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Abstract: <p>I will discuss ways to search for new physics with the LHC heavy ion program and the ATLAS/CMS high level trigger.</p>

Pirsa: 16120001 Page 1/50



Fishing for new physics at the LHC

“Whale receiving an MRI at CMS”

SK, T. Lou, T. Lin, T. Melia S. Pagan Griso*, SK, M. Papucci, D. Robinson
arXiv:1607.06083 arXiv:1612.00850
*on ATLAS
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Beyond the Standard Model
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“Keep calm and carry on” Broaden models
Most of the data still to come Relaxion, Neutral Naturalness,...
Precision physics
Future / other experiments Signature based approach

100 TeV, intensity frontier, dark matter, ... aka "fishing expedition”

Diversify our portfolio
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Should we go fishing?

(Minimal theory motivation)

“Probably just another limit..."
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Should we go fishing?

(Minimal theory motivation)

Make sure all holes are patched!

(Triggers are crucial)

“Probably just another limit..." Exciting new experimental

developments!
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Two new (unrelated) ideas

Axion-like particles (ALP’s)

in heavy ion collisions

SK, T. Lou, T. Lin, T. Melia
arXiv:1607.06083

A trigger for events with a high
multiplicity of soft tracks
(soft bomb)

S. Pagan Griso, SK, M. Papucci, D. Robinson
arXiv:1612.00850
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The LHC heavy ion program

Pb-Pb Heavy ion trivia:

Why is the luminosity so low?
LHC 2015 RUN (6.5 TeV/beam)

—e— ATLAS 708.616 b

)

H—a&— CMS 592.541 ub '
—o— LHCb 6586 .b '
& ALICE 432.782 ub '
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All 4 major experiments participate...

...but roughly 104 times the data

f
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PRELIMINARY
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Ultra-peripheral collisions

High impact parameter (“grazing”) collisions

lons remain intact
Low multiplicity particle production

head-on collision ultra-peripheral collision

B ecomaic ..
W | Ot | H—a--- -.k‘\ ’ !
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A y-y collider

Heavy ion beams are the worlds most powerful flashlight!
(with energy above ~ GeV)

Pb
~ 5.5 TeV per nucleon @ LHC

S (this is a 1000 TeV collider!)
"\/\,W = i

[

e e —

S e - —
» YY —“"YY (m) >5 GQV)
“ £ Pb-Pb
p-Pb

Pb ER
/=82 for Pb ions

Z4 ~ 5 x 107

TN I ST S S S e S e |
4 6 8 10 12 14 16 18 20
sy (TeV)

2 a>>1
QED in non-perturbative regime

Y

1305.7142: D. d’Enterria, G. Silveira
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Equivalent photon approximation

Replace E, B fields with an equivalent flux of
nearly on-shell photons

P‘f
w( ; o NS =
TrLeLx R

bmin = 2R \/: 2wmnm

1.6 fm 13 TeV 1.5 TeV

14 fm 1050 TeV 160 GeV

—D

Low Bjorken x: & ~ 10
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Computing the photon flux

\\ / Weizsacker-Williams calculation

\\\ \ ///// Ny(w,b) = ot (K3(2) + S K())

— with o = wb/~yvh

~5;
/\ \\‘af

[\

Photon-photon luminosity

/
. /// Lo(8) = 1 [d?*b 2 dwy s Ny(wr,br) Ny(w2,by)
\ .

x F(|by — ba|) 6(8 — dwiws)

N\

nuclear form factor
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Computing the photon flux

/ STARIlight monte carlo (S. Klein et. al., 1607.03838 )

from latest STARIlight manual

Channels of Interest:

2-Photon Channels
Currently supported 2-photon (prod. mode = 1) channel options:
jetset id particle

221 eta

331 eta-prime

441 eta-c

8010221 fo(975)

225 f2(1270)
az(1320)
f2(1525)
rho@ pair
et/e- pair
mu+/mu- pair
tau+/tau- pair
axion-like particle (ALP)

Process B8 refers to the single production of a hypothetical axion-like
particle (ALP), which decays to a pair of photons., The ALP mass has to be
specified by the user through the parameter AXION_MASS. The narrow width
approximation is assumed here, with a fixed axion decay constant of
\Lambda=1 TeV. (See equation (1) of arXiv:1607.06083 for the appropriate
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Pb-Pb Luminosity
now: ~ 1 nb!
HL-LHC: ~ 10 nb-!

