC

+0.11
—-0.10

- 5.4 o observation of the vector boson fusion process
- 5.5 o observation of the Tt decay mode

—> bb decay mode still < 3 o (sensitivity 3.7 o)

—> ttH production 2.3 ¢ above SM expectation
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Higgs-Boson Couplings: ATLAS + CMS

Production and decay involve couplings of Higgs boson to different particles:

CHOOEOD d a w9t
Lo \{ wit v dp
¥ ) L N -
t.b gt’gb /'WZ - w,t -
Sl b L wit y
q

q

Narrow width approximation:
Factorize cross section into production process i and decay into final state f

f f—
o/=c(ivH>f)= oxBRf—oxr BR _BR(H_)J?) o
L'y I'/, T, : partial width, total Higgs width
- The Higgs width I', scales all observed cross sections!
—> Cannot interpret cross sections in terms of couplings without assumptions on I';,

- Kappa framework (observed signals from single resonance; coupling structure as in SM):
Introduce LO coupling modifiers: g PK g
X X X

w,t v
f 35 Oz SM I_‘SM K K f S wit K=K, (K Kyy)
O . r >< 2 w,t y
H,SM K %

2 2 2
KE“Zf <2-BR(H > f) K,c1.59-x5,+0.07-x;, —0.66-K K,
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ATLAS & CMS Combination: u, Couplings

Model independent (', cancels):

ATLAS and CMS Preliminary
(Reference process gg 2> H = ZZ: LHC Run 1
clean, smallest systematic uncertainties) — :
K —— ATLAS m—
Measurements of ratios of coupling modifiers 92| ——CMms ha
pling — —e— ATLAS+CMS :
A —t 1o e—
}\"ij - KI/KJ Zg —* 20 E-.-
~ 10— g — :
= oF ATLAS and CMS [Kgz Moz bz b g Mgz hgg] E }\‘WZ ——— ——
Z - LHCRunt1t == SM expected 3 B —— ".g‘
< 8E- Preliminary — Observed = E
R (= ; : f vz -
6 1| A 5 i
N T P A =l
g v D] - Z :
4 i O 5 — :
3= - et
- i) b E Aoz e
2:_ “_.-: .'.‘:: _: JIIIIllIIJIlllIIIJIllllllllllllllll
1E L\ £ -3 -2 -1 0 1 2 3
OE |1V| L I\/Jl 3 Parameter value
22 15 -1 05 0 05 1 15 2

>
=
N
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Individual Couplings

Fit within the SM (only SM particles in loops and decays, no new physics) of absolute couplings
- express effective couplings to photons and gluons and Higgs width via SM couplings

ATLAS and CMS Preliminary ~ ATLAS TTTT T T T T TTTT T T T TTTTT T T T TTTTT T
LHC Run 1 ~ CMS £l> [T | | ]
i e ATLASCMS > 1L ATLASand CMS t
; 5 —t 1o - -~ LHC Run 1 Preliminary ‘Zi :
Z — o i ’,x" ]
- H LL ’ W
5 £> 101 — Observed -
Ky e L E SM Higgs boson -
—— C ]
K = ol |
t : 107 E 3 3
— = R ) I ]
B i N T ]
Ke — i b |
B _‘_ 10°%E w E
Kp - ]
—— | B |
- 107 E
Ku E 111l | | I[IIII| | | III[II| | | IIIIII| 1
L1 I.l 111 I 1 11 | 111 | 1 11 i 1 11 | L1 1 | 111 | 111 | 1 11 H 1 0_1 1 1 O 1 02
0 20406 08 1 12 14 16 1.8 2 i Y Particle mass [GeV]
Parameter value [l

Mass dependent couplings, as predicted by the BEH mechanism!
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BSM Contributions in Loops/Decays

Allow new (heavy) BSM particles to contribute via loops:

- effective coupling modifiers «, —
g ATLAS and CMS Preliminary

LHC Run 1
KZ --x, <1 '5
B BRggy=0
K —t 1o ———
Wi +26
K; o
Study two scenarii: — :
K’C —————
1) BRggy = 0: only SM decays - ;
K ®
b

2) Allow BSM decays

impose x, (V=W,Z) < 1 g
- set limit on BRgg), y

— Effective couplings «g, k, compatible with SM! R ¢——
BSM

|||||||||||||||||||||||I|||I|||||||||||
0 02 04 06 08 1 12 1.4 16 1.8 2
From 2) / Parameter value

BRggy < 0.34 (95% CL)
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Invisible Higgs Boson Decays

Higgs boson decays into BSM particles = invisible if final state particles escape detector
(no sensitivity to invisible SM decay: H>ZZ—>4v ~ 0.1%)

Direct Measurements: need a recoil system - VBF, W/Z H production modes

10
SR1

> qofEC T T T T
2 VBF Signal (m =125 GeV, BR=100%) =
0 W— v E
S .4 _— zw N
12 10 I Other Backgrounds E
c - 3
o I SM Uncertainty -
u>J 10? —@— Data 2012 ﬁln&.ﬁé n
—=

ATLAS 3

20.3fb",8 TeV

=

[(9102) L0 d3HTr]

Data/MC

45 5
m,[GeV]

Combination of all channels
(assuming SM production rates):

BR(H->invisible) < 0.25 (0.27 exp.)
@ 95% CL

CMS: < 0.36 (0.30)
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Lepton Flavour Violating Decays: H=>tu

- Not allowed in SM (if valid for all scales), but can occur e.g. in 2HDM and other models

- Indirect limits from other measurements (t = e/uy via virtual H): BR(H=>t + e/u) < 10%

