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(*)因时间有限，将侧重于最新的物理结果，以及有中国组
贡献的重要结果。难免疏漏，敬请见谅！



Large	  	  Hadron	  Collider	  (LHC)	  at	  CERN	  

周长27km，跨越瑞⼠士法国国境，位于地下100米	  
世界上最⼤大、能量最⾼高(质⼼心系能量13TeV)、最贵(～44亿美元)的加速器
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日内瓦湖 机场



Large	  	  Hadron	  Collider	  (LHC)	  at	  CERN	  
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日内瓦湖 机场

ATLAS:	  the	  biggest	  collider	  experiment	  with	  
5000-‐members	  collabora<on	  

Width:	  	  	  	  	  	  44	  m	  
Diameter:	  22	  m	  
Weight:	  	  7000	  t	  



Large	  	  Hadron	  Collider	  (LHC)	  at	  CERN	  
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日内瓦湖 机场

CMS:	  the	  heaviest	  collider	  experiment	  with	  
5000-‐members	  collabora<on	  

Weight:	  	  14000	  tons	  
Diameter:	  	  	  	  	  	  	  	  	  15	  m	  
Length:	  	  	  	  	  	  	  	  	  	  28.7	  m	  
Magnet	  field:	  	  3.8	  T	  
	  



Run	  Status	  
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2016	   2017	  

Results	  shown	  here	  mostly	  based	  on	  2016	  w/wo	  2017	  data	  



Challenge	  to	  the	  experiments	  
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A	  Z-‐>µµ	  event	  with	  28	  verLces	  

Recorded	  Inst.	  Lumi.	  
=1.5x1034cm-‐2s-‐1	  



Detector	  performance	  
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muon	  eff.	  vs	  pileup	  verLces	  
muon	  eff.	  vs	  pT	  

Muon	  



Detector	  performance	  
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fake	  	  rate	  	  	  

Electron	  energy	  response	  at	  
Z	  mass	  vs.	  pileup	  verLces	  

Electron	  



Detector	  performance	  
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efficiency	  
	  

resoluLon	  
fake	  rate	  

Photon	  trig.	  eff.	  vs	  pileup	  verLces	  

Photon	  

Photon	  IsolaLon	  from	  Charged	  Hadron	  	  



Detector	  performance	  
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Jet	  trigger	  efficiency	  

b	  tagging	  efficiency	  

fracLon	  of	  acLve	  channels	  

96%	  

MET	  trigger	  efficiency	  

Tau	  trigger	  efficiency	  
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bH	  coupling	  (two	  years	  ago)	  
•  Indirectly	  established	  at	  Run	  1	  through	  the	  ggH	  loop	  process,	  
but	  model	  dependent	  

•  The	  direct	  bH	  coupling	  was	  evident,	  but	  somewhat	  higher	  
than	  expectaLon	  	  
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0.87±0.15	  

SM	  structures	  and	  no	  BSM	  assumed	  	  

JHEP	  08	  (2016)	  045	  

-‐	  

Obs.	  (exp.)	  4.4σ	  (2.0σ)	  	  



Now	  we	  have	  the	  bH	  observaLon	  
•  >5σ	  observaLon	  of	  bH	  from	  CMS	  and	  ATLAS	  	  
•  Very	  sophisLcated	  analyses,	  pushing	  detector	  performance	  
very	  far,	  many	  channels,	  MVAs...	  	  
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CMS	  NH	  
candidate	  
event	  

-‐	  

-‐	  

-‐	  



Now	  we	  have	  the	  bH	  observaLon	  
•  >5σ	  observaLon	  of	  bH	  from	  CMS	  and	  ATLAS	  	  
•  Very	  sophisLcated	  analyses,	  pushing	  detector	  performance	  
very	  far,	  many	  channels,	  MVAs...	  	  
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-‐	  

-‐	  
Phys.	  Rev.	  Leb.	  120,	  231801	  (2018)	  

参见张华桥报告

Obs.	  (exp.)	  5.2σ	  (4.2σ)	  	  



Now	  we	  have	  the	  bH	  observaLon	  
•  >5σ	  observaLon	  of	  bH	  from	  CMS	  and	  ATLAS	  	  
•  Very	  sophisLcated	  analyses,	  pushing	  detector	  performance	  
very	  far,	  many	  channels,	  MVAs...	  	  
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-‐	  

-‐	  
arXiv:1806.00425	  

参见马连良报告

Obs.	  (exp.)	  6.3σ	  (5.1σ)	  	  for	  Run	  1+2	  



H→ττ	  
•  Again	  complex	  analyses,	  
systemaLcs	  have	  to	  be	  
under	  excellent	  control	  	  

•  Established	  by	  the	  Run-‐1	  
ATLAS+CMS	  combinaLon:	  
observaLon	  at	  5.5σ	  (5.0σ	  
exp.)	  	  

