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brief highlights



Many LHC results presented here

 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- S

U
SY

 S
ea

rc
he

s 
at

 C
M

S 
- C

or
fu

  2
01

7

Gluino-Mediated Production
✦ Gluino-mediated sbottom, stop, and squark production limits
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Figure 5: (Top) Diagrams for the three scenarios of gluino mediated bottom squark, top squark
and light flavor squark production considered. (Bottom) Similar diagrams for the direct pro-
duction of bottom, top and light flavor squark pairs.
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Figure 5: (Top) Diagrams for the three scenarios of gluino mediated bottom squark, top squark
and light flavor squark production considered. (Bottom) Similar diagrams for the direct pro-
duction of bottom, top and light flavor squark pairs.
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Figure 6: Exclusion limits at 95% CL for gluino-mediated bottom squark production (above
left), gluino-mediated top squark production (above right), and gluino-mediated light-flavor
(u,d,s,c) squark production (below). The area enclosed by the thick black curve represents the
observed exclusion region, while the dashed red lines indicate the expected limits and their ±1
standard deviation ranges. The thin black lines show the effect of the theoretical uncertainties
on the signal cross section.
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Direct Squark Production
✦ Limits on direct stop, sbottom, and squark production
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Figure 5: (Top) Diagrams for the three scenarios of gluino mediated bottom squark, top squark
and light flavor squark production considered. (Bottom) Similar diagrams for the direct pro-
duction of bottom, top and light flavor squark pairs.
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1 Introduction
The standard model (SM) of particle physics successfully describes a wide range of phenomena.
However, in the SM, the Higgs boson mass is unstable to higher-order corrections, suggesting
that the SM is incomplete. Many extensions to the SM have been proposed to provide a more
fundamental theory. Supersymmetry (SUSY) [1–8], one such extension, postulates that each
SM particle is paired with a SUSY partner from which it differs in spin by one-half unit. As
examples, squarks and gluinos are the SUSY partners of quarks and gluons, respectively, while
neutralinos ec0 (charginos ec±) arise from a mixture of the SUSY partners of neutral (charged)
Higgs and electroweak gauge bosons. Radiative corrections involving SUSY particles can com-
pensate the contributions from SM particles and thereby stabilize the Higgs boson mass. For
this cancellation to be “natural” [9–12], the top squark, bottom squark, and gluino must have
masses on the order of a few TeV or less, possibly allowing them to be produced at the CERN
LHC.

In R-parity [13] conserving SUSY models, as are considered here, the lightest SUSY particle
(LSP) is stable and assumed to be weakly interacting, making it a prime candidate for dark
matter, and leading to potentially large undetected, or “missing”, transverse momentum. Su-
persymmetry events at the LHC might thus be characterized by significant missing transverse
momentum, numerous jets, and — in the context of natural SUSY — jets initiated by top and
bottom quarks.

This note describes a search for gluino pair production and for direct squark-antisquark pro-
duction, both in the all-hadronic final state. The data, corresponding to an integrated luminos-
ity of 12.9 fb�1 of proton-proton (pp) collisions at a center-of-mass energy of

p
s = 13 TeV, were

collected with the CMS detector in 2016. Because of the large mass scales and their all-hadronic
nature, the targeted SUSY events are expected to exhibit large values of HT, where HT is the
scalar sum of the transverse momenta (pT) of the jets. As a measure of the missing transverse
momentum, we use the variable Hmiss

T , which is the magnitude of the vector pT sum of the jets.
We present a general search for gluino and squark pair production leading to final states with
large HT, large Hmiss

T , and large jet multiplicity. The data are examined in bins of Njet, Nb-jet, HT,
and Hmiss

T , where Njet is the number of jets and Nb-jet the number of tagged bottom quark jets
(b jets). The search is performed in exclusive bins of these four observables.
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Figure 1: Example event diagrams for the signal scenarios considered in this study: the (left)
T1tttt, (center) T5qqqqVV, and (right) T2tt simplified models. For the T5qqqqVV model, the
quark q and antiquark q do not have the same flavor if the gluino eg decays as eg ! qqec±

1 ,
where ec±

1 is the lightest chargino.

The SUSY scenarios examined are considered in the context of simplified models [14–17] of
new-particle production. For gluino pair production, we consider four scenarios, denoted
T1tttt, T1bbbb, T1qqqq, and T5qqqqVV [18]. A diagram for the T1tttt scenario is shown in
Fig. 1 (left). In the T1tttt scenario, gluino pair production is followed by the decay of each
gluino eg according to eg ! ttec0

1, where tt is a top quark-antiquark pair and ec0
1 is the lightest

neutralino, which is taken to be the LSP. The LSP is assumed to escape detection, leading to
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Figure 5: (Top) Diagrams for the three scenarios of gluino mediated bottom squark, top squark
and light flavor squark production considered. (Bottom) Similar diagrams for the direct pro-
duction of bottom, top and light flavor squark pairs.
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Figure 7: Exclusion limit at 95% CL for bottom squark pair production (above left), top squark
pair production (above right), and light-flavor squark pair production (below). The area en-
closed by the thick black curve represents the observed exclusion region, while the dashed red
lines indicate the expected limits and their ±1 standard deviation ranges. For the top squark
pair production plot, the ±2 standard deviation ranges are also shown. The thin black lines
show the effect of the theoretical uncertainties on the signal cross section. The white diagonal
band in the upper right plot corresponds to the region |met �mt �mec0

1
| < 25 GeV and small mec0

1
.

Here the efficiency of the selection is a strong function of met � mec0
1
, and as a result the precise

determination of the cross section upper limit is uncertain because of the finite granularity of
the available MC samples in this region of the (met, mec0

1
) plane.
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All-Hadronic Summary: Squarks
✦ https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS#Moriond_2017_36_fb_1

20 N.B. Here "designer variables" help a bit, particularly for light-
generation squarks (arXiv:1707.07274 also uses them, see later)
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2 3 Event reconstruction and Monte Carlo simulation
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Figure 1: Diagrams showing the pair production of bottom or top squarks followed by their
decays according to eb ! bec0

1 (left) andet ! cec0
1 (right).

farm decreases the event rate from around 100 kHz to less than 1 kHz, before data storage [43].
A more detailed description of the CMS detector, together with a definition of the coordinate
system and relevant kinematic variables, can be found in Ref. [44].

3 Event reconstruction and Monte Carlo simulation

Events are reconstructed with the particle flow (PF) algorithm [45], which combines informa-
tion from the subdetectors to optimize reconstruction and identification of produced stable
particles, namely charged and neutral hadrons, photons, electrons, and muons. Events selected
for this search are required to pass filters designed to remove detector- and beam-related noise
and must have at least one reconstructed vertex. Usually more than one such vertex is recon-
structed, due to pileup, i.e. multiple pp collisions within the same or neighbouring bunch cross-
ings. The reconstructed vertex with the largest value of summed physics-object p2

T is taken to
be the primary pp interaction vertex (PV), where pT is the transverse momentum. The physics
objects are the objects returned by a jet finding algorithm [46, 47] applied to all charged tracks
associated with the vertex, plus the corresponding associated missing transverse momentum.

Charged particles originating from the primary vertex, photons, and neutral hadrons are clus-
tered into jets using the anti-kT algorithm [46] implemented in FASTJET [47] with a distance
parameter of 0.4. The jet energy is corrected for the contribution from pileup based on the
jet area method [48]. Additional corrections to the jet energy scale are applied to compensate
for variations in detector response [49]. Jets are required to have pT greater than 25 GeV and
and to be contained within the tracker volume, |h| < 2.4. The momentum imbalance vector
(~pmiss

T ) is calculated as the negative vector sum of transverse momenta of all PF candidates
reconstructed in an event, and its magnitude is referred to as missing transverse momentum,
denoted pmiss

T [50].

Muons are reconstructed by combining the information from the silicon tracker and the muon
detectors in a global fit. An identification selection is performed using the quality of the ge-
ometrical matching between the tracker and the muon system measurements [51]. Electron
candidates are reconstructed by matching clusters of energy deposited in the ECAL to recon-
structed tracks. Selection criteria based on the distribution of the shower shape, track cluster
matching, and consistency between the cluster energy and track momentum are then used in
the identification of electron candidates [52]. Muon and electron candidates are required to
have pT > 10 GeV, to be within |h| < 2.4, and to originate from within 2 mm of the beam axis
in the transverse plane. Relative lepton isolation, Irel, is quantified as the sum of the pT of PF
candidates within a cone DR =

p
(Dh)2 + (Df)2 around the lepton (where f is the azimuthal

10 5 Results

5.1 Interpretation

The results of the search can be interpreted by performing a maximum likelihood fit to the
data in the signal regions. The fit is carried out under either a background-only or a back-
ground+signal hypothesis. The uncertainties in the modeling of the backgrounds, summarized
in Section 4, are inputs to the fitting procedure. The likelihood is constructed as the product
of Poisson probability density functions, one for each signal region, with constraint terms that
account for uncertainties in the background estimates and, if considered, the signal yields. The
result of the background-only fit, denoted as “post-fit background”, is given in Appendix B.

The results of the search are used to constrain the simplified models of SUSY shown in Fig. 5.
For each scenario of gluino (squark) pair production, the simplified models assume that all
SUSY particles other than the gluino (squark) and the lightest neutralino are too heavy to be
produced directly, and that the gluino (squark) decays promptly. The models assume that each
gluino (squark) decays with a 100% branching fraction into the decay products depicted in
Fig. 5. For models where the decays of the two squarks differ, we assume a 50% branching
fraction for each decay mode. Signal cross sections are calculated at NLO+NLL order in as [45–
49].

Typical values of the uncertainties in the signal yield for one of the models considered are listed
in Table 3. The sources of uncertainties and the methods used to evaluate their effect on the
interpretation are the same as those discussed in Ref. [6]. Uncertainties due to the luminosity,
ISR and pileup modeling, and b tagging and lepton efficiencies are treated as correlated across
search bins. Remaining uncertainties are taken as uncorrelated.
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Figure 5: (Upper) Diagrams for the three scenarios of gluino-mediated bottom squark, top
squark and light flavor squark production considered. (Middle) Diagrams for the direct pro-
duction of bottom, top and light-flavor squark pairs. (Lower) Diagrams for three alternate sce-
narios of direct top squark production with different decay modes. For mixed decay scenarios,
we assume a 50% branching fraction for each decay mode.

Figure 6 shows the exclusion limits at 95% CL for gluino-mediated bottom squark, top squark,
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Heavy resonance → VH in semi�leptonic decays

W ′�Z ′�ggF A�bbA→ VH → (lν�ll�νν)bb
� 95% CL upper limits for Z′→Zh & W′→Wh production

� observed exclusion contours in the HVT parameter space

� 95% CL upper limits for A→Zh with h→bb
� interpretations following various models available in the paper
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+ 34 Results: Dark Matter in final states or invisible 
decays 

Process New physics Lower limit 
exclusion  

Lumi 
(fb-1) 

Publication 

DM + q/g 

G + q/g 
DM + qq  

DM mediator 
DM production 
Graviton 
Invisible H decays 

From 0.4 to 1.8 TeV 

From 5.3 to 9.9 TeV 

35.9 EXO-16-048 
Submit PRD 
CERN-EP-2017-294 

X + t        DM + bW Spin 1 DM mediator 
Scalar DM mediator 

From 0.2 to 1.75 TeV 
3.4 TeV 

35.9 EXO-16-051 
Submit to JHEP 
CERN-EP-2017-299   

tt + X      bl�bl� + DM Scalar DM mediator 
Pseudoscalar DM 
mediator  

99 GeV 
50 GeV (exp) 

35.9 EXO-17-014  

Z + X        2l + MET Invisible Higgs decays 
DM mediator 
Graviton 

35.9 EXO-16-052 
Submit to EPJC 
CERN-EP-2017-259  

Higgs boson mass [GeV]

 in
v.

