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Ultra High Energy Cosmic-Rays (UHECRS)

m Cosmic-ray flux falls very rapidly with energy (power-law: E™).
For E_ >10" eV flux too low for satellites/balloons (1 CR per m*-year):
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m Indirect measurements using the
atmosphere as a “calorimeter”:
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Ultra High Energy Cosmic-Rays (UHECRS)

m For E_ >10% eV flux too low for satellites/balloons (1 CR per m*-year):
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Ultrahigh-energy cosmic rays & QCD

m Above 10% eV CR energy & id determined via hadronic Monte Carlos:

Vs = 102 103 104 105 108 ) ..
Tl IIIIII| [ IIIIII| T T IIIIII| [ I\IIII| T T IIIIH| . Comparlson Of X N to predlctlons for
10 N max’” T
$° p,Fe+Air collisions up to Vs_,, ~300 TeV
Fixed-targe® (p+A) ™ Extended
106 -
; Air Showers Primary Particle oroton
! (EAS) \1‘ *
108 f L 2 S, ' ¥ quarks
= A , o NUCEmRtBracton e : d
-B RHIC (p+p) K K with air molecule
B 0 ‘ ~=Tevatron (p+p) / ¢
.l'ﬂ \:_ . + o
"\-"E 6/km? ster.minute "_‘ T ' T E§K\l,’ K _:HTC LLLy
o 10-12 - uf ,Y ,Y x
£ Wik o A
= kibe B hadronic
= cascade ¢ e ¢ o ¢
Rl RN
1/km? ster.day Cerenkov
10-18 radiation
10718 3 ;
THETERETANT P K e yeyyey e
3/km? ster.century _ P nuclear fragments
10-20 [ cood v vl ol venmd vl v el oo (TEERR muonic component hadronic electromagnetic
102 104 108 108 10"° 10 neuttinos component component

E GeV/particle
LHC Days in Split, Oct.'14 7145 David d'Enterria (CERN)



Hadronic Monte Carlos for UHECR

m Primary hadronic collisions (p-p, p-A) = Complex QCD interactions:

Incoming " proton

Cosmic Ray

m Theoretical basis :
- Gribov-Regge: soft, diffraction,
gluons multi-scattering.
- pQCD hard scatterings.
- Parton saturation in PDFs.

3

m Extra modeling:

- Parton fragmentation (Lund)
- Beam-remnants

Kalmykov &

P Proton ¢ ::9"“"" Ostapchenko Engel et al. Ranft Werner

n Neutron © uon

¢ Pon Y Photon QGSJET01 | SIBYLL2.1 DPMJETIL55 VENUS

\ y
- . Drescher er al.
m Hadronic Monte Carlos: e o NEXUS
Tuned with accelerator data. \
Large Vs extrapolations involved | ' QGSJET | (DPMJET Ill) PEP?%?I_
Ostapchenko terog & Werner

(T.Pierog, 2009)
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Hadronic MCs tuning with collider data

Scaled flux E*° J(E) [m*s'srfev'’]

LHC Days in Split, Oct.'14
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Hadronic MCs tuning with collider data

Scaled flux E*° J(E) [m*s'srfev'’]
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X 10° extrapolation:

m The LHC provides a significant lever-arm in providing

constraints for hadronic Monte Carlos for UHECR
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Open issues in UHECR physics

m Two spectral slope changes plus abrupt drop in cosmic-ray flux:

109 E spectral index
12 . Y=27
10" F
109 £
108 3x10' eV m Flux has 2 slope changes:
> -
8 103E
£ F "knee" at E_, ~ 10 eV: E27— E3!
m [
2. h
s ©LE oo " n 18 3.1 2.6
Li0°f Snergles a0 ankle"atE_ ~ 10" eV: E®! - E*
-9 £
10 F
’IO_Q - Y=27
s ., | m Cosmic-rays break at maximum
10 F 5x10'% eV \ 1 : ~1020
15 N/ energies E_~10* eV
‘|O il | | | | | | | | | | | | | | | | | | | | | | | | |
10° 10" 10" 10'° 107

Energy (eV)
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Sca|9d fux EEIE J( E) (m'2 8-1 Sr1 BV1 .5)

m Two slope changes:
"knee" atE_ ~ 10" eV: E*"—> E3!

"ankle" at E_ ~ 10 eV: E®! —» E#°

>~ Origin of these structures ?

Open issues in UHECR physics

m Two spectral slope changes plus abrupt drop in cosmic-ray flux:

1078
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1 01?

1 Q1E

1 015

1 01-!1

1 n13

limit (E,_ =7-B

shock

Equivalant c.m. enargy Vs, {(GaV}
10°% 104 10° 10°
EI T T | * T T T T +I T I # T T T T ' TTT I T T T T T TT I
[ Tevatron (p-p) | F Taw 14 Tawv - HiFRtes-MLA
=p LHC {p-p) - HiRkes |
— & HiRes |1
— = Auger ICRC 2013
- * TA SD 2013
E-
— - KASCADE (QASJET 01) ;
= = KASCADE (SIBYLL 2.1} i "V -V
— - KaASCADE-Grands 2012 Rl - ?
— «  Tibet ASg (SIBYLL 2.1) '%ﬁ:
[ I|II|I| 1 |IIIIII| 1 1 I|I|I|| 1 1 ||III|| 1 |IIIIII| 1 1 IIIIIII 1 L 11 i11n
10'° 10™® 10'7 108 10"® 10%° 1027
Ernergy (eViparticle)

m Break at energies E_~10% eV:
5 Astrophysical acceleration

B-L) ?