Applications

Higgs production in photon fusion

(GeV) (LHC)

100

7 ;-.'(5() A
(GeV) (SSC)

Unfortunately, this rate is too low...

13

with form tactol

no form fe

B. Cahn, D. Jackson (1990)

Page 16/50



Applications

Exclusive meson production
- -

J/W production p® production

Pb+Pb—Pb+Pb+lJAy |5, = 2.76 TeV
lyl<0.9

Opposite sign pairs ALICE Pb-Pb ‘IISNN =276 TeV

Like sign pairs > —4— ALICE, stal. arro
505+ 48 -'l' & SBdiny
3.098:0.002 GeV/c* &3 BW resonance
2520.2 MeV/c? / k
7+ 10

, =3.653:0.009 GeV/c?
= 25:0.5 MeV/c*
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Ross-Stodolsky
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(Similar results from CMS and ATLAS)
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Applications
Light-by-Light scattering

Pb Pb

<
yd

Expected exclusive diphoton ylelds after cuts
Pb-Pb (8=5.6TaV, L _w1nb’

h'l<2.5, p >2 GeV

i Signal yy -y

10"\
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1601.07001: M. Ktusek-Gawenda, P. Lebiedowicz, A. Szczurek 1305.7142: D. d'Enterria, G. Silveira

18
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ALP’s in ultra-pheripheral collisions

SK, T. Lou, T. Lin, T. Melia: arXiv:1607.06083

%((’)(1.)2 im2a® — ; ~FF

2

"
2
§

SN1987a
CAST

Cosmology

1 GeV - 100 GeV range

Logqg mMyleV]

see also
A. B. Balantekin, et.al. Phys. Rev. Lett. 55, 461 (1985)

J. Jaeckel, M. Spannowsky: 1601.07001 _ :
A. Natale, Mod. Phys. Lett. A, 09, 2075 (1994)

16
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Triggers

CMS has two dedicated UPC triggers

2 photons with Ey > 2 GeV
or
1 photon with Ey > 5 GeV

Veto activity in at least one of the
forward calorimeters

Events as clean as LEP but with LHC-grade detectors!
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Results

T

-= m, = 15 GeV Brem
m, = 40 GeV Fakes
LBL

SNN — 5.5 TeV

| Ldt =1 nh~!

Light-by-light:
Z. Bern, A. De Freitas, L. J. Dixon, A. Ghinculov, and H. L. Wong (2001)
18
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Results

© pep /s =T TeV e pep /B

2 ]’M=|’|1\_ . 50 TeV I - - Ph-I’b NG

L L L L

Il I
S 5020 1) GO S0 100 SR () 60

m, (GeV) m, (GeV)

Most other limits are also new recastings
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Hot off the press

X

-V

ATLAS

Light-by-light scattering in ultra-peripheral Pb+Pb collisions at
VsnN =5.02 TeV with the ATLAS detector at the LHC

The ATLAS Collaboration

Abstract

Ihis note reports evidence for light-by-light scattering. using 480 wb " of Pb+Pb collision
data at ¥un =5.02 TeV recorded by the ATLAS experiment at the LHC, After background
subtraction and analysis corrections, the cross section of yy —» yy process for photon trans-
verse momentum, Ev > 3 GeV, photon pseudorapidity, || < 2.4, diphoton invariant mass
greater than 6 GeV, diphoton transverse momentum lower than 2 GeV and diphoton aco-
planarity “eiove 0001 kas bew mewivred 1o he 70 ¢ 20 (agt0 = UV Qo) np, wiieh e in
agrecmenl wivh the SM pradiztion of 4Y = 10 nb.

