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Key challenges of  hep-th  are addressed by com- 
bining approaches from different research areas.  

Mission:
• Identify fundamental particles
• Determine fundamental laws of nature
• Understand development of the Universe
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Particle physics theory at DESY (HH and Zeuthen)
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Close interaction with experiment: predictions, interpretation, tools
Development of new methods, algorithms and concepts
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Crucial for 
LHC physics!

T. Konstandin
A. Ringwald (also ALPS)
G. Servant (joint with Univ. Hamburg)
A. Westphal
V. Domcke and F. Sala
(5yr fellows)

Hamburg:
M. Diehl
C. Grojean (joint with HU Berlin)
Z. Nagy
J. Reuter
K. Schmidt-Hoberg
F. Tackmann
G. Weiglein
5yr fellow position advertised

Zeuthen:
J. Blümlein 
P. Marquard
1 position vacant

V. Schomerus
J. Teschner (joint with
Univ. Hamburg, Math. Dept.)
E. Pomoni and
G. Papathanasiou
(5yr fellows)

K. Jansen 
S. Schäfer
H. Simma
R. Sommer
Joint W2 position at
HU Berlin, hiring in 
progress (start: 04/2018)
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High-impact Fellowship programme: 
• About 500 applications every year
• Very high success rate in hiring first-choice 

candidates in world-wide competition
• Among the 56 Fellows who have been at DESY 

2013-2016, 16 (29%) already have tenure (track)

AUSBILDUNG

„Wenn Du ein Schiff bauen willst, dann  
trommle nicht Menschen zusammen, um  
Holz zu beschaffen und Arbeit einzuteilen,  
sondern lehre die Menschen die Sehnsucht  
nach dem weiten endlosen Meer.“  
Antoine de Saint-Exupéry, französischer Schriftsteller

22

Core-funded plus third-party-funded scientists (FTE) without Ph.D. students
55.9 FTE in total without Ph.D. students
Ph.D. students (2016): 23; 28 theses completed in 2013-16

Core-financed costs (2016): 6.015 MEUR 
Third-party funding (2016): 1.389 MEUR

Double success in Helmholtz Recruitment Initiative
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Double success in Recruitment Initiative of the Helmholtz 
Association
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Geraldine Servant: 
electroweak phase transition, dark matter
baryon asymmetry, gravitational waves
collider phenomenology
Joint appointment with Hamburg University

Christophe Grojean: 
collider phenomenology
electroweak symmetry breaking
Joint appointment with HU Berlin
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Probing the underlying physics at the origin of mass of elementary particlesThe Higgs is at the Center of Attention.

Precision predictions
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Properties & Interpretation

Constraints on coupling scale factors from 
ATLAS + CMS + Tevatron data
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Figure 11: One-dimensional ��2 profiles for the parameters in the (�V , �u, �d, ��, �g, �� , BR(H �
inv.)) fit.

can be seen in Fig. 10. It is generated by the necessity of having roughly SM-like gg � H � �� signal
rates. The best fit point, which has �2

min/ndf = 82.6/78, is compatible with the SM expectation at
the 1� level, as can be seen in Fig. 10. The estimated P-value is � 33.9%. Note that BR(H � inv.)
is much stronger constrained to � 20% (at 95% C.L.) in this parametrization than in the previous
fits. The reason being that the suppression of the SM decay modes with an increasing BR(H � inv.)
cannot be fully compensated by an increasing production cross sections since the tree-level Higgs
couplings are fixed. The partial compensation that is possible by an increased gluon fusion cross
section is reflected in the strong correlation between �g and BR(H � inv.), which can be seen in
Fig. 10.

3.6 General Higgs couplings

We now allow for genuine new physics contributions to the loop-induced couplings by treating �g and
�� as free fit parameters in addition to a general parametrization of the Yukawa sector as employed
in Sect. 3.4. This gives in total seven free fit parameters, �V , �u, �d, ��, �g, �� and BR(H � inv.).
Note, that this parametrization features a perfect sign degeneracy in all coupling scale factors, since
the only derived scale factor, �2

H , depends only on the squared coupling scale factors. For practical

23

[P. Bechtle, S. 
Heinemeyer, O. Stål, 
T. Stefaniak, G. 
Weiglein ’14]

HiggsSignalsATLAS + CMS + Tev:

Seven fit 
parameters

Significantly 
improved 
precision 
compared to 
ATLAS or CMS 
results alone

⇒

BSM constraints

New strategies

pmin
T [GeV] �SM

pmin
T

[fb] � �

100 2200 0.016 0.023

150 840 0.069 0.13

200 350 0.20 0.31

250 160 0.39 0.56

300 75 0.61 0.89

350 38 0.86 1.3

400 20 1.1 1.8

450 11 1.4 2.3

500 6.3 1.7 2.9

550 3.7 2.0 3.6

600 2.2 2.3 4.4

650 1.4 2.6 5.2

700 0.87 3.0 6.2

750 0.56 3.3 7.2

800 0.37 3.7 8.4

Table 1: SM cross section and coe�cients for the semi-numerical formula (2.7) calculated

for
�

s = 14 TeV.

6

degeneracy

resolve UV vs IR
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FIG. 2. Left panel: the invariant mass of the two leptons, m��, after cut 6. Central panel: The collinear mass Mcol after
cut 7, stacking the di�erent processes. Histograms are normalised to the respective cross-sections. Right panel: stacked
distributions of the ‘Higgs’ transverse momentum pT,H (defined in Eq. (11)) after selection cut 8, with a logarithmic
scale.

We apply one more cut before making use of the collinear mass variable thus described: an upper limit on the
dilepton mass – m�� < 70 GeV – due to its tendency toward small values for the signal, shown in the left panel
of Fig. 2. It kills e�ciently tt̄+jets and WW+jets background while keeping most of the H+jets signal and
Z � �� background. At this stage Z � �� becomes the dominant background for extracting H � �� signal.
The amount of the tt̄ and WW backgrounds can be estimated in a data driven way by removing m�� < 70 GeV
cuts as discussed in detail in Appendix.

The collinear mass thereafter is shown in the central panel of Fig. 2. Note, that any particle decaying to
���� (with enough boost that the two � are not back-to-back) will have its mass reconstructed by this process;
indeed the most striking feature of the collinear mass distribution is the Z mass peak from the large irreducible
background Z � ����. A peak due to the signal is also visible at Mcol � mH = 125 GeV. By selecting only
events in this window – |Mcol � mH | < 10 GeV – we achieve S/B � 0.4 with S/

�
B > 9 for 300 fb�1. (S is

taken to include the H � WW � contribution, which is � 10% of H � �� after our cuts designed to isolate
the latter.) We estimate the statistical error of the cross section measurement by

�
S + B/S, obtaining 12% for

�(pT,H > 200 GeV), 22% for �(pT,H > 300 GeV), and 41% for �(pT,H > 400 GeV). Assuming we can achieve
the same e�ciencies for high-luminosity run of the LHC (HL-LHC) for 3 ab�1, we extrapolate the values to
obtain � 4% for �(pT,H > 200 GeV), � 7% for �(pT,H > 300 GeV), and � 13% for �(pT,H > 400 GeV).

As seen in the central panel of Fig. 2 the smooth side-band distribution can be used for estimating the
background contribution. We show in the Appendix that these side-bands are available even with several prec

T,H
cut. Thus, we expect we can extract the amount of the background contributions except for statistic errors in a
data driven way, although there should be systematic uncertainty induced by the MC background modeling.

In this analysis we only use the recoil fat jet especially aiming for removing tt̄+jets background. As the
dominant background at the last stage is Z+jets, and since Z+jets and H+jets give di�erent fraction of gluon
jets and quark jets it would be helpful to utilize the di�erence between jet substructure of gluon jets and quark
jets [131, 132] while this feasibility is not investigated in this work.

C. H � W�W
�
�

Our selection criteria for extracting H � W�W �
� from the background begin with those described in Sec-

tion IVA. In Section IVB we required that the /pT
vector be inside the two lepton momenta, after which the

signal was dominated by to H � ���� and the background by Z�����+jets. Here we will remove most of the
contribution of these processes by requiring that /pT

be outside the two lepton momenta. This is equivalent to

demanding that the m��
T2 variable [133] be greater than zero, as m��

T2 = 0 when it is not satisfied – the ‘trivial
zero’ [134]. In fact we go further and impose

m��
T2 > 10 GeV. (16)
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Z � �� background. At this stage Z � �� becomes the dominant background for extracting H � �� signal.
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cuts as discussed in detail in Appendix.
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In this analysis we only use the recoil fat jet especially aiming for removing tt̄+jets background. As the
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jets and quark jets it would be helpful to utilize the di�erence between jet substructure of gluon jets and quark
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Schlaffer, Spannowsky, !
Takeuchi, AW, Wymant, ‘14

Grojean, Schlaffer, !
Salvioni, AW, JHEP 1405 (2014) 022

are given by

t min
max

=
1

2

�
m2

h � ŝ �
�

m4
h � 2 ŝ (m2

h + 2 (pmin
T )2) + ŝ2

�
(2.5)

Finally, the hadronic cross section is obtained by combining the partonic cross section with

the appropriate parton luminosity Lpart

�pmin
T

(ct, kg) =

1�

smin/s

d� Lpart(�) �̂pmin
T

(ct, kg, � s) (2.6)

with smin = m2
h +2 (pmin

T )2 +2
�

m2
h (pmin

T )2 + (pmin
T )4. From equation (2.4) it follows directly

that the cross section can always be expressed in terms of the semi-numerical formula

�pmin
T

(ct, kg)

�SM
pmin

T

= (ct + kg)
2 + � ct kg + � k2

g (2.7)

which avoids lengthy integrations once the coe�cients � and � are determined. For a center

of mass energy of
�

s = 14 TeV and various choices for the minimal transverse momentum

of the higgs they are listed in table 1.