) (
pb

)
→

(H
 

Β × 
 Z

H
→

qq
 

σ 0.5

1

1.5

2

125 200 300 400 600 800 1000

CMS
 1 jet≤ + miss

T
 2l+p→ZH 

 (13 TeV)-135.9 fb

 < 0.45 (0.44) at 95% CL
SM

σ inv.)/→(H Β σ

 Observed 95% CL
 Expected 95% CL

 1 s.d.± Expected 
 2 s.d.± Expected 

SM
 ZH→qq σ 

+ 31 Results: diboson final states 

Process New physics Lower limit exclusion  Lumi 
(fb-1) 

Publication 

X        ZZ       4l Graviton From 0.8 to 1.35 TeV  35.9 B2G-16-023 
JHEP03(2018)003  

X        H H        4 jets       Graviton  From 0.97 to 1.4 TeV 35.9 B2G-16-026 
Submitted to  PLB 
CERN-EP-2017-238  

X        Z+W      2�+ qq 
X        Z+Z        2�+ qq     

Spin 1 resonance (W’) 
Graviton 

3.1-3.4 TeV 
0.5 and 40 fb-1 

35.9  B2G-17-005 
Submitted to JHEP 
CERN-EP-2018-023  

X         Z+W       2l + qq 
X         Z+Z         2l + qq 

Spin 1 resonance (W’) 
Graviton 

3-3000 fb-1 

1.5-400 fb-1 
35.9 B2G-17-013 

X       W+W       2l + qq 
X       W+Z        2l + qq 

Graviton 
Spin 1 resonance (W’) 

1 TeV 
3 TeV 

35.9  B2G-16-029 
Submitted to JHEP 
CERN-EP-2018-015   

X      H+H     �� + bb 
X     HZ/HW    ��+qq      

Resonances: spin 0,  
spin 1 and spin 2  

2.4 TeV (for S=0 and W’) 
 1.8 TeV (Z’) 

35.9 B2G-17-006 

1 2 3 4
 [TeV]BulkG

3−10

2−10

1−10

1

10

 [p
b]

95
%

σ

Autumn 2017  (13 TeV)-135.9 fb

CMS
Preliminary 95% CL upper limits

Observed Median expected
τ2b2→HH 2q2l→ZZ
ν2l2→ZZ 4q→WW

4b→HH 4q→ZZ
ν2q2→ZZ ν2ql→WW

 = 0.5)k~Bulk Graviton ( 9Junjie Zhu - University of MichiganMarch 30, 2018

WV semileptonic decay at 8 TeV
• WVÆlν + J (R=0.8 CA jet for Vhad)
• W(Ælν) and a fat jet with pT>200 GeV
• Use the jet-substructure technique N-subjettiness with τ2/τ1 to reduce W+jets background 

PLB 772 (2017) 21

10

EWK production of Z bosons at 13 TeV
• Corrections to the 

QCD-Zjj MC mjj shape 
derived from a QCD-
enriched region 

• Fit of the QCD-Zjj and 
EW-Zjj simulated mjj
distributions to the 
data 

PLB 775 (2017) 206

EW+QCD at 8 TeV

EW at 8 TeV
EW at 13 TeV

EW+QCD at 13 TeV

March 30, 2018

15

WVγ Production at 8 TeV
• WWγÆeνµνγ and WVγÆlνjjγ
• Background determined from a fit to the mjj spectrum with the signal region excluded

EPJC (2017) 77, 646

1.4σ observed
1.6σ expected

And many more…



Guardian



Road ahead:


LHC is pushing ahead.

Exp. collaborations are pursuing a broad
and comprehensive physics program.  



As data accumulates

2 TeV, e.g. pair of 1 TeV gluino.

)-1luminosity (fb
0 10 20 30 40 50 60 70 80 90 100

lo
w

m
 / 
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gh

m

0
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1

1.5

2

2.5 14 TeV / 8 TeV  = 2 TeVlowm

 qq
q q

 qg
 gg

Rapid gain initial 10s fb-1, slow improvements afterwards.

Run 1 limit

Progress will become slower, harder



Things to watch?

Gluino-mediated stop production 
• 0/1L gives better reach for heavy gluinos and 2SS/3L helps in the 

compressed region. 
• Slight excess in the 0/1L multi-b search (right-hand figure). 

– Would a model with m(gluino)=2.3 TeV; m(stop)=220 GeV and m(LSP)=50 GeV be 
excluded by CMS? 

Note how large the theory “uncertainty” is. 13 

5 observed, ~1.5 expected 

Heavy resonance → WV in semi�leptonic decays
X →WV → lνqq� 95% CL upper limits for various models; more in the paper

� largest excess 2.7σ local
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Light resonances decaying to boosted quark pairs
ISR(γ/j) + boosted jj

� fit of large-R jet mass in jet & photon channels
� background estimated separately per candidate mass

� 95% CL limits on the Z′ cross section
� channels combined for limit on coupling gq

� largest excess in the jet (γ) channel at mZ ′ = 150
(140) GeV with local significance 2.5 (2.2)σ
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Hadronic W′ → tb
� fit reconstructed mtb in signal and validation regions
� derived 95% CL limits on the cross section
� largest excess at m = 2.25 TeV with local significance of 2.0σ

1−10

1

10

210

310

410

Ev
en

ts
 / 

10
0 

G
eV ATLAS

-1 = 13 TeV, 36.1 fbs

SR1

Data
multi-jet + W/Z+jets

tall-had t
tnon all-had t

uncertainty
pre-fit
3 TeV W'

1000 2000 3000 4000 5000 6000

 [GeV]tbm

0.6
0.8

1
1.2
1.4

D
at

a 
/ P

re
d

2−10

1−10

1

10

210

310

410

510

Ev
en

ts
 / 

10
0 

G
eV ATLAS

-1 = 13 TeV, 36.1 fbs

SR2

Data
multi-jet + W/Z+jets

tall-had t
tnon all-had t

uncertainty
pre-fit
3 TeV W'

1000 2000 3000 4000 5000 6000

 [GeV]tbm

0.6
0.8

1
1.2
1.4

D
at

a 
/ P

re
d

1−10

1

10

210

310

410

Ev
en

ts
 / 

10
0 

G
eV ATLAS

-1 = 13 TeV, 36.1 fbs

SR3

Data
multi-jet + W/Z+jets

tall-had t
tnon all-had t

uncertainty
pre-fit
3 TeV W'

1000 2000 3000 4000 5000 6000

 [GeV]tbm

0.6
0.8

1
1.2
1.4

D
at

a 
/ P

re
d

1000 1500 2000 2500 3000 3500 4000 4500 5000
) [GeV]

R
m(W'

2−10

1−10

1

10

 tb
) [

pb
]

→ 
R

 B
(W

'
×) 

R
 W

'
→

(p
p 

σ

ATLAS

-1 = 13 TeV, 36.1 fbs

Observed 95% CL limit

Expected 95% CL limit

σ1±Expected 95% CL limit 

σ2±Expected 95% CL limit 

NLO W' cross-section (ZTOP)

1000 1500 2000 2500 3000 3500 4000 4500 5000
) [GeV]

L
m(W'

2−10

1−10

1

10

 tb
) [

pb
]

→ L
 B

(W
'

×) L
 W

'
→

(p
p 

σ

ATLAS

-1 = 13 TeV, 36.1 fbs

Observed 95% CL limit

Expected 95% CL limit

σ1±Expected 95% CL limit 

σ2±Expected 95% CL limit 

NLO W' cross-section (ZTOP)

ha
d

ro
ni

c
–

E
X

O
T-

20
17

-0
2
�

S. Alderweireldt ATLAS results on searches for exotic new particles (28/Mar 2018) 22 / 24



Maybe?
Experimental Situation

RK (⇤) =
BR(B ! K (⇤)µµ)

BR(B ! K (⇤)ee)

R[1,6]
K = 0.745+0.090

�0.074 ± 0.036

R[0.045,1.1]
K⇤ = 0.66+0.11

�0.07 ± 0.03

R[1.1,6]
K⇤ = 0.69+0.11

�0.07 ± 0.05

3 observables
deviating by ⇠ 2� � 2.5�
from the SM predictions

Wolfgang Altmannshofer (UC) Implications of B Physics Anomalies March 29, 2018 13 / 24

My Favorite Model

Z 0 based on gauging Lµ � L⌧

with effective flavor violating couplings to quarks
WA, Gori, Pospelov, Yavin 1403.1269; WA, Yavin 1508.07009

µ+

µ−

bL

sL

Q
Z ′

⟨φ⟩

⟨φ⟩

g′
g′YQbY ∗

Qs⟨φ⟩
2

2m2
Q

predicted Lepton
Universality Violation!

Q: heavy vectorlike fermions with mass ⇠ 1 � 10 TeV
�: scalar that breaks Lµ � L⌧

Wolfgang Altmannshofer (UC) Implications of B Physics Anomalies March 29, 2018 20 / 24

W.  Altermannshofer

Or, some lepto-quark  



Or, perhaps

A. El-Khadra Aspen Winter, 25-31 March 2018

Introduction

6

T. Blum et al. (arXiv:1311.2198) 

Experiment vs SM theory

Fermilab g-2 experiment: 
reduce exp. error by a factor of 4 
first result with “Brookhaven level” 
statistics expected in early 2019. 

  

J-PARC experiment: 
completely different experimental 
method (ultra-cold muons)  
expect measurement at 0.3-0.4 ppm 
level 

A. El-Khadra Aspen Winter, 25-31 March 2018

Summary of recent HVP results

36

L. Lellouch @ HVP KEK 2018 (for BMW collaboration)
Comparison

 640  660  680  700  720  740

BMWc + FV + IB
BMWc + FV
BMWc (L=6fm)
RBC/UKQCD 18
HPQCD 16
ETM 14

Jegerlehner 17
DHMZ 17
KNT 18

RBC/UKQCD 18

No new physics

aµ
LO-HVP . 1010

LQCD (Nf≥2+1)
Pheno.

Pheno+LQCD

“No New Physics” scenario: = (720 ± 7)⇥ 10�10

BMWc ’17 consistent w/ “No new physics” scenario & pheno.

Total uncertainty of 2.7% is ⇠ 6⇥ pheno. error

BMWc ’17 is larger than other Nf = 2 + 1 + 1 results
! difference w/ HPQCD ’16 is ⇠ 1.9�

Laurent Lellouch KEK, 12-14 February 2018

A. El-Khadra Aspen Winter, 25-31 March 2018

Hadronic Light-by-light

42

Breakthrough (RBC/UKQCD):  
First LQCD calculation of connected and leading disconnected contribution 
with good statistical significance (T. Blum et al, arXiv:1610.04603, 2017 PRL).  

  

a = 0.11 fm, L = 5.5 fm, physical pion mass, statistical error only.   
uses QCD + QEDL (finite volume) 
systematic error analysis (finite volume, continuum limit, …) in progress. 
Mainz group: 
LbL forward scattering amplitude (Gerardin @ HLbL UConn 2018)  
pion transition form factor((Gerardin et al, arXiv:1607.08174, 2016 PRD; Lattice 2017)  
  

QCD + QED (infinite volume): 
RBC/UKQCD:  
calculation in progress (can reuse QCD part from QCD+QEDL calculation) 
Mainz group: 
work in progress (Asmussen @ Lattice 2017, HLbL UConn 2018)

aHLbL
µ = (5.35± 1.35)⇥ 10�10

Rapid progress in Lattice QCD conquering th. uncertainties  

New results from Fermilab soon!

Personal note: my first ambulance chasing paper, 2001

A. El-Khadra 



-If any of these materialize, certainly will open 
up a new exciting direction for particle physics.


Time will tell. 


- However, we are not just hoping some anomaly to 
pop up to surprise us. We have goals.


- SM is not a complete theory, it does not answer 
many important questions. 


New physics searches will help us answer that. 



Big questions in particle physics

- Origin of the electroweak scale.


- Identity of dark matter.


- Origin of flavor. 


- Matter and anti-matter asymmetry.


- …



Electroweak 


Origin of electroweak scale. 
Why so different from the Planck scale?