From last month

20
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Light-by-light scattering

-e- Data, 480 ub ' ATLAS Preliminary .
D= MC L ob (5502 TeV Standard Model discoveread

DCEP Yy MC at 44 O I

Signal selection

Aco < 0.01 ' H = 1.4+ 0.6

Limits on ALPs?
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log <

Limits on ALP’s

> linear aF'F coupling

T i

OPAL,

|
T
Ly

A (GeVT)

1 _,.‘"

N bt LRV

5.5 TeV K == Pb-Ph /Fsa

) L L L L | )
20 60 80 100 S8 2 0 6o
me (GeV) m, (GeV)

Heavy ions set the world’s best limit between
6 and 30 GeV*

*Assuming no events observed above 30 GeV, the limit extends to 100 GeV.
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Future directions
Eagerly waiting for CMS!

Dark photons
Leptophobic Z’

Fractionally charged particles

The detectors are exquisite & events are very clean
( a role for LHCb and/or ALICE? )

Ultra-peripheral collisions may be a tool at the
intensity frontier
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Hidden valleys

e High multiplicity of final states,

often displaced

e Applications in Neutral

Naturalness, dark matter, ...

M. Strassler, K. Zurek : 0604261, 0605193, 0607160

r']
26
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Stealth
SUSY
—_

|

Higgs BR = 10%

Hidden
Valley
_

| |

Zl

l

Status of HV-LLP searches in Atlas after LHC Run 1

ATLAS ang-llved Particle Searches" - 95% CL Exclusion

SUsYy

.
g
8

3
8
3
8

!
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Model
APV g — oav/auv/upv
GGM xf = 26
AMSH pp — "\'ll_ ¥ ‘- X
AMSB pp — ¥ ix"x ! ¥y

GMSE

Stealih SUSY

Higden Valloy H — m,n,
Higden Valley H — m,n,
FAVZ M = 2y, + X
FRVZ M~ dyy + X
Higden Vallay H — n.n.

Miidan Valloy H — 1,

FRVZ M~ dyy + X

Hiddan Valloy @ — a,,
Hiddan Valley @ s xm,
Hidden Valloy ® — .,

Higden Valloy ® s xx,

MV Z°(1 TaV) =+ qui

HY Z92 TaV) -+ q.qy

Signature

displaced leptan pair
displaced vix + jots
disappoaring track
large phol diidx
nan-peinting or delayed y
2 ID/MS vorticas
2 low-EMF tracklons jota
2 10/MS vorlices
20— -, n-jota
2e- p- n-jols
2 low-EMF trackinsn jots
2 ID/MS verticon
20 -, n-joln
2 low- EMF trackless jots.
2 10/MS vortices
2 low-EMF irackloss jots
2 1D/ varticon
210/ vartices

2 1D/MS vartices

ATLAS Preliminary

[L£dt=(184-20.3)fb !

JLdem ) Lifetime limit
—rr T T T —T—rrTrrrr —Tr

203 | IHT'IM 7740 mm. m(g) = 1.3 ToV, m(y}) = 1.0 TaV
sos | AN 6480 mm mif) = 1.1 ToV, m{y}) = 1.0 TaV
204 X} lotime 0223.0m miyy) = 450 GaV
184 | o? iotimo 19180m mix}) = 450 GoV
208 | ] Wetime 0.0884m SPSA with A = 200 TaV
106 | § litetime RN mi2) - 500 GoV
203 | w, litetime 041787 m min,) = 25 Gov
10.6 iy litstima DATAEAm m(r.) = 25 Gav
204 ¥ Wotime 14140 mm. H o= 2yg + X, miyg) = 400 MoV
03 ¥a lfetime 18280 mm H o=+ Ay + X, miyg) = 400 MaV
203 |, etime D880 Mm mn.) = 35 Gov
105 ity lifotime 0481 m min,) = 25 GoV
204 ya Ilatima mm M= Ay + X, mlyy) = 400 MoV
203 iy lifotime w.'_ﬂ wxAA = 1 ph, mi{A.) < 60 GeV
198 | n, lletima r*BR = 1 pb, min,) = 50 GoV
203 #, lilatima 01541 m wx AR = 1 ph, min,) = 60 GaV
19.5 a1, lotime oxBA « 1 plb, mi 50 GaV
203 | a, liotime 3 0.149m oxBA = 1 pt, m{x,) = 50 GV
203 , lifotima 01100 m orxBA = 1 pl, m{r,) = 50 GoV