2.2 �� channel

While a full analysis would definitely have to include all possible decay channels of the higgs,

an estimate of the possibilities of searches with a boosted higgs can be obtained looking at

one channel only. A good compromise between branching ratio and e�ciency was found in

the decay of the higgs to �� .

The branching ratios for the higgs decay were taken from [20] and the ones for the

subsequent decay of the � ’s to leptons (L) or hadrons (H) from [21]. Modifications of the

branching ratios due to e�ects of new physics are neglected in the calculation. Together with

the e�ciencies �i for the reconstruction for boosted � ’s we find

�tot = BR(h � ��)

�
�

LL,LH,HH

BR(�� � i) �i

�
= 2.03 � 10�2 (2.8)

The e�ciencies were estimated in [22] for a heavy resonance Z � of 2 TeV decaying to Zh and

thus producing a very boosted higgs which then decays into a pair of �s. Due to the high

mass of the resonance the pT of the higgs is in a similar range as in our process, enabling us

5

+ related SM and BSM studies + close interaction with experiments
Frank Tackmann (DESY) Collider Physics Hamburg Theory Jamboree 2014-06-04 1 / 25
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Discrimination between different realizations of the symmetry-breaking mechanism giving rise to  the origin of mass
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Figure 217: Schematic overview of the simplified template cross section framework.

precise form of the categorization. Typically, a subset of the experimental event categories is designed to
enrich events of a given Higgs boson production mode, usually making use of specific event topologies.
This is what eventually allows the splitting of the production modes in the global fit. Another subset of
event categories is defined to increase the sensitivity of the analysis by splitting events according to their
expected signal-to-background ratio and/or invariant-mass resolution. In other cases, the categories are
motivated by the analysis itself, e.g. as a consequence of the backgrounds being estimated specifically
for certain classes of events. While these are some of the primary motivations, in the future the details of
the event categorization can also be optimized in order to give good sensitivity to the simplified template
cross sections to be measured.

The centre of Figure 217 shows a sketch of the simplified template cross sections, which are
determined from the experimental categories by a global fit that combines all decay channels and which
represent the main results of the experimental measurements. They are cross sections per production
mode, split into mutually exclusive kinematic bins for each of the main production modes. In addition,
the different Higgs boson decays are treated by fitting the partial decay widths. Note that as usual,
without additional assumptions on the total width, only ratios of partial widths and ratios of simplified
template cross sections are experimentally accessible.

The measured simplified template cross sections together with the partial decay widths then serve
as input for subsequent interpretations, as illustrated on the right of Figure 217. Such interpretations
could for example be the determination of signal strength modifiers or coupling scale factors  (pro-
viding compatibility with earlier results), EFT coefficients, tests of specific BSM models, and so forth.
For this purpose, the experimental results should quote the full covariance among the different bins. By
aiming to minimize the theory dependence that is folded into the first step of determining the simpli-
fied template cross sections from the event categories, this theory dependence is shifted into the second

Interface between experiment and theory:
Simplified Template Cross Sections
F. Tackmann, K. Tackmann et al. 

Exploitation of experimental
signatures: boosted Higgs
M. Schlaffer et al., PhD 2015 

Higgs-mass predictions
In SUSY theories

Higgs production: 
Higher-order predictions

G. Weiglein et al. S. Patel et al., PhD 2017 

C. Grojean et al. 
Higgs Yukawa model on the lattice:
K. Jansen et al. 

Stabilizing the electroweak vacuum by higher dimensional operators in a Higgs-Yukawa model Attila Nagy

κ = 0.11668
κ = 0.11672
κ = 0.11675

(a) trajectories

κ = 0.11668
κ = 0.11672
κ = 0.11675

(b) CEP from simulation

Figure 2: The left plot shows the Monte Carlo time trajectories of the magnetization corresponding to
simulation data for λ =−0.4 fromfig. 1a where one observes a typical metastable behaviour for κ = 0.11672
with the magnetization jumping between two values. The runs of adjacent κ do not show this behaviour.
The right plot shows the CEP as it is obtained from the simulation for those three values of κ . Both plots
nicely indicate the existence of a first order phase transition.

λ6 = 0.10

λ = −0.380
λ = −0.385
λ = −0.388
λ = −0.389

λ6 = 0.10,λ = −0.388

Figure 3: Here we show the dependence of the Higgs boson mass on the cutoff as it is obtained in the CEP.
The left plot compares the results for various values of λ on a 963× 192 lattice while keeping λ6 = 0.1
constant. Additionally we show the standard model lower bound indicated by the red points. The gap
in the gray data points originates from the first order phase transition. The right plot shows the volume
dependence for various L3× 2L lattices while keeping λ = −0.388 and λ6 = 0.1 fixed. It also shows the
volume dependence of the standard model mass bound.

5. Conclusions and outlook

In this work, we have added a dimension-6 operator to a Higgs-Yukawa model to test the
stability of a so extended SM. We found that for fixed values of λ6 = 0.1 and for a cutoff of
about ! 1.5TeV, the Higgs boson mass can be lowered when the quartic coupling is driven more
and more negative, as was also found in ref. [5]. In addition, we detected that for a certain (negative)
value of the quartic coupling the transition between the symmetric and the broken phase turns first
order and the separation between the cut-off and the low-energy scale is lacking, leading to an
absolute lower bound of the Higgs boson mass. With this we conclude that for the here considered
value of a λ6 coupling a Higgs boson mass of 126GeV is fully compatibale with an addition of a

6

Model interpretation:
L. Zeune et al., PhD 2014 

EFT interpretation:

Christophe Grojean EFT 4 Higgs KITP, April 18 2o1528

EFT validityterm is suppressed by a larger power of a high mass scale. Assuming baryon and lepton

number conservation, the Lagrangian takes the form

Le↵ = LSM +
X

i

c(6)
i
O

(6)
i

+
X

j

c(8)
j
O

(8)
j

+ · · · , (1.1)

where each O
(D)
i

is a gauge-invariant operator of dimension D and c(D)
i

is the corresponding

coe�cient. Each coe�cient has dimension 4�D and scales like a given power of the couplings

of the UV theory; in particular, for an operator made of ni fields one has

c(D)
i

⇠
(coupling)ni�2

(high mass scale)D�4
. (1.2)

This scaling holds in any UV completion which admits some perturbative expansion in its cou-

plings. This follows from simple dimensional analysis after restoring ~ 6= 1 in the Lagrangian

since couplings, as well as fields, carry ~ dimensions [1–3] (see also Refs. [4,5]). An additional

suppressing factor (coupling/4⇡)2L may arise with respect to the naive scaling if the operator

is first generated at L loops in the perturbative expansion. If no perturbative expansion is

possible in the UV theory because this is maximally strongly coupled, then Eq. (1.2) gives

a correct estimate of the size of the e↵ective coe�cients by replacing the numerator with

(4⇡)ni�2 (i.e. setting coupling ⇠ 4⇡).

The EFT defined by Eq. (1.1) is able to parametrize observable e↵ects of a large class of

beyond the SM (BSM) theories. All decoupling BSM physics where new particles are much

heavier than the SM ones and much heavier than the energy scale at which the experiment is

performed can be mapped to such a Lagrangian. The main motivation to use this framework

is that the constraints on the EFT parameters can be later re-interpreted as constraints on

masses and couplings of new particles in many BSM theories. In other words, translation of

experimental data into a theoretical framework has to be done only once in the EFT context,

rather than for each BSM model separately. Moreover, the EFT can be used to establish

a consistent picture of deviations from the SM by itself and thus can provide guidance for

constructing a UV completion of the SM.

In the EFT, physical amplitudes in general grow with the energy scale of the process,

due to the presence of non-renormalizable operators. Such framework has therefore a limited

energy range of validity. In this note we address the question of the validity range at the

quantitative level. We will discuss the following points:

• Under what conditions does the EFT give a faithful description of the low-energy phe-

nomenology of some BSM theory?

• When is it justified to truncate the EFT expansion at the level of dimension-6 operators?

To what extent can experimental limits on dimension-6 operators be a↵ected by the

presence of dimension-8 operators? Are there physically important examples where

dimension-8 operators cannot be neglected?

2

Included Ignored

Expansion Validity: E/Λ << 1

Experimentally: better access to leading ci E2/Λ2 and not directly to Λ 

Truncation depends on c(8)i E4/Λ4

Le↵ =
2

v2
(ē�µ⌫e)(⌫̄µ�µµ)

for a fixed deviation to the SM predictions:

Weak couplings reduce the validity range of the EFT (as naively expected)

Strong couplings extend it (g=4! Fermi theory would have been valid up to E≈3 TeV)

low energy measurements give access to GF, i.e. v, and not the true cutoff mW= 1/2 g v

Example: Fermi theory

Christophe Grojean EFT 4 Higgs KITP, April 18 2o1529

EFT validity: illustrative example

SU(2)L 
heavy vector triplet

4 An Explicit Example

In this section we illustrate our general arguments by comparing predictions of the EFT and

a specific BSM model which reduces to that EFT at low energies. To this end we discuss

the qq̄ ! V h process at the LHC, along the lines of Ref. [28]. The purpose of the example

presented below is to demonstrate that, as in the Fermi theory, the knowledge of the D = 6

coe�cients of an e↵ective Lagrangian is not enough to determine the validity range of the

EFT approximation. Therefore the theoretical errors incurred from the truncation of the

EFT Lagrangian cannot be quantified in a model-independent way.