A confusing picture. 115 125 135 145 155 165 175 185
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Figure 2: Masses of the lightest colored KK fermions in the MCHM5 (upper plot), and in the
MCHM10 (lower plot). Different symbols denote KKs with different quantum numbers under
SU(2)L×U(1)Y , as specified in the plots. Both plots are for ϵ = 0.5, N = 8. In the upper one

we have varied 0.28 < cq < 0.38, 0 < cu < 0.41, 0.32 < m̃u < 0.42, −3.5 < M̃u < −2.2 (filled

points), or 0.2 < cq < 0.35, −0.25 < cu < −0.42, −1.3 < m̃u < 0.2, 0.1 < M̃u < 2.3 (empty
points). In the lower plot we have varied 0.36 < cq < 0.45, 0 < cu < 0.38, 0.8 < m̃u < 3,

−3 < M̃u < −0.3. The black continuous line is the fit to the mass of the lightest resonance
according to Eqs. (15) and (18).
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Supersymmetry
Stop too heavy to be natural

Composite top partner 
too light, excluded

Such conclusions too simplistic, “work around” available.

A bit uncomfortable, hurt feeling of theorists, yes. 


But, certainly not time to give up. 

MSUSY (GeV)



Impressive experimental progresses

Good targets for searches. 

Supersymmetry Composite Higgs

stop top partner, T 

Lack of theory work (talk) ≠  less motivated

Direct stop pair-production: 1L 
• The 13 TeV searches probe the compressed 

decays (near the 𝑚 𝑡 = 𝑚 𝑡 + 𝑚(𝜒 0) diagonal) 
better than the 8 TeV searches by using events 
with jet ISR. 

• Data is mostly interpreted with simplified models. 
• Multiple simultaneous decay chains degrade 

sensitivity. Æ Right-hand plot 
 

10 



Why SUSY? 

• A supersymmetric extensions of the SM 
could solve the central issues: 
– Gauge coupling unification 

– Hierarchy problem (e.g. loop corrections to 
Higgs mass) 

– DM candidate 
 

• Half of SUSY particles have been 
discovered already: 
– SUSY partners to squarks, gluinos, higgsinos, 

and sleptons 

 "philosopher's stone” enables: 
• creation of an elixir of immortality 
• transmutation of common 

substances into gold 

3 

SUSY 
Basics

A. Paramonov
G. Landsberg

We theorists don’t think SUSY in quite the same way

But, we are equally enthusiastic. 



At the same time, 

LHC enters precision era


LHC will carry on this comprehensive 
searches for  new physics.

SUSY, composite, extraD, ….



Importance of precision measurement

- Naturalness is the most pressing question of EWSB.


- We may not have the right idea. No confirmation of 
any of the proposed models. 


- More creative (“crazy”) ideas.


- Crucially, need experiment! 


- Fortunately, with important players in EWSB W/Z/
Higgs and top, we know where to look.


- And, the clue could show up in such precision 
measurement. 



Higgs Standard Model-like


Agree to about 
10-20%



Not entirely surprising

- In general, deviation induced by new physics is of the 
form


Current LHC precision: 10%                                 
⇒ sensitive to MNP < 500-700 GeV


At the same time, direct searches constrain new 
physics below TeV already.


Unlikely to see O(1) deviation.

� ' c
v2

M2
NP

MNP :  mass of new physics
c: O(1) coefficient 



Significant improvement with high lumi

 4-5% on Higgs coupling,  reach TeV new physics



Probing EW phase transition 

A. Long  /  July 28, 2016  /  KITPC Workshop 

(+�&+!,!.!,!�+ '� �'-* 
�!���*�&, (*'('+�� 
��
�� �'&�!�-*�,!'&+)

Statement #1:  Parameter space with first order electroweak phase 
transition has large deviation in hZZ, which can be probed by CEPC 

�*�&�� = �!*+, '*��* ( �+� ,*�&+!,!'&, .(��)/�� > 0
�$-� = “+,*'&�$1” �!*+, '*��* ( �+� ,*�&+!,!'&, .(��)/�� > 1.3
�*��& = .�*1 +,*'&�$1 1��, �'-$� ��,��, ��+ �, ��
��

A. Long  /  July 28, 2016  /  KITPC Workshop 

(+�&+!,!.!,!�+ '� �'-* 
�!���*�&, (*'('+�� 
��
�� �'&�!�-*�,!'&+)

Statement #1:  Parameter space with first order electroweak phase 
transition has large deviation in hZZ, which can be probed by CEPC 

�*�&�� = �!*+, '*��* ( �+� ,*�&+!,!'&, .(��)/�� > 0
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qq̄ ! V V, V = W,Z, h.

Diboson production at the LHC

VL

VL, h

New physics contribution

New physics effect encoded in the
non-renormalizable operators: 

1

⇤2
O

⇤ : new physics scale



Precision measurement at the LHC possible?
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LEP precision tests probe NP about 2 TeV

At LHC, new physics effect grows with energy

LHC needs to make a 20% measurement to beat LEP

LHC has potential. 
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Projections

Possible to reach 4 TeV. 
Better than LEP, and many LHC direct searches

D. Liu, LTW
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Figure 6: Reach in di↵erent channels at the 14 TeV LHC for di↵erent combinations of the
operators assuming the systematical error varying from 3% to 10%. The grey and blue regions
denote the bound on the scale in the case of c(3)qL = 1 for integrated luminosities L = 3 ab�1

and L = 300 fb�1, respectively. The red and magenta regions denote the bound in the case
of cB + cHB � c

2B = 1 for integrated luminosities L = 3 ab�1 and L = 300 fb�1. The orange
and purple regions denote the bound on the size of O

3W operator with c
3W = 1, for integrated

luminosities L = 3 ab�1 and L = 300 fb�1. We also show the present bound from LEP S-
parameter on the combination of operators OW and OB with cW + cB = 1 (red dashed line),

the bound from LEP �gZbL¯bL measurement on the operator c(3)qL = 1/4 (purple dashed line),
based on flavour-universal e↵ects. We also show the bound for the case of cHW � cHB = 1 in red
dashed line from 3 ab�1 HL-LHC measurement of h ! Z� decay partial width, with a projected
precision of ⇠ 20% from Ref. [15].

coe�cients, we can compare the bounds from Di-boson processes with the bound from EWPT
at the LEP and Higgs coupling measurement at the HL-LHC, even though the later two depend
on di↵erent combination of operators (see Table 2 ). The operator OW will contribute to the
S-parameter. Suppose it is the dominant contribution, the bound is ⇠ 2.5 TeV at 95% CL for
cW = 1. OHW will contribute to the Higgs rare process h ! Z�. The h ! Z� measurement at
HL-LHC will put a bound around 1.7 TeV [15] for cHW = 1. For the flavour-universal operator

O(3)q
L , from LEP �gZbLbL measurement, the bound is around 1.1 TeV for c(3)qL = 1/4 which is

chosen such that c(3)qL = 1. We have shown the three bounds as the red, orange, purple dashed
lines in Fig. 6. The comparison above shows diboson measurement is very promising to probe
the new physics scenario in which the operators considered here give the most important e↵ect.
For the operator O

2W , it will contribute to the four fermion operator by equation of motion,

15

See also: Alioli, Farina, Pappadopulo, Ruderman, 
Franceschini, Panico, Pomarol, Riva, Wulzer,

Azatov, Elias-Miro, Regimuaji, Venturini



tth, at higher energies T. Han

h

Figure 1: Representative set of Feynman diagrams for gg ! ZZ production in the SM :
involving the Higgs boson (left) and the SM fermion box diagram (right).

with invariant mass Q2 > 4M2
Z [23]. Thus we will focus on the clean final state with four

charged leptons
pp ! h⇤ ! Z(⇤)Z(⇤) ! 4`. (2.1)

It is illustrative to separate the contributions to the gluon fusion production of Z boson
pair as

d�

dm4`
=

d�tt
dm4`

+
d�tc
dm4`

+
d�cc
dm4`

, (2.2)

where �tt corresponds to the Higgs signal contribution, �tc to the signal and box diagram
interference, and �cc to only the box contribution. We show in Fig. 2 the full m4` distribution
in the SM, and also individually for each of its components. Remarkably, the gg ! ZZ

process displays a substantial destructive interference that is larger in magnitude than the
contribution from the Higgs signal diagram alone, for the full off-shell m4` spectrum. This
feature is important in understanding the subsequent results in the new physics scenarios.

It was pointed out in [23] that off-shell Higgs production can be utilized to determine
the Higgs boson total width – a method already adopted by the ATLAS and CMS collab-
orations [24]. This process is also sensitive to a new color singlet with couplings to top
quarks and Z bosons, thus appearing as a new resonance in the mZZ profile. Additionally,
it can probe new colored particles with couplings to the Higgs boson, resolving the long-
and short-distance Higgs-gluon interactions [25]. The latter feature results in bounds on
the top-Higgs Yukawa coupling which are complementary to those from pp ! tt̄h [26].
Although there are several final states for the Higgs decay that can be examined, it has
been observed that the ZZ final state is optimal � it not only leads to a large interference
with the continuum ZZ process above MZZ > 2MZ as discussed earlier, but also gives
rise to a clean four-lepton final state, thereby reducing the experimental systematics on the
background estimate [27].

We now briefly describe our LHC analysis framework adopted in the subsequent sections
for studying the pp ! ZZ process in the SM and different BSM scenarios. We consider the
gluon fusion production of the Higgs boson through heavy quark loops, gg ! h⇤ ! ZZ,
and the associated two major backgrounds processes

qq̄ ! ZZ and gg ! ZZ. (2.3)

The first background arises at the tree level, dominating the event yield, while the second
contribution leads to crucial interference effects with the Higgs signal in the off-shell regime.

– 4 –

h
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h
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t
something
new here?

Rather model independently, this can be probed 
by precisely measuring tth coupling. 
High energy = off-shell Higgs,  can have better sensitivity.
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Figure 5: Four-lepton invariant mass distribution for the gg ! 4` process at the LHC
14 TeV (left) and 27 TeV (center) in the SM (black) and in the presence of an additional
gauge singlet scalar (red), including the one-loop EW effects from the singlet scalar sector.
We show the signal ratio between the scalar singlet model and the SM in the bottom
panels. Right: 2� (red) and 5� (blue) sensitivity on the singlet-Higgs coupling �S at the
scale m2

h as a function of the singlet scalar mass mS from the off-shell Higgs analysis at the
14 TeV LHC with L = 3 ab�1 (dashed) and at the 27 TeV LHC, with L = 15 ab�1 (solid).
For comparison, we also show the reach from the weak-boson fusion production of Higgs
above its threshold, assuming the high-luminosity LHC 2� confidence level projections of
BR(h ! invisible) < 20% (green dotted) and 5% (green dashed).

In Fig. 5 (left and center), we present the four-lepton invariant mass distribution at the
LHC for the gg ! 4` process in the SM (black solid line) and in the model with an additional
scalar gauge singlet (red solid and dashed lines), for different choices of �S(m

2
h). We see

that in addition to shifting the on-shell Higgs rate [38, 39], the higher order corrections
to gg ! 4` in the singlet model also result in relevant kinematic features in the m4`

distribution, especially above the threshold m4` > 2mS . We show the signal ratio between
the scalar singlet model and the SM in the bottom panels, and find that the SM predictions
could be modified by about 50% in the higher invariant mass region, for the given parameter
choice.

To estimate the sensitivity at the LHC for the singlet sector parameter space (mS ,�S),
we perform a binned log-likelihood analysis based on the CLs method, using the m4` dis-
tribution [40]. The results are presented in Fig. 5 (right) with the 2� and 5� sensitivity
on �S (evaluated at the scale m2

h) shown as a function of the singlet scalar mass mS . The
black-dashed line shows the value of �S(m

2
h) for which the high-scale parameter relation

�S(⇤
2) = 6y2t (⇤

2) is satisfied at ⇤ = 10 TeV, where the latter choice is motivated to address
the little-hierarchy problem [41]. The coupling values at different scales have been related
by the renormalization group evolution. We see that the HE-LHC upgrade can access sin-
glet scalar masses of around 160 GeV at the 2� confidence level, for couplings implied by
the naturalness relation.

The scalar singlets can also be directly pair-produced using the vector-boson fusion
(VBF) process with the Higgs produced above threshold, and looked for in the jets and

– 8 –
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Figure 7: Four-lepton invariant mass distribution for the gg ! 4` process at the LHC
14 TeV (left) and 27 TeV (center) for the SM (black) and Quantum Critical Higgs with
� = 1.3 and µ = 400 GeV (red) and µ = 700 GeV (green). We show the signal ratio
between the QCH model and the SM in the bottom panels. Right: 5� (blue) and 2� (red)
bounds on the conformal symmetry breaking scale µ. We show results for the 14 TeV LHC
(dashed) and the 27 TeV HE-LHC (solid), assuming � = 1.1.

