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BSM at the LHC?

'I"IIIII)

NO BSM NO BSM

We entered the Lumi-Driven era of BSM@LHC

Progress is clear, but will be very slow

Corollary: if you want fun then go somewhere else!
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An LHC Dream
r ATLAS Preliminary ‘

——— Background

Vs=13TeV,

(Most?) Solid discovery method at colliders: Look for peaks in invariant mass distributions

Dijets
Ditop.
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BSM resonances: where are we looking?

—> My 7. > O(100) GeV
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—>»  Or from other particle’s decays

h— aa — 2u2b, 2v2j,... N\o(\da\l
a‘s‘a\\(\cﬂ
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Novel Light Particle Searches

Why?

Today

Tomorrow (?)
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Novel Light Particle Searches

Why?
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Why low-mass resonances?

LHC is pushing solutions to SM problems (hierarchy, flavour, ...) to Mgsny >> TeV

Richer sectors could exist there How to test them?
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Why low-mass resonances?

LHC is pushing solutions to SM problems (hierarchy, flavour, ...) to Mgsny >> TeV

Richer sectors could exist there How to test them?

MBSM ~ g*fa

via ALPs!

FiLIPPO SALA (DESY)

\

aka Goldstone Bosons (PGBs)

|

from spontaneous breaking of global symmetry

Mg 7 0

_J
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Why low-mass resonances?

LHC is pushing solutions to SM problems (hierarchy, flavour, ...) to Mgsny >> TeV

Richer sectors could exist there How to test them?

via ALPs!

Mgy & g« fa aka Goldstone Bosons (PGBs)

|

from spontaneous breaking of global symmetry

Mg 7 0

\ _

M, Mass of the ALP naturally lighter than any BSM scale Mpgnm
(technically natural, unlike Higgs mass)

fa decay constant controls ALP Couplings

e.g. Lint = 04863GG+CXQCQWW—|—C¥1613B]

_“
47 fa
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Why low-mass resonances?

Mpsnm ~ g« fa 2 TeV  ~ from LHC exclusions

Y

Mg~ 1 —100 GeV ~ anunexplored range

fa ~ (.1 — 100 TeV of interest for colliders (see rest of talk)
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ALPs from BSM

FROM A NEW CONFINING SECTOR

They already exist: pions from QCD
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ALPs from BSM

They already exist: pions from QCD

strong sector: composite Higgs models

Example: SO(6)/SO(5) has 5 PGB, the Higgs and a singlet

f 0.05
my, Txmhxv 5 — 500 GeV x (/)

model-dependent, see e.g. Gripaios+ 0902.1483, Redi Tesi 1205.0232



ALPs from BSM

They already exist: pions from QCD

strong sector: composite Higgs models

Example: SO(6)/SO(5) has 5 PGB, the Higgs and a singlet

f 0.05
my, Txmhxv 5 — 500 GeV x (/)

model-dependent, see e.g. Gripaios+ 0902.1483, Redi Tesi 1205.0232

FROM SUPERSYMMETRY

Nelson Seiberg 1994, Colliders ——>» Spontaneously broken U(l)R — {R-axion a ;’.

Bagger+ 1994, ISS 2007 —>» Small explicit breaking ——>

1100 MeV < m, < Mgygy |
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ALPs from BSM

They already exist: pions from QCD

strong sector: composite Higgs models

Example: SO(6)/SO(5) has 5 PGB, the Higgs and a singlet

f 0.05
my, Txmhxv 5 — 500 GeV x (/)

model-dependent, see e.g. Gripaios+ 0902.1483, Redi Tesi 1205.0232

FROM SUPERSYMMETRY

Nelson Seiberg 1994, Colliders ——> Spontaneously broken U(I)R — 5' R-axion a ;’.

Bagger+ 1994, ISS 2007 —>» Small explicit breaking ——>

1100 MeV S m, < Mgygy |

Bellazzini Mariotti Redigolo FS Serra 2017 ——> Could be first sign of SUSY at colliders!



Heavy QCD axion

10"+ .

Standard QCD axion points to large f, and small 7724 o

Na 10°-
~ 4 | | L
Vi = —Agep cos —— =~
/ > 107
= _

3

]01 = experimental bounds

10—1_

107 107 10 10 107" 103
m, [GeV]
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Heavy QCD axion

j; but: “Axion Quality” problem spoils solution to strong CP T
; (I) A f 101 experimental bounds -
— _ a ’I:CL a = |
AVP/Q - )\A AA_4 + h‘C' @ - 76 /f § 10_17 e .
UV 2 107 103 10 107 107" 103
_..Kamionkowski March-Russel hep-th/9202003,... ./ m, [GeV]
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Heavy QCD axion

10"+ :
Standard QCD axion points to large fa and small M, )
10°" - .
Na 1 AA fA a 10°- ]
Vo, >~ —AéCD cos — +i— | A|_4 COS (aA + A—) >
= 10°F :
. . REC .
but: spoils solution to strong CP 10 <
P A f 101 experimental bounds
__ __ Ja _qa/f, ' ‘
AVP/C) o )\A AA—4 + h°C° @ T fe / 10_1‘ PR L . - . . P O
UV 2 1077 1073 102 10 107" 103
Kamionkowski March-Russel hep-th/9202003, ... m, [GeV]

Example: /\ — @ (same of SM baryon number)

AUV = Maur = f g O(l) TeV
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Heavy QCD axion

Standard QCD axion points to large f, and small 7724

Na L alfe a
Vo ~ —ASep cos — + COS (CYA + A—)
FooieEt Agy f
but: spoils solution to strong CP
HA £,
AVpo = Aa—— +he. & = 2%t/ fa
0! V2

Kamionkowski March-Russel hep-th/9202003, ...