We consider the SM extended by a triplet of vector bosons V i

µ
with mass MV transforming

in the adjoint representation of the SM SU(2)L symmetry. Its coupling to the SM fields is

described by [81,82]

L � igHV
i

µ
H†�i

 !
DµH + gqV

i

µ
q̄L�µ�

iqL, (4.1)

where qL = (uL, dL) is a doublet of the 1st generation left-handed quarks. In this model V i

µ

couples to light quarks, the Higgs boson, and electroweak gauge bosons, and it contributes

to the qq̄ ! V h process at the LHC. Below the scale MV , the vector resonances can be inte-

grated out, giving rise to an EFT where the SM is extended by D=6 and higher-dimensional

operators. Thus, MV plays the role of the EFT cut-o↵ scale ⇤. Using the language of the

Higgs basis [83], the EFT at the D=6 level is described by the parameter �cz (relative cor-

rection to the SM Higgs couplings to WW and ZZ) and �gZq

L
(relative corrections to the Z

and W boson couplings to left-handed quarks), plus other parameters that do not a↵ect the

qq̄ ! V h process at tree level. The relevant EFT parameters are matched to those in the UV

model as

�cz = �
3v2

2M2
V

g2
H
, [�gZu

L
]11 = �[�g

Zd

L
]11 = �

v2

2M2
V

gHgq . (4.2)

When these parameters are non-zero, certain EFT amplitudes grow as the square of the center-

of-mass energy s ⌘ M2
Wh

of the analyzed process, M ⇠ M2
Wh

/M2
V
. Then, for a given value

of the parameters, the observable e↵ects of the parameters become larger at higher energies.

However, above a certain energy scale, the EFT may no longer approximate correctly the UV

theory defined by Eq. (4.1), and then experimental constraints on the EFT parameters do

not provide any information about the UV theory.

To illustrate this point, we compare the UV and EFT descriptions of qq̄ ! V h for three

benchmark points:

• Strongly coupled: MV = 7 TeV, gH = �gq = 1.75;

• Moderately coupled: MV = 2 TeV, gH = �gq = 1/2;

• Weakly coupled: MV = 1 TeV, gH = �gq = 1/4 .

Clearly, all three benchmarks lead to the same EFT parameters at the D=6 level. However,

because MV = ⇤ varies, these cases imply di↵erent validity ranges in the EFT. This is illus-

trated in Fig. 1, where we show (in the left panel) the production cross section in dependence
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validity of EFT depends on couplings

regime to probe the spectrum of top partners in composite Higgs models, whereas Section 4

looks at the h + jet process as a way to probe light stops in supersymmetric extensions

of the SM. Finally, Section 5 collects our conclusions. We also include an Appendix, where

formulae for the pp ! h+jet cross section mediated by CP -violating couplings are reported.

2 Analysis of pp ! h + jet

At the parton level, three subprocesses contribute to the pp ! h+jet cross section: these are

gg, qg, qq̄ ! h+ jet.5 The expressions of the SM matrix elements for gg ! hg and qq̄ ! hg,

mediated by quark loops, were first calculated at LO in QCD in Ref. [23] and shortly after

with a di↵erent notation in Ref. [24], which we used for our calculations. The matrix element

for the qg ! hq process is obtained from the one of qq̄ ! hg by crossing. Some of the

Feynman diagrams contributing to pp ! h+ jet are shown in Fig. 1. When the Lagrangian

in Eq. (1.3) is considered, the top contribution to the amplitudes is simply given by the SM

one rescaled by the modified coupling t.6 On the other hand, the contribution of heavy

g
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h
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g h
t
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h
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Figure 1: Example Feynman diagrams for pp ! h+jet in the SM and with the contact term.

top partners in the loop is described by the e↵ective interaction parameterized by g, which

generates Feynman diagrams such as the lower-right one in Fig. 1. Roughly speaking, this

description is reliable as long as the mass of the heavy states is larger than the transverse

5
For brevity, we denote the sum qg + q̄g by qg.

6
In the SM, the e↵ect of including the bottom quark contribution in addition to the dominant one due to

the top is only of a few percent, if the cut on the transverse momentum is larger than 50GeV [22,25,26]. Since

we are interested in larger Higgs transverse momenta, we consistently neglect the bottom in our calculation.
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Inflation and the electroweak phase transition

Cosmological Higgs-Axion Interplay for 
a Naturally Small Electroweak Scale

V (�,�, H) = ⇤4

✓
g�

⇤
+

g��

⇤

◆
+m

2(�)|H|2 +A(�,�, H) cos (�/f)

ALPine Cosmology:

⟨H⟩ ≠ 0

⟨H⟩ = 0

area where A≈0
� + c�

g�

⇤
� c�

g� �

⇤
+

|H|2

⇤2
⇡ 0

area where A≈0

� + c�
g�

⇤
� c�

g� �

⇤
⇡ 0

(bumps do not stop %) 

 Espinosa, Grojean, Panico, Pomarol, Pujolàs, Servant,   1506.09217

existence proof  of a model that generates a large mass gap 
between the Higgs mass and the new physics threshold, with no new physics 

@ the weak scale. Only ultra-light scalars.

Effects of quantum fluctuations during inflation on the Higgs 
field: stabilization through inflation?

-7.5 -5. -2.5 0. 2.5 5. 7.5
0.00

0.05

0.10

0.15

0.20

0.25

hê1011GeV

PHh
,xL

x=0

x=200

HI=5¥1010 GeV
N=60

Figure 8: Illustration of the ⇠-dependence of the fluctuating Higgs field during an inflationary

period with N = 60 efolds and HI = 5 ⇥ 1010 GeV and ⇠ = 0 and 200. The histograms

correspond to 104 runs of the Langevin equation and the probability distribution function shown

(dashed lines) is a Gaussian approximation of width
p
NHI/(2⇡

p
Z), which describes well the

numerical result of the Langevin runs. For comparison, the corresponding Higgs potentials

are shown by the solid lines. The integrated probability between the potential maxima, ⇠ 0.6

in this example, is ⇠-independent.

The first equation in (78) implies [13] that, if we have a solution hL(⇠) of the Langevin

equation for a given value of ⇠, we automatically obtain a solution for ⇠ + d⇠ by the shift

hL(⇠) + C[hL(⇠)]d⇠/⇠. This is true also because the other parameter entering the Langevin

equation, namely the Hubble rate HI , is ⇠-independent. Indeed, HI is determined by Ein-

stein’s equations and the 00-component of the energy momentum tensor, both of which are

⇠-independent objects.

Alternatively, instead of using many times the stochastic Langevin equation to sample the

behaviour of the Higgs field, one can define a probability density function P(h, t), so that the

probability of finding at a given time t the Higgs field in the interval (h, h+ dh) is P(h, t)dh.

28

T. Konstandin et al. 

C. Grojean, G. Servant et al. 



Page 10

Interplay of Higgs physics and cosmology

Research Unit: Theoretical Particle Physics | Georg Weiglein | MU | TPP

Extensions of the SM addressing inflation, dark matter, strong CP problem, neutrino masses, baryogenesis

EW Baryogenesis from dynamical
Yukawa couplings:

Axion dark matter: ``SMASH’’ model
Unifies inflation and dark matter,
solves ``strong CP problem’’, … 

Axion Dark Matter

> DM from vacuum realignment 

> DM from topological defects 

▪ Inflated away if SSB happens before 
inflation and not restored after 

▪ Important contribution if PQ symmetry 
restored after inflation 

> DM prediction depends critically 
on temperature dependence of  
axion mass, 

> QCD lattice calculations of 
topological susceptibility 

▪Previous estimates using dilute 
instanton gas approximation 
surprisingly accurate 

▪ If PQ symmetry restored after inflation:   

[Preskill et al 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

[Borsanyi et al. `16 (Nature)]

A. Ringwald et al. 

From lattice input for temperature
dependence of axion mass:

Nature 539 (2016) 
Prediction for axion
mass range:
mA = 50 – 1500 μeV

Can ne probed with the proposed MADMAX
experiment

SM*A*S*H: Solving Five Problems at One Stroke

> Unify PQ U(1) symmetry with lepton symmetry: give also the SM leptons and the right-handed neutrinos PQ 
charges                          [Dias et al. `14]    

     

 

> VEV                      :  
▪Determines Majorana masses  

▪Explains smallness of active 
neutrino masses by see-saw relation 
 

> Thermal leptogenesis (out of 
equilibrium decay of RHN)   

> Axion dark radiation 

> Axion CDM according to post-
inflationary PQ SSB 

[Ballesteros,Redondo,AR,Tamarit, 1608.05414]

4

can be estimated as TR ⇠ 107 GeVv11�
3/8
10 �

�1/8
3 . How-

ever, for the benchmark values (4) of SMASH there is
typically an excessive amount of dark radiation stored
in relativistic axions. They are copiously produced dur-
ing reheating and remain decoupled in the case of such
a low reheating temperature [37], leading to a signifi-
cant increase �N

e↵
⌫

⇠ 0.96 (�3v11/�10)�1/6 of the e↵ec-
tive number of relativistic neutrino species beyond the
SM value N

e↵
⌫

(SM) = 3.046 [38]. This is strongly con-
strained (N e↵

⌫
= 3.04 ± 0.18 at 68% CL) by CMB and

baryon acoustic oscillation data [1].