•  Now	  complemented	  by	  
individual	  CMS	  and	  ATLAS	  
5σ’s	  	  
(Run-‐1+Run-‐2	  /	  each	  36	  j-‐1)	  	  
•  CMS	  5.9σ	  (5.9σ)	  	  
•  ATLAS	  6.4σ	  (5.4σ)	  	  

•  Moving	  to	  measurements	  
18	  参见张雷、陈新报告

PLB	  779	  (2018)	  283,	  ATLAS-‐CONF-‐2018-‐021	  



H→bb	  
•  Also	  difficult	  analyses	  with	  many	  tough	  systemaLc	  errors,	  
e.g.	  (W/Z)+HF	  backgrounds,	  b-‐tagging	  ...	  	  

•  Run-‐1+Run-‐2	  signal	  strengths:	  	  

	  	  	  	  Both	  correspond	  to	  evidence	  at	  3.6-‐3.8σ	  	  
	  

19	  

JHEP	  12	  (2017)	  024,	  PLB	  780	  (2018)	  501	  

参见张雷、刘衍⽂文、Chikuma	  Kato报告

-‐	  



H→bb:	  explore	  new	  regimes/ideas	  
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Phys.Rev.Leb.	  120	  (2018)	  071802,	  	  CERN-‐EP-‐2018-‐140	  

参见⽯石辽珊报告

-‐	  

•  Direct	  search	  for	  gg→H→bb	  
with	  boosted	  H→bb	  events	  

•  Search	  for	  VBF,	  with	  an	  
addiLonal	  high	  pT	  photon	  



Higgs	  to	  bosons	  –	  entering	  precision	  era	  	  

• Run-‐2	  analyses	  with	  80	  j-‐1	  for	  the	  first	  Lme,	  
higher	  precision	  is	  coming!	  	  
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ATLAS-‐CONF-‐2018-‐018,	  CMS-‐PAS-‐HIG-‐18-‐001	  

参见陶军全、黄燕萍、⽅方亚泉、Tahir报告

4.9σ	  of	  VBF	  H-‐>γγ



Higgs	  mass	  
•  ATLAS	  performed	  the	  combined	  
measurement	  of	  the	  Run1	  and	  Run2	  
(2015+2016)	  H→ZZ→4l	  and	  H→𝛄𝛄	  
mass	  measurements,	  	  
mH	  =	  124.97±0.24	  GeV	  	  

22	  

JHEP	  11	  (2017)	  04,	  arXiv:1806.00242	  

•  Most	  precise	  measurement	  
at	  the	  moment	  comes	  from	  
CMS	  H→ZZ→4l	  mass	  
measurement	  with	  2016	  
data	  mH	  =	  125.26±0.21	  GeV	  	  

SLll	  limited	  by	  staLsLcal	  uncertainLes	  →	  impact	  on	  coupling	  ~0.5%	  



Higgs	  differenLal	  cross	  secLons	  	  
•  Measurements	  of	  fiducial	  and	  differenLal	  cross-‐secLon	  
distribuLons	  made	  already	  at	  Run-‐1	  with	  low	  staLsLcs	  	  

•  Now	  with	  more	  bins	  and	  beber	  precision	  	  
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Simplified	  template	  cross	  secLons	  
•  Simplified	  template	  cross-‐secLons	  (STXS)	  defined	  by	  common	  effort	  in	  

LHC	  Higgs	  cross-‐secLon	  group	  	  
•  Finer-‐grained	  cross-‐secLons	  (“Stage-‐1”)	  becoming	  accessible	  now...	  	  
•  Using	  these,	  and/or	  individual	  experimental	  measurements,	  EFT	  fits	  

will	  allow	  more	  detailed	  SM	  tests	  –	  and	  perhaps	  provide	  hints	  of	  BSM	  
structure	  	  

