
Theory – Collider Phenomenology.

Frank Tackmann

Deutsches Elektronen-Synchrotron

84th PRC – open session
October 19, 2017

Frank Tackmann (DESY) Theory – Collider Phenomenology 84th PRC 2017-10-19 0 / 25



Theory Group Overview.Theory groups: profile 

Collider phenomenology    Particle cosmology 
e.w. symmetry breaking    dark matter 
BSM predictions and     baryogenesis 
model building     phase transitions 
precision calculations:    hidden sectors 
QCD and EW     inflation 
massive computating:    gravitational waves 
algebraic and numeric 
 
 
 
                                                                                
String theory     Lattice QCD 
dualities      QCD parameters 
strings on curved spacetimes John von Neumann  flavour physics 
integrable systems  Institute for computing hadron structure 
conformal field theory DESY – Jülich - GSI   algorithms 

Theory Group, 84st PRC 
 

Today:
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Particle Phenomenology.
Covering a broad spectrum

Developments
I Multiloop techniques and computer algebra
I Factorization and resummation
I Effective field theories
I Monte-Carlo generators and algorithms
I Global fits

Applications to
I Precision predictions: QCD, EW, BSM
I Precision Higgs physics and EW symmetry breaking
I Standard candles: Drell-Yan, top, jets
I Dark matter
I Flavor physics

Close interactions with experimental groups (ATLAS, CMS, ILC, Belle2)
I Common studies
I Developments at experiment-theory interface
I Tools for wider (exp. and theory) HEP community

⇒ In the following only a selection of recent results
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3-Loop Anomalous Dimensions.The 3-loop anomalous dimensions
J. Blümlein et al.:
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Completed the calculation of all contributing 3-loop anomalous

dimensions. Here, γ
(2),PS
qq and γ

(2)
qg are complete; the others are ∝ TF .

First confirmation of the results of Moch, Vermaseren, Vogt, 2004.
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Charm NC Corrections to F2(x,Q
2) to 3 Loops.

The present charm-quark NC corrections to F2(x ,Q
2) to

3-loops

J. Blümlein et al.:
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Iterative Non-Iterative Integrals.Iterative Non-Iterative Integrals

J. Blümlein et al.:
A New Class of Integrals in QFT:

Ha1,...,am−1;{am ;Fm(r(ym))},am+1,...,aq (x) =

∫ x

0
dy1fa1 (y1)

∫ y1

0
dy2...

∫ ym−1

0
dymfam (ym)

×Fm[r(ym)]Ham+1,...,aq (ym+1),

F [r(y)] =

∫ 1

0
dzg(z, r(y)), r(y) ∈ Q[y ],

In general, this spans all solutions and the story would end here.
May be, most of the practical physicists, would led it end here anyway.
This type of solution applies to many more cases beyond 2F1-solutions
(if being properly generalized).
Elliptic Integrals form the simplest representants. The above structure is
the general one in massive analytic calculations.
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Muon Anomalous Magnetic Moment.Muon anomalous magnetic moment

P. Marquard et al.:

Completed the calculation of all pure QED contributions to the muon magnetic
moment at four loops ⇒ full agreement
Comparing [Kurz,PM,Steinhauser,Smirnov,Smirnov,Wellmann ’15-’17] with [Kinoshita] and [Laporta]

universal e− τ e− + τ

a(8)µ = −1.87(12) + 132.86(48) + 0.0424941(53) + 0.062722(10)

a(8)µ = −1.912 98(84) + 132.6852(60) + 0.04234(12) + 0.06272(4)

a(8)µ = −1.9122457649264 . . .