CMS: H> u,, u, ATLAS: H-> ux, New: H-> ur,+ combination

S
10 19.7 fb-‘ (8 TeV) % 3—_ ATLAS T T i T | 1T | T T | T T | LI T | 1T | LI
> 7\ T T T T T T T T T I r —e— Data 2012, 20 fb™ . —
(0] [ CMS |:| LFV Hopt signal (B=0.84%) | O] [ ut_ events — H(125) > o (BR=0TT%H TS A TLAS F5 Expected + 10
(O] - E o 25 had . HEZ o tcejets (0SSS)  —] o — 4 Expected 26—
8 8 CMS I:I Bkgd. uncertainty ] — E fs=aTev [Lat-2031 W +jets (0S-55) ] S \s=8TeV J- Ldt=203fb —— Observed
~ L i ™~ o —heining a1 N Excluded
» 6 Data-Bkgd 7)) C B Z 5 pp+ VV(0S-SS) _ N - —
= j B b= C Syst. Unc. !
GCJ - ch 1 5; —] - : - W Thad SR1
u>J 4 - Y g < |
L ] T E ‘ —
o E o ! N
'9 H 1; Lu ! - & W Thad’ SR2
.-5) 2 » — ) T = A I | : _
) - | N
= oL -2 | .& ut_ . Comb
o [ o 7
(-['-) 2 E‘) | - urlep’ SRnoJe(s
b | o - _
Ar | -o(IE : - W tlep! SRwitheIs
L ! | ! L I L | L 1 L L © - ! 1
100 200 300 [ E E |
M(ut) [GeV] 50 100 150 N T, Comb
= m¥MC [GeV] ‘
i e s
[PLB 749 (2015)] ER
| | 111 | | | | 11 | ‘ I | 11 | | |-
0 2 4 6 8 10 12 14
95% CL upper limit on Br(H — ur), %

Excess of 2.4 o (CMS)

1.3 o (ATLAS)

CMS: BR(H>t + u) < 1.51% @ 95% CL BR(H>t + ) < 0.69% @ 95% CL

ATLAS: BR(H>1 + u) < 1.43% BR(H>t + €) < 1.04%
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Searches for Additional Higgs Boson

Heavy Higgs boson search in H>ZZ+WW

= 10% CIMS up to|5.1lfb': (7 TeV) + upto 197 fo” (8 TeV)
€ E = Combined === Combined (exp. + 26) 3 . 5
2 | RIS S < Fore_a Higgs b_oson with
§ 10 womomy —womoa 3 SM-like couplings:
E L noz oo ] Exclusion over mass range
I : 145 — 1000 GeV
21k
Yo E
o (also interpretations in other models)
107 '8
0% 500" "200 600 800 1000 [JHEP 10 (2015)]
m,, [GeV]
= 10° E T T+ T T T T EE
....and H->yy = E 1 AmaAs g 1 =
e I — Observed Z n Y,
6 10°k --- Expected C 4 A
5 & I+ io 50 3
£ F [+20 - 1 =
g 10 E 2
No significant 2 F 1N
excess observed! - | =
= \s = 8 TeV, [Ldt = 20.3 fb" =
T B/ S a—
my [GeV]

+ many other searches with negative outcome.
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LHC Run 2 Has Started afm

%ATLAS

EXPERIMENT

LHC Run 2- Several upgrades, e.g. g '
LHL Rhun £: fourth pixel layer in ATLAS B8 e

L=1.5x10% cm?s" - = oY [ATL-PHYS-PUB-2015-022]

/

ATLAS: Simulation Preliminary

bunch spacing At = 25 ns
= Pile-up: <N> ~ 40

MV1c Run-1
MV2c20 Run-2

Collect L, ~ 100 fo-! until 2018

Light-flavour jet rejection

ATLAS Preliminary  {s=13Tev ] | oot
[ LHC Delivered —_— AN o

] ATLAS Recorded - / : “ i
I All Good for Physics

Run-2/ Run-1

Total Delivered: 4.2 fb
Total Recorded: 3.9 fb
All Good for Physics: 3.2 fb

0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
b-jet efficiency
Average number of

collisions per bunch
crossing

<u> ~13

Irl
&
—J
>
=
2]
o
£
IS
>
-
9
[0}
-—
©
S
(o)
L
=
©
-—
O
o

Plenty of public results
119 110 111 produced by
Day in 2015 ATLAS and CMS!

~ 3 fb-! for physics analyses
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LHC Run 2 Has Started a

ratios of LHC parton luminosities: 13 TeV /8 TeV

—gg_
---- ¥qq
e O

luminosity ratio

Results from the LHC

MSTW2008NLO

Minimum bias |

W(ln)

(1) |
YA

t (s-channel)

t (t-channel

A(0.5 TeV, ggF+bbA) |

stop pair (0.7 TeV)

gluino pair (1.5 TeV) '

Z' SSM (3 TeV)

Q" (4Tev)

QBH (5 TeV)

QBH (6 TeV) |

C. Weiser, Univ. Freiburg 27.4.2016

Substantial gain in discovery
potential, especially for high

mass objects
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W/Z Production

231" (13 TeV)

1 > T T T T T T T
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Top Production
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H->ZZ-> 4L, H > vy
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H>ZZ> M, H> vy

Combined yy + 4l cross section: H->ZZ* > 4l
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ttH @ 13 TeV

ttH benefits enormously from increased Vs (o x 3.9)!