Thus a scaling dimension larger than the SM value, � > 1, would alleviate the Higgs mass
fine-tuning with respect to the corrections from the higher scale ⇤. The same underlying
dynamics may lead to observable effects on the Higgs couplings as well as the propagation.
The ZZh coupling, top-Yukawa coupling, and Higgs propagator can be cast into the forms

gZZh = gµ⌫�ZZh, yt =
p
2
mt

v

✓
⇤

v

◆��1

, (4.2)

Gh(p) = � iZh

(µ2 � p2 � i✏)2�� � (µ2 �m2
h)

2��
, Zh =

2��

(µ2 �m2
h)

��1
, (4.3)

where �ZZh is a momentum-dependent form factor, with scaling dimension 1  �  1.5, IR
transition scale µ > mh, and ⇤ is the UV cut-off scale [44]. Therefore, the Higgs two-point
function is given by a pole at the Higgs mass mh and a branch cut above the conformal
symmetry breaking scale p2 > µ2. The SM predictions can be recovered upon taking the
limit � ! 1.

While the on-shell Higgs measurements are largely insensitive to the scale µ [45], the
presence of this continuum spectrum for p2 > µ2 can be probed by the off-shell Higgs
measurement. In Fig. 6 we show the real and imaginary components for the amplitude
ratio between the s-channel QCH Mh,QCH and SM Mh,SM as a function of m4`. Although
the QCH displays small corrections associated to the real part of the amplitude for m4` < µ2,
the presence of the branch-cut at m4` = µ2 results into large contributions above the scale
µ. In Fig. 7, we show how these corrections translate into the m4` distribution for the
gg ! 4` process. We find significantly large effects at the LHC, see the left and center
panels. We show the signal ratio between the QCH model and the SM in the bottom panels
and we see that the ratio could be as high as a factor of 3� 4 at the higher invariant mass
region. We can probe µ ⇠ 500 GeV for a 2� exclusion at the HL-LHC, and µ ⇠ 900 GeV
for a 5� observation at the HE-LHC, assuming � = 1.1.

– 10 –

T. Han



Precision is difficult

- Small S/B. 

For example, in Wh: 


New techniques such polarization tagging, jet 
substructure can be instrumental.


- Improve on exp. systematics.


- Better modeling of background crucial. 



It’s messy. 

- We have learned a lot how to deal with it. 


- Yet, to achieve precision, we need to do better.

�5

Need	to	combine	perturba/ve	calcula/ons	with	parton	showers,	
since	they	add	many	important	effects

• Initial hard 
interaction 

• Radiation of 
additional partons 

• Multi-parton 
interactions 

• Hadronization of 
resulting partons 

• Decay of unstable 
hadrons

Three main multipurpose parton showers:
Herwig, Pythia, Sherpa

I	will	discuss	today	how	to	merge	all	three	types	of	calcula/ons	
together

Fixed Order Resummation

Parton shower

C. Bauer



- Many progresses recently. 

Recent	development	is	NNLO	+	PS

There are three main methods available at this point
MINLO-NNLOPS UNNLOPS Geneva

The state of the art : NNLO + PS

I Interfacing NNLO calculations to a parton shower is more complicated: general
approach presented in [SA, Bauer et al. 1311.0286]

I Three different approaches available, implemented only for color singlet production:

MiNLO - NNLOPS
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Cosmic imprint of fine-tuning?
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Modulus-Higgs potential
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potential

Transition point from 
no EWSB to EWSB

f J. Fan

Gravitational Waves from Moduli fragmentation
If the out-of-equilibrium dynamics immediately converts all of the 
moduli to radiation, these simple estimates yield (!~10-1): 

4

a long-time averaged, constant 0 < w
mod

< 1/3 to stand
in for a range of possible behaviors (including the possi-
bility of a nontrivial (w 6= 0, 1/3) equation of state being
maintained via nonlinear mode-mode couplings [15]).

IV Potential Signals and Consequences

A Stochastic Gravitational Waves As we have
seen for b ! 1, the fields in the modulus-Higgs sys-
tem fragment rapidly (for q � 1), thus providing a
source for the production of gravitational radiation [16–
19]. The characteristic physical frequency of gravita-
tional waves at the time of their production is estimated
to be f ⇠ ��1H

osc

, with � ⇠ q�1/2 and H
osc

⇠ m� the
Hubble parameter when the modulus starts oscillating.
The frequency f at that time is then redshifted to today
to obtain (see § S2 for details)

f
0

⇠ a
osc

a
0

��1H
osc

⇠ 105��1 Hz
⇣ m�

105 TeV

⌘
1/2

, (6)

where we assume that the universe can be approximated
as radiation dominated shortly after � begins oscillation.
Note that for � ⌧ 1, these frequencies are beyond the
reach of current interferometric detectors (f . 103Hz).
However, techniques for probing higher frequencies in the
future have been discussed [20–22].

The fraction of energy density in gravitational waves
today (per logarithmic interval in frequency around f

0

)
can be estimated as [23]

⌦
gw,0(f0

) ⇠ ⌦
r,0�

2

⇡�2, (7)

where ⌦
r,0 is today’s fraction of energy density stored

in radiation and �⇡ is the fraction of the energy den-
sity in anisotropic stresses at the time of gravitational
wave production. From the scalar field simulations (or
estimated from linear instability calculations and ener-
getic arguments), �⇡ ⇠ 0.3 and � ⇠ q�1/2 which yield
⌦

gw,0 ⇠ 10�8 for q = 102. This result is consistent
with our more detailed lattice simulations which calculate
the gravitational wave spectrum using HLattice [24] (see
Fig. 4). Note that detectable ⌦

gw,0(f0

⇠ 102Hz) & 10�8

for aLIGO at design sensitivity [25].
We can relax the assumption of a radiation-like equa-

tion of state immediately after fragmentation and gener-
alize the above formulae. Assuming that (i) fragmenta-
tion and gravitational wave production happens quickly
after the modulus domination, (ii) the appropriately av-
eraged equation of state w = w

mod

for N
mod

e-folds af-
ter fragmentation and before final radiation domination
kicks in, we get the following generalization of the above
formulae (see § S2 for details)

f
0

⇠ e� N
mod

4

(1�3w
mod

)

⇣ m�

105 TeV

⌘
1/2

105��1 Hz

⌦
gw,0(f0

) ⇠ e�N
mod

(1�3w
mod

)⌦r0�
2

⇡�2 (8)

FIG. 4. The dashed orange curve with N
mod

= 0 is the grav-
itational waves (GWs) power spectrum today; it was gener-
ated by the non-linear dynamics at t ⇡ 70m�1

� (we assume

b = 1, q = 102, f = m
pl

). The height and the frequency of
the peak are consistent with our predictions. The GWs on
intermediate frequencies are generated by the slow propaga-
tion of power towards smaller comoving scales after backre-
action, see Fig. S3. The two paler dashed orange curves with
N

mod

> 0 are just a rescaled version of the top one, assuming
w

mod

= 0. The solid black curve is the planned sensitivity of
the fifth observational run, O5, of the aLIGO-AdVirgo detec-
tor collaboration [26].

Note that a more observationally accessible, lower fre-
quency signal using large values of N

mod

(1 � 3w
mod

)
would lead to a significant suppression of ⌦

gw,0, making
detection challenging.

B Constraints from/on Inflationary Observables
Another possible consequence of the non-linear dynam-
ics is to change the allowed e-folds during inflation. The
e-folds between the time the current co-moving horizon
scale exited the horizon during inflation and the end of
inflation are related to the e-folds between the end of in-
flation and today in a given expansion history [27]. The
expansion history also allows us to keep track of the evo-
lution of the energy density. Then the ns and r bounds
from CMB measurements constrain an inflationary model
together with its associated evolution afterwards. The
co-moving Hubble scale k = akHk that exits the horizon
during inflation could be written as

k = akHk =
ak

a
end

a
end

a
re

a
re

a
mod

a
mod

a
dec

a
dec

Hk, (9)

where a
end

, a
re

, a
mod

, a
dec

are the scale factors at the end
of inflation, at the end of inflationary reheating, when
the modulus starts to oscillate, and when full decays of
the modulus happen (equivalently when radiation domi-
nates again) respectively. Using this relation and assum-
ing that during inflationary reheating, the constant in
the equation of state doesn’t exceed 1/3, we can obtain

⌦gw ⇠ ⌦r,0�
2
⇡�

2 ⇠ 10�6�2

This frequency is above the 
LIGO band. Need new 
technologies (Akutsu et. al 
’08; Arvanitaki and Geraci 
’12; Goryachev, Tobar ’14). 

The amplitude isn’t terrible, 
and astrophysical 
backgrounds are low at high 
frequencies.

m� ⇠ 100TeV
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Fine-tuning of Higgs mass
achieved with coupling to some
additional scalar field (moduli).

Coupling affects the dynamics
of scalar fields, leads to gravitational
wave production.
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Dark matter

It is there.

 Only seen its gravitational interaction.
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Vast range of possibilities
Dark matter bestiary
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Search under lamppost, by definition
The hunt for dark matter

- Need good stories (lampposts) about couplings to the 
Standard Model.
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Only a few good stories.

wimp neighborhood 
ALPs



Simplest WIMP:  part of weak multiplet

- Mediated by W/Z/h.


- Very challenging at 
the LHC.
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Simplified models

- LHC can cover these models well.
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Figure 5 | Sketch of the constraints on a simplified model of WIMP DM
where a particle with axial vector couplings of 1.0 and 0.25 to DM and SM
respectively is exchanged. The constraints from mono-X (exclusion region
in red) and dijet DM searches (exclusion region in blue) are shown in the
plane of dark matter mass versus mediator mass. The couplings
represented in this sketch and its general features are inspired by LHC dijet
and mono-X results50,58,59,80.

andCMS dijet searches constrain axial vectormediatormasses from
1.1 TeV to 2.5 TeV in the axial vector scenario used for mono-X
searches above. As the parameter space for the mass of the mediator
particle in these simplifiedDMmodels is only loosely constrained by
the relic density49,60, searches for particles with mass above the TeV
are not su�cient to cover the full parameter space. This motivates
additional interest in rare, low-mass resonances not yet excluded by
previous collider searches57, which benefit from the higher collision
rates. Whilst there is no issue in recording all background and
possible signal events at the highest invariantmasses, only a reduced
fraction of events from high-rate processes at lower invariant
masses can be fully recorded during data taking. To overcome this
limitation, LHC searches for particles with invariant masses below
1TeV either record only a limited amount of information rather
than the full event61, or target new particles that are produced in
association with a highly energetic jet or from radiation of the initial
state quarks and gluons (ISR). One example of such a final state is
given by the process in Fig. 4b, with the di�erence that the final state
DM particles are replaced by SM quarks62. These searches can probe
mediator masses as low as 100GeV.

The complementarity between searches for WIMP DM particles
and searches for mediator particles using the axial vector simplified
model is illustrated in the sketch of constraints from mono-X and
dijet searches in the DM versus mediator mass plane, in Fig. 5.
Mono-X searches cover the model parameter space where the mass
of the DMparticle is lower than two times themediatormass, allow-
ing the mediator to decay on-shell to DM particles. Dijet searches
are more sensitive at higher mediator and higher DM masses with
respect to mono-X searches, as in that region of the parameter space
DM decays of the mediator are suppressed with respect to dijet
decays. The parameter space covered by mono-X and dijet searches
is however highly dependent on the choice of quark couplings.