This problem does not arise for �H� < 0. As antici-
pated before, in this case the background can produce
fast-decaying weak gauge bosons, leading to a steady
growth of the density of their decay products. When
these light particles thermalise, they can produce addi-
tional gauge bosons. These gain energy from the back-
ground as their mass increases, and transfer it to the
light particles when decaying. Using Boltzmann equa-
tions with thermal and non-thermal sources, and ac-
counting for the energy loss of the background, we can
estimate the reheating temperature by finding the time at
which the energy densities of the inflaton and the ther-
mal bath are equal. The reheating temperature turns
out to be ⇠ 1010 GeV for � ⇠ 0.05 (see FIG. 2) and
�̃� ⇠ 10�10 (which satisfy the requirements for stabil-
ity and inflation). Such temperature ensures a ther-
mal restoration of the PQ symmetry for the relevant
region of parameter space, since the critical tempera-
ture Tc of the PQ phase transition goes as Tc/v� '
2
p
6��/

p
8(�� + �H�) +

P
i
Y

2
ii
+ 6y2. As we mentioned

above, in this case there is no dark radiation problem;
the corresponding increase in the e↵ective number of rel-
ativistic neutrino species is just 4N

e↵
⌫

' 0.03, assum-
ing g⇤(T dec

A
) = 427/4 relativistic degrees of freedom at

thermal axion decoupling, T
dec
A

' 2 ⇥ 109 GeVv
2.246
11

[37, 39, 40]. This small value of �Ne↵ could be probed
with future CMB polarization experiments [41, 42].

DARK MATTER

For �H� > 0, the PQ symmetry is restored non-
thermally after inflation and then spontaneously broken
again before reheating. On the other hand, for �H� < 0
and e�cient reheating, the restoration and breaking are
thermal. In the phase transition, which happens at a crit-

ical temperature Tc & �
1/4
� v�, a network of cosmic strings

is formed. Its evolution leads to a low-momentum pop-
ulation of axions that together with those arising from
the realignment mechanism [43–45] constitute the dark
matter in SMASH. Requiring that all the DM is made of
axions restricts the symmetry breaking scale to the range

3⇥ 1010 GeV . v� . 1.2⇥ 1011 GeV, (5)

AD
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ORPHEUS
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X3

IAXO
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FIG. 3. SMASH predictions for the axion-photon coupling
(thick solid horizontal line) with current bounds on axion DM
(ADMX,BRF) and prospects for next generation axion dark
matter experiments, such as ADMX2(3) [54], CULTASK [50],
MADMAX [51], ORPHEUS [52], X3 [55], and the helioscope
IAXO [56].

which translates into the mass window

50µeV . mA . 200µeV, (6)

updating the results of [46] with the latest axion mass
data [23]. The main uncertainty now arises from the
string contribution [46, 47], which is expected to be di-
minished in the near future [48, 49]. Importantly, the
SMASH axion mass window (6) will be probed in the
upcoming decade by axion dark matter direct detection
experiments such as CULTASK [50], MADMAX [51], and
ORPHEUS [52], see also [23, 53] and FIG. 3 for our esti-
mates of their future sensitivity.

BARYOGENESIS

The origin of the baryon asymmetry of the Universe
is explained in SMASH from thermal leptogenesis [57].
This requires massive RH neutrinos acquiring equilib-
rium abundances and then decaying when production
rates become Boltzmann suppressed. If �H� < 0, then
TR > Tc for stable models in the DM window (5). The
RH neutrinos become massive after the PQ phase tran-
sition, and those with masses Mi < Tc retain an equi-
librium abundance. The stability bound on the Yukawas
Yii enforces Tc > M1, so that at least the lightest RH
neutrino stays in equilibrium. Moreover, the annihila-
tions of the RH neutrinos tend to be suppressed with re-
spect to their decays. This allows for vanilla leptogenesis
from the decays of a single RH neutrino, which demands
M1 & 5⇥108 GeV [58, 59]. However, for v� as in (5), this
is just borderline compatible with stability. Nevertheless,

A. Ringwald et al. 

Mechanisms for creating the matter—anti-matter asymmetry 
in the universe (baryogenesis): dynamical Yukawa couplings, 
axion interactions

G. Servant et al. 
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Development of new methods for accurate theoretical predictions

         J.R.Reuter                                                                         DESY Theory Jamborée, 7.10.2016 

JRR pars III:  Top Physics at Lepton Colliders

   WHIZARD v2.4.0  (28.11.2016)          

Full off-shell    Chokoufe/Kilian/Lindert/Pozzorini/JRR/Weiss,  1609.03390  (tbp in JHEP)

First NLO QCD result for 2 → 7 processes in lepton collisions (fully differential)
Polarized NLO cross sections 
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yt  extraction @ NLO

NLO QCD automation;  FKS subtraction (also resonance-aware) 

GENEVA: Drell-Yan at NNLO+NNLL0+Parton Shower.
[Alioli, Bauer, Guns, FT, Walsh; arXiv:1508.01475, arXiv:1605.07192]

First combination of NNLO+NNLL0 with parton shower,
hadronization and MPI from PYTHIA8

N-jettiness NNLL0 resummation and
NNLO subtractions are key ingredients

! With higher pert. precision included,
data prefers lower ↵s(mZ) (as in e+e�)

CMS
Geneva+Py8
Geneva+Py8(no MPI)
Pythia8
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Tune 14
Tune 17
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! Combining GENEVA+PYTHIA8 also
improves UE-sensitive measurements

) Preparing public release, dedicated PYTHIA8 tune, more processes ...
Frank Tackmann (DESY) Collider Physics Hamburg Theory Jamboree 2016-10-07 3 / 4

needed to describe data 
in all pT range

String description of gauge theories: large simplifications 
possible compared to perturbative expansions in field theories
V. Schomerus, M. Sprenger et al., PhD 2014 

Perturbative higher-order results and Monte Carlo tools:
F. Tackmann et al. J. Reuter et al. 

Precise predictions and new concepts 

Mathematics of perturbative expansions:
J. Bluemlein, G. Papathanasiou, V. Schomerus et al. 

Standard Model @ High Precision [Examples]

1

Harmonic SumsS-Sums Cyclotomic Sums

Cyclotomic S-Sums

Nested (inverse) binomial sums; CIS functions [Elliptic Integrals and iterations on them]
.........

More and more onion skins to be added during theses calculations.

19 / 34
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Standard Model @ High Precision [Examples]

ABMP16 Analysis: ↵s(MZ ), PDFs, mc,b,t

Fit to World DIS and precision LHC-data: MS scheme at NNLO
mc(mc) = 1.25 ± 0.018(exp)GeV mb(mb) = 3.83 ± 0.12(exp)GeV

mt (mt ) = 160.9 ± 1.1(exp)GeV ↵s(MZ ) = 0.1147 ± 0.0008(exp)

”A Critical Appraisal and Evaluation of Modern PDFs” [A.Accardi et al. DESY 16-041, a guide for
experimental groups]

8 / 34

Precise predictions and new concepts 

Research Unit: Theoretical Particle Physics | Georg Weiglein | MU | TPP

Development of new methods for accurate theoretical predictions 

Non-perturbative effects in supersymmetric
gauge theories:

I. Coman, V. Mitev, E. Pomoni, J. Teschner

Running coupling of QCD and anomalous magnetic moment of the muon: perturbative and lattice results
Standard Model @ High Precision [Examples]

QCD � function @ 5 loops

@ln µ2 a = �a
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CA g2(µ)

16⇡2 ,
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h
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i
n

4
f

+
h
c1 c

2
f + c2 cf + c3 + c4 d1

i
n

3
f + . . . ,

c1 = �6(4961 � 11424⇣3 + 4752⇣4) , c2 = �48(46 + 1065⇣3 � 378⇣4) ,

c3 = �3(6231 + 9736⇣3 � 3024⇣4 � 2880⇣5) ,

c4 = 1728(55 � 123⇣3 + 36⇣4 + 60⇣5) ,

nf =
Nf

2N
, cf =

N
2 � 1
2N2 , d1 =

N
4 � 6N

2 + 18
24N4

[Luthe,Maier,PM,Schröder ’16]

full agreement for N = 3 with results by [Baikov, Chetyrkin, Kühn]
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FIG. 2. Running couplings of Nf = 3 QCD from in-
tegrating the nonperturbative �-functions in the SF and
GF schemes [13, 14]. They are matched nonperturbatively
by defining ḡ2SF(µ0) = 2.012 and computing ḡ2GF(µ0/2) =
2.6723(64).

Monte Carlo methods, this coupling has a statistical un-
certainty that scales as �statḡ2SF ⇠ ḡ4SF, leading to good
precision at high energies. Moreover, its �-function is
known to NNLO [24, 25]. These two properties make it
an ideal choice to match with the asymptotic perturba-
tive regime of QCD.

Second, one can use the gradient flow (GF) to define
renormalized couplings [26]. The flow field Bµ(t, x) is the
solution of the gradient flow equation

@tBµ(t, x) = D⌫G⌫µ(t, x) ,

Gµ⌫(t, x) = @µB⌫ � @⌫Bµ + [Bµ, B⌫ ] ,
(9)

with the initial value Bµ(0, x) given by the original gauge
field. In infinite volume a renormalized coupling is de-
fined by

ḡ21(µ) =
16⇡2

3
⇥ t2hE(t)i

���
µ=1/

p
8t

, (10)

using the action density at positive flow time [26],
E(t) = 1

4G
a
µ⌫(t, x)G

a
µ⌫(t, x). In finite volume the cou-

pling ḡ2GF(µ) is defined by imposing a fixed relation,
p
8t = cL, between the flow time and the volume [21, 27].