Slide by Anna Mastroberardino @ SUSY 2015 ;

Vs = B TeV
Reference

1604,05162
160406182
1310.3676
160806332
14005642

160403634

1501,04020
1604.03634
1400.0748

1400.0748

1501.04020
1504036834

1400.0746
1501.04020
1504.03634

1501,04020

150403634

1604,03634

1504.036834
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“Soft bomb” or “Fireworks”

Hidden valley with g°N > 1

|

Non-perturbative parton shower

1. Large multiplicity of soft particles
2. Spherical event shape

3. Multiplicity scales linear with energy

'w'; W

Image by Matt Strassler

Existing trigger strategies fail
M. Strassler: 0801.0629

Y. Hatta, T. Matsuo: 0804.4733
D. Hofman, J. Maldacena: 0803.1467
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Additional Assumptions

1. Neglect fluctuations away from sphericity No jets
2. Assume Maxwell-Boltzmann distribution:

f(p) ~ p.) e—Vm2+p?/T Y. Hatta, T. Matsuo: 0807.0098
' m=

with m =1GeV, T =0.5 GeV No hard leptons

3. All hidden sector particles decay prompt No MET
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Additional Assumptions

4. Only decays to electrons and muons
(for simplicity)

5. Production through gluon fusion

Benchmark points
ms, = 100 GeV
ms, = 400 GeV
ms, = 125 GeV
(exotic Higgs decay)
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Triggers at ATLAS

Level 1 (L1)
(hardware)

total: 100 kHz
Calorimeters, muon chambers

Combine raw objects

Example:
3u: 15 GeV
7 kHz

Trigger tables at: h
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Strategy

1. L1 trigger
Many “loopers” in the B-field

|

Trigger on ISR jet and / or MET (Ecal)
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Strategy

1. L1 trigger
Many “loopers” in the B-field

|

Trigger on ISR jet and / or MET (Ecal)

2. HLT

Inner tracker available, but limited tracking

|

trigger on overdensity of hits
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Truth level

Example event display

Blue: leptons

Green: hadrons
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Track multiplicity

# tracks / GeV

— m_g:?SO GeV
— m5=400 GeV
— mys=125 GeV

o
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=]
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s
&

Number of tracks

# tracks / GeV is model dependent

roughly half of the tracks within tracker acceptance

34
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Accounted for

The ATLAS inner detector

components included in simulation

0.

pipe
Is]

2. pixel barrel 1

3. pixel barrel 2

4. pixel barrel 3

. pixel wheel 1

5. pixel wheel 2

. pixel wheel 3

. services

3. SCT barrel 1
10. SCT barrel 2

e Bremsstrahlung (electrons only)

e Energy loss

Neglected

e Pixel clustering

. SCT barrel 3
. SCT barrel 4
3. SCT wheel 1
4. SCT wheel 2

5. SCT wheel 3

16.
17.
18.

SCT wheel 4
SCT wheel 5

SCT wheel 6

9. SCT wheel 7

. SCT wheel 8
21. SCT wheel 9
22. TRT barrel 1
23. TRT barrel 2
. TRT barrel 3

. TRT barrel 4

26. TRT wheel 1

. TRT wheel 2
. TRT wheel 3

29. TRT wheel 4

. ECAL barrel
. ECAL wheel

Page 38/50




("R =1082 mm

TRT

\_R = 554 mm
[ R =514 mm

R=443 mm

sty
R=371 mm

o > SCT

Pixels

R=122.5 mm
Pixels { R = 88.5 mm
R =50.5 mm

R=0mm
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Level 1 trigger

MET
(as seen by the ECAL)

Higps (GF)
——= 400 GeV
7H0 GeV

L1 MET ~ 5% -10%

efficient

-
—

. —
2]