Common interpretation of collider and non-collider results
The comparison of collider results with non-collider results
involves a common theoreticalmodel, therefore requiring additional
assumptions to be taken into account. For example, for non-collider
results these assumptions include the knowledge of relic density
and the DM density in the vicinity of the Earth or of the Galactic
Centre, while for collider results details of the production and
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Figure 6 | Sketch of the comparison between constraints set on
spin-dependentWIMP–proton scattering cross-section for DM searches
at colliders (red line) and at direct detection experiment probing di�erent
regions inWIMPmass (green lines). The model parameters represented in
this sketch and its general features are inspired by the results of LHC
monojet and DD searches50,70,80–82, but this figure has only an illustrative
purpose. This comparison is performed within a simplified model in which a
vector boson is exchanged to mediate the SM–DM interaction with DM and
SM quark couplings fixed to unity and 0.25 respectively. It should be noted
that the absolute exclusion of the collider result in this kind of comparison,
as well as its relative importance, will depend on the chosen coupling and
model scenario. Therefore, the comparison of collider limit with DD
excluded regions in this kind of plot is not applicable to other choices of
coupling values or models. Adapted from ref. 50, APS.

decay mechanisms in particle collisions have to be specified. These
comparisons are often performed using observables used for the
presentation of results of non-collider searches, namely the cross-
section of the annihilation of DM particles to SM particles or the
cross-section of the scattering between nucleons and DM particles.

The parameter space of complete new physics models such as
SUSY is inherently linked to the constraints on WIMP DM (see
for example, refs 63–67). SUSY searches at colliders and searches
from DD/ID experiments, as well as flavour physics and precision
electroweak measurements and the measured value of the DM relic
density, can be used to constrain the parameter space of full SUSY
models, assuming that the LSP is the DM candidate.

As described in detail in ref. 68, a collider and non-collider
searches can also be compared when interpreted in the framework
of simplified models. In this approach, constraints on simplified
models from collider searches are translated into upper limits
on the DM–nucleon scattering cross-section, and analysed as a
function of the mass of the DM particle. The details of these
comparisons depend on the assumed interaction structure and
coupling scenarios of the simplified model. As an illustrative
example, ref. 68 recommends an example coupling scenario to
compare the results of collider and DD experiments. A sketch of
such a comparison is shown in Fig. 6. We note that this is just
one example, and the details of such comparisons depend on the
model assumptions. At the same time, such comparisons in the
framework of simplified models show that the sensitivity of collider
experiments can complement that of non-collider experiments for
di�erent interaction structures and certain kinematic regions. For
example, this could be the case for low DMmasses where the direct
detection is limited by experimental thresholds.
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Figure 4 | Schematic illustration of the basic SM–DM interactions at
colliders, with time flowing from left to right. a, Basic SM–DM interaction
in an e�ective field theory (EFT). b, Its extension as a basic simplified
model where a new mediator particle is exchanged in the s-channel
(including an additional energetic object radiated from one of the initial
state quarks). c, The same simplified model where the mediator decays
back into SM quarks. The coupling constant characterizing the
mediator–quark interaction strength is denoted as (gq), while the
mediator–DM coupling constant is denoted as gDM.

SM and WIMP DM. In a similar fashion as in SUSY models, but
in this case in the direction of added complexity with respect to
e�ective field theories, simplified models introduce particles that
mediate the interactions between SM and WIMP DM. As in the
case of the SUSY simplified models described earlier, these models
describe the relevant LHC phenomenology and can be designed
to be fully consistent at all energy scales. The phenomenology of
simplified models where the mediator mass is large corresponds to
that of an EFT. Typical simplified models used at the LHC have only
a handful of parameters and allow the design and characterization
of generic searches that need no assumptions about extended
particle sectors. Simplified models represent a widely used class of
benchmarks for the design and interpretation of DM searches at
the LHC: refs 39,43 (and references therein) provide reviews of the
simplified models used for the LHC Run 1 and of their relation
with EFTs.

One of the simplest possibilities for the interactions described
by simplified models is that the mediator particle is a SM particle,
or has the same couplings as SM particles. If DM particles are part
of a weak SU (2)L multiplet, they can interact with the SM through
weak interactions mediated by the W and Z bosons. Scenarios with
SM as mediator particles are constrained by electroweak precision
measurements and direct searches44,45. Other examples of related
cases are supersymmetric theories where the wino and the higgsino
are weak triplet and doublet, respectively. For these kinds of SUSY
scenarios, much of the parameter space remains unexplored. The
upcoming runs of the LHC can probe the WIMP DMmass in these
SUSY models up to only a couple hundred GeV, requiring future
colliders for further exploration29,46. Furthermore, the Higgs boson
can also mediate SM–DM interactions. For example, Higgs portal
scenarios are sought both via the invisible decays of the Higgs boson
and via measurements of the Higgs couplings47,48. The fraction
of decays of the Higgs boson into invisible particles, including
processes where the Higgs decays into DM particles, is currently
measured to be less than 24%. The sensitivity of those searches and
measurements is still largely above the fraction of Higgs bosons
decaying into four neutrinos via two Z bosons predicted by the SM.

Simplifiedmodels where themediator particle is not yet included
in the SMare used as themain benchmarkmodels for LHC searches.
An example is the case of a new mediator particle exchanged in the

s-channel, as in Fig. 4b,c. The SM–DM interaction is characterized
by themass of the newmediator particle, by the type andmagnitude
of the mediator’s coupling strengths to the WIMP DM (gDM) and
to SM quarks (gq), and by the DM particle mass. LHC searches
interpreted in terms of this simplified model consider a new boson
with either vector or axial vector couplings as the mediator particle,
with the coupling to DM fixed to unity and coupling to quarks
fixed at 0.25. These coupling strength values are free parameters of
simplified DM models. In this case, they have been chosen so that
they liewithin the regime of validity for this kind of simplifiedmodel
and so that strong constraints from direct mediator searches before
the LHC Run 2 results are avoided49.

Within this simple benchmark scenario, mono-X searches at
ATLAS and CMS constrain mediator masses up to 2 TeV and
DM masses up to 500GeV (refs 50–53). Similar models include
interactions with leptons, needed for the model’s self-consistency
(see, for example, ref. 54), or include interactions between the
new boson and the Higgs bosons (see, for example, refs 55,
56). The choice of a limited number of benchmark scenarios is
still intended to represent a broader category of models where
a Z-boson-like particle mediates the SM–DM interactions. The
kinematic distributions of the signals to which collider and DD/ID
searches are sensitive do not change significantly upon changing the
mediator particle to a pure vector boson rather than an axial vector
boson. However, modifying the mediator coupling type and values
will a�ect the cross-section of this model in collider and DD/ID
experiments di�erently.

An alternative simplified model scenario to the exchange of a
Z-boson-like particle is the one where SM–DM interactions are
mediated by a new scalar (Higgs-like) or pseudoscalar particle,
exchanged as in Fig. 4b,c. The scalar mediator’s couplings to
fermions are equal to the SM Higgs-fermion couplings, while
the couplings to WIMP DM particles are set to unity. In more
sophisticated versions of the same model, this mediator can mix
with theHiggs boson (see, for example, refs 55,56). LHC searches are
starting to be sensitive to these benchmarks in monojet final states53
or in final states where the DMmediator is produced in association
with heavy quarks. It is expected that with the 2016 data set this
category of simplified models will be explored in more detail.

Colliders also play a crucial role in the context of models with
newparticlesmediating the interaction betweenWIMPDMand SM
particles, as they can search for the visible decays of the mediator
particles. One guaranteed visible mediator decay at colliders is the
decay into the same SM particles whose collisions produced these
mediators, namely quarks and gluons. Although such a signal would
not involve the DM particle directly, it is an integral part of the
model and thus also probes the DM hypothesis. Heavy (⇠TeV)
resonant states decaying into a pair of quarks or gluons would
produce a distinctive signal at hadron colliders: a narrow excess in
the invariant mass of the two most energetic jets (dijet) atop the
smoothly falling QCD background. Searches for these new particles
are only loosely tied to specific models (see ref. 57 for a review and
list of benchmark signals). Even though the connection between a
signal in one of these searches and DM needs confirmation from
direct searches for DM particles, these searches are sensitive to the
presence of DM mediators with couplings to quarks and gluons.
The invariant mass of the two most energetic jets in the event (dijet
system) is used as the main observable for the search. Mediator
particles can also have couplings to other SM particles and therefore
can decay to other final states. We will restrict the discussion in this
article to the example of a Z-like mediator that interacts only with
quarks and DM particles with axial vector couplings.

Searches for DM mediators with masses above the TeV scale58,59
benefit from the combination of the higher Run 2 collision energy
and data rates: their mass reach will be approximately doubled in
this LHCdata-taking period.With their high-mass searches, ATLAS
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Figure 4 | Schematic illustration of the basic SM–DM interactions at
colliders, with time flowing from left to right. a, Basic SM–DM interaction
in an e�ective field theory (EFT). b, Its extension as a basic simplified
model where a new mediator particle is exchanged in the s-channel
(including an additional energetic object radiated from one of the initial
state quarks). c, The same simplified model where the mediator decays
back into SM quarks. The coupling constant characterizing the
mediator–quark interaction strength is denoted as (gq), while the
mediator–DM coupling constant is denoted as gDM.

SM and WIMP DM. In a similar fashion as in SUSY models, but
in this case in the direction of added complexity with respect to
e�ective field theories, simplified models introduce particles that
mediate the interactions between SM and WIMP DM. As in the
case of the SUSY simplified models described earlier, these models
describe the relevant LHC phenomenology and can be designed
to be fully consistent at all energy scales. The phenomenology of
simplified models where the mediator mass is large corresponds to
that of an EFT. Typical simplified models used at the LHC have only
a handful of parameters and allow the design and characterization
of generic searches that need no assumptions about extended
particle sectors. Simplified models represent a widely used class of
benchmarks for the design and interpretation of DM searches at
the LHC: refs 39,43 (and references therein) provide reviews of the
simplified models used for the LHC Run 1 and of their relation
with EFTs.

One of the simplest possibilities for the interactions described
by simplified models is that the mediator particle is a SM particle,
or has the same couplings as SM particles. If DM particles are part
of a weak SU (2)L multiplet, they can interact with the SM through
weak interactions mediated by the W and Z bosons. Scenarios with
SM as mediator particles are constrained by electroweak precision
measurements and direct searches44,45. Other examples of related
cases are supersymmetric theories where the wino and the higgsino
are weak triplet and doublet, respectively. For these kinds of SUSY
scenarios, much of the parameter space remains unexplored. The
upcoming runs of the LHC can probe the WIMP DMmass in these
SUSY models up to only a couple hundred GeV, requiring future
colliders for further exploration29,46. Furthermore, the Higgs boson
can also mediate SM–DM interactions. For example, Higgs portal
scenarios are sought both via the invisible decays of the Higgs boson
and via measurements of the Higgs couplings47,48. The fraction
of decays of the Higgs boson into invisible particles, including
processes where the Higgs decays into DM particles, is currently
measured to be less than 24%. The sensitivity of those searches and
measurements is still largely above the fraction of Higgs bosons
decaying into four neutrinos via two Z bosons predicted by the SM.

Simplifiedmodels where themediator particle is not yet included
in the SMare used as themain benchmarkmodels for LHC searches.
An example is the case of a new mediator particle exchanged in the

s-channel, as in Fig. 4b,c. The SM–DM interaction is characterized
by themass of the newmediator particle, by the type andmagnitude
of the mediator’s coupling strengths to the WIMP DM (gDM) and
to SM quarks (gq), and by the DM particle mass. LHC searches
interpreted in terms of this simplified model consider a new boson
with either vector or axial vector couplings as the mediator particle,
with the coupling to DM fixed to unity and coupling to quarks
fixed at 0.25. These coupling strength values are free parameters of
simplified DM models. In this case, they have been chosen so that
they liewithin the regime of validity for this kind of simplifiedmodel
and so that strong constraints from direct mediator searches before
the LHC Run 2 results are avoided49.

Within this simple benchmark scenario, mono-X searches at
ATLAS and CMS constrain mediator masses up to 2 TeV and
DM masses up to 500GeV (refs 50–53). Similar models include
interactions with leptons, needed for the model’s self-consistency
(see, for example, ref. 54), or include interactions between the
new boson and the Higgs bosons (see, for example, refs 55,
56). The choice of a limited number of benchmark scenarios is
still intended to represent a broader category of models where
a Z-boson-like particle mediates the SM–DM interactions. The
kinematic distributions of the signals to which collider and DD/ID
searches are sensitive do not change significantly upon changing the
mediator particle to a pure vector boson rather than an axial vector
boson. However, modifying the mediator coupling type and values
will a�ect the cross-section of this model in collider and DD/ID
experiments di�erently.