= CMB-y induced disintegration

of protons/ions (GZK-cutoff) ?

What can the LHC do to solve those open questions ?
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LHC experiments: (p_,n) acceptance

p-p @ 14 TeV
Particle flow ) | |
S 10— i | 2 10t | |
Z s % - I I pr* =\s/2 exp(-n)
sf— g 10° I S |
ns S
: 3
i - B
25 o 102
00 5 0 5 10 © T
p-p @ 14 TeV [DPMJET] - ~1447m
E 1 Energy f|C|)W 10
§ | ? 3 &
‘6 y | m-- . ~140m-240m-420m
ur1o 1L o g
S " 0
— : < <
10 'S ) O
T] 10-1 1 | | 11| | | I| | | | 11 ‘ | | | | | 1 ||

|
157.1 26.90 3.66 0.50 0.07 0.01
0 (mrad)

-10-8 6 4 -2 0 2 4 6 8 10

m Particle production at the LHC over An ~ 2xIn(vs)/m_~ 20

m Dedicated detectors at forward rapidities: TOTEM,LHCf,Alfa, CASTOR...
m All phase-space virtually covered: 1° time in a collider !
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Cross section (proton-air) [mb]

() (GeVio)
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Cosmic-ray MCs (pre-LHC) vs. LHC data

Hadronic cross-sections
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Cross section (proton-air) [mb]
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Cosmic-ray MCs vs. LHC data (I)

Hadronic cross-sections
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Total & (in)elastic p-p cross sections (pre-LHC)

Non-computable from QCD Lagrangian (maybe lattice?), but
constrained by fundamental QM relations: Froisart bound,

optical theorem, dispersion relations.

m LHC p-p x-section predictions: W p-Alr X-sections even more
g, (LHC) = 90-120 mb +10 %. uncertain (Glauber model):
— 1 E i T \I\Illll T I\I\Illl * IIIIIII‘ T EF [EEET T T T 1T
o) - | |/ E 700 3
E 120|- i et el i T O Nametal 1975 Tevatron
— best fit with stat. error bal:ld ; = L A Siohanetal 1978 LHC P
a incl. both TEVATRON points i soob ¥ Baltusaits et al. 1984
o i B - total error band of best fit: w E - ® Mielkeetal 1994 - ‘.-"
total CL[O[ band from all lliodcls - g_ = 5 AR P L
L dﬂcd 1 =2 & Knurenko gt al. 1999
i Eansl c 500 @ ICRCO7 HiRes
80 g afed 9 L Aglietta et al. 2009
I Cosmic Rays @ [ ® Aelietal 2009
L : w0
I : » 400
60 . - & F — QGSJETOTc
- = ; 3} - === EPOS 1.61
i < it 000, gupse® L e NEXUS 3.96
I e 1 i 4+ == SIBYLL 2.1
i = - B == QGSJETIL3
' I II1|O ZUOTI IIIIIH| | IIHHIl | IIHIII‘ | IIIHII| | IIIIIII| | IIIIIH| | IHIIII| | IHIHIl | IIIHII‘ |
JS[GeV] 1" 10”7 w?® w* W' w® w* w? wWw* 10"

Energy [eV]
m Pre-LHC model uncertalntles driven R.Ulrich, eConf C0906083 (2009)

by E710—-CDF 2.60 disagreement
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Total & (in)elastic p-p cross sections (LHC)

m TOTEM,ALFA G, ~98,95 25,15 mb,

provide extra constraints on hadronic Monte Carlo generators:
TOTEM

elastic

rg Cot (red), Fper (blue) and oy (green)

=130, pp(PDG) . ALICE

€120 + pp(PDG)

o e TOTEM (L indep.)

Auger + Glauber

3 ATLAS
S100 . oS

best COMPETE oyt fits

————11.4 - 1.52In5+0.130In"s ZH

N

101 10°

109

104

10°
V5 (GeV)

m Measured o(p-p) LHC leads to reduced c(p-Air)

l.e. deeper shower X position.
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1005
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Inelastic p-p cross sections (LHC+Auger)

m Inelastic cross section mostly overestimated by MCs.
m Most models over-(under-)estimate high-(low-)mass diffraction.

: I I I I T T | I I I L | I I / I I‘Il‘.lhl /
10— -0~ ATLAS 2011 / " Y "
: \ '." t\*l'
100E- - CMS 2011 S e At ~60 TeV:
= F —¥ ALICE 2011 7 -
E gof. - TOTEM 2011 ///’ O ueer~ 92 =14 mb
T % UA5 /J,;;Lﬂ‘}t'
§ 80— - CDF/ET710 L5 T At 7,8 TeV:
2 Dg -@- Auger ICRC 2011 (ﬁg‘ﬁ(" R Sisible
y 10— 1 & -~ =)=
s FE e O atLas,cus 60+ 2 mb
2 - --- QGSJet01
o 60 - ~73 +
& L ' -- QGSJetll.3 Orotem 73+2mb
3 eqF — — Sibyll2.1 ~71 +
£50— ey Epgsigg O prantias 71 £1 mb
4022 — . Pythia 6.115
- SEIEY Phojet
3.D__I 1 1 1 L1 11 | 1 1 L1 1 11 | 1 1 N N |
10° 10°* 10°
\'s [GeVl

m Measured o(p-p) LHC leads to reduced o(p-Air): Deeper shower X__ position
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Cosmic-ray MCs vs. LHC data (Il)