7"‘\
o
=
o=
-—
R
®
o
oy
s
—
;|_
s
SR

200
Emiss [GoV
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Level 1 trigger

Summary

Higgs (VH)

Higgs (VBF)

Higgs (GF)

400 GeV (GF)

750 GeV (GF)

1j (pr > 100 GeV)
3j (pr > 40 GeV)
4j (pr > 20 GeV)
EP'S > 50 GeV

1v/e (Ep > 20 GeV)

1p (pr > 20 GeV)

0.057 = 0.002

0.026 £ 0.001

0.019 £+ 0.001

0.088 = 0,002

0.045 £ 0.002

0.073 = 0.002

0.107 £ 0.003

0.045 £ 0.002

0.034 4+ 0.002

0.063 4+ 0.001

0.011 £ 0.001

0.011 £+ 0.001

0.034 = 0.001
< 1%
< 1%
0.030 = 0.001
< 1%

< 1%

0.104 £+ 0.002
< 1%
0.016 + 0.001
0.077 £ 0.001

07

< 1%

< 1%

0.169 £+ 0.002
0.019 4+ 0.001
0.062 4 0.002
0.136 £ 0.002

< 1%

< 1%

Cormbined

0.224 + 0.003

0.162 + 0.003

0.055 £ 0.001

0.140 £ 0.002

0.217 £ 0.002

Cpop—sh+X X €comb (pb)

e

0.50

0.60

2.39
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High level trigger

Focus on Insertable B-layer (IBL) because:

1. Catch as many soft tracks as possible

2. Less diffusion of the hits

Installed in May 2014

e 31 mm radius
® 50 x 250 pm? pixels

®* 64 cm long in z-direction
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High level trigger

Hit multiplicity on the IBL

0.14 750 GeV
400 GeV
0.12 Higos
T background

0.10
0.08
0.06

o
e}
=
e¥]
=
F]
e
=]
=i
Q
u p—
—
(&
3
]
Co

0.04

0.02 | ' ‘
0.00 UL | ||
0 1000 2000 4000 5000

number of hits

# hits from pile-up is non-poissonian
Decent separation just from counting

41
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High level trigger

Example event on the IBL

-30-20-10 0 10 20 30
7 (cm)

-30-20-10 O 10
z (cm)

Gray: pile-up
Blue: soft bomb

Variance in signal hits is much smaller

42
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High level trigger

Example event on the IBL

-30-20-10 0 10 20 30
7 (cm)

-30-20-10 O 10
z (cm)

Gray: pile-up
Blue: soft bomb

Variance in signal hits is much smaller

42
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750 GeV |

v/

10 10
7 (cm)

=30; .
=30 —10
Zz (cm)

High level trigger

1000

Covariance

400 GeV

400 GeV

10 10
Z(cm)

Background

background

~10 10
2 (cm)
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B

0.15

0.10

fraction of events

0.05

040
0

High level trigger

Model independent discriminant

observed

expected backgrouncl

u my=750 GeV ok i
rbied 30-20-10 0 10 20 30
background 7 (cm)
Background rejection

104

1.00

0.93

0.06
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High level trigger

Model independent discriminant

observed
expected background

Xrnax -

mg=750 GeV 0 sl L i
my=400 Ce¥ ~30-20-10 0 10 20 30

Higgs _
0.20 background Z(cm )

(013 | Background rejection
0.10 - | 103
0.05 R | 100
0.00 - o 0.93
| 0.06

[22]
—
=
v
-
V]
o
<
o
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=
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[ ]
Bt
i
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High level trigger

Model independent discriminant

observed
expected background

Xrnax -

mg=750 GeV 0 sl L i
my=400 Ce¥ ~30-20-10 0 10 20 30

Higgs _
0.20 background Z(cm )

(013 | Background rejection
0.10 - | 103
0.05 R | 100
0.00 - o 0.93
| 0.06

[22]
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Conclusions

heavy ion beams are awesome yy colliders

—» [ imits on ALP’s

Trigger on “soft bombs” by looking at hits,

rather than tracks
(L1 is the bottleneck)
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