R CMS Prel/m/naryl S 2|7 fb! (13TgV)
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Cross Section Summary
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Heavy Resonances =2 ZZ, WW

ZZ - llqq: merged and resolved analyses

WW - evuv
S B B BN
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Resonance Search in vyy

—_
Q
>

- S E > 10T —— T 71— | L
8 £ ATLAS Preliminary b 3 © ATLAS Preliminary 3
Q * Data s = Data ]
S 1035 Back d v fi = 8 103 _:
. 2 = ackground-only fit 3 P —— Background-only fit 3
o0 (0] — . . — c T
5 o 102 Spin-0 Selection = L?>j 102 Spin-2 Selection -
E _ -1 3 E E
& - Vs=13TeV,3.2fb ] = Vs=13TeV, 3.2fb™" 3
o E E 10 E
N = . E 3
LZL 1= E - ]
5 : E E
o 107 = 10" =
2 - | e = ST ]
3 S 1sF = 2 T E
= gu - s 5 15: 3
< € '°F * E 2 10| | o E
A AT N I L ULy
E | £ E E
£ O W + ] g O ’ |||'|' =
PR E S 5F -T H =
— —— ] — |
S _1Of| 1 1 1 1 1 1 E g _1oiu * _E

20 600 800 1000 1200 1400 1600 200 400 600 800 1000 1200 1400 1600 1800 2000
m [GeV] m, [GeV]

Analyses optimised for resonances with
Spin-0 Spin-2

- ~ 5100 yy events
- ~ 2900 yy events (m,, > 200 GeV)
(m,,, > 200 GeV) ;
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Results from the LHC

Resonance Search in vyy

Also analysed data with magnet off (0 T”) > ~ 20% sensitivity increase

CMS Preliminary 2.7 fb” (13 TeV, 3.87)
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Resonance Search in yy

ATLAS Preliminary 1s=13TeV, 3.2fb" Spin-0 Selection ATLAS Preliminary \s=13TeV, 3.2fb" Spin-2 Selection
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Resonance Search in vyy

CMS Preliminary 3.3 (13 TeV)
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2.9 o excess (local) at 760 GeV

Look Elsewhere Effect:
- 1 0in [500 GeV, 4500 GeV]

-> Looks interesting, eagerly awaiting new data for clarification
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Supersymmetry
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SUSY Searches

Gluinos: 66 — aaa 7,
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SUSY: Dilepton(Z) + Jets + MET

CMS 19.4 o™ (8 TeV
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SUSY Summary