After multiplication with (α/π)4 we obtain (×10−11)

(−5.44(35) + 386.77(1.40) + 0.12371(15) + 0.182592(29))

(−5.56894(245) + 386.264(17) + 0.12326(35) + 0.18259(12))

(−5.56679893738506 . . .+ . . .)
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On-shell Renormalization of QCD at 4 Loops.On-shell renormalization of QCD at four loops

P. Marquard et al.:

Completed the on-shell renormalization of QCD at four loops

z (4)m = −3654.15± 1.64 + (756.942± 0.040)nl

−43.4824n2
l + 0.678141n3

l .

for the top quark the results in

mt(mt) = Mt

(
1− 0.4244αs − 0.9246α2

s − 2.593α3
s − (8.949± 0.018)α4

s

)

= 173.34− 7.924− 1.859− 0.562− (0.209± 0.0004) GeV

[PM,Smirnov,Smirnov,Steinhauser,Wellmann ’16-’17]

The publication for ZOS
2 @ four loops is in preparation.

For the 5+ loop loop contribution we find including light quark mass effects

δ(5+) = 0.304+0.012
−0.063 (N)± 0.030 (mb,c)

±0.009 (αs)± 0.108 (ambiguity) GeV ,

[Beneke,PM,Nason,Steinhauser ’16-’17]
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5-Loop MS Renormalization of QCD.5-loop MS renormalization of QCD

P. Marquard et al.:

Completed the calculation of all ren. consts. @ five loops for a general
gauge group

[Luthe,Maier,PM,Schröder ’16-’17]

I β function, gauge independent, confirmation of the result of
[Herzog et al ’17] using an independent method

I γm, gauge independent

I γ2, γ3c , γ
ccg
1 , gauge dependent, calculated up to linear term in the

gauge parameter

⇒ all 5-loop ren. const. available for a general gauge group and linear
gauge parameter dependence.
Full agreement with Nc = 3 Feynman gauge results by [Baikov et al ’16]
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Power Corrections for N-Jettiness Subtractions.
[Moult, Rothen, Stewart, FT, Zhu ’16, ’17]

σ =

∫
σsub(τcut)

︸ ︷︷ ︸
+

∫

τcut

dτN
dσ

dτN︸ ︷︷ ︸
+

∫
σ(τcut)− σsub(τcut)

︸ ︷︷ ︸
NNLON NLON+1 neglect O(τcut)

Analytical computation of LL and numerical extraction of NLL power corrections
for Drell-Yan-like processes in all partonic channels

I Improves performance of subtractions by order of magnitude
Correct definition of τN is crucial for stable power expansion across phase space
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Multiparton Interactions.

• several partons interact in a 
single pp collision


• important in specific kinematics 
and/or specific processes


• closely related with physics of 
underlying event


• relevant measurements by all  
LHC collaborations


• challenge: reliable description in 
QCD

Multiparton interactions
M. Diehl 

example:  WW production

both for precision 

  (W+ W− → triple gauge couplings)

and as background for searches 

  (W+ W+ → same sign leptons) plot:  J. Gaunt et al, 2003 
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Multiparton Interactions.Multiparton interactions

• input for theory description: 
two-parton distributions


• at small transverse distance y 
between partons: compute 
from splitting 1 → 2 partons


✦ gives singular cross 
section: ∫ d2y / y4


➡ physics not right


• double counting problem:


✦ double scattering with 
perturbative splitting


✦ loop correction to  
single scattering


y

• developed scheme to regularise double parton scattering and 
to consistently add to single scattering part
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Multiparton Interactions: Resummation.
Multiparton interactions

• double scattering part permits all-order resummation of 
DGLAP type logarithms                                                                 
first numerical studies:                                                          
can be important in parts                                                         
of phase space


• resummation of Sudakov logarithms                                                      
developed theory formalism, numerical studies to follow

✦ colour correlations between two partons in one proton      

suppressed at high scales, but may be important for 
multiple interactions/underlying event kinematics             


✦ transverse-momentum spectrum
M. Buffing, M. Diehl , T. Kasemets 2017

Further investigations

M. Diehl , J. Gaunt, K. Schönwald 2017
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GENEVA: Drell-Yan at NNLO+NNLL′+PS+MPI.