24	  



H→inv	  H→cc	  
H→Zγ→µµγ

Higgs	  rare	  decays	  
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H→µµH→γ*γ→µµγ
H→ϒγ→µµγ

Many	  studies,	  all	  compaLble	  with	  SM	  predicLons	   参见李海峰,刘彦麟报告



Combined	  Higgs	  boson	  couplings	  
• Overall	  signal	  strength	  compaLble	  with	  the	  SM	  	  
• Not	  anymore	  dominated	  by	  staLsLcs,	  already	  moving	  
to	  less	  inclusive	  measurements	  	  
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CMS-‐PAS-‐HIG-‐17-‐031	  
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SM	  measurements:	  moLvaLon	  

28	  

• Self-‐consistency	  test	  of	  
the	  Standard	  Model	  

	  	  	  	  	  →	  over-‐constrain	  the	  system:	  	  
e.g.	  sin2θw	  =	  1	  −	  M2

W/M2
Z	  (@	  tree)	  	  

• Probe	  new	  physics	  



Precision	  W/top	  masses	  
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• Self-‐consistency	  test	  of	  
the	  Standard	  Model	  

	  	  	  	  	  →	  over-‐constrain	  the	  system:	  	  
e.g.	  sin2θw	  =	  1	  −	  M2

W/M2
Z	  (@	  tree)	  	  

• Probe	  new	  physics	  

EPJC78	  (2018)	  110	  



SM	  producLon	  cross	  secLon	  measurements	  

30	  Overall	  good	  agreement	  with	  SM	  over	  9	  orders	  of	  magnitude	  



Probing	  anomalous	  TGC/QGC	  

31	  参见李数、 Yatsenko、Chenliang	  Wang报告



Probing	  anomalous	  TGC/QGC	  

32	  

SensiLve	  to	  4-‐W,HWW	  
anomalous	  couplings	  

WWW	  

VBS	  Zγ

SensiLve	  to	  WWZγ,	  
neutral	  anomalous	  QGC	  

JHEP07(2017)107,	  EPJC77	  (2017)	  141	  	  
	  



Heavy	  flavor	  
•  Angular	  analyses	  of	  flavor-‐changing	  neutral	  current	  decay	  
B➝K(*)μ+μ−	  

33	  参见王⼤大勇报告

CMS Collaboration / Physics Letters B 753 (2016) 424–448 431

Fig. 4. Measured values of FL, AFB, and dB/dq2 versus q2 for B0 → K∗0µ+µ− . The 
statistical uncertainty is shown by the inner vertical bars, while the outer vertical 
bars give the total uncertainty. The horizontal bars show the bin widths. The vertical 
shaded regions correspond to the J/ψ and ψ ′ resonances. The other shaded regions 
show the two SM predictions after rate averaging across the q2 bins to provide a 
direct comparison to the data. Controlled theoretical predictions are not available 
near the J/ψ and ψ ′ resonances.
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•  Limits	  for	  high	  mass	  searches	  extending	  beyond	  4	  TeV	  with	  
first	  2017	  data	  analyses	  
W’	  →	  e/μ+MET	  	   Di-‐jet	  resonance	  in	  pp→	  W+X	  

m(j,j)	  Transverse	  mass	   new	  topology	  search	  
W’	  in	  context	  of	  sequenLal	  
SM	  excluded	  up	  to	  5.5	  TeV	  

95%	  CL	  limit	  on	  σ*A*ε:
50	  j-‐0.1	  j,	  for	  masses	  0.25-‐6	  TeV

ATLAS-‐CONF-‐2018-‐017,	  ATLAS-‐CONF-‐2018-‐015	  	  



Di-‐boson	  resonance	  searches	  
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M(JJ)	  for	  WW+WZ	  ATLAS-‐CONF-‐2018-‐016	  

Both	  experiments	  have	  comprehensive	  di-‐boson	  search	  programs	  

•  Substructure	  techniques	  (for	  jets,	  b-‐tagging)	  used	  for	  maximizing	  
sensiLvity	  to	  boosted	  topologies,	  large	  mass	  range	  
•  Includes	  using	  the	  Higgs	  as	  a	  discovery	  tool	  (“Higgs-‐tagging”)	  

参见吕旭东、赵永柯、苏琬云报告



Di-‐boson	  resonance	  searches	  
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JHEP	  03	  (2018)	  174,	  arXiv:1805.01908	  

Mild	  excess	  around	  440	  GeV	  in	  
bbA	  search	  (3.6σ	  local,	  2.4σ	  global)	  	  

参见郭军、梁志均、李数报告

X→ Higgs + Photon	  
A→Zh, h→bb	  



AddiLonal	  Higgs	  ?	  