Details can be found in the original work [14]. Since
the statistical precision is generally good and scales as
�statḡ2GF ⇠ ḡ2GF, this coupling is well suited at low ener-
gies.

In order to exploit the advantages of both finite-volume
schemes, we use the GF scheme at low energies, between
µhad and µ0. There we switch nonperturbatively to the
SF scheme (see Figure 2). Then we run up to µPT. In
this way, we connected hadronic scales to µPT [13, 14],
cf. Table I.

TABLE II. Scale ratios and values of the coupling determined
from nonperturbative running from µhad to µ0/2 in the GF
and from µ0 to µPT in the SF scheme.

ḡ2GF(µhad) ḡ2SF(µPT) µPT/µhad ⇤(3)

MS
/µhad

11.31 1.193(5) 349.7(6.8) 1.729(57)
10.20 1.193(5) 322.2(6.3) 1.593(53)

In Table II we show our intermediate results for
ḡ2SF(µPT) and µPT/µhad for two choices1 of a typical
hadronic scale µhad of a few hundred MeV. In addition,

we give ⇤(3)

MS
/µhad, obtained by the NNLO perturbative

asymptotic relation and the exact conversion to the MS
scheme. We have verified that the systematic uncertainty
⇠ ↵2(µPT) and power corrections ⇠ (⇤/µPT)k from this
limited use of perturbation theory at scales above µPT

are negligible compared to our statistical uncertainties
[13, 28].

CONNECTION TO THE HADRONIC WORLD

The second key element is the nonperturbative deter-
mination of µhad in units of the experimentally accessible
f⇡K. Our determination is based on CLS ensembles [29]
of Nf = 3 QCD with mu = md ⌘ bm in large volume. It
is convenient to define a scale µref by the condition2

ḡ21(µref) = 1.6⇡2
⇡ 15.8 , (11)

and trajectories in the (bare) quark mass plane (bm,ms)
by keeping the dimensionless ratio

�4 = (m2
K +m2

⇡/2) / µ
2
ref (12)

constant. Moreover, we define a reference scale µ?
ref at

the symmetric point (mu = md = ms) by

µ?
ref ⌘ µref

���
�4=1.11,mu=md=ms

. (13)

The requirement that the �4=constant trajectory passes
through the physical point, defined by

m2
⇡/f

2
⇡K = 0.8341, m2

K/f
2
⇡K = 11.21 , (14)

results in �4 = 1.11(2) in the continuum limit [30] and
motivates the particular choice in eq. (13).

1
In [14] only µhad,1 was considered. Here we extend the analysis

to µhad,2 in order to have an additional check of our connection

of large and small volume physics.
2
Note that µref is defined ensemble by ensemble, and therefore it

is a function of the quark masses. Instead of µref , it is customary

in the lattice literature to quote
p
8t0 = 1/µref [26].

S. Schaefer, H. Simma, R. Sommer et al. 

Running coupling constant

⇤
(3)
MS

=
⇤
(3)
MS
⇤

⇥ ⇤L0 ⇥
2L0

L0
⇥

Lhad
2L0

⇥
p

t0
Lhad

⇥
1

F⇡K
p

t0
⇥ F⇡K

PT SF scheme GF CLS scale PDG
running change running setting

1604.06193 1607.06423 1608.08900

rel.err. 0% 2.6% 0.8% 2.6% 1.1%

Conversion of ⇤ parameters: (with mc(mc) and mb(mb) from PDG)

⇤(3)
MS

= 332(14)MeV , ⇤(4)
MS

= 289(14)MeV , ⇤(5)
MS

= 207(11)MeV

Estimate of conversion error:

loops ↵n ↵n � ↵n�1

2 0.11670 –
3 0.11771 0.00109
4 0.11787 0.00016
5 (�) 0.11794 0.0007

Prelimiary result

↵MS(mZ) = 0.1179(10)(2)

LPHAA
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Figure 5. Combined extrapolation in pion mass and lattice spac-
ing for a

hlo
l̄

for electron (top), muon (center) and tau (bottom)
using free fit parameters A, B1, C in equation (16).

directly at physical pion mass [21]. The results for the
simulation directly at the physical pion mass are obtained
using the standard definition of the observables (cf. eq.
(2) or (14) with H = 1). Within presently reachable statis-
tical uncertainties, there is full agreement of extrapolated
results and results obtained from the simulation at physical
pion mass.

M2
⇡
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d ⌧
[1
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Figure 6. Light-quark contribution to a
hlo
l

at physical pion mass
for electron (top), muon (center) and tau (bottom) from the stan-
dard definition with H = 1 (cf. eq. (14)); shown is the compar-
ison of the m

2
PS

- extrapolated data from [18, 19] with the result
calculated directly at the physical pion mass [21].

Systematic uncertainties and error budget

We investigate comprehensively the impact of all system-
atic uncertainties X in our lattice calculation and call the
corresponding estimate �X . In detail we probe

(i) finite size e↵ects, �FSE, by restricting the range in
mPS · L of lattice data entering the combined contin-
uum and chiral extrapolation to mPS · L > 3.8 and
by comparing a

hlo
l̄

for ensembles with di↵erent lat-
tice volumes at fixed lattice spacing and pion mass;

(ii) the impact of data from larger pion masses, ��,
by restricting to lattice data in the range mPS <
400 MeV;

(iii) the impact �V of varying the fit range for the vector
meson 2-point function;

(iv) the dependence on the fit function�MNBC by varying
the number of parameters M,N, B,C (cf. eq. (11),
(12));

(v) the impact of disconnected contributions, �disc;

(vi - viii) the uncertainty from matching the Osterwalder-
Seiler quark masses, �OS, from varying the tran-
sition point from low- to high-momentum region,
�

Q
2
match

, and the uncertainty from mistuned strange
and charm sea quark masses, �(µ�,µ�).

Though some of these e↵ects are likely correlated, in par-
ticular (i) and (iv), we take a conservative approach and
check each uncertainty individually, thus potentially over-
estimating the overall uncertainty. As a general observa-
tion, the contributions from (vi) to (viii) are negligible and
we set �OS = �Q

2
match
= �(µ✏ ,µ�) = 0. For (v) we showed

above (cf. figure [3]), that with presently available statis-
tics, the impact of disconnected contributions is also neg-
ligible in our calculation, they do not lead to a statistically
significant shift of the result. Moreover, the lattice data

(a) 3a (b) 3b (c) 3b (d) 3c

(e) 3c (f) 3c (g) 3b,lbl (h) 3d

Figure 2: Sample NNLO Feynman diagrams contributing to ahadµ . The external fermions
are muons and the fermions in the closed loops represent electrons.

series as can be seen by considering the difference for a(3a)µ (a(3b)µ ) computed from K(3a)(s)
(K(3b)(s)) by including and neglecting the highest available term which is at the per mil
level. For K(3b) and K(3b,lbl) we consider in addition the limit Mµ ≫ Me and compute
terms up to quartic order in Me. Corrections of order Me/Mµ or higher turn out to be
negligibly small. In the case of K(3b) the leading term for Me → 0 can be obtained using
renormalization group techniques (see, e.g., Ref. [18] where four-loop correction to aµ with
closed electron loops have been considered). However, a non-zero electron mass is crucial
for the light-by-light-type contribution K(3b,lbl) since the Feynman integrals are divergent
in case Me = 0 is chosen. Thus, a non-trivial asymptotic expansion has to be applied.
The latter is realized with the help of the program asy [19, 20].

For the computation of K(3c)(s, s′) we use asymptotic expansions in the limits s ≫ s′ ≫
M2

µ, s ≈ s′ ≫ M2
µ and s′ ≫ s ≫ M2

µ and construct an interpolating function by com-
bining the results from the individual limits. This procedure can be tested in the case
of K(2c)(s, s′) where a comparison to the exact result is possible. In Fig. 3(a) we show
K(2c)(s, s′) for

√
s = 1 GeV as a function of

√
s′ .1 (For larger values of

√
s the conver-

gence properties are even better.) One observes that for each value of
√
s′ there is perfect

agreement between the exact result (solid line) and at least one of the approximations

(dotted and dashed lines). Furthermore, the final results for a(2c)µ computed from the
exact and approximated kernels differ by less than 1%.

Fig. 3(b) shows the corresponding results for K(3c)(s, s′). For each value of s′ we have at
least two approximations which agree with each other. Thus it is evident that a function
can be defined which agrees piecewise with one of the approximations.

1Note that there are two curves for the region s ≈ s′ which correspond to the expansion parameters
1−

√
s/
√
s′ and 1−

√
s′/

√
s, see also Refs. [21, 22].
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Hunting the Dark Higgs.

[Duerr, Grohsjean, Kahlhoefer, Penning, Schmidt-Hoberg, Schwanenberger ’17]

Simplified dark matter models used by LHC experiments for DM studies
Typically feature one dark matter and one mediator particle

For vector mediator with axial couplings also
requires a “dark Higgs” s

I Decays via mixing with the SM Higgs
primarily to bb̄

I Signal is fat bb̄ jet with invariant mass
corresponding to the dark Higgs

Probe large regions of parameter space that are inaccessible to conventional
mono-jet or di-jet searches
Frank Tackmann (DESY) Theory – Collider Phenomenology 84th PRC 2017-10-19 23 / 25

Dark Higgs

Dark matter particle
[Kahlhoefer, Schmidt-Hoberg, Kummer, 

Sarkar 1504.06576]
Interpretation of separation between DM and stars in 
galaxy cluster Abell 3827 due to  DM self-interactions
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DM Self interactions can lead to observable separation 
between the DM halo and the stars of a galaxy

very large cross section needed. In tension with other astro observations.