Example: /A = 6

(same of SM baryon number)

AUV = Maur = f g O(l) TeV

FiLIPPO SALA (DESY)
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]01 - experi nental bounds

1075

| ) |- s L P ]
1077 107 107° 10> 107! 103
m, [GeV]

1. Push A to much larger values

... Redi Sato 1602.05427
Duerr+ 1712.01841

2. Model building for smallerfa

and larger M,

Rubakov hep-ph/9703409 -----
M.K Gaillard+ 1805.06465
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Heavy QCD axion

j; but: “Axion Quality” problem spoils solution to strong CP'

AVP/Q — )\A (I;A_4 + h.c. b — ﬁeia’/‘fa
AUV \/§
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fa [TeV]

2. Model building for smallerfa
and larger T,

Rubakov hep-ph/9703409
M.K Gaillard+ 1805.06465

NEwW LHC SEARCHES FOR LIGHT PARTICLES

7



Heavy QCD axion

Standard QCD axion points to large f, and small 7724

Na 1 |\alfA
V., ~ — A&~ cos — + COS (aA + A

2. Model building for smallerfa
and larger M,

Rubakov hep-ph/9703409 -----
M.K Gaillard+ 1805.06465
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Dark Matter via the ALP portal

Lint = - .(XSCgGé + (x q)wlz o = %em/f“ My = 9>:<f/\/§

| ~ 4.6 TeV— (—) ~ 1.9 TeV —}

Observed relic abundance for
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Dark Matter via the ALP portal

V2

Lint = - .04803GC~¥ + (« (I)@bw ¢ = ﬁem/f‘l My = 9>|<f/\/§
mf,

Observed relic abundance for | m,, ~ 4.6 Tev% (%*) = f~19TeV i
\ g*

D = (@) GG,
Direct Detection completely irrelevant e I?i'S'h'é‘llr% 1707.06998
— Full ¢? dep. /
Indirect Detection not yet competitive L \ —— Nog*dep. in poles
(caveat: should compute Sommerfeld) C%?
QO

Colliders are needed to test this scenario!
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Dark Matter via the ALP portal

Lint = - .04803GC~¥ + (« (I)ww ¢ = ﬁem/f‘l My = 9>|<f/\/§

V2

L My = 4.6 Ter—?’ (%) = f~1.9 TeV

Observed relic abundance for

7 O, _. auy a
é(l) — _<X275X)G g G;u/

S
Direct Detection completely irrelevant " Bishara+ 1707.06998
— Full ¢? dep. /
. . " \ 2 -
Indirect Detection not yet competitive n No g= dep. in poles |
(caveat: should compute Sommerfeld) —
\_G
— 0.1f -
Colliders are needed to test this scenario!
10-2F A =2 GeV |
my[TeV] 0.1 1
! ] . ] ] [N w
Low energy SUSY breaking in gauge mediation Gravitino cannot be DM
DM candidates in messenger/breaking sectors R-axion as natural mediator!
Dimopoulos Giudice Pomarol hep-ph/9607225 Mardon Nomura Thaler 0905.3749
N — T
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Novel Light Particle Searches

Why?

Today

Tomorrow (?)
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Novel Light Particle Searches

Today
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a
47 fa

- N _ B 9 a\2
{O&sC:%GG + OZQCZWW —+ OélclBB] -I—inmf fﬁ f’y5f —+ Chv ( 'ua) |

»Cin —
t fa

Higher Dimension!

Jaeckel Jankowiak Spannowsky 1212.3620

Some pre-2017 refs: Mimasu Sanz 1409.4792

Bauer Neubert Thamm 1708.00443
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£int —

Bellazzini Mariotti Redigolo FS Serra 1702.02152

a
47 f,

O
{OéSC;gGG + OéQCQWW + oqclBB] +iCrmys — 7 f*y5f + Chv ( a) h+ -

fa

fa [TeV]
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Opp-a-

GF 13 TeV [fb]

AL

[— inv.;

10" BRz4

30

10

~10,15=2

1 chid —

lllll
.

100

30

| ‘ L L L L L1
100 300

m, [GeV]

103

[:] B-K®a(uu)

. Y—vya@Babar

LHC exclusions:

pp—h—aa

pp—a—inv

pp—a—jj

pp—a—>yy+MET
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0,
Lint = 1 af {OASC;gGG -+ OéQCQWW + OélclBB] +szmf 7 f’Y5f + Chpov ( fa) h + -
s a a a

- _/

Thp. 3V [fb] — Y, = tt, - 1T, ====inv; BRpoaa,  mmmeee 107 BRz-a )
300
d = —-10,15 = IOJ
S | Bok®agu
1060 . Y—vya@Babar
24 10 L
X4 L
7 .’ a LHC exclusions:
'O
pp—h—aa
>
- || ppoa-yy
S
Y = ks e . pp—a—tt
. pp—a—>TT
9
] pp—a—inv
L 1000 -
9 a S | pp~a=j]
4
q R
pp—a—>yy+MET
| | | | L1 | | | | | L1 ‘ -
30 100 300 10°
my [GeV]
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Bellazzini Mariotti Redigolo FS Serra 1702.02152

a o,a
Ling = [Ozsc;gGG + OzQCQWW + ozlclBB] +iCrmy — f*y5f + Chv ( ) h + -
\_ _/
B Y 01?5 13TV (] Y, e tt, S ====-1inv.; BRyoaa,  memme 107 BRz-ya )
— U\
30+
T 1 chid = 10, 15 = 10J
b a | R 0 5t
10\60 . Y—ya@Babar
’ 10 N
7 , "' a I LHC exclusions:
y pp—h—aa
Flavor LHC(diphoton, dijet...) | [ ] ppoa-yy
! q
: ~| GeV M, 50GeV
pp—a—>yy+MET

L L L I L L L L L L1 ‘ L L L L I
3 10 30 100 300 103
m, [GeV]
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ALP production at the LHC