[Alioli, Bauer, FT, ..., ’15-’17]

First matching of NNLO+NNLL′ with
parton shower, hadronization and MPI

Based on (differential) N-jettiness
subtractions and NNLL′ resummation

1st public release (1.0-rc1) in May 2017

ATLAS and CMS are starting to integrate it
into their computing frameworks
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Development of underlying SCET framework
toward higher-order multi-differential (joint/multi-scale) resummation

Finite quark-mass effects [Samitz, Pietrulewicz, FT ’17]

Rapidity-dependent resummation [Kulesza, Michel, FT ’17]

Multidifferential resummation [Lustermans, Michel, FT, Waalewijn ’17]
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DEDUCTOR: Threshold Resummation in PS.
We want to sum up large logarithms in a observable independent way. To do this we have to 
reorganize the NkLO calculation in such a way that can be interpreted as parton shower cross section.
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Hard part, finite in d=4.

- Sums up threshold logarithms
- Doesn’t add new partons

- Sums up “visible” large logarithms
- Adds new partons
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kX
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IR sensitive operator describes the IR behaviour of the 
QCD density operator. It is an universal operator and 
defined order by order in the perturbation theory.
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‣Parton shower calculations can be defined 
systematically from first principles and improved by 
working to higher order in the perturbation theory. 

‣ Beyond the leading order the parton shower evolution 
is much more complex than a DGLAP evolution. 

‣Matching to exact matrix elements is part of the 
definition and doesn’t requires extra procedure.

[Nagy, Soper, ’16, ’17]
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WHIZARD: Precision Top Physics at Lepton Colliders.

• Completely off-shell leptonic NLO QCD processes:  
         e+e−  → lvlvbb + X , e+e−  → lvlvbbH + X

•  WHIZARD framework for automated NLO QCD 
•  Fully exclusive top threshold description 
•  Matching of NLO QCD with NLL vNRQCD 

      threshold resummation
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Energy scan and beam thrust distribution

[Chokoufé/Kilian/Lindert/Reuter/Pozzorini/Weiss, 2016]
[Bach/Chokoufe/Hoang/Kilian/Reuter/

Stahlhofen/Teubner/Weiss 2017]
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Higgs Simplified Template Cross Section Framework.

H →ττ
· · ·
· · ·
· · ·

H
→

γ
γ

VBF loose (MVA)

high pTt

VBF tight (MVA)

low pTt

tt̄H leptonic

VH leptonic

H →ZZ
· · ·
· · ·
· · ·

= 0-jet

H
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W
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= 1-jet

≥ 2-jet VBF cuts

H
→

b
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· · ·

· · ·

· · ·
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≃ 2-jet

& 3-jet
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≥ 2-jet VBF cuts
· · ·
· · ·

· · ·
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· · ·
µi, κi

gk

EFT
coeffs

specific
BSM

Analysis categories InterpretationSimplified Template Cross Sections

Developed in close collaboration with experiment [FT, K. Tackmann, ...]

Going to be used for Higgs measurements and combination by ATLAS & CMS
I Reduce theory dependence folded into measurements
I Allow flexible reinterpretation in different scenarios (SM, BSM, EFT, ...)
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Gluon-Fusion Higgs Production in the MSSM:
Incorporation of CP-violating Effects.

Higgs production via gluon fusion in the MSSM: 
incorporation of CP-violating effects

gg → h2 / h3, phase dependence for dominantly CP-even state ``he’’:  
[S. Liebler, S. Patel, G. Weiglein ’16]
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Figure 8: LO (red) and best prediction gluon-fusion cross section (blue) for he in fb as a function
of (a) �At and (b) �M3 in the mmod+

h -inspired scenario with tan� = 40. The black dot-dashed

curves depict the best prediction cross section without squark contributions (except through Ẑ
factors). In the lower panel we show the K-factor �/�LO. The depicted uncertainties are scale
uncertainties.

is similar as in the previous plots. The K-factors in the lower panel show that the dependence
of the NLO cross sections on the phases �At and �M3 follows a similar trend as the LO cross
section. In the plot on the right, the asymmetric K-factor dependence on �M3 is related to the
direct dependence of �b on the phase �M3 .