Drag force slows down any DM subhalo falling into a larger DM halo compared to 
objects experiencing only gravitational forces, such as the stars bound in the subhalo. Dark matter self-interactions: 
Possible interpretation of the separation between dark matter and 
stars in the galaxy cluster Abell 3827 in terms of dark matter 
self-interactions

J. Kummer et al, PhD 2014  
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Figure 3: GW spectra ⌦(f)h2 for T⇤ = 0.1 GeV (SIMP), T⇤ = 3 GeV (CDM1, TH models),
T⇤ = 300 GeV and T⇤ = 10 TeV (CDM2 models). The upper (lower) edges of the contours
correspond to � = H (� = 10H), and furthermore v = 1 and ⌦S⇤ = 0.1 for all curves. The red
band T⇤ = 0.1 GeV indicates where a signal of the QCD PT would lie if it was strong. The
projected reach of several planned GW detection experiments is shown (dashed).

4 Detectability

In the previous section, we have seen that the peak frequencies of GW signals from GeV-TeV
scale PTs are of order (10�6 � 10�3) Hz. Furthermore it is important to note that a broad
spectral region around the peak is populated by GWs, from (10�10 � 1) Hz.

GWs with frequencies down to 10�5 Hz can be probed by satellite based experiments like
eLISA [86], however the sensitivity quickly degrades below 10�3 Hz. On the other end of the
spectrum, pulsar timing arrays (PTA) can probe frequencies in the (10�9 � 10�7) Hz range. In
Fig. 3 we overlay the expected GW signal for di↵erent model parameters with the expected
sensitivities of current and planned GW detection experiments (based on [87]).

Clearly the most promising signals are those from models with a PT temperature in the TeV
range, where the peak region of the GW spectrum falls right into the most sensitive frequency
range of satellite experiments. Here the signal should even be detectable for choices of the
parameters that are less optimistic than those used for Fig. 3. Models of the CDM2 type
naturally fall into this region, but also the CDM1 models can be viable with a confinement scale
in that region.

The fact that TeV dark sectors predict an observable GW signal is not surprising, since here
we are in the energy range of the electroweak PT or beyond, and the observability in particular
of TeV scale strong PTs has been noted before [89–91]. The novelty here is that the dynamics
leading to this strong PT does not have to be connected to the electroweak sector of the SM,
and is therefore not in tension with the non-observation of new physics at the LHC.

For models with T⇤ ⇠ (1� 10) GeV the situation is a bit more di�cult, since the signal peak
ends up in a frequency region where neither PTA nor (e)LISA are sensitive. Looking at the
T⇤ = 3 GeV curve in Fig. 3 more closely, we see that in the best case scenario, for � = H, both
PTAs and LISA would be able to detect parts of the GW spectrum. For larger � the signal
quickly drops out of the PTA sensitivity region, however LISA remains sensitive. This is due
to the increase of the observed frequency with (�/H), which partially compensates the overall
(H/�)2 drop of the signal in the LISA sensitivity region. Therefore there is a chance to detect a
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Gravity wave signals from 1st order 
cosmological phase transitions
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Figure 2: Graphical representation of
the dark QCD model. Baryon and
dark matter asymmetries are shared
via a mediator Xd resulting in an
asymmetry in the stable dark baryons
pd, nd. The symmetric relic density
is annihilated e�ciently into dark pi-
ons, which eventually decay into SM
particles. The DM number density is
naturally of the same order as that of
baryons, so the correct DM relic den-
sity is obtained when the dark baryon
masses are in the 10 GeV range.

Field SU(3) ⇥ SU(2) ⇥ U(1) SU(3)dark Mass Spin

Qd (1, 1, 0) (3) md O(GeV) Dirac Fermion
Xd (3, 1,

1
3) (3) MXd O(TeV) Complex Scalar

Zd (1, 1, 0) (1) MZd O(TeV) Vector Boson

Table 1: Particle content relevant for phenomenology. We use the Zd as a toy model and leave
detailed study to future work.

model for studying dark sector properties, but we leave detailed studies of its phenomenology at

the LHC to future work. The full particle content is summarized in Tab. 1.

For the scalar mediator with the hypercharge assignment in Tab. 1, the only allowed Yukawa

type coupling is of the form [12]

L = ijQ̄diqjXd + h.c. (2)

where qj are the right-handed down-type SM quarks and  is a nf ⇥3 matrix of Yukawa couplings.

Such couplings could in general lead to large flavor violating processes, but can be brought into

agreement with experimental bounds if dark flavor originates from the same dynamics as the SM

flavor structure or certainly if flavor symmetries are imposed on the dark sector [43–45]. For

definiteness, the fundamental Lagrangian which defines the model at high scales is given by

L � Q̄di(D/ � mdi)Qdi + (DµXd)(D
µ
Xd)

†
� M

2
Xd

XdX
†
d �

1

4
G

µ⌫
d Gµ⌫,d + L + LSM , (3)

where G
µ⌫
d is the dark gluon field strength tensor, and the covariant derivatives contain the

couplings to the gauge fields.

For the vector mediator, we assume that it couples vectorially to SM and dark quarks with

couplings gq and gd. While here we assume that Zd originates from a U(1) symmetry broken at

the TeV scale, it could in principle also originate from a non-abelian horizontal symmetry as in

Ref. [31], where the Sphaleron associated with this gauge interaction is used to connect the dark

matter with the baryon asymmetry.
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FIG. 3. GW spectra ⌦(f)h2 for T⇤ = 0.1 GeV (SIMP), T⇤ = 3 GeV (CDM1, TH models), T⇤ = 300 GeV and T⇤ = 10 TeV
(CDM2 models). The upper (lower) edges of the contours correspond to � = H (� = 10H), and furthermore v = 1 and ⌦S⇤ = 0.1
for all curves. The projected reach of several planned GW detection experiments is shown (dashed lines).

sensitive to the tails of signals that peak at lower frequency,
like the T⇤ = 3 GeV band in Fig. 3. An interesting feature
here is that the frequencies shift to larger values with
(�/H), which partially compensates the overall (H/�)2

drop of the signal in the high frequency tails. Therefore
satellite based experiments have the potential to probe a
large range of PT temperatures from few GeV to 100s of
TeV.

A distinct feature of GW signals is that it directly
probes the gravitational e↵ects of new physics sectors,
whereas dark matter direct detection or collider experi-
ments have to rely on su�ciently strong non-gravitational
interactions of the dark sectors through mediator par-
ticles. All of the models introduced in Sec. remain
viable even if the masses or couplings of the mediators
are adjusted such that their detection becomes di�cult
in current collider and DM detection experiments. The
non-observation of new physics in the near future would
therefore not exclude the possibility of observing a GW
signal from a dark sector. This is very di↵erent from
e.g. models of strong EWPT [89–91], which could be in
trouble if no new physics is discovered at the LHC.

Finally it is worth noting that perturbative unitar-
ity constrains the mass of thermal DM to be below
110 TeV [92, 93], beyond the reach of the next generation
of collider experiments. For composite non-perturbative
DM this limit does not apply directly, instead a lower
bound on the radius of the extended object can be ob-
tained, R . (100 TeV)�1. It is reasonable to expect
the radius R to be of order of the inverse mass, which
again implies an upper bound on the DM mass of order
100 TeV. GW signals could therefore be a unique probe

of the thermal DM paradigm.

CONCLUSIONS

Models beyond the SM with a confining dark sector can
lead to unexpected phenomenological signatures. Here we
have explored the possibility to detect gravitational waves
due to a first order phase transition at the confinement
scale ⇤d. The main messages from this paper are:

• Di↵erent from QCD, dark sectors with QCD-like
interactions can undergo strong first order PTs, with
only mild constraints on the particle content.

• Several classes of new physics models that are cur-
rently being explored fulfil the criteria for first order
PTs. The physics problems these models are try-
ing to address, either dark matter or naturalness,
constrain the confinement scales and therefore the
temperature range of the phase transition.

• The GW signals originating from these dark phase
transitions are in the detectable frequency range
of future GW experiments, either at (E)LISA and
BBO for high scale models, or in PTA experiments
for the lower end of the spectrum.

Depending on other aspects of the model, GW signals
will either provide complementary information about the
models in question, or might even be the the best option
to find evidence for these models of new physics.

It will be interesting to further study the PT in strongly
coupled systems, to obtain a more precise understanding

[Schwaller 1504.07263]

Bubble 
nucleation

Bubble 
percolation

Stochastic background of 
gravitational radiation

EW phase transition 
-> mHz -> eLISA!

[Konstandin, Nardini, Schwaller, Servant involved 
in activities of eLISA Cosmology Working group]



Page 15

Scientific output: international comparison   

Research Unit: Theoretical Particle Physics | Georg Weiglein | MU | TPP

Papers 2013-2016 in hep-ph, hep-th, hep-lat by affiliation (INSPIRE)

DESY: HH and Zeuthen

find primarch hep-ph or primarch hep-th or primarch hep-lat and aff desy and date after 2012 and date before 2017 (January 11, 2018)

DESY; 782

CERN; 1261

Fermilab; 
350

SLAC
; 316

BNL; 327

MPI Munich; 
467

Durham 
(Univ + 

IPPP); 551



Page 16

Theory activities: wider impact

Research Unit: Theoretical Particle Physics | Georg Weiglein | MU | TPP

• Training and research partnership with local universities

• Interdisciplinary research & training is highly attractive for international fellows and students

• High-impact Fellowship programme

• Important role as national laboratory: 
About 40% of the particle theory faculty in Germany have been DESY PhDs, Fellows or staff

+ Workshops, schools, coordinating tasks
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The Wolfgang-Pauli Centre
A Competence Centre in Theoretical Physics at Hamburg  

Mission: Forge leading centre for TP from existing research teams & institutions 

Spokesperson: Volker Schomerus

50 faculty members in 12 institutions

Organizes blackboard seminars, Wolfgang-Pauli lecture, workshops with support from DSF

Research Unit: Theoretical Particle Physics | Georg Weiglein | MU | TPP

Plans for a dedicated building 

  

News: Wolfgang Pauli Centre.