107

106}

~~~~~
r NG
™

105}

104}

O gg—q (13 TeV) [fb]

1000 |
7 Chid=0,tlg=2

f.=30TeV

- MA=0,45=10

100} |

OF s 10,4 =2
- A= _10,75=10

10 ! ! T R S S | T R R S S|
10 50 100 500 1000

m, [GeV]

Production cross sections of ~  10° pb are still allowed! [f. ~ 300 GeV]
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(13 TeV) [fb]

100 500 1000

m, [GeV]

‘50”

Production cross sections of ~  10° pb are still allowed! [f. ~ 300 GeV]
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May our dreams come true?

r ‘ ATLAS Preliminary

® Data

—— Background

Vs =13 TeV,
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Why difficult to go below ~ 100 GeV?

My, jj. > AR | [pinpp

P

Isolation of photon/jet/... AR = \/An2 + Ap?

o=

Minimal cuts on transverse momenta

Two ways to lower M.

~ Lower AR

FiLIPPO SALA (DESY)

min

~ Lower P
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Lower p™ 2

DO (0++) pPD — a — Yy 4.2 fb~* 1.96 TeV pry T, > 21,20 GeV| | AR > O 4
CDF (0++) pp— a — vy 5.36 b1 1.96 TeV  |pry 1 > 17 15 GeVI[ [
ATLAS PP — a — Yy 4.9 tb~! 7 TeV pr, T, > 25,22 GeV  [§] 9.4 GeV
ATLAS pp — a — Yy 20.2 fb~* 8 TeV pr, 1, > 40,30 GeV  [9] 13.9 GeV
CMS pp — a — ¥y 5.0 fb~1 7 TeV pry 15 > 40,25 GeV [10] 14.2 GeV
MIN
LHC pT cuts in diphoton cross section measurements— e My

but LHC diphoton searches do not reach such low masses
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Lower pi™ ?

DO (07) PP — a7y 12! sty mmomsanoav] T/A\AR > 0.4
CDF (0.4) PP — a — vy 5.36 fb~! 1.96 TeV  |pry 1 >17 15 CGeV| [ OV
ATLAS pp — a — Yy 4.9 fo~! 7 TeV pry 1, > 25,22 GeV  [§] 9.4 GeV
ATLAS PP — a — Yy 20.2 fb~! 8 TeV pr, 1, > 40,30 GeV  [9)] 13.9 GeV
CMS pp — a — ¥y 5.0 fb~t 7 TeV pry 1, > 40,25 GeV  [10] 14.2 GeV
A MIN
LHC pT cuts in diphoton Cross section measurements— ) 77177

but LHC diphoton searches do not reach such low masses

Why? Background Shape

L - T 1 1 T LI T I T T T L I
> 10*E ATLAS (s =8 TeV,20.2 fo"
@) = -+-Data + stat. unc.
~ 1 03 _ e Total exp. uncertainty
o] = 2YNNLO (NNLO)
= ol <%, +SHERPA22.1 (ME+PS at NLO)
=102k
O 10 et oy
© e rerrrereeeer *
1E 200; ¢ -
S e -
1 ~ 100F *Q -0
1 O ; - .‘O‘
S
o[ 0 TR0 200 my, [GeV
10 2 3 o vy | ] |
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pTy Ty > 21,20 GeV [AR > O 4

DO (0++) PP — a — Yy 4.2 fb~* 1.96 TeV
CDF (0+) pp — a — yy 5.36 fb~! 1.96 TeV pry 1, > 17 15 GeV [L_
ATLAS PP — a— vy 4.9 fb~1 7 TeV pr, 1 > 25,22 GeV  [§] 9.4 GeV
ATLAS pp — a — ¥y 20.2 fb~! 8 TeV pr, 1, > 40,30 GeV  [9)] 13.9 GeV
CMS pp — a — ¥y 5.0 fb~ ! 7 TeV pry 15 > 40,25 GeV [10] 14.2 GeV
MIN
LHC pT cuts in diphoton cross section measurements— o~ My
but LHC diphoton searches do not reach such low masses
Why? Background Shape
boosted = T AR
v > 10*E ATLAS & /s = 8 TeV, 20.2 fo! at rest
Q) - - —+-Data + stat. unc.
~ 1 03 ;_ - e Total exp. uncertainty Y
O - - 2yNNLO (NNLO)
= oF +*Pe, +SHERPA 2.2.1 (ME+PS at NLO)
E; 10 §_ . ‘o,.’
O :_¢_+ . ”#*
o) 10 3 - e
S LR
P P 1 200; ot . O
1 0—1 i 1005' . *?, +-0-
. = . - ®
Extra jets - a
o[ 0 400 200 GeV
(ISR) 102 ° 1 oy [GeV] o y
~ min
Moy = 2P,

FiLIPPO SALA (DESY)

NEw LHC SEARCHES FOR LIGHT PARTICLES
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Lower p=™ ?

DO (0++) pD — a — Yy 4.2 fb~1 1.96 TeV pry, T, > 21,20 GeV| | AR > O .4
CDF (0.4) PP — a — vy 5.36 fb~! 1.96 TeV  |pry 1 >17 15 CGeV| [ OV
ATLAS pp — a — ¥y 4.9 fb~! 7 TeV pr, 1 > 25,22 GeV  [8] 9.4 GeV
ATLAS pp — a — ¥y 20.2 fb~! 8 TeV pr, 15 > 40,30 GeV 9] 13.9 GeV
CMS pp — a — Yy 5.0 fb~* 7 TeV pry 1, > 40,25 GeV  [10] 14.2 GeV
. MIN
LHC pT cuts in diphoton cross section measurements My

but LHC diphoton searches do not reach such low masses

Why? Background Shape

L [ T T T 1 1 . T T T T T T T I
> 10*E ATLAS : Vs = 8 TeV, 20.2 fb"!
Q) - 5 —#-Data + stat. unc.
~ 1 03 _ - e Total exp. uncertainty
L - - 2YNNLO (NNLO)
— - *%, | SHERPA2.2.1 (ME+PS at NLO)
>- 102 __ = el
3 = [ ] ®
E E —— [ .’~