ATLAS SUSY Searches* - 95% CL Lower Limits

Status: March 2016

ATLAS Preliminary
V5=7,8,13TeV

miss _ )
Model en Ty Jets EU [radqm™] Mass limit V5=7,8TeV | 5=13TeV Reference
MSUGRA/CMSSM 0-3e,u/1-27 2-10jets/3b Yes 20.3 1.85 TeV m(3)=m(3) 1507.05525
49, z?—>q):(0 0 2-6 jets Yes 3.2 m(/??)=0.GeV, m(1% gen. §)=m(2™ gen. §) ATLAS-CONF-2015-062
@ 44, g—qX| (compressed) mono-jet  1-3jets  Yes 3.2 m(g)-m(¥})<5 GeV To appear
L 4—>q(€é’({t’V/W)X? 2e,p(off-Z) 2jets Yes  20.3 m(/\.q) -0 GeV 1503.03290
S 22—t 0 2-6jets  Yes 3.2 m( ) -0 GeV ATLAS-CONF-2015-062
S & 3901 >qqW Xl 1epu 2-6jets  Yes 3.3 m(xl)<sso GeV, m(¥*)=0.5(m(¥})+m(3)) ATLAS-CONF-2015-076
oz g*qq(”/fv/vvm 2ep 0-3 jets - 20 |2 1.38 TeV m(/m 0GeV 1501.03555
Q 32 goqggWZR 0 7-10jets  Yes 3.2 m(¥}) =100 GeV 1602.06194
k) GMSB (7 NLSP) 1-27+0-1( 0-2jets  Yes 20.3 g 1.63 TeV tang >20 1407.0603
3 GGM (bino NLSP) 2y - Yes 203 |2 1.34 TeV ¢t(NLSP)<0.1 mm 1507.05493
£ GGM (higgsino-bino NLSP) Y 1b Yes 203 |2 1.37 Tev m(¥1)<950 GeV, c7(NLSP)<0.1 mm, <0 1507.05493
GGM (higgsino-bino NLSP) Y 2jets  Yes 203 & 1.3 TeV m(¥})<850 GeV, cr(NLSP)<0.1 mm, >0 1507.05493
iggsino e, ets Yes 203 |2 900 GeV m >430 Ge 1503.03290
GGM (higgsino NLSP) 2e.(Z)  2jet z (NLSP)>430 GeV
Gravitino LSP 0 mono-jet  Yes 20.3 F'2 scale 865 GeV m(G)>1.8 x 107* eV, m(z)=m(g)=1.5TeV 1502.01518
8] &z 3-0bT1 0 3b  Yes 33 [ENEEEEEEEEEEEEETETeTeV! m(th) <800 GeV ATLAS-CONF-2015-067
DE g O-1ep 3b  Yes 33 _- m(E})=0GeV To appear
500 g3, 3—bik| 0-Tep 3b Yes  20.1 1.37 TeV m(¥1)<300 GeV 1407.0600
0 bibi,biobl 0 2b Yes 3.2 _ m(¥1)<100GeV ATLAS-CONF-2015-066
f‘i S biby, bl—n)(l 2e,u(SS)  03b Yes 3.2 v m(¥})=50GeV, m(X.) m(¥!)+100 GeV 1602.09058
2 S hh, hobty 1-2ep 1-2b Yes 4.7/20.3 t1117-170 GeV 200-500 GeV m(¥f) = 2m(t}), m(¥))=55 GeV 1209.2102, 1407.0583
@ g i, r|—>WbX1 or i) 0-2e,u 0-2jets/1-2b Yes 203 | & 90-198 GeV 205-715 GeV  745-785 GeV m(t))=1GeV 1506/08616, ATLAS-CONF-2016-007
ul:; E. flz”] 7 —mx 0 mono-jet/c-tag Yes 20.3 7 90-245 GeV m(7)- m(X|)<85 GeV 1407.0608
o9 i (natural GMSB) 2e,u(2) 1b Yes 203 |& 150-600 GeV m(ty)>150 GeV 1403.5222
25 bh,hoh+Z Sepu(2) 1b Yes 203 |4 290-610 GeV m(¥})<200 GeV 1403.5222
faia, Ta—ty +h leu  6jets+2b Yes 203 |4 320-620 GeV m(¥})=0 GeV 1506.08616
0, MLR, [—>€X1 2epu 0 Yes 20.3 7 90-335 GeV m(¥)=0 GeV 1403.5294
XEXT, X = Dv(em) 2e,p 0 Yes 203 |} 140-475 GeV m(¥})=0 GeV, m(, #)=0.5(m(¥} )+m()(,)) 1403.5294
- XX 3 X1 —#v(tv) 27 - Yes 203 |& 355 GeV m(¥})=0 GeV, m(z, ) =0.5(m(¥T )+m(X|)) 1407.0350
<3 )?,*)? STvELLw), (VT L) 3e.u 0 Yes 203 |A, g 715 GeV m(FE)=m(¥2), m(¥})=0, m(z 7)=0.5(m(¥%)+m(t))) 1402.7029
W= X6—>WXOZX 2-3eu  0-2jets  Yes 203 |.Xf, -ﬁ 425 GeV m(¥T)=m(¥3), m(¥})=0, sleptons decoupled | 1403.5294, 1402.7029
)(6)(3—>W)(]/1)(|, h—bb/WW/tt]yy &HY 0-2b Yes 20.3 /\:f;, Y, 270 GeV m(/\/‘) m(/\77), m(t})=0, slepto(r:s decgupled 1501.07110
)(2)(1,)(“ —{R( dep 0 Yes 20.3 | Xy, 635 GeV mE3)=m(¥3), m(t})=0, m(Z, #=0.5(m(¥3)+m(t?)) 1405.5086
GGM (wino NLSP) weak prod. lepu+y - Yes 20.3 W 115-370 GeV cr<imm 1507.05493
Direct ¥7X; prod., long-lived )?,* Disapp. trk 1 jet Yes 203 | & 270 GeV m(r)- m(X )~160 MeV, 7(¥{)=0.2 ns 1310.3675
> Direct Y1 ¥ prod., long-lived X7 dE/dx trk - Yes 184 | X 495 GeV m(X )-m(¥})~160 MeV, 7(¥})<15 ns 1506.05332
Q g Stable, stopped g R-hadron 0 1-5 jets Yes 27.9 g 850 GeV m(/h) 100 GeV, 10 us<1(3)<1000 s 1310.6584
= E Metastable g R- hadron dE/dx trk - - 3.2 g m(¥})=100 GeV, r>10 ns To appear
E’ § GCMSB, stable 7, X]HT(e +r(e, ) 1-2n - - 19.1 )'(; 537 GeV 10<tanB<50 1411.6795
S Q GMSB, H—yG, lon Ilved)(o 2y - Yes 203 | X 440 GeV 1<7(¥})<3 ns, SPS8 model 1409.5542
~1 1Y g-| 1 s (4 1)
23, X1—>eev((e/1v/;1/1v displ. ee/ept/pp - - 20.3 )'(5 1.0 TeV 7 <cr()(,)< 740 mm, m(3)=1.3 TeV 1504.05162
GGM g, X|—ZG displ. vtx +jets - - 203 | &) 1.0 TeV 6 <cT(¥))< 480 mm, m(3)=1.1 TeV 1504.05162
LFV pp—¥: + X, V:—eu/et/ut e, eT Ut - - 20.3 | ¥ 1.7TeV  45,,=0.11, dizo/133233=0.07 1503.04430
BiIinear RPV CMSSM 2e,u(SS) 03b Yes 20.3 q.8 1.45 TeV m(G)=m(g), ctrsp<1 mm 1404.2500
)(,)(, ,Xl —>W)(1,)(1—>eev#,eyve depu - Yes 203 |& 760 GeV m(E))>0.2xm(¥7), A12,%0 1405.5086
S XL swi S, etvy 3eu+t - Yes 203 | & 450 GeV m(EY)>0.2xm(¥7), 4133%0 1405.5086
& 38,8999 0 6-7 jets - 20.3 g 917 GeV BR()=BR(b)=BR(c)=0% 1502.05686
238, 991 - qqq 0 6-7 jets - 203 |2 980 GeV m(¥!)=600 GeV 1502.05686
88, g—nit, i —obs 2¢,u(SS)  03b Yes 203 |2 880 GeV 1404.2500
ffy, ij—bs 0 2jets+2bH - 20.3 f 320 GeV 1601.07453
i1y, f—bl 2epn 2b - 203 | & 0.4-1.0 TeV BR(71 —be/u)>20% ATLAS-CONF-2015-015
Other Scalar charm, é—cX’| 0 2¢ Yes 20.3 & 510 GeV | m(¥7)<200 GeV 1501.01325
*Only a selection of the available mass limits on new -1 1
states or phenomena is shown. 10 Mass scale [TeV]
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Other Searches for New Physics

Search for resonances in dilepton and lepton + MET events
bl 1)
W 2 v Z 2| Dijet resonances
g : ———— : — - 108 28" (13 TeV)
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Decays to heavy bosons W/Z/H

Run 1 showed a few excesses around 2 TeV ..... W > WH

1045"""‘""""""““‘ > 19.7 fo'' (8 TeV
F ATLAS —e— Data B O = s e e e e B |
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However, no coherent picture across experiments and channels .....
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Decays to heavy bosons W/Z/H

. >1035 L B B R B .
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No significant excesses observed!
(also other final states investigated)
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Exotics Summary