In Fig. 9 we separately analyse the squark contributions for the LO cross section, i.e. the predic-
tion omitting the squark loop contributions (black dot-dashed curves) is compared with the ones
where first the pure LO squark contributions are added (depicted in cyan), and then the resum-
mation of the �b contributions to the bottom-quark Yukawa coupling is taken into account. For
the latter both the results for the full (�b2, blue) and the simplified (�b1, red) resummation are
shown. While the the pure LO squark contributions are seen to have a moderate e↵ect, it can
be seen that the incorporation of the resummation of the �b contribution leads to a significant
enhancement of the squark loop e↵ects. We furthermore confirm that for the heavy neutral
Higgs bosons considered here the simplified resummation approximates the full resummation of
the �b contribution very well. The curves corresponding to �b2 and �b1 hardly di↵er from each
other both for the variation of �At and �M3 . As before all curves include the same Ẑ factors
obtained from FeynHiggs. The results for ho, which are not shown here, are qualitatively very
similar. The LO squark contributions are less relevant for the ho cross section, since those con-
tributions are absent in the MSSM with real parameters. We also note that the curves for ho

follow a similar behaviour as the ones for he, which implies that there are no large cancellations
expected in the sum of the cross sections for the two heavy Higgs bosons times their respective

24

Significant reduction of theoretical uncertainty w.r.t. leading-order (LO) result 
The interference between the two nearly mass-degenerate heavy Higgs 
bosons yields an important contribution to the full result for σ x BR

SusHiMi code:  

⇒
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Higgs-mass Predictions in SUSY Models: Effects of
Heavy SUSY Particles.

``Hybrid’’ approach: combination of fixed-order result with resummation of 
higher-order logarithmic contributions via effective field theory (EFT)    

Higgs-mass predictions in SUSY models: effects of 
heavy SUSY particles

Predictions of hybrid (FeynHiggs) and EFT (SUSYHD) approach:                        
Simplest case: single-scale scenario, where all SUSY mass parameters are 
equal to each other: Msoft = μ = MA ≡ MSUSY   
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Figure 3: Comparison of the Mh predictions of FeynHiggsnew DR with SUSYHD. Left: Mh as function of

MSUSY for XDR
t /MSUSY = 0 (solid) and XDR

t /MSUSY = 2 (dashed). Right: Mh as function of XDR
t /MDR

SUSY

for MSUSY = 1 TeV (solid), MSUSY = 5 TeV (dashed) and MSUSY = 20 TeV (dot-dashed). In the bottom
panels, the di↵erence between the blue and red curves is shown (�Mh = Mh(FH new DR)�Mh(SUSYHD)).

For the further FeynHiggs results shown below we use the DR renormalization of the parameters in the
stop sector. As a next step we investigate the impact of the terms arising from the determination of the
propagator pole. As explained in Section 3, there occurs a cancellation in the limit of a large SUSY scale
between non-SM terms arising through the determination of the propagator pole and contributions from the
subloop renormalization of the irreducible self-energy diagrams. While up to the version FeynHiggs2.13.0

this cancellation was incomplete for terms beyond O(↵2
t ,↵t↵b,↵

2
b) (see Eq. (20)), we have modified the

determination of the propagator poles in the new version of FeynHiggs such that terms are omitted that
would not cancel because their counterpart in the irreducible self-energies is not incorporated at present. In
Fig. 2 FeynHiggs2.13.0 DR is compared with the new version, which is labelled as FeynHiggsnew DR. The
di↵erence between the two results corresponds essentially to the terms �logs

p2 and �nolog
p2 given in Eqs. (26) and

(29). In the left plot of Fig. 2, we show the results as a function of MSUSY for XDR
t = 0 and XDR

t /MSUSY = 2.
One observes that the di↵erence grows nearly logarithmically with MSUSY. This is expected since the
largest terms in �logs

p2 + �nolog
p2 are in fact logarithms of the SUSY scale over Mt. Consequently, for small

scales (MSUSY . 1 TeV), these terms induce only a small upwards shift of . 0.5 GeV. For large scales
however (MSUSY & 5 TeV), this shift grows to up to 1.5 GeV for vanishing stop mixing and 2 GeV for