2 10 - o,
© Sy . E e *
1 = —

: *: +* -

B " -

§ ] .‘.‘

— +* u

i TEE00TTTTT200 my, [GeV

E 1 1 ;l 1 1 I

. L[]
min
Y
Moy = 27

i

e

Below pT cuts: Background has a structure, so data-driven estimates are difficult

S ———

FILIPPO SALA (DESY)

NEw LHC SEARCHES FOR LIGHT PARTICLES
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Mariotti Redigolo FS Tobioka 1710.01743

New 7Y Bound & Sensitivities

S [TeV]

Qa ~ ~ ~
Lint = {04363GG + agcoWW + ozlclBB}
AT foq ]
a1 = §Cl{y
10 -
3| ALPportaiDM
1- §§
_ QCD axion quality A=6 <
03/ s
} 2
=
0.1 =
0.03| LEP Z-va(jj)
1072 - e | . :
3 10 30 100
m, [GeV]
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Mariotti Redigolo FS Tobioka 1710.01743

New 7Y Bound & Sensitivities

S [TeV]

0.1

1072 -

03

0.03|

a ~ ~ ~
= [043(33GG + cgcoWW + ozlclBB}
AT foq ]
a1 — §ozy
11075
- ALP portal DM
____________________________ N
A
+ T
QCD axion quality A=6 107 >
____________________________ 3
ATLAS/CMS & signal
) pp—a(yy) P My
New Conservative Limits
LEP Z-va(jj) .
| signa tot.data
| Non < Ny
3 10 30 100 | | l |
m, [GeV] From inclusive Y'Y cross sections

FILIPPO SALA (DESY)

at ATLAS, CMS & CDF
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New 7YY Bound & Sensitivities + Low in progres...
a ~ . .
Lint = T [ozsc;),GG + agcoWW + ozlclBB}
T
* o = 2ay From Boosted Diphoton Searches
| yy HL / Already in current data!
10 - ‘
: : 10—5
0 fb
3 Atpporaipy __/ yy STV
N
1- o
— : . . o4 >
Z _ QCD axion quality A=6 = _ e 10 3
= <
g.\ 0.3 'S P
| ATLAS/CMS 5 signal
pp—a(yy) .
0.1 Myy
~ New Conservative Limits
0.03 j LEP Z—-vya(jj) _ | ot dat
| signa ot.data
Noin < Vbin
1072 - —. A | T : l
3 10 30 100
m, [GeV] From inclusive Y'Y cross sections

at ATLAS, CMS & CDF
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So, what should ATLAS & CMS do?
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So, what should ATLAS & CMS do?

—

T T LA | T T T T LI L | |
ATLAS Vs=8TeV,20.2fb"=

10
= -¢-Data + stat. unc.
1 )3 = ¢ Total exp. uncertainty

2yNNLO (NNLO)

1. Hunt bumps on steep data

**e - SHERPA 2.2.1 (ME+PS at NLO)

do/dm,, [1b / GeV]

1')2 * S0 é

EF—F "s* ]

o *e, E

Using small bins would be enough to start " a :
1g 200 . ¢ —-- E

TSI S 0 .

10:2; Oo“'_f"ul‘)(:"'zoo .....1' ]
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So, what should ATLAS & CMS do?

> 10°E ATLAS  (5=8TeV, 20212

(;f 1 )3 t?:tt;;xsft:::r.tainty _;

1. Hunt bumps on steep data 21 (oot SHERPA221 (MESPS atNLO) ]
Sl |

. . v % E
Using small bins would be enough to start  © N, g+ e E
=T 4t -,

1( 1é 100: I*"o o E—

1025 Oo'.'_f"ul')(”""zoo — i

2. Perform Boosted Searches!

My~ jj,... > AR \/p%inp%in

Lower A R and look for resonances recoiling against a jet (or any ISR)

Background is smooth and bump hunt is easy!

CMS 1710.00159

2 LHC already managed for Dijet Resonances ,: as 1501 03769
w . Good News
i ATLAS already achieved AR, ~ 0.15 in Z — ya(yy)
Y/ \\&] v 1509.05051
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Even smaller masses?

Cid-Vidal Mariotti Redigolo FS Tobioka 1810.09452

[ [TeV]

FILIPPO SALA (DESY)

10

0.1

- ALP portal DM vY

03

11073

ATLAS/CMS
pp—a(yy)

LEP Z-va(jj)

0 30 100
mg [GeV]
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Cid-Vidal Mariotti Redigolo FS Tobioka 1810.09452

Even smaller masses? LHCb

LHCb aims at competitive search for BS — Yy

N—

They published note with search strategy

80 pb~!

LHCb
(a)

Benson Puig -
LHCb-PUB-2018-006

0 P
5000

[T T
5500

| | | |
6000
m(yy) [MeV/c’]

FILIPPO SALA (DESY)

[ [TeV]

10

0.1

03

_/
yy HL

20 b

_ALPportatpM / yy 8TV 2
- QCD axion quality A=6 ____cummme 3
S
ATLAS/CMS =
pp—a(yy) &
) >
@)

LEP Z-va(jj)

01,2’3210

10

30
mg [GeV]
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Cid-Vidal Mariotti Redigolo FS Tobioka 1810.09452

Even smaller masses? LHCb

LHCb aims at competitive search for BS — Yy

N—

-

They published note with search strategy