ATLAS Exotics Searches* - 95% CL Exclusion

ATLAS Preliminary

Status: March 2016 [£dt=(3.2-20.3) b V5=8,13TeV
Model ¢,y Jetst ET™ [rdim™) Limit Reference
T T T T T T T — T T T T T —T
ADD Gkx +g/q - >1j Yes 3.2 6.86 TeV n=2 Preliminary
ADD non-resonant £¢ 2eu - 20.3 n=3HLZ 1407.2410
@  ADDQBH - ¢g 1ep 1j - 20.3 n=6 1311.2006
S  ADDQBH - 2j - 3.6 8.3 TeV n=6 1512.01530
S  ADDBH high ¥ p1 >lepu >2j - 3.2 8.2 TeV n=6, Mp = 3TeV, rot BH ATLAS-CONF-2016-006
"E’ ADD BH multijet - >3] - 3.6 9.55TeV n=6, Mp=3TeV,rotBH 1512.02586
S RS1Gk ot 2e,pu - - 20.3 k/Mp; = 0.1 1405.4123
© RS1 Gkk — vy 2y - - 20.3 k/Mp; = 0.1 1504.05511
¥ Buk RS Gkx —» WW — qqtv 1epu 1J Yes 3.2 Gkk mass 1.06 TeV k/Mp; = 1.0 ATLAS-CONF-2015-075
w Bulk RS Gkx — HH — bbbb - 4b - 3.2 Gkk mass 475-785 GeV k/Mp; =10 ATLAS-CONF-2016-017
Bulk RS gkx — tt 1e,u >1b,>1J/2) Yes 20.3 BR =0.925 1505.07018
2UED / RPP lep 22b,24j Yes 3.2 KK mass 1.46 TeV Tier (1,1), BRAMD — ¢t) = 1 ATLAS-CONF-2016-013
SSM Z’ — ¢t 2e,pu - - 3.2 Z’ mass 3.4 TeV ATLAS-CONF-2015-070
@ SSMZ' 1T 27 - - 195 [ZiEs2i2ievi 1502.07177
S Leptophobic Z” — bb - 2b - 3.2 | Z' mass 1.5 Tev Preliminary
a SSM W’ — ¢y leu - Yes 3.2 | W’ mass 4.07 TeV ATLAS-CONF-2015-063
o HVT W - WZ — qqvv model A O e, 1J Yes 3.2 W’ mass 1.6 TeV gv = ATLAS-CONF-2015-068
g HVT W’ - WZ — qqqq model A - 2J - 3.2 W’ mass 1.38-1.6 TeV gv=1 ATLAS-CONF-2015-073
3 HYTW > WH-tybbmodelB lepu 12b,1-0) Yes 32 | W mass 1.62 TeV gv =3 ATLAS-CONF-2015-074
(O] HVT Z’ - ZH — vvbb model B Oe,nr 1-2b,1-0) Yes 3.2 Z’ mass 1.76 TeV gv=3 ATLAS-CONF-2015-074
LRSM W, — tb leu 2b,0-1j Yes 20.3 1410.4103
- Cl gqqqq - 2j - 3.6 A 175TeV nm=-1 1512.01530
O  Clgqtt 2eu - - 3.2 A 231 TeV nu=-1 ATLAS-CONF-2015-070
Cl uutt 2e,u(88) 21b,1-4] Yes 203 [N mevl Gl =1 1504.04605
s Axial-vector mediator (Dirac DM) Oe,u >1j Yes 3.2 ma 1.0 TeV 84=0.25, g,=1.0, m(y) < 140 GeV Preliminary
a Axial-vector mediator (Dirac DM) Oe,u, 1y 1j Yes 3.2 ma 650 GeV 84=0.25, g,=1.0, m(x) < 10 GeV Preliminary
ZZyy EFT (Dirac DM) Oe,u 14,<1]  Yes 3.2 M, 550 GeV m(x) < 150 GeV ATLAS-CONF-2015-080
o Scalar LQ 1%t gen 2e >2j - 3.2 LQ mass 1.07 TeV B=1 Preliminary
| Scalar LQ 2" gen 2u >2j - 3.2 LQ mass 1.03 TeV p=1 Preliminary
Scalar LQ 3 gen Teu 21b>3] Yes 203 |IQiassIed0Gev] B=0 1508.04735
VLQ TT — Ht+ X le,p 22b,23] Yes 203 Tin (T,B) doublet 1505.04306
8 VLQ YY - Wb+ X leu 21b23] Yes 203 Yin (B,Y) doublet 1505.04306
© E VLQ BB - Hb+ X leu =22b,>3] Yes 20.3 isospin singlet 1505.04306
:‘I‘:’ g_ VLQ BB - Zb+ X 2/23e,u  22/>1Db - 20.3 Bin (B,Y) doublet 1409.5500
VLQ QQ —» WqWaq leu >4j Yes 20.3 1509.04261
Tsj3 > Wt leu 21b>5] Yes 203 1503.05425
Excited quark g* — gy 1y 1j - 3.2 q* mass 4.4 TeV only u* and d*, A = m(q*) 1512.05910
g 2 Excited quark g* — qg - 2j - 3.6 q* mass 5.2 TeV only u* and d*, A = m(q*) 1512.01530
5 E Excited quark b* — bg - 1b,1j - 3.2 | b*mass Preliminary
X &= Excited quark b* - Wt tor2e,u 1b,20j Yes 20.3 fp=fi=fk=1 1510.02664
WS Eycited lepton ¢+ 3eu - - 20.3 A=30TeV 1411.2921
Excited lepton v* 3eut - - 20.3 A=1.6TeV 1411.2921
LSTC ar —» Wy Teu 1y - Yes 20.3 1407.8150
LRSM Majorana v 2eu 2j - 20.3 m(Wg) = 2.4 TeV, no mixing 1506.06020
~ Higgs triplet H** — ¢¢ 2e,u(SS) - - 20.3 DY production, BR(H;* — ¢££)=1 1412.0237
& Higgs triplet H** — ¢r 3eut - - 20.3 DY production, BR(H;™* — ¢7)=1 1411.2921
*O" Monotop (non-res prod) leu 1b Yes 20.3 Anon-res = 0.2 1410.5404
Multi-charged particles - - - 20.3 DY production, |q| = 5e 1504.04188
Magnetic monopoles - - - 7.0 DY production, |g| = 1gp, spin 1/2 1509.08059
M| ol L MR

1071

10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.