Theory (particle cosmology) | PRC Open Session | 11 April 2013 | Page 7

Collaboration of the various theory groups 
in Hamburg

  I.+II. Institute for Theoretical Physics
  Sternwarte Hamburg
  DESY Theory group
  Center for Free-Electron Laser Science
  The Institute of Laser Physics

Activities:

17 April 2013
Inauguration Symposium

WPC blackboard seminars

annual Wolfgang-Pauli-Lecture 
  by a non-tenured researcher

workshops on new ideas at the intersection
  of the present research fields

special lectures by visiting professors

particle physics
astrophysics and cosmology
mathematical physics 

condensed matter
quantum optics
chemical physics



Page 18

Funding and Networking

German federal excellence initiative  Proposal “Quantum Universe” 
has passed pre-selection stage. 
Working now on full proposal, strong involvement of theory group

Starting grant (Schmidt-Hoberg)
Consolidator grant (Westphal)

Young Investigator Group

QTFLAG

Collider physics Lattice Gauge Theory

Dresden – Berlin – Zeuthen

String Theory Particle Cosmology
Nordic network on dark matter
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Networking: world-wide collaborations

Research Unit: Theoretical Particle Physics | Georg Weiglein | MU | TPP
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Some examples of recent outreach activities

Public lectures in bars Art meets Science, 13.10. – 9.11.2017
Latest: April 2017                                             ~2500 visitors, ~ 2/3 of which were on the DESY campus for
Theory group members active the 1st time
in all 3 editions

Einstein exhibition in Hamburg (HAW)          Night of Science / DESY Day, 4 Nov.   
Public outreach theory talks Lectures from DESY theorists
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Strategy
Theoretical Particle Physics at DESY

• Address origin of mass, structure of the vacuum,  
nature of dark matter and dark energy, 
asymmetry between matter and anti-matter                                                                                      
in the Universe, ... 
making use of the synergies between the different research areas

• Provide input (predictions, tools) and guidance for the experimental programme on- and off-
site, in particular LHC physics, Belle, axion and neutrino physics, interpret the experimental 
results in terms of the underlying physics and assess the capabilities of possible future facilities

• Foster links to other research areas: experimental particle physics, astroparticle physics, 
mathematics, condensed matter physics, accelerator physics, ...                                                     
Wolfgang-Pauli-Centre, Centre for Mathematical Physics HH, Kolleg Mathematik und Physik Berlin
Research Unit: Theoretical Particle Physics | Georg Weiglein | MU | TPP
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• Extend position as international competence centre for the theory of the fundamental interactions of nature, 
matter and space-time, addressing all aspects in the theory of matter and gravity through research and 
training, from observation to mathematics

offers unique cross-disciplinary training opportunities for young researchers

• Develop the Wolfgang-Pauli-Centre as centre for theoretical physics
• Theory building, importance of communication space
• Explore scientific opportunities in the Hamburg-Berlin metropolitan area (particle/astro: theory/exp/computing)

Matter

Dark Sector

Cosmology

Observation                Theoretical Physics            Mathematics

Strategy
Theoretical Particle Physics at DESY

Research Unit: Theoretical Particle Physics | Georg Weiglein | MU | TPP 
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Back-up

Research Unit: Theoretical Particle Physics | Georg Weiglein | MU | TPP
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Scientific output: international comparison   

Research Unit: Theoretical Particle Physics | Georg Weiglein | MU | TPP

Citations of papers 2013-2016 in hep-ph, hep-th, hep-lat by affiliation (INSPIRE)

DESY: HH and Zeuthen

find primarch hep-ph or primarch hep-th or primarch hep-lat and aff desy and date after 2012 and date before 2017 (January 11, 2018)

DESY; 23162

CERN; 48622

Fermilab
; 13746

SLAC; 15193

BNL; 10088

MPI 
Munich; 
13231

Durham 
(Univ + 
IPPP)

; 17549
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Networking and cooperation, use of infrastructures, talent 
management

Research Unit: Theoretical Particle Physics | Georg Weiglein | MU | TPP

• Research centre with international reputation, hub of scientific excellence
• On-site expertise on wide range of topics, multi-disciplinary environment: full spectrum of topics in high-energy
theory with close connections to experiments; interplay and mutual enrichment of theoretical physics, 
mathematics, computing
• National laboratory, well-established cooperation with local universities and prominent role in education
• Cooperation with the local experimental activities (LHC, Belle, ALPS, ILC), strong collaboration with
experiments (globally)
• Third-party funding and networking
• Links to (inter)national partners: Very international field, many international cooperations already exist, e.g. 
CERN, Durham (UK), IPMU (Japan), MIT(USA), Nikhef (Netherlands), ...
• High potential in all fields for leading and coordinating international collaborations

Use of excellent local infrastructure:
• DESY computing centres, HPC, J von Neumann institute for computing: hub for lattice computing
• Logistics and facilities to organise workshops, schools and scientific exchanges

Talent management:
• Rich Fellowship, PhD programmes
• Interaction with highly qualified students
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Common activities of experiment & theory at DESY

Research Unit: Theoretical Particle Physics | Georg Weiglein | MU | TPP

LHC Physics Discussions (monthly)

Higgs @ DESY meetings in the context of the SFB Higgs project (monthly)

ILC Project Meeting (bi-weekly)

Annual FH Fellows Meeting

Many common seminars and colloquia

+ many informal meetings in small groups

Joint organisation of schools, e.g. annual Monte Carlo School of Terascale Alliance (organizers: H. Jung, J. Katzy, 
I. Melzer-Pellmann, Z. Nagy, J. Reuter)

+ ILC, Belle, ...
Theory forms link in communication across the experiments

Meetings, schools
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Common activities of experiment & theory at DESY

Research Unit: Theoretical Particle Physics | Georg Weiglein | MU | TPP

ALPS experiment: driven by A. Ringwald from inception to experimental realization and analysis

Experiment & theory at DESY have provided key contributions to working groups for LHC and physics at future 
facilities, European Strategy update, ``Snowmass process’’, …    

Direct experimental involvement, working groups, tools for experimental analyses

Research Unit: Theoretical Particle Physics | Christophe Grojean | MU | Collider Phenomenology 4

Activities of the group: an incomplete overview
• Construct and test models 

• SUSY scenarios, Composite/Little Higgs models, GUT, string inspired models 
• Test against constraints from colliders, cosmology, high-precision measurements… 

i. fit/constrain parameter space 
ii. phenomenology of simplified models 

• Flavour physics
• Precision calculations 

•  Multiloop and multileg calculations: 
i. Development of new methods ↔ mathematics 

and computer algebra, informatics and numerical 
methods 

ii. Application to strong and EW sector 

• Standard candle processes: PDFs, αs, quark masses 

• Factorisation, resummation, effective field theories: jet 
physics, … 

• Multiparton interactions 
• SUSY at one-loop accuracy and beyond 

• Tools for the HEP community 

• Monte Carlo generators: WHIZARD (J. Reuter), 
GENEVA (F. Tackmann), DEDUCTOR (Z. Nagy) 

• HiggsBounds and HiggsSignals, FeynHiggs (G. 
Weiglein) 

• ATOM: Automated Tester of Models (A. Weiler - now at 
TUM) 

• FASTLIM: limit setting and coverage checks of BSM 
theories using the LHC results (A. Weiler, L. Zeune) 

• SCETLIB: general and flexible framework for precision 
resummed predictions based on SCET (F. Tackmann) 

• PDF evolution code and parametrisation (J. Blümlein)

+ global fits:

MasterCode, Gambit, …

Close interaction with GFitter

PDF fits
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Common activities of experiment & theory at DESY

Research Unit: Theoretical Particle Physics | Georg Weiglein | MU | TPP

Common projects with experimental groups at DESY and UHH:

Common SFB projects: Higgs, BSM searches, dark matter searches

ATLAS/theory: H è γγ, use of jet vetoes, Higgs template cross sections
Several theory papers triggered by regular contacts as well as important part of work in Ph.D. or master theses
(Theory: S. Gangal; ATLAS: M. Filipuzzi, F. Braren, M. Bessener)

CMS/theory: dark matter searches (C. Schwanenberger, K. Schmidt-Hoberg)
DESY theory paper (O. Stal, G. Weiglein) triggered analysis in DESY CMS group: PhD thesis G. Mittag (2015) 
and CMS publication

Examples of joint supervisions of PhD students:

T: J. Wittbrodt (C. Grojean, G. Weiglein, P. Schleper)
CMS: N. Stefanov (C. Schwanenberger, J. Haller, K. Schmidt-Hoberg)

Common projects, joint supervision
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Common activities of experiment & theory at DESY

Research Unit: Theoretical Particle Physics | Georg Weiglein | MU | TPP

Examples of joint publications

Exploiting jet binning to identify the initial state of high-mass resonances

Markus A. Ebert,1 Stefan Liebler,1 Ian Moult,2 Iain W. Stewart,2 Frank J. Tackmann,1

Kerstin Tackmann,1 and Lisa Zeune3
1Deutsches Elektronen-Synchrotron (DESY), D-22607 Hamburg, Germany
2Center for Theoretical Physics, Massachusetts Institute of Technology,

Cambridge, Massachusetts 02139, USA
3Nikhef, Theory Group, Science Park 105, 1098 XG Amsterdam, The Netherlands

(Received 7 June 2016; published 28 September 2016)

If a new high-mass resonance is discovered at the Large Hadron Collider, model-independent techniques
to identify the production mechanism will be crucial to understand its nature and effective couplings to
Standard Model particles. We present a powerful and model-independent method to infer the initial state in
the production of any high-mass color-singlet system by using a tight veto on accompanying hadronic jets
to divide the data into two mutually exclusive event samples (jet bins). For a resonance of several hundred
GeV, the jet binning cut needed to discriminate quark and gluon initial states is in the experimentally
accessible range of several tens of GeV. It also yields comparable cross sections for both bins, making this
method viable already with the small event samples available shortly after a discovery. Theoretically, the
method is made feasible by utilizing an effective field theory setup to compute the jet cut dependence
precisely and model independently and to systematically control all sources of theoretical uncertainties in
the jet binning, as well as their correlations. We use a 750 GeV scalar resonance as an example to
demonstrate the viability of our method.