80 pb~!

LHCb
(a)

Benson Puig
LHCb-PUB-2018-006

0. [
5000

[T T
5500

| | | | !
6000
m(yy) [MeV/c’]

FILIPPO SALA (DESY)

[ [TeV]

10

0.1

LHCb yy 300 fb~!

/*\'\

- QCD axion quality A=6

ATLAS/CMS

pp—a(yy)

LEP Z-va(jj)

CMS boosted a(jj)

1107

3 10

30

m, [GeV]

NEwW LHC SEARCHES FOR LIGHT PARTICLES
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Cid-Vidal Mariotti Redigolo FS Tobioka 1810.09452

Even smaller masses? Belle2

LHCb aims at competitive search for BS — Yy

N -

(FTescale current BABAR search)

They published note with search strategy

10 -

10000k LLHCb
i (a)

f [TeV]

ATLAS/CMS
pp—a(yy)

4000~ 80 pb~ :

2000 Benson Puig - 0.03 LEP Z-vya(jj)
8 LHCb-PUB-2018-006 )
0 PR [ S R T R PR R R A
5000 5500 6000 102

CMS boosted a(jj)

1107

m(yy) [MeV/c7] 3 10 30

m, [GeV]
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f [TeV]

Su m mary Mariotti Redigolo FS Tobioka 1710.01743 + Cid Vidal 1810.09452

ALPs at LHC are well motivated (heavy QCD axion, SUSY R-axion, Strong Sectors)

We should look for them!

vy HL

10 - | 10 - |
| 107 | 11078
’ 20 fb

3 ALPportaiDM_ _ALPporaipM /- yy 8TV 2

= LHCD yy 300 fb~!

1- % : '-T /—2\ | v-T
| g5 IR U B > | QCD axi lity A= 104 >
-QChaxonquality A=6 __________ _&: 8 =l E QCD axion quality A=6 8

03 S = = =
| 2 5 ATLAS/CMS &
‘é’ pp-a(yy)
: 11073 f 11073
0.03 ) LEP Z-va(jj) 0.03 ] LEP Z-vya(jj)
c123=10 | |
1072 |- . A | | 1’2’3 1072 ——— ‘ T
3 10 30 100 3 10 30 100
m, [GeV] m, [GeV]
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f [TeV]

Mariotti Redigolo FS Tobioka 1710.01743 + Cid Vidal 1810.09452

ALPs at LHC are well motivated

(heavy QCD axion, SUSY R-axion, Strong Sectors)

- We Could be useful to non-ALP scenarios!

10

0.1

1072

03

0.03

Light Z’ (e.g. as DM mediators)

Extra Higgses Delgado+ 1603.00962

- ALP portal DM

LEP Z-va(jj)

CMS boosted a(jj)

c123=10 |

3 10 30

m, [GeV]

FILIPPO SALA (DESY)

1107°

100

f [TeV]

NEwW LHC SEARCHES FOR LIGHT PARTICLES

10

0.1

1072

0.03

yy Bl

ATLAS/CMS
pp—a(yy)

LEP Z-ya(jj)

CMS boosted a(jj)

11075

3 10 30

m, [GeV]

100
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More on R-axion
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PGB from SUSY: R-symmetry

N = 1 SUSY always accompanied by a continuous U(1)g = “R-symmetry"

R: 0, — e*0, R,Q|=—-Q

e =T®
R-charge assignments: O =0+ V20 v+ 0% F ry =1 — 1
e =T — 2
Vector superfields are real = have
Lagrangian £ R-symmetric = R(W) = 2 LD /dZHW + c.c.

(<= if Kahler canonical) W superpotential

FiLIPPO SALA (DESY) NEw LHC SEARCHES FOR LIGHT PARTICLES



R-axion- as Dark Matter mediator

Spectrum a la gauge mediation

GravitinoDM 13 /9 = F/(\/§MP1) ~ 11 meV-(g./3)-(f /4 TeV)Q

—

= Cannot make observed DM for these values of parameter

-

(motivated by naturalness of Fermi scale)

== Respects all bounds from cosmology and collider

Particles

J DM from messenger or SUSY breaking sectors

4

v 0 . .
J o Dimopoulos Giudice Pomarol hep-ph/9607225
)% D @ °

Supersymmefric particles

R-axion is natural portal! Mardon Nomura Thaler 0905.3749
Fan Thaler Wang 1004.0008

Motivated realisation of ALP-portal Dark Matter

FILIPPO SALA NEw AXION SEARCHES AT FLAVOUR FACTORIES
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A strongly coupled "UV" completion

Very low energy SUSY breaking F' Naturalness + HIgQsS mass Gherghetta Pomarol 1107.4697

motivated by: + LHC exclusions Buckley et al. 1610.08059
Gravitino cosmology Ibe Yanagida 1608.01610

needs a strongly coupled sector

2
emmene—— ) so that My ~ 9—7’2 m, OK with LHC bounds
SN * 9k
N g2 My mass gap of the hidden sector
mmmnsnsmansnn  TTlgoft =~ — 1Ty (e.g. mass of messengers in gauge mediation)

g, > 1 coupling between hidden sector states

~ . : : : inspired by
mg VER TN SUSY Naive Dimensional Analysis Conen ot al. 1997
Luty 1998
MSUSY ~ My ™~ gk f fa ™~ f Giudice+ 2007

F 2 3

V3Mp;