39	  Many	  searches,	  no	  significant	  excess	  yet	  



Dark	  maber	  searches	  

40	  

2

matter in Sec. III. We continue in Sec. IV with the com-
parision of limits on the e↵ective couplings and show that
at the Lhc contact interaction bounds lead to more strin-
gent limits. Di↵erent fundamental theories may be ex-
pected to have di↵erent bounds on the underlying cou-
plings and we address these questions in Sec. V. We con-
clude the paper in Sec. VI.

II. EFFECTIVE COUPLINGS FROM A
FUNDAMENTAL MODEL

We start with a simple formulation of an example
model to describe the interaction of a new dark matter
particle � with Standard Model quarks q. We choose � to
be a Dirac fermion and analyze pair production qq ! ��
from initial state quarks, via a heavy vector mediator V
from an U(1) gauge theory. A particle X is assumed to
have mass MX . We consider the following Lagrangian
for this model,

LUV = q̄(i/@ �Mq)q + �̄(i/@ �M�)�

+
1

2
M2

V VµV
µ � 1

4
V µ⌫Vµ⌫

� gq q̄�
µPLqVµ � g��̄�

µPL�Vµ, (1)

where we have used the projection operator

PL ⌘ (1� �5)

2
. (2)

The first four terms include both kinematic and mass
terms for all the fields (with the standard Abelian field
strength tensor V µ⌫ ⌘ @µV ⌫�@⌫V µ for the vector medi-
ator). The last terms describe chiral interactions of the
vector particle V µ with both fermions � and q via di-
mensionless coupling strengths gq and g�. The particular
choice of a chiral interaction leads to e↵ective operators
that are commonly analysed in experimental studies, e.g.
[32, 34]. We consider di↵erent operators in section V.

The DM particle � is assumed to interact with the
Standard Model only by exchanging the new mediator
V , i.e. it is uncharged under any Standard Model gauge
group and neither couples to the respective gauge bosons
nor the Higgs particle.

The new mediator leads to new interaction channels for
the Standard Model quarks, which are shown in Fig. 1.
At a hadron collider, an o↵-shell mediator that is created
by two initial state quarks can either produce a pair of
quarks, describing elastic quark scattering, or produce a
pair of the new particle �. Since both processes depend
on the strength of the initial state coupling gq, their cross
sections are related.

If we now assume that the mass of the mediator, MV ,
lies far beyond the accessible center of mass energy

p
ŝ of

the partons in any scattering process we want to analyse
at a hadron collider, we can integrate out the vector field
and expand the remainder of the e↵ective Lagrangian up

q

q̄

q

q̄

gq gq
V

(a) Elastic quark scattering
(plus a corresponding

t-channel contribution).

q

q̄

�

�̄

gq g�
V

(b) Pair production of �.

FIG. 1. New interaction modes for quarks in the initial state,
given by the model introduced in (3).

to leading order in ŝ/M2
V (see e.g. [36]),

Le↵ = q̄(i/@ �Mq)q + �̄(i/@ �M�)�

�
g2q

2M2
V

q̄L�
µqLq̄L�µqL � gqg�

M2
V

q̄L�
µqL�̄L�µ�L

�
g2�

2M2
V

�̄L�
µ�L�̄L�µ�L, (3)

with the left–handed component of the quark field qL ⌘
PLq. The last term describes the scattering of the dark
matter particle � with itself, which is of no interest in this
analysis and is therefore omitted henceforth. We combine
the pre-factors of the two remaining e↵ective vertices by
defining the e↵ective couplings Gq ⌘ g2q/M

2
V , describing

a contact interaction (CI) between four Standard Model
quarks, and G� ⌘ gqg�/M2

V , which gives the scattering
strength between quarks and the DM particle �.
To be consistent with the perturbative approach of us-

ing tree-level diagrams only, the dimensionless couplings
g must not be larger than

p
4⇡. Thus, in addition to the

restriction M2
V � ŝ demanded for the e↵ective approx-

imation to be valid, only the limited parameter space
0 < Gi < 4⇡/ŝ is allowed for both e↵ective couplings Gi.