An alternative simplified model scenario to the exchange of a
Z-boson-like particle is the one where SM–DM interactions are
mediated by a new scalar (Higgs-like) or pseudoscalar particle,
exchanged as in Fig. 4b,c. The scalar mediator’s couplings to
fermions are equal to the SM Higgs-fermion couplings, while
the couplings to WIMP DM particles are set to unity. In more
sophisticated versions of the same model, this mediator can mix
with theHiggs boson (see, for example, refs 55,56). LHC searches are
starting to be sensitive to these benchmarks in monojet final states53
or in final states where the DMmediator is produced in association
with heavy quarks. It is expected that with the 2016 data set this
category of simplified models will be explored in more detail.

Colliders also play a crucial role in the context of models with
newparticlesmediating the interaction betweenWIMPDMand SM
particles, as they can search for the visible decays of the mediator
particles. One guaranteed visible mediator decay at colliders is the
decay into the same SM particles whose collisions produced these
mediators, namely quarks and gluons. Although such a signal would
not involve the DM particle directly, it is an integral part of the
model and thus also probes the DM hypothesis. Heavy (⇠TeV)
resonant states decaying into a pair of quarks or gluons would
produce a distinctive signal at hadron colliders: a narrow excess in
the invariant mass of the two most energetic jets (dijet) atop the
smoothly falling QCD background. Searches for these new particles
are only loosely tied to specific models (see ref. 57 for a review and
list of benchmark signals). Even though the connection between a
signal in one of these searches and DM needs confirmation from
direct searches for DM particles, these searches are sensitive to the
presence of DM mediators with couplings to quarks and gluons.
The invariant mass of the two most energetic jets in the event (dijet
system) is used as the main observable for the search. Mediator
particles can also have couplings to other SM particles and therefore
can decay to other final states. We will restrict the discussion in this
article to the example of a Z-like mediator that interacts only with
quarks and DM particles with axial vector couplings.

Searches for DM mediators with masses above the TeV scale58,59
benefit from the combination of the higher Run 2 collision energy
and data rates: their mass reach will be approximately doubled in
this LHCdata-taking period.With their high-mass searches, ATLAS
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Long Lived Particles (LLP)

- Dark sector has tiny coupling with SM.


- Going through “portals”: dark photon, Higgs, …


- Can be produced at the LHC through the decay 
of SM particles: Higgs, Z, … or directly. 


- Long Lived Particle (LLP) searches at the LHC.



Far detectors

1% milliQan “demonstrator” 
installed in tunnel!

A new LHC detector for heavy milli-charged particles

� Reasonable theories, e.g. massless dark photon gives milli-charged dark fermion

� 33m from CMS interaction point, behind 17m of rock (blocks SM particles)

� Milli-charged particles produced via DY and one leaves 3 coincident hits in 3 layers

� 1200 PMTs and 80cm plastic scints with 10ns resolution for single photo-electrons

� Self-triggering and not connected with CMS (passively uses CMS/LHC clock signal)

� Build and commission in 2019-20, collect data in Run3

� Cover mass = 0.1 – 100 GeV for charge = 0.002 – 0.3 e by 2022

� More generally, the first detector sensitive to small ionization at a collider

� Thanks to support from CMS and CERN technical staff, milliQan is moving forward

� 1% milliQan demonstrator installed last summer and taking data since

� Recently upgraded with additional channels and active cosmic veto panels

milliQan

Letter of intent:
arXiv:1607.04669

Proposals for shielded detectors
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Data acquisition will be moved to surface for run 3

Far detector panel on Monday.



Could reach τ≈104-5 m
Exotic Higgs decays

For low masses, ATLAS/CMS are background limited, CODEX-b & MATHUSLA have an edge

ATLAS reach: A. Coccaro, et al.: 1605.02742

�d

�d

h

V. Gligorov, SK, M. Papucci, D. Robinson: 1708.02243

9

Application: 
Neutral Naturalness 
(See back-up material)  

S. Knapen
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Data acquisition will be moved to surface for run 3

Have we fully optimized LLP searches at 
the interaction points ATLAS, CMS, LHCb?



Small scale proposals, for example

Dark matter absorption

16
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Direct detection
constraints

1 kg-yr, GaAs

DM mass
meV eV

Kinetically mixed dark photon

• Dark photon is all  
of the dark matter


• Mono-energetic 
absorption signal
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Hochberg, TL, Zurek 2016+2017  
DAMIC: Chavarria et al. 2017  
An, Pospelov, Pradler 2013, 2014

Conclusions
• Polar materials are excellent candidates for direct 

detection: ~1-10g target can already reach 
interesting DM candidates in meV-GeV range


• Directional detection also possible for sub-MeV DM!

21

Polar materials

GeV     TeVeVmeV keV MeV
DM mass

Thanks!

T.  Lin

See also panel discussion on Tuesday.



Neutron star
7

First, we determine the SN87a constraints on “

B

, which is the leptophobic LVB that couples to baryon number. The total
energy loss rate per gram due to “

B

radiation is

Ė

B

(fl, T, Y

p

) = (‘̇
npænp“

B

+ ‘̇

nnænn“

B

+ ‘̇

ppæpp“

B

)/fl , (21)

where fl is the matter mass density, T is the temperature and Y

p

= n

p

/(n
n

+ n

p

) is the fraction of protons. As already noted
we choose fl = 3 ◊ 1014 g/cm3, T = T

SN

= 30 MeV and we set the proton fraction Y

p

= 0.3 to reflect typical conditions
encountered in proto-neutron star simulations[26, 27].

In Fig. 5 we show the constraint on the coupling strength defined as –

B

= ‘

2

B

–

em

where –

em

= 1/137 is the fine structure
constant. We have opted to work with –

B

rather ‘

B

because this is widely used in the context of discussing LVBs that couple
to baryon number. The solid blue curve is obtained by setting Ė

B

(fl = 3◊1014 g/cm3

, T = 30 MeV, Y

p

= 0.3) = 1019 erg/g/s
and solving for ‘

B

for a range of LVB masses m

B

= 1 eV ≠ 200 MeV. For value of –

B

larger than those defined by the blue
curve the supernova would cool too rapidly to produce the neutrino events detected from SN87a. For lighter masses when
m

B

π 1 eV the exchange of the LVB leads to macroscopic forces, collectively referred as fifth forces, and have been probed
by a host experiments (for a review see Ref. [28]). These have strongly constrained –

B

to values that are several orders of
magnitude smaller than can be accessed by the SN cooling constraint. At intermediate values in the range m

B

ƒ few eV≠MeV
neutron scattering and neutron optics provide the strongest experimental constraints [29, 30] and these are also shown in
Fig. 5.
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SRA: Cooling
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Neutron Optics [Leeb et al. 1992]
Neutron Scattering [Barbieri & Ericson, 1975]

SN87a Excluded Region

FIG. 5. Cooling and trapping constraints in the parameter space of the LVB that couples to baryon number. The solid blue line is the
lower limit set by cooling, and the dashed blue line is the upper limit set by trapping. Experimental constraints derived from neutron
scattering from Ref. [29] (black dot-dashed curve) and from neutron optics from Ref. [30] (red dashed curve) are also shown.

While it is remarkable that the SN cooling constraint in Fig. 5 is several orders of magnitude more stringent than the
experimental constraints it relies on the assumption that once produced the LVBs can free stream out of the proto-neutron
star. Clearly this will not be true for large values of the coupling –

B

. At these larger values of –

B

LVBs will be trapped in

Dark Baryon Number Gauge Boson  
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Nucleon-nucleon bremsstrahlung of dark gauge bosons and revised supernova constraints.
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We calculate the rate of production of hypothetical light vector bosons (LVBs) from nucleon-
nucleon bremsstrahlung reactions in the soft radiation limit directly in terms of the measured
nucleon-nucleon elastic cross sections. We use these results and the observation of neutrinos from
supernova SN1987a to deduce constraints on the couplings of vector bosons with masses . 200 MeV
to either electric charge (dark photons) or to baryon number. We establish for the first time strong
constraints on LVB that couple only to baryon number, and revise earlier constraints on the dark
photon. For the latter, we find that the excluded region of parameter space is diminished by about
a factor of 10.

I. INTRODUCTION

The detection of about 20 neutrinos over about 10 seconds from supernova SN87a confirmed in broad-brush the paradigm
for core-collapse supernova in which the neutrinos carry away the bulk of the gravitational binding energy ƒ 3 ≠ 5 ◊ 1053

ergs of the neutron star. The time scale associated with this intense neutrino emission is determined by neutrino di�usion in
the hot and dense core of the newly born neutron star called the proto-neutron star[1]. During this phase, the emission of
other weakly interacting particles, were they to exist, could sap energy from the core and reduce the number and time scale
over which neutrinos would be detectable. This allows one to extract useful constraints on the coupling of these hypothetical
particles for masses up to about 200 MeV from the neutrino signal observed from SN87a. Now widely referred to as the
supernova cooling constraint [2], it has provided stringent constraints on the properties of QCD axions [3], the size of large
gravity-only extra-dimensions into which light Kaluza-Klein gravitons could be radiated [4, 5], light supersymmetric particles
such as neutralinos [6], and more recently on the properties of dark photons [7–9].

Observations of galaxy rotation curves, the motion of galaxies in clusters, gravitational lensing, and the remarkable success
of the �CDM model of the early universe (see Ref. [10] for a pedagogic review), combined with the direct empirical evidence
from the bullet cluster [11] indicates the existence of dark matter (DM) which interacts with ordinary matter through
gravitational interactions. This has spurred much recent research in particle physics and a plethora of DM models have been
proposed that also naturally predict non-gravitational interactions. In a class of these models, DM is part of neutral hidden
sector which interacts with standard model (SM) particles through the exchange of light vector bosons (LVBs) that couple
to SM conserved currents [12–15]. Here, DM is charged under a local U(1) and from a phenomenological perspective, it is
convenient to consider two possibilities. One in which the mediator couples to the SM electric charge Q, called the dark
photon “

Q

and is described by the spin-one field A

Õ
µ

. The other in which the mediator couples only to baryon number, which
is sometimes referred to as the leptophobic gauge boson “

B

and is described by the field B

µ

.
At low energy it su�ces to consider minimal coupling of the LVBs to charge and baryon number described by the lagrangian

L ∏ g

Q

A

Õ
µ

J

EM

µ

+ g

B

B

µ

J

B

µ

≠ 1
2m

2

“

Q

A

Õ
µ

A

Õµ ≠ 1
2m

2

“

B

B

µ

B

µ

,

(1)

which also includes mass terms for the gauge bosons. Of the two LVBs, the dark photon has been studied extensively and is
usually discussed as arising from kinetic mixing of a dark sector gauge boson with the photon [16]. This mixing is described
by the term ‘

Q

F

Õ
µ‹

F

µ‹ in the low energy lagrangian where F

µ‹ and F

Õ
µ‹

are the field tensors associated with the ordinary
photon field and dark photon field, respectively. The Yukawa coupling in Eq. 1 g

Q

= ‘

Q

e where e =
Ô

4fi–

em

is the electric
charge. To simplify notation, and for later convenience, we shall also introduce the parameter ‘

B

and write the Yukawa
coupling of leptophobic gauge boson as g

B

= ‘

B

e.
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• Nucleon-nucleon bremsstrahlung is 
the dominant  production channel.  