XDR
t /MSUSY = 2. In the right plot of Fig. 2 the di↵erence is depicted as a function of XDR

t /MSUSY

for MSUSY = 1, 5, 20 TeV, shown as solid, dashed and dot-dashed lines, respectively. One can see that the

di↵erence between the two results is approximately quadratically depependent on XDR
t /MSUSY. This reflects

the XDR
t dependence of the derivative of the Higgs-boson self-energy (see Eq. (79) below).

Having investigated the numerical impact of the scheme conversion of the input parameters as well as
of the terms arising from the determination of the propagator pole, we now turn to a direct comparison
of FeynHiggs with SUSYHD.6 The FeynHiggs results in this comparison are the ones of the new version,
FeynHiggsnew DR, where the stop sector is renormalized in the DR scheme and terms arising from the
determination of the propagator pole are omitted that go beyond the level of the corrections implemented
in the irreducible self-energies, as described above.

The left plot of Fig. 3 shows Mh as a function of MSUSY for XDR
t /MSUSY = 0 (2) as solid (dashed) lines.

For vanishing stop mixing and MSUSY & 1 TeV, we observe an excellent agreement of the FeynHiggs curve

6 We remind the reader that we use SUSYHD with the top Yukawa coupling evaluated at the NNLO level. Using instead the
NNNLO value would shift the results of SUSYHD shown here downwards by ⇠ 0.5 GeV.

17

Good agreement for high SUSY scale; hybrid approach yields precise 
predictions also at low scale

⇒

[H. Bahl,  S. Heinemeyer, W. Hollik, G. Weiglein’17]
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Two-loop O(αtαb + α2
b) Corrections for the General

Case of Complex Parameters (CP Violation).
Two-loop Yukawa corrections of O(αtαb+αb2) for the 
general case of complex parameters (CP violation)
Mass shift induced by the new contributions; dependence on the 
phases of the parameters At and Ab in comparison with the previous 
result based on an interpolation of the phases: [S. Passehr, G. Weiglein’17]
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Figure 7. Dependence of the lightest Higgs-mass shift �Mh on �At and �Ab , sgn[µ] = �1. solid: exact
calculation, dotted: interpolation in FeynHiggs, the red-dotted and orange-dotted lines are identical.

Figure 8. Dependence of the lightest Higgs-mass
shift �Mh on �M3 and �Ab , sgn[µ] = �1.

Figure 9. Dependence of the lightest Higgs-mass
shift �Mh on �M3 and �At , sgn[µ] = �1.

In addition to the exact calculation (solid lines), FeynHiggs offers an implemented interpolation
of the self-energy corrections that have been known up to now for the case of real parameters but
not for the complex case. Since the O(↵t↵b) terms were only available for real parameters, and the
O
�
↵2

b

�
terms were neither in the real nor the complex case incorporated in FeynHiggs, deviations

from the new mass shifts can be expected even for real parameters. Besides these relatively small
differences, the linear interpolation can differ by ⇡ 0.5 GeV from the full result in the investigated
scenario. Also the asymmetric behaviour for the change of two phases at the same time was not
described correctly by the interpolation.

Figs. 8 and 9 show the influence of varying the gluino phase �M3 and in addition either �Ab

or �At . These terms are induced by the correction factor �mb as the investigated class of two-
loop corrections does not contain the parameter M3. Also here the largest phase dependence is
found when one phase is equal to zero. In Fig. 8 the mass shift is nearly symmetric in ±�M3

and ±�Ab
, i. e. the red and yellow curves are lying on top of each other. Nevertheless, there are

small asymmetries in the renormalized two-loop self-energies ⌃̂hA and ⌃̂HA. On the contrary the
mass shift �Mh in Fig. 9 shows a clear asymmetry similar to Fig. 7.

11

Significant effect of the phase variation at the two-loop level⇒
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Higgs Self-Interaction Through NLO Effects.