(a — (G (& saturates the upper bound)




The R-axion pheno Lagrangian-|
Tool: constrained superfield formalism
X — G? | \/§9G 1+ 92 F satisfy the constraints {X2 =0
— 2Fx | X X(RTR—1)=0
R — eiA/fa _ eia/fa+0(aG,...)

Komargodski Seiberg 0907.2441

Most general effective Lagrangian: rxy =2 rrp =1

Lita = / d*0 (XTX + f2R'R) + / 4?6 (FX @

Absent for any other axion

+ c.c.

WR = . - . . .
f 2 a G’L’y5G First pheno prediction (valid for any UV completion!):
e - S R-axion decays to missing energy
1 F 1 5
a—>
327w F2

Dine Festuccia Komargodski 0910.2527
see also Bellazzini 1605.06111



R-axion pheno overview

Komargodski Seiberg 0907.2441

X% =0
_ G* 2 satisfy the constraints
X = 55— +V20G +6* Fx {X(RTR—l):O

R — eiA/fa . 6ia/j"a-l—O(a G,...)

Tool: constrained superfield formalism

TR:1 TX:Q TW:1

1 e |
Loange = /d29 <_ e ig fgﬂ A) W2 — [d20-2 XR2W2 + c.c.

2F

eff
2 Cz aua 3 L

Ry = TH, +TH,

. a7y 52
_ZCLRH <CB fa /U/y{")u —|— 8,3 ﬁd’%ﬁBd 85 fa é’y5€) y (a a/) h 5 = RH}; S;ﬁ



afrom decays of h,\ and B

52

Lha2 — ? (@La)Qh

U S23

fa 2

0 =Ry

BR[h — aa]

2

TeV

BRT_M,CL ~ 3 — 9 X 10_5 f—

since Wilczek PRL39 (1977)

TeV\°
BRB—)KCL,K*CL ~ 3 —90 X 10_4 (%)

see Hall Wise 1981, Freytsis Ligeti Thaler 0911.5355

FiLIPPO SALA (DESY)

0.100}

0.010}
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&

10~

experiments: BABAR

Belle-1l

LHCDb
Belle, Belle-l|
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R axion branching ratios

Both plots: g = 10

No anomaly Large anomalies
BRs: Up + TT, CC+bb +tt, = vyy, ——=-ij, =e==-- WW + 727 + Zvy, inv., vy+MET
1 o | E 1 F
b == | | r
i | I
| |
L I | L
0.100[~-5 0.100}
L \‘ :
, : ,
0.010} i 0.010}
0.001 | 0.001 |
|4 =0,15 =10 =10, 15 = 10
10—4 717 | 7 ‘ P » P 10—4 ‘ PR ‘ ‘ P B . ‘ R R
5 10 50 100 500 1000 5 10 50 100 500 1000
m, [GeV] m, [GeV]
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R axion branching ratios

Both plots: {5 = 2

No anomaly Large anomalies

BRs: Uu + 1T, CC+bb +tt, = vyy, ——=-ij, =e==-- WW + 727 + Zvy,

inv., vy+MET

0.100 1 0.100

0010+ 0010}

0.001}

10—4 An ; ‘:O, t@ =2 ‘

0.001 ¢

=—10,15=2 s
5 10 50 100 500 1000 5 10 50 100 500 1000
mg [GeV] m, [GeV]

10~#
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R axion total width

Chid =0, Ip = 2 3
1072} chid = 0, 15 = 10 ] Fa/ma, < 10
chid = 10,15 =2 ','
chid = 10, 5 = 10 ) so interference with SM in
10-41 f should not give problems...
see e.g. Craig et al. 1504.04630
£
~ 1076} | _
(unlike usual targets for {1,
I,‘ 7 like MSSM Higgses)
108 |
|
* f.=3TeV,F=(3.2TeV)>
10—10? ‘ N ‘ R R
/ 5 10 50 100 500 1000
m, [GeV]
CT = UM
Displaced vertices Other collider searches
Mg < AQCD

Long lived Beam dump, ...


http://arxiv.org/abs/arXiv:1504.04630

LHC: MET + monojet, MET + diphoton

pr > 230 | pr > 900 | pr > 700
o5 13 TeV [32 b1 | 553fb | 61 fb 19 fb

Rough procedure:

ATLAS 1502.01518
ATLAS 1604.07773

gluon gluon resonance w/ and w/o extra jet simulated with Madgraph

ratio used to rescale O pp—aq—GG

fa [TeV]

30+

chid = _10

-

03+

GF 13 TeV rfb]

o~ "7 Upp—a—inv

100'|

IS anomalies, and in particular on tg,

300

a — BB — 4y + MET

excludes signals
down to @ LHC8

These signals have little dependence on

r'H



Decays of B and Upsilon

. B->K®Wa(uu)  LHCb 1508.04094 (+ Belle)

. T—>ya@Babar BABAR 1210.0287 (muons), 1210.5669 (taus), 1108.3549 (hadrons)

300 —
M =-10,15=2

300 -

100 - 100 -

30 - 30+

> >
& 10 = 10:
< <
3 3
1 1
03" | 0.3} |

£ J S ) | | 30
my, [GeV] m, [GeV]

LHCDb sensitive to beyond-100-TeV flavour-preserving SUSY!!

FILIPPO SALA (DESY) NEwW LHC SEARCHES FOR LIGHT PARTICLES



Decays of B and Upsilon

[:] B->K®a(uu)  LHCb 1508.04094 (+ Belle)

. T—))/a@Babar BABAR 1210.0287 (muons), 1210.5669 (taus), 1108.3549 (hadrons)

3000 3000
il =0, 15 = 10 il = ~10, 5 = 10
100 - 100 —
30+ 30+
> >
: 2 w0
-2 <

my, [GeV] m, [GeV]

B—K®™a(upu) ~ sensitive to value of tg Both disappear for 7 = 0