DOI: 10.1103/PhysRevD.94.051901

I. INTRODUCTION

The increased center-of-mass energy of the Large
Hadron Collider (LHC) significantly enhances the sensi-
tivity for the discovery of new heavy particles. Should a
new high-mass state be found, a key goal will be to identify
its production mechanism.
It is well known that the different patterns of initial-state

radiation (ISR) for gluon- and quark-induced processes
provide in principle a way to discriminate between these
initial states. Typically, methods to exploit this fact require
a substantial amount of data for the precise measurement of
shapes of differential distributions. In this paper, we show
that for any high-mass color-singlet system, the measure-
ment of just two cross sections, namely dividing the data
into events with and without additional hadronic jets in the
final state, provides a strong discrimination between
production mechanisms, which is furthermore experimen-
tally accessible with event samples of limited size. The
method is also theoretically clean, as it is both model
independent and has well-controlled theory uncertainties.
As a concrete example, we investigate a color-singlet

resonance with a mass of 750 GeV. The ATLAS and CMS
experiments have recently reported some deviation from
the background expectation in the diphoton invariant mass
spectrum around 750 GeV [1,2]. Assuming the deviation to
be a first sign of a new particle, a large number of proposals
on its interpretation and possible property studies have been
made [3]. Exploratory studies of the initial state have
utilized the luminosity ratio between 8 and 13 TeV (which
is limited by the available 8 TeV data), the transverse

momentum and rapidity distribution of the new state [4],
multiplicity and kinematic distributions of hadronic jets [5],
and b-tagging [4,6]. Different techniques for tagging the
initial state have been studied earlier, see e.g. Refs. [7–12].
Beyond its viability for small data sets, our method offers
several additional advantages. Compared to considering
additional jets at high pjet

T [5,6,13], the low pjet
T -range we

exploit has more discrimination power and is more model
independent. Compared to the diphoton pT spectrum, the
pjet
T of hadronic jets provides a more direct measure of ISR,

making it insensitive to the possibility of more complicated
decays of the resonance, for example, three-body [14,15] or
cascade decays [16–21]. Our method is also unaffected by
limited experimental acceptance for photons, which for
example hinders fully exploiting the diphoton rapidity
distribution to discriminate valence quarks by their differ-
ent parton distribution function (PDF) shapes.
The 0-jet cross section is defined by requiring that

all accompanying jets have pjet
T ≤ pcut

T . The QCD dynamics
of low-pT radiation produced in association with a hard
scattering process into a final state F with total invariant
mass mðF Þ≃mX can be described using the soft collinear
effective theory (SCET) [22–25]. At the scale μ∼pcut

T ≪mX ,
the leading effective field theory (EFT) Lagrangian has the
form (see e.g. [26–28])

Leffðpcut
T Þ ¼ LSCET þ cλ1λ2ggF B

λ1
n B

λ2
n̄ F

þ
X

q

cλ1λ2qq̄F χ̄
λ1
qn χ

λ2
qn̄F : ð1Þ

PHYSICAL REVIEW D 94, 051901(R) (2016)
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Extracting gluino endpoints with event

topology patterns

Niklas Pietsch,a Jürgen Reuter,b Kazuki Sakuraib and Daniel Wieslerb

aUniversity of Hamburg,
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Abstract: In this paper we study the gluino dijet mass edge measurement at the LHC

in a realistic situation including both SUSY and combinatorial backgrounds together with

effects of initial and final state radiation as well as a finite detector resolution. Three

benchmark scenarios are examined in which the dominant SUSY production process and

also the decay modes are different. Several new kinematical variables are proposed to

minimize the impact of SUSY and combinatorial backgrounds in the measurement. By

selecting events with a particular number of jets and leptons, we attempt to measure two

distinct gluino dijet mass edges originating from wino g̃ → jjW̃ and bino g̃ → jjB̃ decay

modes, separately. We determine the endpoints of distributions of proposed and existing

variables and show that those two edges can be disentangled and measured within good

accuracy, irrespective of the presence of ISR, FSR, and detector effects.
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Abstract We review the present status of the determination
of parton distribution functions (PDFs) in the light of the pre-
cision requirements for the LHC in Run 2 and other future
hadron colliders. We provide brief reviews of all currently
available PDF sets and use them to compute cross sections
for a number of benchmark processes, including Higgs boson
production in gluon–gluon fusion at the LHC. We show that
the differences in the predictions obtained with the various
PDFs are due to particular theory assumptions made in the fits
of those PDFs. We discuss PDF uncertainties in the kinematic
region covered by the LHC and on averaging procedures for
PDFs, such as advocated by the PDF4LHC15 sets, and pro-
vide recommendations for the usage of PDF sets for theory
predictions at the LHC.
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1 Introduction

In Run 2 of the Large Hadron Collider (LHC), the very details
of the Standard Model (SM), including cross sections of dif-
ferent processes and Higgs bosons properties, are being mea-
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Hunting the dark Higgs
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Abstract: We discuss a novel signature of dark matter production at the LHC resulting

from the emission of an additional Higgs boson in the dark sector. The presence of such a

dark Higgs boson is motivated simultaneously by the need to generate the masses of the

particles in the dark sector and the possibility to relax constraints from the dark matter

relic abundance by opening up a new annihilation channel. If the dark Higgs boson decays

into Standard Model states via a small mixing with the Standard Model Higgs boson, one

obtains characteristic large-radius jets in association with missing transverse momentum

that can be used to efficiently discriminate signal from backgrounds. We present the

sensitivities achievable in LHC searches for dark Higgs bosons with already collected data

and demonstrate that such searches can probe large regions of parameter space that are

inaccessible to conventional mono-jet or di-jet searches.
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Abstract The impact of recent measurements of heavy-
flavour production in deep inelastic ep scattering and in
pp collisions on parton distribution functions is studied
in a QCD analysis in the fixed-flavour number scheme at
next-to-leading order. Differential cross sections of charm-
and beauty-hadron production measured by LHCb are used
together with inclusive and heavy-flavour production cross
sections in deep inelastic scattering at HERA. The heavy-
flavour data of the LHCb experiment impose additional
constraints on the gluon and the sea-quark distributions at
low partonic fractions x of the proton momentum, down to
x ∼ 5 × 10−6. This kinematic range is currently not covered
by other experimental data in perturbative QCD fits.

1 Introduction

Understanding the nucleon structure is one of the fundamen-
tal tasks of modern particle physics. In quantum chromody-
namics (QCD), the structure of the nucleon is described by
parton distribution functions (PDFs), which, in collinear fac-
torisation, represent probability densities to find a parton of
longitudinal fraction x of the nucleon momentum at a factori-
sation scale µ f . The scale evolution of the PDFs is uniquely
predicted by the renormalisation group equations for factori-
sation [1–9]. The x-dependence cannot be derived from first
principles and must be constrained by experimental mea-
surements. The precision of the PDFs is of key importance
for interpreting the measurements in hadronic collisions. In
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particular, the uncertainty of the proton PDFs must be sig-
nificantly reduced in order to improve the accuracy of theory
predictions for Standard Model (SM) processes at the LHC.

Deep inelastic lepton–proton scattering (DIS) experi-
ments cover a broad range in x and µ f . In the perturbative
regime, a wide x-range of 10−4 < x ! 10−1 is probed by the
data of the H1 and ZEUS experiments at the HERA collider
[10]. These measurements impose the tightest constraints on
the existing PDFs. However, additional measurements are
necessary for a better flavour separation and to constrain the
kinematic ranges of very small and very high x , where the
gluon distribution is poorly known. A better constraint on
the high-x gluon is needed for an accurate description of
the SM backgrounds in searches for new-particle production
at high masses or momenta. A significant reduction of the
uncertainty of the low-x gluon distribution is important for
studies of parton dynamics, non-linear and saturation effects.
Furthermore, the precision of the gluon distribution at low
x has implications in physics of atmospheric showers, being
crucial for cross-section predictions of high-energy neutrino
DIS interactions [11] and for calculations of prompt lepton
fluxes in the atmosphere [12].

Heavy-flavour measurements of the LHCb Collabora-
tion [13,14] at the LHC probe the very forward range of the
heavy-hadron rapidity y and are sensitive to the gluon PDF at
low x , as schematically shown in Fig. 1. For this illustration,
in the calculation of the kinematics of heavy-quark produc-
tion at HERA, the leading-order (LO) relation is used for the

typical gluon x in boson-gluon fusion, x = xBj
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