III. EXPERIMENTAL LIMITS ON THE
EFFECTIVE COUPLINGS

The two e↵ective couplings we derived have to be
probed di↵erently at a hadron collider. Firstly, Gq de-
scribes the elastic scattering of quarks and can be anal-
ysed by looking for deviations compared to Standard
Model predictions for high energy di-jet production. This
analysis has been performed by both the Atlas [32] and
Cms [34] collaborations at the Lhc. Since there also ex-
ist Standard Model diagrams for this type of scattering,
limits on Gq depend on how the Standard Model terms
interfere with the new contribution of the e↵ective oper-
ator. We conservatively take the lowest limits given for
destructive interference, which Cms quotes as,

Gq  4⇡(7.5 TeV)�2 (4)

at 95% CL, determined with an integrated luminosity of
2.2 fb�1 at 7 TeV center of mass energy.
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matter in Sec. III. We continue in Sec. IV with the com-
parision of limits on the e↵ective couplings and show that
at the Lhc contact interaction bounds lead to more strin-
gent limits. Di↵erent fundamental theories may be ex-
pected to have di↵erent bounds on the underlying cou-
plings and we address these questions in Sec. V. We con-
clude the paper in Sec. VI.

II. EFFECTIVE COUPLINGS FROM A
FUNDAMENTAL MODEL

We start with a simple formulation of an example
model to describe the interaction of a new dark matter
particle � with Standard Model quarks q. We choose � to
be a Dirac fermion and analyze pair production qq ! ��
from initial state quarks, via a heavy vector mediator V
from an U(1) gauge theory. A particle X is assumed to
have mass MX . We consider the following Lagrangian
for this model,

LUV = q̄(i/@ �Mq)q + �̄(i/@ �M�)�

+
1

2
M2

V VµV
µ � 1

4
V µ⌫Vµ⌫

� gq q̄�
µPLqVµ � g��̄�

µPL�Vµ, (1)

where we have used the projection operator

PL ⌘ (1� �5)

2
. (2)

The first four terms include both kinematic and mass
terms for all the fields (with the standard Abelian field
strength tensor V µ⌫ ⌘ @µV ⌫�@⌫V µ for the vector medi-
ator). The last terms describe chiral interactions of the
vector particle V µ with both fermions � and q via di-
mensionless coupling strengths gq and g�. The particular
choice of a chiral interaction leads to e↵ective operators
that are commonly analysed in experimental studies, e.g.
[32, 34]. We consider di↵erent operators in section V.

The DM particle � is assumed to interact with the
Standard Model only by exchanging the new mediator
V , i.e. it is uncharged under any Standard Model gauge
group and neither couples to the respective gauge bosons
nor the Higgs particle.

The new mediator leads to new interaction channels for
the Standard Model quarks, which are shown in Fig. 1.
At a hadron collider, an o↵-shell mediator that is created
by two initial state quarks can either produce a pair of
quarks, describing elastic quark scattering, or produce a
pair of the new particle �. Since both processes depend
on the strength of the initial state coupling gq, their cross
sections are related.

If we now assume that the mass of the mediator, MV ,
lies far beyond the accessible center of mass energy

p
ŝ of

the partons in any scattering process we want to analyse
at a hadron collider, we can integrate out the vector field
and expand the remainder of the e↵ective Lagrangian up

q

q̄

q

q̄

gq gq
V

(a) Elastic quark scattering
(plus a corresponding

t-channel contribution).

q

q̄

�

�̄

gq g�
V

(b) Pair production of �.