Hadron multiplicity
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Gluon-gluon collisions in UHECRs

x(y=0y /2): 102-10%  1035-10° 10°-10°

Q.2 :~1.5GeV? ~4GeV? ~10GeV?
’IVI,;FIIII-I'OZI I |||||-|loz| I ||||I-IIO4 I |||||-\losl I IIII;los
10 4 direc*|t me uremen|ts | | | 12k
Fixed-targ
106 | LHC GZK =
= n = Nucleus
-8 §_ ..é‘g ¥ air showers E ‘ Fit vsIH1PDF20|00, Qz=4‘ GeV2
108 < - = ‘
‘Tb _ RHIC (p+p)" l 5 \
B gm0 2 (p+p) 2
c\.l: 6/km? ster.minute
©  4p12
i % LHC (p*p)
§ knee L
% 10-14
1/km? ster.day
1071° 02 N 1
10 10 10 10 x1
. m p-nucleus at GZK cut-off energies:
3/km? ster.century . . .
1020 Gl o vl o ol o ol H. 1 mUItlpIe g|UOﬂ-g|U0n InteraCthnS
10?2 104 108 108 1010 10" . .
E GeV/particle at x~10°-10% ! (saturation regime)
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Particle pseudorapidity density

[DdE et al., Astr.Phys. 35 (2011) 98]

m Most (~70%) of charged-hadrons come from semi-hard gluon fragmentation.
m Pseudorapidity distribution data vs CR models:

0.9 TeV 2.36 TeV 7.0 TeV
i T
— J—
i hi, =236 T ‘I" Il — . —
i pp— b N5 =900 GeV ] i cfs o : g | . T
CMS (NSD) 5 % (M3 e [ 7 i — - .
B 8 Z A ALICE (NSD) Z by o7 W e, ™
i & ALICE (NSD) T v [ e
4 pp— W= =7.0 TeV
O CMS(NSD)
—— SIBYLL 2.1
- SlBYLL 2.1 IR GSJET T SlBYLL 21
Q M e
2 QGSJET M 2 QGSJET 01
— - QGSUJETII — - QGSUETI
i — - QGSJET — £POS1.99
E — EPOS1.99 : i — EPOS51.99
D 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 1 I 1 I 1 D I 1 I I 1 1
-4 -2 0 2 4 0 2 4 -4 -2 0 2 4
n n n

m 900-GeV data well reproduced (MCs tuned to SppS, Tevatron)

m Particle multiplicity less well predicted at 7.0 TeV but all CR models
“bracket” the experimental distributions.
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Cosmic-ray MCs vs. LHC data (lll)

Average transverse momentum
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Average p_ driven by gluon saturation dynamics

® Gluons start to overlap A .
. Y 2 |~ 1k
at “saturation scale Q? ~ a, "’“"GA(Q‘";QS) .
Z .0 riveniporaoco, ot e 4 Geve | TH 4 &
2= | 5 g N\
n é : e 3
TR - mpQCD g-g x-section = I
S : g
c R 1 peaks at /o
@) ar E -
=R - p,~ Q. (vVs)~1-4 GeV e o -
Q = ]
1F 4 l(T
?o'“ 1072 1072 10’ » sat oC log(l/x) oC log( \/E)
O @ B Saturation effects enhanced in
20 4
ultra-relativistic nuclei
] O
g Magf;a ! (“squashed gluon pancakes”):
: we@% N T Larger # of partons
] per transverse area
5 ] Gluong;ec_o;nzl?natlon
2 1/3

0.0001 0.001 0.0 01 1
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Average p. vs. sqrt(s)

[DdE et al., Astr.Phys. 35 (2011) 98]
m <p,>Is sensitive to pQCD x-sections & gluon-saturation

m <p.> should approach asymptotically the saturation scale: <p.> ~ Q__

© 2] pp(pp)— h* (NSD),n=0 2 27 pp(pp > (NSD),N=0
= ——- SIBYLL 21 ® — — PYTHIA 6422 (Atlas-CSC)
&) s QGSJET 01 S — - PYTHIA 6.422 (Perugia 0)
Y — - — QGSJET Il 3_.- ~me= PYTHIA 8.130 (Tune 1)
o —— EPOS1.99 v — PHOJET 1.12 (+PYTHIA 6.22) N .
V 1 e cMs (ppNsD) 1™ @ cMS (p-p NSD) < -
0.9"  w CDF (ppMB) 0.9  w cDF (ppMB) R “ -
0.87  m E735 (-pNSD) 0.8  m E735 (p-pNSD) R Jee
0.7+ Vv UAl (ppNSD) S — 0.7F ¥ UA1 (p6 NSD) o o
06" # ISR (p'p inel) ------- ’ -_;-‘;;”;_—_”_,‘?Hﬁ 06 4 ISR (p_p inel) ‘.,_,./"" ~ //
0.5¢ ok
0.4
= GZK GZK
& eutoff | 1 - cut-off
03| 1"‘| | ||||||‘ | | \|||||| | | ||||||| | | II\III‘ | LIl 0.3 _-_-_I-_I--.\—I-III\ | | ||||||| | | ||||||| | | ||||||| | | LIl
10 10° 10° 10* 10° 10° 10° 10* 10°
s (GeV) \s (GeV)

m CRs MCs predict very slow <p_> increase (but EPOS, due to collective flow)
m At GZK: <p.>~ 0.6 - 1.0 GeV/c (PYTHIA: <p.>~ 0.7 — 1.5 GeV/c)
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Cosmic-ray MCs vs. LHC data (V)
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Forward beam remnants
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Forward beam remnants (LHCf): |n| ~ 8. - 11.