Christophe Grojean DESY, Oct. 19, 2017

Higgs self-interaction through NLO effects
Di Vita, Grojean, Panico, Riembau, Vantalon ‘17

Higgs self-interactions were thought to be accessed in double Higgs processes only

Following an original proposal from 2015 by McCullough for e+e- colliders,
two groups last year suggested that h3 coupling could be constrained at LHC by precise 

measurements of single Higgs processes through their dependence on h3 @ NLO

A global fit concludes in an almost flat direction, the h3 coupling cannot be resolved individually 
through inclusive measurements. Differential data could help lifting this degeneracy.
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Figure 10. Histograms for “CMS-II” (300 fb�1). The distributions represented are, from left to
right and from top to bottom: 1) best values, 2) 1� region lower limit, 3) 1� region upper limit, 4)
2� region lower limit, 5) 2� region upper limit, 6) p > 0.05 region lower limit, 7) p > 0.05 region
upper limit, 8) 1� region width, 9) 2� region width, 10) p > 0.05 region width.
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Figure 11. As Fig. 10 for “CMS-HL-II” (3000 fb�1).
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Figure 12. In the left and right plots, respectively �2(�) and p-value(�) for the P1,2,3,4 scenarios
with relative uncertainties set at 0.01.

example, we find that for the scenario P4

1�
� = [0.86, 1.14] , 2�

� = [0.74, 1.28] , p>0.05
� = [0.28, 1.80] . (5.8)

Considering as before n = 10000 pseudo-measurements, the histograms analogous to those
in Fig. 10 and 11 are shown in Fig. 13. Again, we find the indication that, most-likely, in
this optimistic scenario stronger bounds than those reported in Eq. (5.8) could be set.

20

This bound is not very stringent: for |�| . 10 one gets ⇤ . 5 TeV. For values of �
within the expected high-luminosity LHC bounds, perturbativity loss is thus well above

the energy range directly testable at the LHC.

As a last point, we comment on the issue of the stability of the Higgs vacuum. As

pointed out in ref. [6], if the only deformation of the Higgs potential is due to the (H†H)3

operator, the usual vacuum is not a global minimum for � & 3. In this case the vacuum

becomes metastable, although it could still have a long enough lifetime. Additional de-

formations from higher-dimensional operators can remove the metastability bound, even

for large values of �. A lower bound � > 1 can also be extracted if we naively require

the Higgs potential to be bounded from below for arbitrary values of the Higgs VEV hhi,
i.e. if we require the coe�cient of the (H†H)3 operator to be positive. This constraint,

however, is typically too restrictive. Our estimate of the e↵ective potential, in fact, is only

valid for relatively small values of the Higgs VEV, which satisfy " = ✓g2
⇤hhi2/m2

⇤ . 1.

For large values of hhi the expansion in the Higgs field breaks down and the estimate of

the potential obtained by including only dimension-6 operators is not reliable any more

and the whole tower of higher-dimensional operators should be considered. In this case

large negative corrections to the Higgs trilinear coupling could be compatible with a stable

vacuum. Examples of such scenarios are the composite Higgs models in which the Higgs

field is identified with a Goldstone boson. In these models the Higgs potential is periodic

and a negative coe�cient for the e↵ective (H†H)3 operator does not generate a runaway

behavior of the potential.

3 Fit from inclusive single-Higgs measurements

As we mentioned in the introduction, single-Higgs production measurements can be sen-

sitive to large variations of the Higgs trilinear self-coupling. These e↵ects arise at loop

level and can be used to extract some constraints on the � parameter. Under the as-

sumption that only the trilinear Higgs coupling is modified, � can be constrained to the

range � 2 [�0.7, 4.2] at the 1� level and � 2 [�2.0, 6.8] at 2� [6] at the end of the high

luminosity phase of the LHC. This result was obtained by assuming that the experimental

uncertainties are given by the ‘Scenario 2’ estimates of CMS [26, 27], in which the the-

ory uncertainties are halved with respect to the 8TeV LHC run and the other systematic

uncertainties are scaled as the statistical errors. The actual precision achievable in the

high-luminosity LHC phase could be worse than this estimate, leading to a slightly smaller

sensitivity on �. Nevertheless the result shows that single Higgs production could be

competitive with other measurements, for instance double-Higgs production, in the deter-

mination of the Higgs self coupling.