FIG. 1. New interaction modes for quarks in the initial state,
given by the model introduced in (3).

to leading order in ŝ/M2
V (see e.g. [36]),

Le↵ = q̄(i/@ �Mq)q + �̄(i/@ �M�)�

�
g2q

2M2
V

q̄L�
µqLq̄L�µqL � gqg�

M2
V

q̄L�
µqL�̄L�µ�L

�
g2�

2M2
V

�̄L�
µ�L�̄L�µ�L, (3)

with the left–handed component of the quark field qL ⌘
PLq. The last term describes the scattering of the dark
matter particle � with itself, which is of no interest in this
analysis and is therefore omitted henceforth. We combine
the pre-factors of the two remaining e↵ective vertices by
defining the e↵ective couplings Gq ⌘ g2q/M

2
V , describing

a contact interaction (CI) between four Standard Model
quarks, and G� ⌘ gqg�/M2

V , which gives the scattering
strength between quarks and the DM particle �.
To be consistent with the perturbative approach of us-

ing tree-level diagrams only, the dimensionless couplings
g must not be larger than

p
4⇡. Thus, in addition to the

restriction M2
V � ŝ demanded for the e↵ective approx-

imation to be valid, only the limited parameter space
0 < Gi < 4⇡/ŝ is allowed for both e↵ective couplings Gi.

III. EXPERIMENTAL LIMITS ON THE
EFFECTIVE COUPLINGS

The two e↵ective couplings we derived have to be
probed di↵erently at a hadron collider. Firstly, Gq de-
scribes the elastic scattering of quarks and can be anal-
ysed by looking for deviations compared to Standard
Model predictions for high energy di-jet production. This
analysis has been performed by both the Atlas [32] and
Cms [34] collaborations at the Lhc. Since there also ex-
ist Standard Model diagrams for this type of scattering,
limits on Gq depend on how the Standard Model terms
interfere with the new contribution of the e↵ective oper-
ator. We conservatively take the lowest limits given for
destructive interference, which Cms quotes as,

Gq  4⇡(7.5 TeV)�2 (4)

at 95% CL, determined with an integrated luminosity of
2.2 fb�1 at 7 TeV center of mass energy.
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matter in Sec. III. We continue in Sec. IV with the com-
parision of limits on the e↵ective couplings and show that
at the Lhc contact interaction bounds lead to more strin-
gent limits. Di↵erent fundamental theories may be ex-
pected to have di↵erent bounds on the underlying cou-
plings and we address these questions in Sec. V. We con-
clude the paper in Sec. VI.

II. EFFECTIVE COUPLINGS FROM A
FUNDAMENTAL MODEL

We start with a simple formulation of an example
model to describe the interaction of a new dark matter
particle � with Standard Model quarks q. We choose � to
be a Dirac fermion and analyze pair production qq ! ��
from initial state quarks, via a heavy vector mediator V
from an U(1) gauge theory. A particle X is assumed to
have mass MX . We consider the following Lagrangian
for this model,

LUV = q̄(i/@ �Mq)q + �̄(i/@ �M�)�

+
1

2
M2

V VµV
µ � 1

4
V µ⌫Vµ⌫

� gq q̄�
µPLqVµ � g��̄�

µPL�Vµ, (1)

where we have used the projection operator

PL ⌘ (1� �5)

2
. (2)

The first four terms include both kinematic and mass
terms for all the fields (with the standard Abelian field
strength tensor V µ⌫ ⌘ @µV ⌫�@⌫V µ for the vector medi-
ator). The last terms describe chiral interactions of the
vector particle V µ with both fermions � and q via di-
mensionless coupling strengths gq and g�. The particular
choice of a chiral interaction leads to e↵ective operators
that are commonly analysed in experimental studies, e.g.
[32, 34]. We consider di↵erent operators in section V.

The DM particle � is assumed to interact with the
Standard Model only by exchanging the new mediator
V , i.e. it is uncharged under any Standard Model gauge
group and neither couples to the respective gauge bosons
nor the Higgs particle.

The new mediator leads to new interaction channels for
the Standard Model quarks, which are shown in Fig. 1.
At a hadron collider, an o↵-shell mediator that is created
by two initial state quarks can either produce a pair of
quarks, describing elastic quark scattering, or produce a
pair of the new particle �. Since both processes depend
on the strength of the initial state coupling gq, their cross
sections are related.

If we now assume that the mass of the mediator, MV ,
lies far beyond the accessible center of mass energy

p
ŝ of

the partons in any scattering process we want to analyse
at a hadron collider, we can integrate out the vector field
and expand the remainder of the e↵ective Lagrangian up
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V

(a) Elastic quark scattering
(plus a corresponding

t-channel contribution).
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(b) Pair production of �.