• Quadrupolar radiation is modestly 
suppressed (v4 )

gB < 10�10 m� < 100 MeVRequires for  

Dark Photons 

Figure 7. Systematic uncertainties (green region) encompassing our “robustly excluded zone” (blue).
The true boundary likely lies somewhere in the green region; we show our fiducial profile as the dotted
black line. The blue area is excluded regardless of the perturbations we make to the physical inputs. We
compare to bounds from other stars [17], decays to three photons on cosmological timescales [51, 52],
and beam dumps, meson decays, and other terrestrial experiments [4]. The comparison of the electron
anomalous magnetic moment in two di↵erent systems is shown in the hatched region, which has not
previously been shown in this mass range.

this model and rescale by the abundance from resonant production in the early Universe [51],

we obtain the lower bound of this region. Requiring ⌧  1 sec so that decays do not inter-

rupt nucleosynthesis gives the upper line of this gray region [51]. We caution that threshold

– 19 –

Chang, Essig, McDermott (2017,2018)
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and is described by the spin-one field A
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. The other in which the mediator couples only to baryon number, which
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which also includes mass terms for the gauge bosons. Of the two LVBs, the dark photon has been studied extensively and is
usually discussed as arising from kinetic mixing of a dark sector gauge boson with the photon [16]. This mixing is described
by the term ‘
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When the mass of the LVBs is less than or comparable to few times T

SN

ƒ 30 MeV, the temperature encountered
in the supernova core, they can be produced copiously through nucleon-nucleon bremsstrahlung and electron-position pair-
annihilation reactions. For both types of LVB, the bremsstrahlung production rate is expected to be the dominant contribution
given the abundance of nucleons and the strong nature of nuclear interactions. In this article we calculate this production rate
using the soft-radiation theorem and obtain a model independent estimate, related directly to the nucleon-nucleon elastic
scattering data. A similar method was used in earlier work in [4] to estimate low energy neutrino and axion production
and in [17] to estimate the rate of production of Kaluza-Kelin gravitons and dilatons from nucleon-nucleon bremsstrahlung.
Here we present for the first time a calculation of the rate of emission of the LVB “

B

which couples to baryon number from
nucleon-nucleon bremsstrahlung. Our calculation of the bremsstrahlung production of dark photons predicts a rate that is
about a factor 10 smaller than that predicted in Ref. [7]. We trace this di�erence to an overly simplified treatment of the
nucleon-nucleon interaction based on one-pion-exchange, and the use of the Born approximation for strong interactions.

In section II we review the well known result for soft bremsstrahlung radiation and outline the calculation for the emissivity
of LVBs from the supernova core in this limit. We discuss the elastic neutron-neutron, proton-proton and neutron-proton
cross-sections and use experimental data to compute the emissivities in section III. In section IV we derive constraints on ‘

B

and revise earlier constraints on ‘

Q

. Here we also discuss sources of opacity for LVBs that can suppress cooling arising from
inverse bremsstrahlung process, Compton scattering, and decay into electron–positron pairs.

II. NUCLEON-NUCLEON BREMSSTRAHLUNG IN THE SOFT LIMIT

We begin by briefly reviewing nucleon-nucleon bremsstrahlung in the soft limit where the energy radiated is small compared
to the energy associated with nucleon-nucleon interaction. It is well known that the amplitude for bremsstrahlung production
of particles can be related to the elastic scattering cross-section when expanded in powers of the energy Ê, carried away by
the radiated particles[18]. The amplitude for a generic bremsstrahlung process XY æ XY “ can be written as

M
XY æXY “

= A(E
cm

)
Ê

+ B(E
cm

) + O(Ê) , (2)

where A(E
cm

) and B(E
cm

) are related directly to the elastic XY æ XY cross-section without radiation in the final state.
This result, called Low’s soft-photon theorem for bremsstrahlung was first derived by F. E. Low [19] and has been used to
study neutron-proton and proton-proton bremsstrahlung reactions since the pioneering work of [20, 21]. Calculations of the
bremsstrahlung rate in which only terms arising from on-shell elastic amplitudes A(E

cm

) and B(E
cm

) is generally referred
to as the soft-photon approximation or the soft radiation approximation (SRA).

The Feynman diagrams that contribute in the SRA are shown in Fig. 1. Here nucleons are represented by solid lines,
the LVB as the wavy-photon lines and the shaded circle represents the nucleon-nucleon interaction which contains both the
long-distance component arising from pion-exchanges and all of the e�ects of the short-distance components that contribute
to nucleon-nucleon scattering. The amplitude for the reaction pp æ pp“ is obtained by summing diagrams (a), (b), (c) and

K
P3

P4P2

P1 P3
K

P1

P4P2
K

P2

P1 P3

P4
P4

P3

K
P2

P1

(a) (b) (c) (d)

FIG. 1. Diagrams in which radiation denoted by the wavy-line attaches to the external nucleon legs (solid lines) dominates in the
low energy limit. The grey blob represents the anti-symmetrized nucleon-nucleon potential and contains both the direct and exchange
contributions.

(d), while for the reaction np æ np“ only two of these diagrams contribute in which the photon couples only to the proton at
leading order in this expansion. The four momenta of the initial state nucleons is denoted P

1

and P

2

, and by P

3

and P

4

in the
final state. K = (Ê,

˛

k) is the four momentum of the radiated quanta and ‘

µ

is its polarization. These diagrams dominate at
small Ê because the intermediate nucleon is close to being on-shell and makes a contribution to the bremsstrahlung amplitude
at order Ê

≠1. In this limit, when the energy radiated is small compared to E

cm

of the nucleon pair, the unpolarized di�erential

Nucleon-nucleon Bremsstrahlung 
dominant production mechanism: 

Soft radiation or Low’s theorem for photon Bremsstrahlung 
can be used to estimate these rates in hot and dense matter. 

Rrapaj and Reddy  (2016)

Effective coupling in the plasma is resonantly enhanced 
when dark photon mass ~ plasma frequency. 
An, Pospelov, Pradler (2013)

cooling
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excludes a significant fraction of the DM parameter space
in our simple model. The bounds for bosonic DM de-

FIG. 4. Contours of dimensionless tidal polarizability for
a 1.4 M� hybrid star containing 10�4 M� of bosonic DM.
The parameter space to the left of the red contour labeled
800 is disfavored by the first detection of gravitational waves
(GW170817) from merging neutron stars.

scribed by our simple model are shown in Fig. 4. Here
we have fixed M� = 10�4 M� and varied the DM par-
ticle mass m� and e↵ective coupling strength g�/m� to
obtain the contours labeled by their dimensionless tidal
polarizability. In all cases we have used the APR EoS
to describe the underlying 1.4 M� neutron star. As ex-
pected from the discussion in section II, for fixed m�,
⇤ increases with increasing e↵ective coupling strength
g�/m�.

It is remarkable that models with light mediators are
severely constrained. For example, a model with m� =
100 MeV and m� = 1 eV, requires g� . 10�6. These
constraints should be especially useful since recent ob-
servations of strong absorption of the Lyman-↵ radiation
from some of the earliest stars corresponding to the 21-
centimeter transition of atomic hydrogen around redshift
20 [35] appears to favor light dark matter in the MeV-
GeV mass range and whose interactions (with baryons)
are due to the exchange of much lighter mediators [36].

The bound depends on the total mass M� and we find
the contour for ⇤ = 800 can be approximately fit by

✓
g�

m�/MeV

◆

⇤=800

= 1.6⇥ 10�5

✓
M�

M�

◆�2/3 m�

MeV
.

(14)
In Fig. 5 we show contours of fixed ⇤ for dark fermions

in the model parameter space defined by g�/m� versus
m�. For heavy fermions, where the contribution due
to the Fermi degeneracy pressure is small, the contours
of ⇤ are very similar to those obtained for bosons in
Fig. 4. However it is interesting to note that for light

FIG. 5. Contours of tidal deformability for 1.4 M� hybrid
star containing 10�4 M� of fermionic DM.

dark fermions, with m� . 30 MeV, ⇤ can be larger then
800 even in the absence of strong interactions or light
mediators. This is clearly seen in the behavior of the con-
tours for small values of m� when they plunge to smaller
values of the e↵ective coupling strength g�/m�.
With more detections of BNS and black hole-neutron

star mergers expected we anticipate that these limits on
the tidal polarizability will improve and provide stronger
constraints. There is also the tantalizing possibility that
as the detection sample grows, Ad. LIGO might detect a
larger than expected variability in the tidal polarizabil-
ity for neutron stars implicating that some are endowed
with dark halos. We have proposed a few mechanisms
by which DM can be either produced or accreted in ade-
quate quantities. These warrant further study to obtain
quantitative estimates for the amount of DM accumu-
lated and its dependence on the model parameters.
Finally, we note that in our study we have restricted

ourselves to dark halos whose radii are less than 150 km
to ensure that halos do not overlap during the early, yet
detectable, stage of the merger to ensure that the orbital
evolution can be described by the point particle + tidal
polarizability corrections formulation. Larger halos or
later times in the merger will experience a more complex
hydrodynamic evolution when the halos overlap. This
will require computer simulations to identify observable
signatures, and although this is beyond the scope of our
study we hope our results will motivate numerical rela-
tivists simulating neutron star mergers to include DM.
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the contour for ⇤ = 800 can be approximately fit by

✓
g�

m�/MeV

◆

⇤=800

= 1.6⇥ 10�5

✓
M�

M�

◆�2/3 m�

MeV
.

(14)
In Fig. 5 we show contours of fixed ⇤ for dark fermions

in the model parameter space defined by g�/m� versus
m�. For heavy fermions, where the contribution due
to the Fermi degeneracy pressure is small, the contours
of ⇤ are very similar to those obtained for bosons in
Fig. 4. However it is interesting to note that for light

FIG. 5. Contours of tidal deformability for 1.4 M� hybrid
star containing 10�4 M� of fermionic DM.

dark fermions, with m� . 30 MeV, ⇤ can be larger then
800 even in the absence of strong interactions or light
mediators. This is clearly seen in the behavior of the con-
tours for small values of m� when they plunge to smaller
values of the e↵ective coupling strength g�/m�.
With more detections of BNS and black hole-neutron

star mergers expected we anticipate that these limits on
the tidal polarizability will improve and provide stronger
constraints. There is also the tantalizing possibility that
as the detection sample grows, Ad. LIGO might detect a
larger than expected variability in the tidal polarizabil-
ity for neutron stars implicating that some are endowed
with dark halos. We have proposed a few mechanisms
by which DM can be either produced or accreted in ade-
quate quantities. These warrant further study to obtain
quantitative estimates for the amount of DM accumu-
lated and its dependence on the model parameters.
Finally, we note that in our study we have restricted

ourselves to dark halos whose radii are less than 150 km
to ensure that halos do not overlap during the early, yet
detectable, stage of the merger to ensure that the orbital
evolution can be described by the point particle + tidal
polarizability corrections formulation. Larger halos or
later times in the merger will experience a more complex
hydrodynamic evolution when the halos overlap. This
will require computer simulations to identify observable
signatures, and although this is beyond the scope of our
study we hope our results will motivate numerical rela-
tivists simulating neutron star mergers to include DM.
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GW170817 rules out regions of the light dark matter 
model parameter space. 

Light fermions are constrained even when interactions 
are negligible. 

Ann Nelson, Sanjay Reddy, Dake Zhou, ArXiV:1803.03266

If NS contain some dark matter: 

GW170817

S. Reddy



Early Universe: CMB. LSS

Millicharged DM
Consider millicharged DM comprising 
1% of total DM, and assume EDGES 
observation is correct.

If millicharge is too small, cannot 
scatter efficiently enough to cool the 
gas.

If millicharge is too large, automatic 
annihilation (through s-channel 
photon) overheats the gas.

In intermediate region, can set limits 
on extra (non-automatic) annihilation 
channels.

Cannot get desired 1% density 
through thermal freezeout of such 
channels if branching ratio to 
electrons is appreciable & annihilation 
is unsuppressed at late times.

DM-baryon scattering in 
the early universe

[TRS & Wu 1803.09734]

σ~v-4 scaling can cool the gas enough to 
accommodate the EDGES observation for sub-
GeV DM masses, without violating CMB bounds 
[note: v1 of 1802.06788 suggested otherwise; v2 
(to post tonight) revises the limit, now matches 
our result.]

Substantially weaker velocity scalings (in particular, 
σ~v-2) are not sufficient under standard 
assumptions.

Constraint dominantly comes from z~103-few x 
104 - suppressing signal at these redshifts would 
work as well as velocity dependence.

If the DM is cold enough, problem is 
approximately linear - in this case, our paper 
provides a basis set of functions that can be used 
to estimate the Planck constraints on arbitrary 
redshift-dependent scattering within this period.