+tSmall-radius (large-radius) jets are denoted by the letter j (J).
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LHC Schedule for 2016

Goal for 2016: 25 fb-

2016 Integrated Luminosity Production (40 cm B*) [fb]

30 —
B* =2.5km
MD1 TS2 data taking
25 + MD2 +
TS1 MD3
20
15
10
5
0 |

27-Mar-16  20-Apr-16  14-May-16  7-Jun-16 1-Jul-16 25-Jul-16  18-Aug-16 11-Sep-16  5-Oct-16  29-Oct-16  22-Nov-16

(from F. Bordry, Moriond QCD 2016)
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Summary

Analyses based on full Run 1 dataset consolidated the milestone g AE
discovery of a Higgs boson and extended our knowledge, e.g. £ 1¢ [2oa B 2.5
-observations of more production (VBF) and decay 50 .
modes (H->tt), measurements of differential distributions. Eli 1075 T GMtiggsboson ]
Properties (mass, J°P, couplings) of the Higgs boson have 10— !} —
been measured with increased precision and ; T ;
are in agreement with expectations for a Standard Model 10w ]
Higgs boson. - ams. |
10_45_ I Lol Lol Lol ._E

First combinations of results of ATLAS and CMS. 1o 1 10 107
Particle mass [GeV]
Run 2 of the LHC has started: e ]
- Many measurements are still statistically limited e AT an ;
- Enormous extension of mass reach for BSM searches : Sp_ozlkgt"'y“
c Vs=13TeV,3.2f0" EE

Plenty of physics results from SM, Top, Higgs, Searches! °F

Very interesting excess observed in yy final state at ~ 750 GeV 10_1; ]
Expect ~ 5-8 fb-1 (25 fb-1) by summer (end of) 2016 R e
| . . 00 P | 3
- As experimentalist: Wait and see Q 3 . l lﬁmmw_g_g_f
— . wﬂw ]
No other significant excesses observed so far 5 b oyt nls?éev:]
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BACKUP

Results from the LHC C. Weiser, Univ. Freiburg 27.4.2016 Loops and Legs 2016



Pseudoscalar Couplings in H>7t (VBF), VH

Probe admixtures of anomalous couplings

VBF

M = Msm +d - Mcp-oad

C T T | T T T | T T T |
H 9 re) E 1o Traa Signal Region ATLAS ]
o r .
35 . -+ Data -
o . ggH/VH ]
ILI.>J 30:_ Z- E 9)1
F Il ii+single-top - Z<
o5 [ Fake © 4 <
C Il Others 1 A
C oz Uncert. ]
C Jq O
20: 1 O
C 1N
15_— . O
: 1 &
r 1 O
5_ __ ed
0 -10 0 10
Optimal Observable

w 0. 14 e T ]

e T ATLAS Simulation M ~ ]

£ 0120 5_gTev | —SM@=0

] B --d=01 .

g 01__ ——ﬁ:-o.s __

5 F L ]

S 0.081- | -

s C i ]

o 0.06[ o —
0.04 ! -
0.02[- = -

o :

.._2...0...2,..4...6. T

Optimal Observable

Exclude d < -0.11 and d > 0.05 @ 68% CL

18.9 fo'' (8 TeV)
5210 €€

S
102 CMS -tZt+b -Ziudscg
> E \4 gg - ZH
O B — ZH (0*) x100 = ZH (07) x100
o 105 )
~— = =
~ B ><
H>bb &, 3
g1 2
N
102 o
S S SR } =
g 1‘21 =3 MC uncert._f_stat.)_}_ % §
s 1 oyt bepopede —
© 038
O 0.6 . : X ; A
0 200 400 600 800 1000 1200
m(VH) [GeV]
18.9 fb™ (8 TeV)
-
k= | CMS
< L correlated pu
(\Il 40— —— VH+VV observed ~
L e
L —_— \Z/:+\ZI;I e:pecte: P _ e
Combination with | —-mazeme 7
H 9 VV i WH:WW:xz:::d //
significantly
improves

sensitivity on
pseudoscalar
fraction
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it+V

Investigate tt + Z/W production in multi-lepton final states (same sign 2-lepton, 3/4-lepton)

T I T ] I
ATLAS  Preliminary #-Data Wiz

Events
~
o
w

— £ I
1 E & reliminar ata [ [
;,z:thsi*tTev,a.z fo Itzt\;V =:/;/Z E o :scg ?F%Te; 3|.2fb—1y =§\§I =§vzzz .
102 .g\tlhz .tFtHk lentons 102 twz WiH —
ac V/Unceerrtainty arelep onsé /.Other . Fake Ieptonsg
4. 27 . //////M//// 7 Uncertainty .
10 = 7
: 10
1 §— C
10,1;_ ——
] E I 3 ] 1 = l I L =
g o ?’W%/y/%W W//i/ﬁ/%//' N %f : g Y
T2 G 22 0 Zany 2 iy 2 0z 3SRk o081 L0 - Loz, -2z Lo Zi-sg :
“CR CR %<2p
13 TeV o (ttW) o (ttZ)
aMCatNLO 0.57 £0.06 fb 0.76 + 0.08 pb
AU®ARY | 1.38 +0.70 (stat) £0.33 (syst) pb | 0.92 +0.30 (stat) = 0.11 (syst) pb