maylbe not, work in progress...
FILIPPO SALA (DESY) NEw LHC SEARCHES FOR LIGHT PARTICLES



More on low-mass 7Y
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Mariotti Redigolo FS Tobioka 1710.01743

New 7Y Bound & Sensitivities

New Bound we assume zero knowledge of bkg

' ]
Npin < Niin ™ (142 Apin)

experimental rel. uncertainty

Current LHC reach”

If bump-hunt on steep slope or if Monte Carlos improve: Nliiirglna’l < NS 2 Apip

(we take data = SM prediction, and optimise binning)

Future LHC Reach we rescale by simulation of bkg with same cuts at different energies
[Madgraph+Pythia+Delphes]

FiLIPPO SALA (DESY) NEw LHC SEARCHES FOR LIGHT PARTICLES 13



Good News: they are already doing it!

Done recently in dijet, tremendous improvement in mass reach!

J J

Q\_/

A

3
lISRs

Look for boosted resonance
In Jet substructure

Extra hard object
to pass the trigger

FILIPPO SALA (DESY)

MIN
o

CMS PP —a— jj 18.8 fb~* 8 TeV 500 GeV 38]

ATLAS pp — a — jj 20.3 fb~? 8 TeV 350 GeV 39]

CMS pp — a — jj 12.9 fb~* 13 TeV 600 GeV 40]

ATLAS pp — a — jj 3.4 fb~! 13 TeV 450 GeV 41]

CMS pp — ja — jjj 35.9 fb~! 13 TeV 50 GeV 42)]

CMS 1710.00159

ATLAS 1801.08769

35.9fb (13 TeV)

106 E T T T I | I T I I | |E
- CMS 95% CL upper limits .
B Observed 7
L Expected |
105 [ e = 1 std. deviation
+ 2 std. deviation

I IIIIIII

-
‘u,
-

- Theory, g ,=0.08
----- Theory, g:, =0.17

.
-
‘.,
“,
-,
L
.
"ia,

:,'~
Oy
‘.
-,
"
hhhhh
‘e
~,,
'
~,

L
~l
L
,,,,,,
N
-~

,,,,, |
1 L%,

| IIIIIIII | IIIIIII|

T B
100

o)
o

N B
150

N
200

Cl
250 300

Z' mass (GeV)
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What if different couplings?

Nas a - Eaey, a - Cid-Vidal Mariotti Redigolo FS Tobioka 1810.xxxxx
Legt O -G GM + —F, F
A f A f
100 ' \ T T 1 ‘:_M T 1 T ‘ - > T \\ /\\ | | \ \“\ T 1 \:
| Heavy ion - : Babar%y(ﬂ) i
[ -
(I Belle 230 ab ™! ]
|
o ~— T ____ L _Belle2 ¥ ay(j) 1
' (yY) 0
_ 10~! ;: ATLAS.' 7Y LHCDb 80 pb E
Lo ]
EZ R g
(D -\ |
—~ \
— RN i
T T T T e e e e e e e e o e e - E
ea) LHCb 300 fb~!
1072 = =
X 20 2> —
<7 S < my=5 GeV
10—3 A N B N ‘ [ ‘ L1 1 ‘ | | [ R R I B
1074 1073 10~2 107! 10°

N/t [1/GeV]
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What if different couplings?

Nas a ~ Eae,, a ~ Cid-Vidal Mariotti Redigolo FS Tobioka 1810.xxxxx
L -G, GHY —F, F"
eff O v -+ 137
A f At f
100 C ; | | I | T | L I iz I~ | [T \:
C Lo i
[ L . P i
| -
| i : - LEP: Z—va(jj)) |
Lo ATLAS: Z-vya(yy) : g :
L : || _ T
| |
10°1= / |
~ - ATLAS/CMS 20 fb~! i
L . \ ) § ) ) B
8 Heavy 10™ i
- . s U LHCb 300 fb~" :
G - yyeaVy jon 300 ) 1 ]
ea) ATLAS/CMS sens. 20 fb~
10~ e?
- _
- i
- HL ATLAS/CMS 3ab™! 1
I &é ?’é \‘Oé |
o P A
<7 7 <7 m,=15 GeV
10—3 A N N B ‘ [ ‘ Lo ‘ | | [ R
10~ 1073 1072 107! 10°

N/t [1/GeV]
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Low-mass analyses we found

Experiment Process Lumi NE low mass reach| ref.
LEPI ete” = Z = vya— vjj 12 pb~! Z-pole 10 GeV 29
LEPI ete™ = Z — va — yyy 78 pb~* Z-pole 3 GeV 30
LEPII |eTe  — Z*,v* = va — vjj |9.7,10.1,47.7 pb~*|161,172,183 GeV| 60 GeV 31]
LEPII |ete™ — Z*,v* = va — vvyv |9.7,10.1,47.7 pb~*[161,172,183 GeV 60 GeV 31, 32]
LEPII |ete™ — Z*,v* = Za — jjvv|9.7,10.1,47.7 pb~*|161,172,183 GeV| 60 GeV 31]

D0/CDF PP — a — Yy 7/8.2 fb~? 1.96 TeV 100 GeV 33]
ATLAS pp — a — Yy 20.3 fb~* 8 TeV 65 GeV 34]
CMS pp — a —> Yy 19.7 fb~! 8 TeV 80 GeV 35
CMS pp —> a — Y 19.7 fb~* 8 TeV 150 GeV 36
CMS P —> a — Y 35.9 fb~* 13 TeV 70 GeV 37
CMS pp — a— jj 18.8 fb™" 8 TeV 500 GeV 38
ATLAS pp — a — jj 20.3 fb~! 8 TeV 350 GeV 39
CMS pPp— a— jj 12.9 fb~1 13 TeV 600 GeV 40
ATLAS PP — a — jj 3.4 fo! 13 TeV 450 GeV 41]
CMS pp = ja — jjj 35.9 fb~1 13 TeV 50 GeV 42
UA2 PP — a —> Yy 13.2 pb~ " 0.63 TeV 17.9 GeV 43
DO PP — a — Yy 4.2 fo ! 1.96 TeV 8.2 GeV 44]
CDF pD— a — Yy 5.36 fb~* 1.96 TeV 6.4 GeV  |[45, 46]
ATLAS P — a — Yy 4.9 fb~1 7 TeV 9.4 GeV 8]
CMS PP — a — Yy 5.0 fb ! 7 TeV 14.2 GeV [10]
ATLAS pp — a4 — Yy 20.2 fb~* 8 TeV 13.9 GeV (9]