m Important influence on cosmic-ray EAS development:
Leading baryon (inelasticity) & had-to-e.m. energy transfer (n° = 7yy)
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m > +50% data-model differences
for zero degree photon showers.
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—e— LHCf (this analysis)
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m Mean p, of zero-degree pions
IS sqrt(s)-independent.
EPOS shows the best
overall agreement
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Summary: Cosmic-ray MCs vs. LHC data

[DdE et al., Astr.Phys. 35 (2011) 98]

m Reasonable agreement (all MCs bracket data),
though no model reproduces consistently all results:

Model SIBYLL 2.1 QGSJETOI QGSJETII EPOS 1.99
Vs(TeV) | 09 236 7 |09 236 7 [09 236 7|09 236 7
dN, /dn |n=0 v v v v v v v vV oo 1 v I I
P(Ng, <5) IR | I (A || A N N (N (N NV A4
P(Ng, > 30) 1 VA (I A | 2 [ I U
(pL) A I A I A

m Energy evolution of semi-hard QCD dynamics is crucial for predictions
(N, <p;>) at GZK-cutoff energies (~10*° eV).

m EPOS-LHC, QGSJET-II-4 updates: Diffraction, MPI, saturation retuned.
Extra MCs constraints coming from recent p-Pb @ 5 TeV (2013).

m No significant change of multiparticle production at the LHC (~10%*eV):
"CR knee" at ~10*>* eV not due to new (unobserved) particles.
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Impact of LHC data on UHECR MCs

T. Pierog, 2014)

Mean depth of shower maximum: Number of muons on ground:
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m X __ predictions increase m N increase but still ~30% deficit

(converge with Sybill 2.1) compared to data (heavy-quarks?)
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Impact of LHC data on UHE CRs (Auger)

Mean depth of shower maximum:

Fluctuations of shower max:

| Auger 2010
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m Data prefer average p-Fe composition, w/ reduced model uncertainties.

LHC Days in Split, Oct.'14 29/45 David d'Enterria (CERN)



Summary: UHE cosmic-rays

m What are the origin of the 3 structures in the spectral flux slope ?

10"° spectral index
i y=27 .
1012 £ Galactic CRs
109 E leakage
08 F 3x10'° eV
4::- =
@ 10° b l extra-
Q — .‘ “_- o
E 4 C galactic
()] = e e
R
E 10 -
O -6F
-10 F
10 F
-12 | =2,7
0 F Y
-15 | 5 :
0 F 5x10'% eV
-18 | o
0 E o
10° 10" 10" 10" 10"
Energy (eV)
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m 'Knee"atE_ ~ 10™ eV:

v' LHC: Changes in EAS due to production
of new (unobserved) particles excluded
- Consistent with increasing leakage outside
galaxy of CRs with smaller Z (r

= 10*® eV in Galactic SNRs

Larmor) ’

m "Ankle" at E_ ~ 1018 eV:

- p-dominated? Dip due to e+e- pair prod.
- Fe-dominated? Extragalactic CRs kick-in

m Cut-offat E_ ~ 10"%° eV:

- GZK dissociation or limit of acceleration?

v' LHC: Reduced composition uncertainties.
Data seem to point to p-Fe mixture.
Improvements still needed (e.g. NH)
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Dark matter: Galactic evidences

m Non-Kleperian rotation curves m Relative motion MilkyWay-Andromeda:
In spiral galaxies (1980): M . ~3.2:10*XM_ (stars&gas~10%)

virial

The Local Group
NGC 147

- totational velocity _ 5 : A # <--—- Fornax
. [km/s) ‘ ; ‘ i

: ¥ /\F\ measured » Andromeda i e '

(s
ks
o’ wg
7

50000 | ey
distance from center [light ysars]
T : van der Marel et al.
AstrophJ 753(2012)

IC 1613

m Collision of Bullet Cluster (2004):

Gravitational-lensing reveals DM,
coincident with collision-less galaxies,
lying ahead of visible collisional gas.

m Others: hot-gas in clusters, growth
of clusters, ...
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Dark matter: Cosmological evidences

m Large-scale structure universe: 85
SDSS/2dfGRS vs. Millenium & i
. . . . . -0.5 B _____ ]
stat. galaxy distribution simulations. . WMAPS5
o ~
m Cosmic microwave background: B_10 “ —
Peak heights (WMAP, Planck) . &
lower than in absence of DM. B 1
m Other measures of matter density: 2
BAO, BBN, supernova distances,  £-*° i
58_‘-2.5 ol L

T T A I B B B A A (13 e vl
0.1 0.2‘¢‘ 0.3 0.4 0.5 0.6
-

o

m Global post-Planck fit (2013)
DM~27% of energy budget PPt
In universe: >6.8% 4=

-
="
-

Matter density Q,,

Dark Matter

DM density: p,  ~ 0.3 GeV/cm?®

DM average speed: <v>~220 km/s

Dark Energy 100-GeV WIMP flux on Earth: 10° cm=?s*
68.3%
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Dark matter: Properties, candidates, searches

m Properties favour Weakly Interacting Massive Particle (WIMP)

- Sensitive to gravitation, stable, massive, early Universe relic
- “WIMP paradigm” m_ ~ 10 GeV -1 TeV, 6, ., ~ O, ..o ,,~0(10%)

(alternative models exist that yield lower or higherm_ , 6. .. ---)

m Possible beyond-SM candidate particles:

- Lightest SUSY Particle (LSP): neutralino, ...
- Extra-Dims: lightest Kaluza-Klein tower, ...
- Heavy R-handed or sterile neutrinos. Axions.