T. Slatyer
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More results
soon to come!

K. Boddy

DM SM velocity dependent scattering  



Interplay with early evolution
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A Different View of the Gap
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Moving Toward Constraints
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The Dark Matter Perturbation
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Evolution of the Matter Density Perturbation

horizon 
entry

linear growth logarithmic
growth

EMDE

radiation 
domination

•nonthermal dark matter immediately begins linear growth after horizon entry

•thermal DM is coupled to radiation prior to freeze-out, then grows linearly

•the amplitude of the perturbations during RD is the same for both thermal and 
nonthermal dark matter

 

Example: Early matter domination
forming minihalos.

A.  Erickcek



Axion: the old story

Remains interesting benchmarks, and exp. probes

Excited to hear new ADMX results in 2 weeks!



Much broader view

A much larger variety of models.


Many new exp. proposals as well.

Agrawal, Fan, Reece, LTW



A gap for MeV axion? D.  Alves

Major constraints on the QCD axion with
fa = O(GeV)

ma = O(MeV)

For generic QCD axions, these constraints

are very severe and rule out           ma > MeV

However, a particular realization of
MeV axions might still be viable:

2⇥ mu

fa
a ū�5u + 1⇥ md

fa
a d̄�5d + Qe⇥

me

fa
a ē�5e

and no further couplings to            , nor to 2nd and 3rd generationsGµ⌫G̃
µ⌫

How to probe this MeV axion?

Via its hadronic couplings

Look for other, very sensitive probes of ✓a⇡ , ✓a ⌘ , ✓a ⌘0

measurement high relative to theoretical estimates by  ~15%  (    )  3�

a e+

e�x
⇡0

✓a⇡

Suggests ✓a⇡ ⇡ (0.6± 0.2)⇥ 10�4

Qe (GeV/fa)

E.g.,

“KTeV anomaly”:How to probe this MeV axion?
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A.J. Krasznahorkay, et al. 
PRL116, 042501 (2016)

Fixed Ep = 1.10 MeV

• Note that in the bump region ~14 - 18 MeV, the signal is a pretty large fraction of the total 
number of events (though it is a small fraction of the total integrated over all mee).

“ 8Be* anomaly ”:

Look for other, very sensitive probes of ✓a⇡ , ✓a ⌘ , ✓a ⌘0Be-8 As a New Physics Lab
• Beryllium-8 is composed of four 

protons and four neutrons.

• Its ground state decays into two alpha 
particles.

• It is a somewhat unusual nucleus:

• It has large excitations (~20 MeV) 
with reasonably long lifetimes.

• Relatively easy to make in the lab 
from p + 7Li.

• Transitions from excited to ground 
states probe MeV-scale weakly coupled 
physics, such as an axion.

Excited state

Ground state

R e s o n a n t  
P ro d u c t i o n

D i s c r e t e
Tr a n s i t i o n s

Treiman & Wilczek, Phys. Lett. B74 (’78); 
Donnelly et al., Phys. Rev. D18 (’78)

excited 8Be nucleus

ground state
e�
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e+

x

Suggests 

18.15 MeV

1p
3
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p
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3
✓a⌘0 ⇡ (0.5± 0.2)⇥ 10�3ma ⇡ (16± 1)MeV ,

⌘, ⌘0

✓a ⌘/⌘0

Via its hadronic couplings

adapted from F. Tanedo

Interesting. 
Complete model seems to be challenging.



New probes: superradiance
at LIGO

Black Hole Spins

If light axion exists, many initial BHs would have low spin due 
to superradiance, limited by age and radius of binary system

ma = 6 x 10-13 eVHactualL
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M. Baryakhtar

Can be probed by LIGO



New probes: axion star?

19

Axion Star meets Neutron Stars

YB, Hamada, 1709.10516

The encounter rate in our galaxy is estimated to be

rate, we simply use the geometric cross section augmented by the “gravitation focus” effect or the
increasing Safronov number [58]. The cross section has the form of

σ = π (RAS + ℓRNS)
2

[
1 +

v2esc
v2rel

]
= π (RAS + ℓRNS)

2

[
1 +

2GN (MNS +Ma⊙)

v2rel (RAS + ℓRNS)

]
, (27)

with RNS ∼ 10 km and MNS ∼ M⊙ as the neutron-star radius and mass, respectively. The relative
speed is approximately the averaged axion-star speed in our galaxy and around 300 km/s. The escaping
velocity is estimated to be vesc ≈ 1.6 × 105 ℓ−1/2 km/s. The encounter events per year are estimated
to be

Ncollision/year = nAS × nNS × σv × Vgalaxy ≃ nAS ×NNS × σvrel (28)

= 0.003 × ℓ fAS

(
10−13 M⊙

Ma⊙

) (
NNS

109

)
. (29)

For a lighter axion star, the encountering events can happen more frequently in our galaxy. From
Eq. (29), the encounter events per year are not large. However, we note that the calculation here
is just the order-of-magnitude estimation. The actual encounter rate could be increased significantly
if a dark matter clump happens in the neutron-star-rich region. As can be seen from Eq. (29), the
encounter rate can become large with a large value of ℓ, at the price of a suppressed magnetic field
by ℓ−3. 7 Furthermore, if the number of neutron stars is larger than 109 in our galaxy, then we may
also obtain a larger encounter rate. Having these possibilities in mind, we will simply assume that
encounter event can happen at the scale of one year and discuss the detectability.

From Eq. (17) and when one axion star enters the vicinity of a neutron star, the radiated power
can vary from 1011 W to 1021 W, depending on the magnetic field size from 1010 Gauss to 1015 Gauss.
This kind of event is also likely to be a transient one with the time scale of O(fewRNS/vrel) ≈ O(0.1 s).
Since this encounter event is like a point source from the astrophysical point of view, the closest event
to our solar system may have the highest probability to be detected. For the ∼ 109 neutron stars
in the our galaxy disk, the averaged density is roughly one per parsecs. For sure, the anticipated
encounter rate at a distance of parsecs is very tiny.

Using Eq. (17) and assuming a typical source distance of 1 kpc, the estimated spectral flux density
from axion–neutron-star encounter is

S ≈ 2.9× 10−13 Jy×
(

ma fa
(108 eV)2

)1/2 (10−4 eV

ma

)5 (
10−13M⊙

Ma⊙

)0.5
(

| #»B|
1010 Gauss

)2 (
1 kpc

dsource

)2

, (30)

which is applicable for the dense axion-star mass above the upper bound for the diluted axion mass
in Eq. (1). The encounter rate is given in Eq. (29) with the typical source distance at kpc scale. The
spectral density flux highly depends on the axion particle mass, the neutron-star magnetic field and
the location of the encountering event.

7Here, it is assumed that the neutron star is the point-like magnetic dipole source outside the neutron star. For the
realistic magnetic field, the corresponding power could be different.
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Figure 2: The detectability of the radio signal from the encounter event of the neutron star and
density axion star. The sensitivities from Arecibo, GBT, JVLA, FAST, and SKA-mid are shown for
tobs = 1hour. The lower end of the orange and brown lines correspond to the lower bound on the
dense axion star mass, see Eq. (1).

the product of mafa = (108 eV)2 to approximately match the QCD axion relation. For a large value of
magnetic field above ≈ 1013 Gauss, the sensitivities of radio telescopes are good enough to potentially
observe the transient O(0.1 s) radio source, very similar to the fast burst radio, except located within
our galaxy.

6 Discussion and Conclusions

So far, we have concentrated on the radiation power from a dense axion star. Our calculation has
been kept very general such that our Eq. (17) can be applicable to other axion stars like a diluted
axion star. For sure, the diluted-axion-star radius RAS, given by the Eq. (2), is much larger than the
one for a dense axion star in Eq. (3). Since the flux is proportional to R−5

AS as shown in Eq. (26), the
signal of a diluted axion star is dramatically suppressed compared with that of a dense axion star and
is unlikely to be observed. This large suppression factor is due to the interference effect when one
integrates the radiation power generated from different regions of the axion star.

We also comment on the case of the non-QCD axion. In this case, the relation of mafa ≈ (108 eV)2

does not need to be satisfied. Requiring the symmetry breaking scale below the end-of-inflation scale
and satisfying the astrophysical bound, the decay constant should be still in the range of 108 GeV <
fa < 1013 GeV. Keeping the axion star mass around 10−13M⊙ and from Eq. (1), one could have
fa = 108 GeV to saturate the astrophysical bound. To have a dense axion star, the axion particle
mass is bounded from below ma ! 10−7 eV. The maximum power for a dense non-QCD axion star

11

A nearby source with a large magnetic field may have a 
chance 

Aspen Winter, Particle Frontier Dense Axion Stars Joshua Eby 29/3/18

Mass Distribution of Axion Stars
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neutron star encounterIs dense axion star stable?



New theory directions



Perhaps we are not doing field 
theory the right way?

e�
e+

µ+
µ�

�
Lagrangian, Hamiltonian,  
equations of  motion, etc.

physical principles

observables

modern 
scattering 
amplitudes 
program

C. Cheung



Interesting progress in scattering 
amplitude.

s

⇢

1 2 30

-1

0

+1

-2
  scalar ϕ3

  gluons

  gravitons

Let us draw a theory “map” for massless particles.

graviton

gluon BI photon

pionscalar ϕ3 Galileon

Amplitudes encode a hidden unity of  theories!

Deeper structure?

Connection to big questions in particle physics? 

C. Cheung



Blackhole information puzzle
Various “extreme” proposals:

Firewalls

Fuzzballs (starlike stringy  
object; Mathur, …)

ER=EPR

Most involve new 
physics on scales      R 

(not      )

=

R= horizon radius

(Almheiri, Marolf,  
Polchinski, Sully)

(Maldacena, Susskind; 
van Raamsdonk)

S. Giddings



Could be testable!
Event Horizon Telescope Sgr A*, M87

E.g. Nonviolent unitarization, strong:

[SG/Psaltis, 1606.07814]

β

α

[Fish et al, 1409.4690] 



My wish for Aspen 2019 Winter 
Conference.

We will be talking about 

something completely different!



More dark-stuff searches
- Looking for dark sector. Very weakly coupled to the SM. 


Connection with dark matter, neutrino, etc. 


Many have not been searched for yet.


- Can come from Higgs portal, but could be more general.


- Displaced-Long lived, soft, kink, … 

Curtin and Sundrum



Higgs coupling vs direct search
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At 100 TeV pp collider
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Figure 14: Summary of collider reach for neutralino dark matter.

while the discovery reach ranged from 350 � 700 GeV. Mixed dark matter parameter space

already receives strong constraints from direct detection and a more thorough study on the

impact of collider searches on this parameter space would be worthwhile.

Finally bino dark matter was studied, bringing various coannihilators into the spectrum to

avoid overclosing the universe. These scenarios utilized the monojet search to project reach.

The stop coannihilation exclusion reach was found to be m�̃ ⇠ 2.8 TeV and the discovery

reach to bem�̃ ⇠ 2.1 TeV. As the thermally-saturating bino mass in this case ism�̃ ⇠ 1.8 TeV

(and mt̃ ⇠ 1.8 TeV), dark matter can be either excluded or discovered in this channel. The

gluino coannihilation, on the other hand, was found to only reach the thermal bino mass for

a splitting of �m = 30 GeV, corresponding to m�̃ ⇠ 6.2 TeV and mg̃ ⇠ 6.23 TeV, so the

thermal parameter space is not entirely closed. Finally squark coannihilation can be excluded

up to m�̃ ⇠ 4.0 TeV and stau coannihilation cannot be probed in the monojet channel.

In addition to the aforementioned interplay with mixed dark matter and neutralino blindspots,

useful future work would be to look at how adding in more search channels can improve the

dark matter collider reach. Such searches would include monophoton searches, razor searches,

vector boson fusions searches, and multilepton searches. Another principal direction to ex-

tend these studies would be to look at the impact of bringing down other particles into the

low energy spectrum.

– 20 –

M. Low, LTW 2014 

MWIMP  1.8 TeV
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Will be challenging

SM WW, WZ processes are dominated by transverse modes 

New technique such as polarization tagging of W/Z crucial

Wh/Zh(bb) channels have large reducible background

Difficult measurement. Large improvement needed.

Room for developing new techniques 



Operators: d=6