FIG. 1. New interaction modes for quarks in the initial state,
given by the model introduced in (3).

to leading order in ŝ/M2
V (see e.g. [36]),

Le↵ = q̄(i/@ �Mq)q + �̄(i/@ �M�)�

�
g2q

2M2
V

q̄L�
µqLq̄L�µqL � gqg�

M2
V

q̄L�
µqL�̄L�µ�L

�
g2�

2M2
V

�̄L�
µ�L�̄L�µ�L, (3)

with the left–handed component of the quark field qL ⌘
PLq. The last term describes the scattering of the dark
matter particle � with itself, which is of no interest in this
analysis and is therefore omitted henceforth. We combine
the pre-factors of the two remaining e↵ective vertices by
defining the e↵ective couplings Gq ⌘ g2q/M

2
V , describing

a contact interaction (CI) between four Standard Model
quarks, and G� ⌘ gqg�/M2

V , which gives the scattering
strength between quarks and the DM particle �.
To be consistent with the perturbative approach of us-

ing tree-level diagrams only, the dimensionless couplings
g must not be larger than

p
4⇡. Thus, in addition to the

restriction M2
V � ŝ demanded for the e↵ective approx-

imation to be valid, only the limited parameter space
0 < Gi < 4⇡/ŝ is allowed for both e↵ective couplings Gi.

III. EXPERIMENTAL LIMITS ON THE
EFFECTIVE COUPLINGS

The two e↵ective couplings we derived have to be
probed di↵erently at a hadron collider. Firstly, Gq de-
scribes the elastic scattering of quarks and can be anal-
ysed by looking for deviations compared to Standard
Model predictions for high energy di-jet production. This
analysis has been performed by both the Atlas [32] and
Cms [34] collaborations at the Lhc. Since there also ex-
ist Standard Model diagrams for this type of scattering,
limits on Gq depend on how the Standard Model terms
interfere with the new contribution of the e↵ective oper-
ator. We conservatively take the lowest limits given for
destructive interference, which Cms quotes as,

Gq  4⇡(7.5 TeV)�2 (4)

at 95% CL, determined with an integrated luminosity of
2.2 fb�1 at 7 TeV center of mass energy.
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matter in Sec. III. We continue in Sec. IV with the com-
parision of limits on the e↵ective couplings and show that
at the Lhc contact interaction bounds lead to more strin-
gent limits. Di↵erent fundamental theories may be ex-
pected to have di↵erent bounds on the underlying cou-
plings and we address these questions in Sec. V. We con-
clude the paper in Sec. VI.

II. EFFECTIVE COUPLINGS FROM A
FUNDAMENTAL MODEL

We start with a simple formulation of an example
model to describe the interaction of a new dark matter
particle � with Standard Model quarks q. We choose � to
be a Dirac fermion and analyze pair production qq ! ��
from initial state quarks, via a heavy vector mediator V
from an U(1) gauge theory. A particle X is assumed to
have mass MX . We consider the following Lagrangian
for this model,

LUV = q̄(i/@ �Mq)q + �̄(i/@ �M�)�

+
1

2
M2

V VµV
µ � 1

4
V µ⌫Vµ⌫

� gq q̄�
µPLqVµ � g��̄�

µPL�Vµ, (1)

where we have used the projection operator

PL ⌘ (1� �5)

2
. (2)

The first four terms include both kinematic and mass
terms for all the fields (with the standard Abelian field
strength tensor V µ⌫ ⌘ @µV ⌫�@⌫V µ for the vector medi-
ator). The last terms describe chiral interactions of the
vector particle V µ with both fermions � and q via di-
mensionless coupling strengths gq and g�. The particular
choice of a chiral interaction leads to e↵ective operators
that are commonly analysed in experimental studies, e.g.
[32, 34]. We consider di↵erent operators in section V.

The DM particle � is assumed to interact with the
Standard Model only by exchanging the new mediator
V , i.e. it is uncharged under any Standard Model gauge
group and neither couples to the respective gauge bosons
nor the Higgs particle.

The new mediator leads to new interaction channels for
the Standard Model quarks, which are shown in Fig. 1.
At a hadron collider, an o↵-shell mediator that is created
by two initial state quarks can either produce a pair of
quarks, describing elastic quark scattering, or produce a
pair of the new particle �. Since both processes depend
on the strength of the initial state coupling gq, their cross
sections are related.