- Unknown hidden sector. .
thermal freeze-out (early Univ.)

indirect detection (now)

—
DM>@<SM
DM SM

—
production at colliders
David d'Enterria (CERN)

m 3 complementary search methods:

direct detection
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Dark matter: Direct searches (underground)

m Direct detection via WIMP-nucleus scattering:
Look for anomalous recoils in ultralow-background

detector: R = N-p-o:<v> ~ 10 keV

Scintillation/ionization/phonon sensitivity >1 evt/100kg/year

m Current limits:

Spin-independent interactions:
10‘3"'% y — . S—

_____
-

>

‘Observation
10 conflicts at

low masses
510

WIMP—-nucleon cross section [cm 2]

45, -
10 100

50
WIMP Mass [GeV/e?]
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SD WIMP—proton cross section [cm2]
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Dark matter: Direct searches (underground)

detector: R = N-p-o:<v> ~ 10 keV

Scintillation/ionization/phonon sensitivity >1 evt/100kg/year

m Current limits:

Spin-in

dependent interactions:

Spln dependent mteractlons

3

b

WIMP-nucleon cross section (cm?)
>

LUX
PRL112(14)091303

m Direct detection via WIMP-nucleus scattering:
Look for anomalous recoils in ultralow-background

DA D

Direct
Detection

[7%]
[7%)

—
<

—
OI

SD WIMP—proton cross section [cm2]

10"

pDM

10* 5
LIPS (GeV/cT)

<10 cm?<1 zb (!) for m
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—XENON100 limit (2013)
+ 20 expected sensitivity
I+ 16 expected sensitivity

-

- -

WIMP Mass [GeV/c?]
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Dark matter: Indirect searches (space)

m Indirect detection via DM-DM annihilation, DM decay:

Look for SM-pairs from DM annihilation/decays: Detection
vy (FERMI,Veritas), v (IceCube), cosmic-rays (Pamela,AMS)

Annihilation x-sections: <c-v> ~3-102° cm?/s (thermal relic)
m Excesses seen...

CR positron fluxes above ~30 GeV

Indirect

‘ — — . Galaxy center y—ray I|ne at 130 GeV.:
Diffusion: MIN
e Wenlger etal. (2012) \/é
? 0,05 Helimiaiae q‘:
: :
¢ PAM-E\L-A- - i
op2p O Fermi ¢ - g 1
AMS02 o [ ' H
—wsommn BUtNO €XCESS in pbar| o} Eetrml tcgrl‘\;'r_mts exc?stg
001 | —— 2¢=2W (1194161 1 L out No Interpretaton
— :::L:inizlizmsr.s) Leptophlllc DM’) - Central region (1=-1.0, b=-0.7): r=3dE)g P
]LJ — su |uu ISEIJEJI Hllulmk\ ' .5[;00 20 | | IIII I100I 130 200
Energy (GeV) E [GeV]

m Uncertainties: CR propagation, extra sources (pulsars? SM contributions?):

: N2 1 1 2
. 110 - dN (o) 100 GeV / 2(0\dl(O
E.,®.,(0) =~ 10 (Eq‘,..-re\,- dE«,—.Tev) (10_26‘:[“—35—1) ( M, ) 8.5kpe \ 0.3 GeV/cm? Jine of sight p=(1)dl(0)

Particle Physics Input Astrophysics/Cosmology Input
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Dark matter: Collider searches

m Collider detection — DM produced in p-p final-state: e

Signature: large missing transverse energy (MET) Colliders
in SUSY-type, generic WIMPs, and invisible Higgs decay

(1) Lightest Particle (x°) in RP-conserving SUSY:

Prominent WIMP candidate.
Decay cascade with
large MET, many jets & leptons

(2) Generic DM-pair:

Large MET plus initial-state g
QCD/EWK radiation: (3) Higgs decay to DM-pair:
9/v/Z/ W... __ (forM_ <M /2) -
q X . g e
f L
Mono- jet,y,W or ttbar...
LHC Days in Split, Oct.'14 38/45
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Dark matter: LHC searches (SUSY)

m Collider detection — DM produced in p-p final-state:
Look for missing transverse energy (MET) from WIMPs.

No indirect %° signal in simplified SUSY models so far...

Summary of CMS SUSY Results* in SMS framework

quark gluino production

sbottom

w X:i
2 xz - -
) x, %
g CMS Preliminary
g For decays with intermediate mass,
""' M termediate = X-I’T‘Immher+(1 EX)'m|5
e e
‘g 1-1
s
a-al 122
goav
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Only a selection of available mass limits
Probe *up to* the quoted mass limit .
° “ terria (CERN)



Dark matter: LHC searches (SU

LHC Days

95% CL Lower Limits

m Collider detection — DM produced in p-p final-state:
Look for missing transverse energy (MET) from WIMPs.

No indirect %° signal in simplified SUSY models so far...