Results from the LHC C. Weiser, Univ. Freiburg 27.4.2016 Loops and Legs 2016



Resonance Search in yy

E 104 EI T I T T T | T T T | T T T | T T T | T T T I T T T I T T T | T T T |§ E 104 §I T T T T I T T T | T T T | T T T l T T T | T T T | T T T | T T T |§
o F —— Observed CL, limit ~ ATLAS Preliminary ;:‘;' - —— Observed CLlimit ~ ATLAS Preliminary 7
@ g e Expected CL, limit ~ \s=13TeV, 3.2fb" ]| @ gl e Expected CL, limit ~ \s=13TeV,3.2fb" _|
S 10°¢ ] Expected = 10 ry/m, =1 % = x 10 Expected =+ 1 o 3
2 = + Wmy=1% E 63_3 - [ Expected + 10 Iy/m,=2% s
c - [ JExpectedz20 Spin-0 Selection . o C [ ]Expected +2 0 Spin-0 Selection ]
S 10 = S 02E -
5 f EOG ;
C ] £ a ]
o 10 —= = L _
- : I E
=) - . [oN e -
3 - 1 - C ]
®) 1= 3 d 1 |
X F 3 E E
o - ] 2 S E
[¢)) r E Yo} - ]
10—1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | m _1 B | I | | I | | | |_
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— 4 = - 4
‘.e 10 § T T T LI I T T T | L |. T .I T I T T T | T LI | T . T I. | 1T | § E 1 0 § T T I T T T | T T T | T T T | T T T | T T T | T T T | T T T | T T T | E
o=y - —— Observed CL; limit ~ ATLAS Preliminary 3 ‘? F —— Observed CL, limit ~ ATLAS Preliminary 3
m)i 103 T EXpeCted CLS I|m|t \S = 13 TeV, 32 'I:b-‘1 - m 103 __ ______ Expected CLS Ilmlt \S = 13 Tev’ 32 fb-1 __
g | EfBeecedsto Tym,=6% = [ Il Ewected=io Ty/my =10 %
5 ol Expected = 2 o Spin-0 Selection | «t_-D - [ JExpected =2 o Spin-0 Selection .
= 10°¢ 3 ° 100 =
5 ot : E §
— - - o
[} 10 — =
o : - g 10 E
) C _ o E =
- L . o C ]
(@] 1= — -
2 - = © 3 E
o) B A X = =
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Resonance Search in yy

103 LI L R B B B rr rrrJrrr 103

£ s E L O L B L L I =
- —— Observed CL,limit ~ ATLAS Preliminary 7 § — Observed CL limit ~ ATLAS Preliminary E
- ---- Expected CL;limit s=13TeV, 3.2 fb! ] - ---- Expected CL limit s=13TeV,3.2f" 7
L [ Expected + 16 Spin-2 Selection ] , i I Expected + 16 Spin-2 Selection |
Expected £ 26 G*>vy. k/M.=0.05 7] 10°E Expected + 2 * M
VY, PI ] E Xp +<0 G —>YY, k/MP|=O1O

10
10

1 IIIIIII|

T T TTTTIT

1

95% CL limits on oxBR(G*—y7) [fb]

95% CL limits on oxBR(G*—y) [fb]
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Resonance Search in yy

CMS Preliminary 2.7 o™ (13 TeV, 3.87) CMS Preliminary 0.6 fb™ (13 TeV, OT) CMS Preliminary 3.3fb" (13 TeV)
%102? EBEE ¢ Data % r ¢ Data o E \'. Kl ’,' '.' N A e '.
g = — Fitmodel G 10 —— Fit model A i S “;: R P i o
A B 1o & - o 107 MR/ ARSETAS
PRES 2o \\‘; i t2¢6 -

c F = L L
(|>_) C o e (S A i 2 (&
IT o1 2
1 E F 10 g_
- i i I _ 2
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© [ M . 0 6 IS L 1 T = -
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Resonance Search in vyy

Combination with Run 1 results

CMS Preliminary 3.3 (13 TeV) + 19.7 b (8 TeV) 4 6 CMS_Preliminary 3317 (13TeV) +19.7 (8 TaV)
o EAIV A7 N ¥ N o -
K e o o rlr_1=750 GeV, J=0
RN U A 1 i ot < 5 L _ 2
10_15_,_:. : N m=0.014 x10
- Y —— Combined
e e — — ————]—M]}]SMSM"}" 26 4r —— 8TeV
102 - —— 13TeV
- 3
- g r y -
==14x10"J=0 —
Bl S Moo s - 30 2
= —— Combined B
L 8TeV B
- e 13TeV 1:_
10-4 2 I 3 I 3 3 N
5x10 10 2x10 3x10 oL—— ! L R R R T R
mg (GeV) 0 2 4 6 8 10

TeV
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Combined: 3.4 o local @ 750 GeV
(1.6 o global) Assumed coss-section ratio

8/13 TeV @ 750 GeV: 0.22 (Spin-0)
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Resonance Search in vyy

Combination with Run 1 results

CMS Preliminary 33" (13 TeV) + 19.7 o' (8 TeV)

a ) .. 1 6 CMS Preliminary 33" (13 TeV) + 19.7 b (8 TeV)
B N ATRT > I
S HH - L L Y s AT 1o o r m=750 GeV, J=2
10715 v < 5 L -0014x10?
= " o
f HE [ : —— Combined
[ o 20 4r —— 8TeV
, ' 1K L —— 13TeV
10 §_ 3 :_
S A R=14x10=2 o t
10° —— Combined E
- e 8TeV - /
- aaaaa 13Tev O _ I | 1 1 1 |
. | 0 2 4 6 mt?/ 10
10- 1 1 1 1 1 1 G e . B fb
5x10? 10° 2x10° 3x10° v+ (1)
mg (GeV)

Assumed coss-section ratio
8/13 TeV @ 750 GeV: 0.24 (Spin-2)
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Resonance Search in vyy

ATLAS: - extend Run 1 measurement beyond 600 GeV
- cross-section ratio 13/8 TeV @ 750 GeV: 4.7 (gg-initiated process)
2.7 (light qq initiated process)