If we now assume that the mass of the mediator, MV ,
lies far beyond the accessible center of mass energy

p
ŝ of

the partons in any scattering process we want to analyse
at a hadron collider, we can integrate out the vector field
and expand the remainder of the e↵ective Lagrangian up
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(plus a corresponding
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FIG. 1. New interaction modes for quarks in the initial state,
given by the model introduced in (3).

to leading order in ŝ/M2
V (see e.g. [36]),
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with the left–handed component of the quark field qL ⌘
PLq. The last term describes the scattering of the dark
matter particle � with itself, which is of no interest in this
analysis and is therefore omitted henceforth. We combine
the pre-factors of the two remaining e↵ective vertices by
defining the e↵ective couplings Gq ⌘ g2q/M

2
V , describing

a contact interaction (CI) between four Standard Model
quarks, and G� ⌘ gqg�/M2

V , which gives the scattering
strength between quarks and the DM particle �.
To be consistent with the perturbative approach of us-

ing tree-level diagrams only, the dimensionless couplings
g must not be larger than

p
4⇡. Thus, in addition to the

restriction M2
V � ŝ demanded for the e↵ective approx-

imation to be valid, only the limited parameter space
0 < Gi < 4⇡/ŝ is allowed for both e↵ective couplings Gi.

III. EXPERIMENTAL LIMITS ON THE
EFFECTIVE COUPLINGS

The two e↵ective couplings we derived have to be
probed di↵erently at a hadron collider. Firstly, Gq de-
scribes the elastic scattering of quarks and can be anal-
ysed by looking for deviations compared to Standard
Model predictions for high energy di-jet production. This
analysis has been performed by both the Atlas [32] and
Cms [34] collaborations at the Lhc. Since there also ex-
ist Standard Model diagrams for this type of scattering,
limits on Gq depend on how the Standard Model terms
interfere with the new contribution of the e↵ective oper-
ator. We conservatively take the lowest limits given for
destructive interference, which Cms quotes as,

Gq  4⇡(7.5 TeV)�2 (4)

at 95% CL, determined with an integrated luminosity of
2.2 fb�1 at 7 TeV center of mass energy.
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What	  if	  Dark	  Maber	  doesn’t	  couple	  to	  quarks	  
•  Also	  moLvated	  by	  LFU	  tensions	  and	  muon	  g-‐2	  
•  Search	  for	  an	  Lµ-‐Lτ	  gauge	  boson:	  a	  narrow	  light	  Z’	  decaying	  
in	  µ+µ-‐	  with	  Z→4µ	  events	  	  
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Many	  other	  exoLca	  searches	  
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Searches	  for	  SUSY	  
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Push	  hard	  to	  full	  parameter	  space	  
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Looking	  forwards	  

Almost	  two	  weeks	  ahead	  schedule	  
Expect	  ~150	  j-‐1	  (almost	  double	  2016+2017)	  
by	  the	  end	  of	  2018	  
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Much	  more	  work	  now	  devoted	  to	  upgrades	  
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Summary	  

• Approaching	  a	  decade	  a�er	  the	  start,	  the	  LHC	  is	  
now	  a	  mature	  machine,	  and	  the	  detectors	  are	  
stable,	  and	  very	  well	  understood	  	  

• Direct	  observaLon	  on	  bH:	  it’s	  there	  at	  tree-‐level,	  
and	  yt≈1	  	  

• SLll	  no	  significant	  deviaLon/excess	  from	  ATLAS/
CMS,	  but	  only	  one	  percent	  of	  the	  full	  LHC	  data	  
sample	  analyzed!	  	  

• CompleLon	  of	  Run-‐2,	  upgrades	  and	  then	  much	  
more	  data	  beyond	  

•  Let’s	  hope	  something	  is	  s<ll	  hiding	  out	  there	  	  
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Don’t	  miss	  ICHEP	  for	  more	  and	  exciLng	  resutls!	  



	   	   	   	   	   	   	   	   	  非常感谢ATLAS和CMS组成员提
供⼤大量最新的研究成果。近⼏几年中国
组研究队伍和实⼒力显著提升，有许多
⼈人担任合作组L2/L3职位，在众多重要
物理课题中担任负责⼈人和论⽂文编辑， 
并在探测器运⾏行、升级上承担越来越
多的任务，在合作组中的显示度和作
用明显提⾼高！	  
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