ATLAS SUSY Searches* ATLAS Prféliminary

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o~ theoretical signal cross section uncertainty.
H B

Status: ICHEP 2014 Vs=7,8TeV
Model &[T,y Jets ET [raim] Mass limit Reference
MSUGRA/CMSSM 0 2-6 jets Yes 20.3 4,8 1.7TeV m(3)=m(3) 1405.7875
MSUGRA/CMSSM Tepu 3-6jets  Yes 20.3 z 1.2 Tev any m(g) ATLAS-CONF-2013-062
@ MSUGRA/CMSSM 0 7-10jets  Yes 203 |& 1.1 TeV any m(3) 1308.1841
g 34, q%qf| o 2-6jets  Yes 20.3 q 850 GeV m(¥})=0 GeV, m(1* gen. §)=m(2" gen. §) 1405.7875
S 2 g—-qa¥) 0 2-6jets Yes 203 |Z% 1.33 TeV m(¥))=0 GeV 1405.7875
8 222907 quW’X 1 e 3-6jets  Yes 20.3 z 1.18 Tev m(¥})<200 GeV, m(¥*)=0.5(m(¥})+m(z)) ATLAS-CONF-2013-062
D 33, 5oqq(Ll/tvyIT) 2ep 0-3 jets - 203 |& 1.12 TeV m(¥))=0GeV ATLAS-CONF-2013-089
Q©  GMSB (7 NLSP) 2e.p 2-4jets  Yes 4.7 tang<15 1208.4688
‘@ GMSB (7 NLSP) 1-27+0-1¢ 0-2jets Yes 20.3 z 1.6 TeV tang >20 1407.0603
=S | GGM (bino NLSP) 2y - Yes 203 |z 1.28 TeV mE)>50 GeV ATLAS-CONF-2014-001
£ GGM (wino NLSP) Teu+y - Yes 48 [ENEEEEEEEEEEEete Gevl m(¥1)>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) Y 1b Yes 4.8 m(¥7)>220 GeV 1211.1167
GGM (higgsino NLSP) 2e,u(Z) 0-3jets  Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152
Gravitino LSP (] mono-jet  Yes 10.5 m(G)>107* eV ATLAS-CONF-2012-147
ST g-bbll o 3b Yes 201 |Z 1.25 TeV m(F})<400 GeV 1407.0600
oL gt 0 7-10jets  Yes 20.3 z 1.1 TeV m(¥}) <350 GeV 1308.1841
= EO Gl 01 e 3b  Yes 201 |z 1.34 Tev m(E0)<400 GeV 1407.0600
oG] g—biX, 0-1e.p 3b Yes 20.1 z 1.3 Tev m(¥})<300 GeV 1407.0600
biby, by —>bX, 0 2b Yes  20.1 By 100-620 GeV m(¥))<90 GeV 1308.2631
w e bib, b —>r,vl 2e,p (SS) 0-3bh Yes 20.3 by 275-440 GeV mQ(‘ )=2 m(¥}) 1404.2500
a< .g 171 (light), 7 —bY 1-2e,p 1-2b Yes 4.7 7 11 m(¥))=55 GeV 1208.4305, 1209.2102
g S #night), 7y —wbt) 2epu 0-2 jets Yes 20.3 7 130-210 GeV mi m(7 )-m(W)-50 GeV, m(7, )<<m(¥T) 1403.4853
E'g 7171 (medium), 7 X _ 2e.u 2jets Yes 20.3 A 215-530 GeV m(X )=1GeV 1403.4853
s 8 7171 (medium), 7y —»bXT o 2b Yes 20.1 7 150-580 GeV mU(‘)<ZOOGeV m(TT)-m(¥))=5 GeV 1308.2631
© w77 (heavy), i —t¥ Tenu 1b Yes 20 | & 210-640 GeV m(¥))=0 GeV 1407.0583
:’ @ i (heavy)hrlﬁr/\q 0 2b Yes 20.1 7 260-640 GeV m 1406.1122
-] tm fi— 0 mono-jet/c-tag Yes 20.3 I3 90-240 GeV m(n) m(x. )<85GeV 1407.0608
fif (nalural GMSB) 2e,p(2) 1b Yes 20.3 7 150-580 GeV m(¥))>150 GeV 1403.5222
i, hoi +Z 3e.u(2) 1b Yes 20.3 7 290-600 GeV m(¥})<200 GeV 1403.5222
frlir, ety 2e.p 0 Yes 203 |7 90-325 GeV mm )=0 GeV 1403.5294
- XL)fl X —0v() 2epu 0 Yes 203 )?I 140-465 GeV () 5(m(¥T )+mw ) 1403.5294
= QY X o 27 - Yes 203 | ¥ 100-350 GeV 5(m(¥ )+m(){.)) 1407.0350
w % Xlxa_)[,_vf,_[(w) VL) Seu 0 Yes 20.3 X ,A_/‘ﬁ' 700 GeV =0.5(m(¥7)+m(¥})) 1402.7029
Pare WA ZY) 2-3e,p [¢] Yes 20.3 | i;.X 420 GeV 0, sleptons decoupled 1403.5294, 1402.7029
X —-Wh hX e 2b Yes 20.3 i;xé 285 GeV m(¥ 0, sleptons decoupled | ATLAS-CONF-2013-093
XX, 005 —>lnl dep 0 Yes 20.3 na 620 GeV m(E9)=m(E3), m(¥) =0.5(m(¥3)+m(¥})) 1405.5086
B % Direct.¥] ¥, prod., long-lived ¥i Disapp. trk 1 jet Yes 203 | & 270 GeV m(¥})-m(¥})=160 MeV, 7(¥})=0.2 ns ATLAS-CONF-2013-069
= % Stable, stopped g R hadron 1-5 jets Yes 27.9 z 832 GeV m(¥})=100 GeV, 10 us<7(3)<1000 s 1310.6584
&8 GMSB, siable 7, Pz, frerte. - 2,1 2 N 15.9 10<tans<50 ATLAS-CONF-2013-058
S g_ GMSB )(|~>-yG long-| Ilved)(, - Yes 4.7 0.4<7(¥)<2 ns 1304.6310
=l 33, V) —qqu (RPV) 1u, dlspl vix - - 20.3 i 1.0 TeV 1.5 <ct<156 mm, BR(x)=1, m(¥})=108 GeV | ATLAS-CONF-2013-092
LFV pp—v; + X, Vr—e +p 2epn - - 4.6 24,,=0.10, 2,3,=0.05 1212.1272
LFV pp—v, + X,V —e(u) + T leu+t - - 4.6 .10, 44(2)33=0.05 1212.1272
>  Bilinear RPV CMSSM 2e,u(SS)  03b Yes 203 |42 1.35 TeV m(g)=m(@), ctrsp<1 mm 1404.2500
& el WX eevy, eue 4ep - Yes 203 % 750 GeV ME)>0.2xm(¥}), 1110 1405.5086
XX, X =W X 7, erve Sepu+t - Yes 203 | X7 450 GeV m(E)>0.2xm(F1), A133£0 1405.5086
3—4qq o 6-7 jets - 20.3 z 916 GeV BR())=BR(»)=BR(<)=0% ATLAS-CONF-2013-091
g, 11 —bs 2e,u(SS)  03b Yes 203 |2 850 GeV 1404.250
0 Scalar gluon pair, sgluon—gg o 4 jets - 4.6 sgluon ~ 100-287 GeV incl. limit from 1110.2693 1210.4826
& scalar gluon pair, sgluon— 2e,p (SS) 25 Yes 143 ATLAS-CONF-2013-051
5 WIMP interaction (D5, Dirac ) [}) mono-jet  Yes 10.5 m(y)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147
| L L ' PR
Vs =8 TeV 1
full data Mass scale [TeV]
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Dark matter: Collider searches (generic DM)