- Spin-0: 1.9 c @ 750 GeV, 6% width
Spin-2: no excess

- compatibility at level of:
Spin-0: 1.2 0 (2.1 0) gg (qQ) process
Spin-2: 2.7 0 (3.3 0) gg (qqQ) process

b - o B e L
[ [ > L L B B B B B L B
<05 10* ATLAS Preliminary * Data & 0§ aTLAS Preliminary _§|
« P P e Data B
P —— Back d-only fit « i ]
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E 3 8 /s =8TeV,20.3 fb" 3
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g 10F 'ﬂ E 3 20?« T E
x = E = 15[ —
g 5 . } ; = %’ 10 =
] g et 44 ¢ E 5| ‘ l 4* =
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= _5 e - = E
=l * ! ; g LT £
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s oelp g Tk l E
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Events / 20 GeV
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VEES

Compatibility tests:
- Allow for 4 floating masses: p ~ 10%
- Decay channels: combined H->yy versus combined H2>4l: Am=-0.1£0.5GeV 2> <10
- Experiments: combined ATLAS vs. combined CMS: Am=04+£0.5GeV > <10
- Individual channels and experiments:
ATLAS H>yyvs. CMS H>yy: Am =131 0.6 GeV > 2.1 0

ATLAS H>4l vs. CMS H>4l: Am=-0.9+ 0.7 GeV 2> 130

0 o L A A

—_ —_ 7 IIIIIIIII | |||||||||||||||||| ‘ IIIIIIIII
* /[ /[ -
€ [ ATLASand CMS — ATLAS € [ ATLASand CMS — ATLAS ]
= ~F — cMs Z s — CMS -
< 6 LHCRunt — Combined < 6 LHCRunt —— Combined ]
NI - Hoyy e Stat. only uncert. Nl r HozZz—-41 e Stat. only uncert. 7
5 . N . . — . K y i ]

_____________________

IIII|IJIIIIIIII
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ATLAS & CMS Combination: u, Couplings

ATLAS and CMS Preliminary - ATLAS
LHC Run 1
Decay channel ATLAS+CMS ATLAS CMS " ~CMS
0.20 0.27 0.25 — . "¢ ATLAS+CMS
ig 11675 1 11524535 1122553 - ; —+10
s 1.3179% 1.5179:3 1.05%932 K —
o L B Y - S
i 1127053 1.417049 0.89703¢ H  ——
T 0.69%957 0.62"0 3¢ 0-81%074 i
W e
T g_._
2 _.:o—
bb _‘__.'_
R ——
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Ratios of 0 and BRs

Model independent (', cancels):
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LHC Run 1 —GMS
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ATLAS & CMS Combination: u, Couplings

Fermion (gluon fusion, ttH) and
vector boson (VBF, VH) mediated

production processes: E 4_] TTT | ITTT I TTTT | ITTT | TTTT | ITTT TTTT ITTT TTTT IIII_
+ [ ATLAS and CMS i
m B .
No assumption on SM production =~ gL LHC Run1 N
cross section or decay rates needed " Preliminary Z
2- -
Can also fit for combined ratio: - :
WyaFsvh/ Uggret = 1.06 7094 57 1:_ _:
O—_ ]
i LIH-yw ]
- [(H>Z7Z -
| CJH-ww
% SM —68% CL [[JH—> 1 ]
-+ Best fit | IH—bb T
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-1-050 05 115 2 25 3 35 4
f
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ATLAS & CMS Combination: u, Couplings

Different coupling structure for bosons and fermions
- common universal coupling modifiers for vector bosons (i,,) and fermions (k)

Only SM particles in loops and decays
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ATLAS & CMS Combination: u, Couplings

Fermion sector. common coupling modifiers for up- and down-type fermions

or leptons and quarks
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ATLAS & CMS Combination: u, Couplings
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BSM Contributions in Loops

Allow new (heavy) BSM particles to
contribute via Loops, but no BSM decays

(@) 2_I | LI | [ I LI | LI | [ | LI I LI | L I_

— effective coupling modifiers «, k, “ - ATLAS and CMS [_JATLAS il
1.8 | HC Run 1 CJcms E

- o [CJATLAS+CMS 1

1.6F Preliminary 3

1.4 .

1.2F -

Assume couplings to SM particles 1:_ B
as in SM. i ]
_ _ 0.8 -

~ Effective couplings g, «, : _
compatible with SM! 0.6 ]

- *SM —68%CL

0.4 + Bestfit ---95% CL —

_I | 1 1 1 | 1 1 1 | 1 1 1 | I 1 1 | 1 1 1 | 1 1 1 I 1 1 1 | 1 1 I_

With additional assumptions, can derive: 04 06 08 1 1214 16 18 2

A
=<

BRggy < 0.34 (95% CL)
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ATLAS & CMS Combination: u, Couplings

Model p-value DoF Parameters

Global signal strength 34% 1 u

Production processes 24% 5  fgeF, UWVBF, WWH, IWZH, HttH

Decay modes 60% 5 Y, pZZ  WW T bb

pv and pp per decay 88% 10 p7, pfZ, wWW . pwir, wl, up pEZ pf W
pv /pp ratio 72% 6 pv/pr, pp, pZ2, pfW g, bt

Ratios of o and BR relative to o(g9 — H — ZZ) 16% 9 o(9g9g—H — ZZ), ovBr/0geF, OWH/TggF,
Ratios of o and BR relative to o(g9 — H — WW 16% 9 o(99 = H —WW), ovBr/0ger, OWH/Oggat
Coupling ratios 13% T Kgzs Azg, Mg, A\WZs Az, Arz, Aoz
Couplings, SM loops 65% 6 Kz, Kw, K, Kr, Kb, Ky

Couplings, BSM loops 11% T Kz, KW, Kt, Kr, Kb, Kg, Ky

BSM loops only 82% 2 Ry, Ky

Up vs down couplings 67% 3 Adus A\Vaus Kuu

Lepton vs quark couplings 78% 3 Aig, A\vgs Kqq

Fermion and vector couplings 59% 2 Ry, Kp
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