FiLIPPO SALA (DESY)
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Signal efficiencies and cross section

sMCecut
es(mg) = Ty " (Ma, )
¢ Cs ol9(myg, s)

U%CCMS Simulated w/Madgraph+Pythia+Delphes

matched up to 2 extra jets

o0 reproduces up to a constant factor C;s the shape of

00}
oM Ot for my, 2 60 GeV (ie. sufficiently far from the

sum of the mlmmal detector pr cuts on the photons). A
constant factor Cy = o)1°%%(s) /oL (s) is hence included
in Eq. (5) and we obtain C7TeV ~ Cg Tev =~ 0.85 while
Cotev ~ 1 at the Tevatron center of mass energy. The

K
o (mg,s) = =2 . o9

Yy Kg 0 (maa 3) ) (AI)

where we work in the approximation I'yoy >~ I'y, (which is
excellent in the parameter space that we have studied),
and where

1
Ulig(ma, s) = m ngg(mg/s) Doy, (A2)
w2 (1 dzx m2
ng - ? /mg/s ?fg(m)fg(g) ) (A?’)

where f,(x) is the gluon PDF from the MSTW2008nn1068
set [58], where we fix the pdf scale ¢ = m,. We work with

K, =3.7 from ggHiggs v3.5

Bonvini et al. 2013-2016

K, =21

mg in GeV 10 20 30 40

50 60 70 8 90 100 110 120

€S for o 7TeV ATLAS -8] 0
€S for O7TeV CMS [10] 0
(S for O8TeV ATLAS 9] 0

€S for O2TeV DO [44: 0

0.008 0.022 0.040 0.137 0.293 0.409 0.465 0.486 0.533 0.619 0.637
0.002 0.010 0.020 0.030 0.058 0.156 0.319 0.424 0.499 0.532 0.570
0.0007 0.008 0.014 0.024 0.037 0.071 0.233 0.347 0.419 0.452 0.484
es for oaTeyv CDF [45, 46]|0.001 0.007 0.026 0.143 0.212 0.241 0.276 0.275 0.283 0.3 0.319 0.327
0.002 0.008 0.018 0.114 0.169 0.208 0.21 0.217 0.234 0.244 0.252

FiLIPPO SALA (DESY)

NEw LHC SEARCHES FOR LIGHT PARTICLES



Validation

xJevatron

0.105- .
005l ===Cs0o©

1 | 1 1 1 | 1 1

20 40 60 80 100 120
m, [GeV]

FILIPPO SALA (DESY)

1000 +
= 500
& !
31
‘:baz
— SM yy ATLAS7
100 + —— SM yy MadGraph

50|

20 40 60 80 100 120
m,, [GeV]
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Validation

100|

50

=
210!
P
bCL
1 [
0.5|
20 40 60 80 100
m, [GeV]
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Interplay of LHC and Tevatron

30 -

10

Ja [TeV]

03

0.1

0.03 |

T

- —— ATLASS C1as=10]
——— ATLAS7 ' |
=== CMS7
,/
ploemmmmn-
R N
e/
¥
o
:!' pp—a(yy) this work
g I pp—alyy) LHC8&13
' H
— x - 1
10 30 100 125
m, [GeV]
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11073

1106

Zayy [GeVT!]

11074
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FCC Mariotti Redigolo FS Tobioka in progress

FCC ee reach computed rescaling 1005 | HE eoment rench .
: Cc = 10—

LEP limits on BR[Z — ’}/CL(]])] " —— HL LHC 1,2,3 0 1077

and assuming 1012 Z bosons * ‘ f

f a(GG switched on
HL-LHC wins over FCC ee

FCC hh reach computed like LHC14 one

[4., from simulations, Lumi=3 ab™! ]

@0 pp—a(yy) LHC8&13  |¢-5

- , | pp~ja(jj) CMSI13
NB. pT cuts as in ATLASS (30, 40 GeV) 03] ‘ Sl
10 30 100 125
. . m, [GeV]
Still, speculative even for FCC standards!
this search has not even been performed at 8 TeV <og‘66%'
©
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FCC-ee with no gluon coupling

Lint = SE G+ oo WW 4 apeq
‘ o
Liu Wang Wang Xue 1712.07237
10°—— .
i aB, B e
4 N\agB H "."' @{(\
7. “
10° TeraZ ( £y)

m
oM -
_ R4
<CU l—3 S.E"Y) Tera Z (2
AL T GaT (29 ;
Wy :
10*7 7 i
e i
-~ LEPI(2y) :
10° i
102
107" 10° 10
m, [GeV]

FiLIPPO SALA (DESY)

BB}

Qy

To compare with previous slides:

10
~f o~ 20f, —
C1 (X1 C1

AaBB —

For TeraZ BR[Z — va(yy)] <3 x 107°
[current LEP limit < 5 x 1079 ]

could reach f, < 100 TeV

Y

FCC ee

FCC hh VBF?
Associated production ?

Photon fusion ?

tads

NEw LHC SEARCHES FOR LIGHT PARTICLES



LHC & other ALP couplings (no gluons)

A selected example: Higgs decays to 4 photons A s

/

LI\/Iodified Diphoton |solation

| could help fill this gap?

Bauer Neubert Thamm 1708.00443
1072 107! 1 10 10°

m, [GeV] For more on ALP at colliders see e.g.

Mimasu Sanz 1409.4792, ,,,,, Bauer+1808.10323

FILIPPO SALA (DESY) LIGHT NEw PHYsSICS AT THE LHC
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