(1) Search mono-jet,mono-photon excess above SM 3 -
background: Z(vv)+},y (~70%), W(vlescape)+j,y (~30%).
Remove other EWK&QCD backgds: veto iso-leptons & A¢ cut . _

(2) Interpret (no) excess within generic effective field theory (EFT)
for contact SM-DM interaction, characterized by 2 parameters:

SM pv  (less-simplified models proposed more recently)

x A= M*/ 8 y8 4 : Scale of effective interaction

Mx : mass of DM patrticle (Dirac Fermion)

&9
SM 'D;ICVI for various types of DM-SM couplings, e.g.:
Name | Initial state Type Operator
D5 99 vector EXX20I  (spin-independent: SI)
D8 qq axial-vector M%g)_(’p*”’}fﬁxq’m’}fﬁq (spin-dependent: SD)

(3) Set limits in DM mass vs. interaction-strength for SI & SD couplings:
2,2
q8x 2

i N
*
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Dark matter: LHC searches (monojets)

%' —e— data 2012
0] ATLAS Preliminary Total BG
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m No excess: Limits on DM mass & WIMP-nucleon x-sections:
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Dark matter: LHC searches (monophotons)

ATLAS:
m MET distribution after cuts for SM backgds & DM signal: PRL 110 (2013) 011802
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Dark matter: LHC searches (invisible H decay)

m MET distributions after cuts (2 leptons with m ~m_)):
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Summary: Dark matter searches at the LHC

m p-p collisions at 7,8 TeV with large missing transverse energy (MET):

(1) SUSY-type final-states (hard multi-lepton,jet, ... activity):

No signal of LSP (nor any other spartner)
in simplified SUSY searches.

(2) Generic DM-pair in mono-jet,photon,W,ttbar,... events:

a/Yy/Z/ W... o
q X Best limits for low-mass DM :
M ~1-10 GeV, In particular for
spin-dependent DM-SM couplings
q X

(3) Higgs invisible decay to DM-pair in VBF & HZ production:
' ,LX No excess wrt SM sets decay limits:
BR(H - xx)<75%(Atlas),58%(CMS)
for M_,, <M /2
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Summary: Impact of LHC to CR & DM physics

Soft & semlhard QCD in p-p collisions:
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Limits of cosmic accelerators ?

m Astrophysical objects with large

B-field or large acceleration length:

Emax - ZCR' (Bshock . B L)

Difficult to reach 10%° eV !

(required shock-front speeds 3~1)

easier for ions, Z(Fe)=26.

(Extra constraints: acceleration efficiency,

synchroton losses, interactions in source)

m Best candidates:

- Neutron-star: Highly magnetized & spinning
- AGN/GRB: Rapidly spinning giant black-holes

Supernova: Shockfronts “only” E = Z-10**" eV

(range: single explosion — multiple remnants)

LHC Days in Split, Oct.'14
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GZK y-induced dissociation cut-off ?

Greisen-Zatsepin-Kuzmin (1966)

m Proton with EGZK > 6-10%° eV breakup N Photo-pion production
collisions with CMB (E, ~ 0.35 meV): — —\:\Q.
Proton: P+Ye— At - p+T,n+TT CMB
Heavy-ion: A+ Yems — A* 5 A+n Photo-dissociation (giant dipole resonance)
m GZK horizon ~100-200 Mpc: —> o f“':f___*c’
L]/I/’CMB IR

UHECR come within our Local-Supercluster:

cosmological 4 horizon (14 Gpc)

750
Distance
600 (M pC)

5/ 450

(about 700 AGNs)
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GZK y-induced dissociation cut-off ?

m Proton with E_, > 6:10" eV breakup in
collisions with CMB (Ey~ 0.35 meV):
Proton: P+Yeus— A" - p+ M, n+T1T

Heavy-ion: A+ Y.,ye— A* > A+n

m GZK horizon ~100-200 Mpc:

UHE protons (heavier ions deflected by interstellar

Greisen-Zatsepin-Kuzmin (1966)

Photo-pion production

E—— ::\.

CMB

Photo-dissociation (giant dipole resonance)

_,of*

B-fields) should be correlated with closest AGN...

Hammer-Aitoff projection,
Equatorial coordinates

Auger Collab. 2007

‘‘‘‘‘‘‘

correlated
events (20)

L
-
......

uncorrelated
events (7)

Strong correlation seen by Auger (2007)

(protons favoured). It has washed out since ...

LHC Days in Split, Oct.'14 50/45

Telescope Array (2012)

28
20 73%
expectation _ ;
sk from [Auger ZWT] ]
] o
sl data ,+] 4%
| et
| R T 25%
= background
0

20 25

Nm-l
Small correlation seen by TA (2012)

Still, isotropy disfavoured at 3¢
David d'Enterria (CERN)



Origin of CR at highest energies O(10?° eV) ?

m Abrupt flux suppression at E_.~3-10% eV:

loglo(E/eV)
18 18.5 19 19.5 20 20.5
(F _I | T T T T | T T T T | T T T T | T T T T | T T T T | T
"
T b % Oy (E)=22%
@ 1077 +
5, - o o Q i : %
Q‘E - 00, 900007 g,
o i
—
o 107 O HiRes
- ® Auger
L e power laws
| — power laws + smooth function HiRes: PRL 100 (2008)101101
Auger: PLB 685 (2010)239
1 1 | | | | 111 11 | | | 1 L1 1 11 | | |

Energy [eV]

m Cutoff at source ? Astrophysical accelerators running out of steam ?
m Cutoff by CR photodissociation during propagation ?
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UHECR at GZK-cutoff: p or Fe-ions ? (pre-LHC)

Auger: PRL 104 (2010) 091101
m Auger shower-max position & fluctuations favour heavy-ions for >10*° eV
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Particle pseudorapidity density vs. Vs

[DdE et al., Astr.Phys. 35 (2011) 98]
m Power-law s*, e~0.1 controlled by soft-hard p_-cutoff (sat. scale) evolution

m Very large differences predicted at vV's_,, ~ 300 TeV !

(=] . (=]
1 11
=20 pp (pp)— h* (NSD),n=0 i = 2
8 —-SIBYLL 2.1 / 8
= --- QGSJET 01 / =°
T 10 — QGSJETI / 7 T 1
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5 -
4+ (NSD)
3+ ue, ® CMS (p-p NSD)
# ALICE (p-p NSD)
ol M CDF (p-p MB)
¥ UA1 (p-p NSD)
A UAS5 (p-p NSD) GZK
cut-off
-Il | IIIIIII| | IIIIIH‘ | I\\Illll | III\III| 111
10 10° 10° 10* 10°
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QGSJET-Il (~40) > QGSJETO01 (~20) > SIBYLL 2.1,EPOS 1.99 (~8)

/
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5 -
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3 s
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25 B UAS (pp INEL)
- ¥ ISR (p-p INEL)
ZK
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1| | \Illl | IIIII\I‘ | II\I\IIl \Illl |
10 107 10° 10* 10°
\s (GeV)

m GZK: models with dN _ /dn~20 favoured (p-p data at 14-TeV needed)
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UHECRSs detection in large ground-arrays

m Detection techniques:

* Fluorescent light from N* de-excitation:
- Near-UV telescope.
- ~10% duty-cycle (moonless nights).
- HiRes, TA, Auger.

* Charged particles on ground:
- Cherenkov detectors.
S—— - ~100% duty-cycle.
http://astro.uchicago.edu/ - AGASA, TA, Auger.

m Measured shower parameters (event-by-event):

- Depth of maximum of shower: X__ (g/cm?)

max

- Total energy: E_, = Constx(Signal_)*0%*8 CR energy & identity

- statistical unfolding !

- Number of electrons, muons at ground: N_, N, - MC-dependent !

- Arrival direction: %£(0.5° - 1.0°)
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UHECRSs energy & identification

[Blumer-Engel-Horandel, PPNP 68(2009)293]

m Position & fluctuations of

1400 : A
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Summary: UHE cosmic-rays

(1) “Knee” at E~10*° eV:
- LHC data confirms CR MCs validity (no “new physics”).
Probable cause: Z-dependent leakage of galactic Crs.

(2) “Ankle” at E~10*8 eV:

(3) Cutoff at E~10%° eV:
- Small AGN-correlation, but anisotropy excluded at 3c.

- X__ position & fluctuations favour p-Fe (Auger) or p alone (TA).

- LHC data has reduced by ~50% identity uncertainties
Improvements still needed (e.g. +30% larger muon production on ground)
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Examples of implications for EAS

Less penetration:

m Reduced dN/dn (esp. fwd):

lower X __ (~-30 g/cm?)

Drescher, Dumitru, Strikman

PRL 94 (2005) 231801

m Reduced charm cross sections:

Less muons

LHC Days in Split, Oct.'14

Machado&Goncalves
JHEPQ704 (2007) 028
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