A similar analysis, focusing only on the gluon fusion cross section and on the H ! ��

branching ratio, was presented in ref. [5]. With this procedure a bound � 2 [�7.0, 6.1] at

the 2� level was derived, whose overall size is in rough agreement with the result of ref. [6].

In section 2.3 we saw that large corrections to the Higgs self-couplings are seldom

generated alone and are typically accompanied by deviations in the other Higgs interactions.

In scenarios that predict O(1) corrections to �, single Higgs couplings, such as Yukawa

– 11 –

Degrassi et al ’16

Exclusive fit (h3 coupling only)
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Figure 2. �2 as a function of the Higgs trilinear coupling � obtained by performing a global

fit including the constraints coming from TGC’s measurements and the bound on the h ! Z�

decay rate. The results are obtained by assuming an integrated luminosity of 3/ab at 14 TeV.

The dotted curve corresponds to the result obtained by setting to zero all the other the Higgs-

coupling parameters, while the solid curve is obtained by profiling and is multiplied by a factor

20 to improve its visibility. To compare with previous literature (ref. [6]), we also display the

exclusive fit performed assuming the uncertainty projections from the more optimistic ‘Scenario 2’

of CMS [26] (dashed curve).

3.3 Impact of the trilinear coupling on single-Higgs couplings

The presence of a flat direction can also have an impact on the fit of the single-Higgs

couplings. If we perform a global fit and we allow � to take arbitrary values we also

lose predictivity on the single-Higgs EFT parameters. The e↵ect is more pronounced on

the couplings that show larger variations along the flat direction, namely ĉgg and �yt. A

milder impact is found for the �cz, �yb, �y⌧ and ĉ�� , whereas czz, cz⇤ and ĉz� are almost

una↵ected, unless extremely large values of � are allowed.

In fig. 3 we compare the fit in the (�yt, ĉgg) and (�yb, ĉ��) planes obtained by setting

the Higgs trilinear to the SM value (�� = 0), with the results obtained by allowing ��
to vary in the ranges |��|  10 and |��|  20.

In the (�yt, ĉgg) case (left panel of fig. 3), there is a strong (anti-)correlation between

the two parameters as we explained in section 3.1. When the Higgs self-coupling is included

in the fit the strong correlation is still present. The constraint along the correlated direction

becomes significantly weaker, even if we restrict �� to the range |��|  10. The constraint

in the orthogonal direction is instead only marginally a↵ected.

In the case of the (�yb, ĉ��) observables, we find that the 1� uncertainty on the deter-

mination of the two parameters is roughly doubled if the Higgs trilinear coupling is allowed

to take values up to |��| ⇠ 20.

This above discussion makes clear that a global fit on the single-Higgs observables

can not be properly done without including some assumption on the allowed values of the

trilinear self-coupling of the Higgs (see section 2.3). If � can sizably deviate from the SM

value (�� & 5) including it into the fit is mandatory in order to obtain accurate predictions

– 20 –

DiVita et al ’17

No bound from global fit
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h3 at e+e− Colliders.

Christophe Grojean DESY, Oct. 19, 2017

h3 @ e+e- colliders
Di Vita, Durieux, Grojean, Gu, Liu, Panico, Riembau, Vantalon ‘17

More Higgs decay modes can be reconstructed at e+e- colliders
More observables ⇒ no flat direction anymore
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New Physics in Vector-Boson Scattering at the LHC.

•   Assessment of unitarity bounds on dim-6/dim-8 operators
•  Simplified models for new electroweak resonances 
•  Derivation of unitarized limits:  used by ATLAS 
•  Future collides:  e.g. high-energy lepton colliders [CLIC]

1.0 TeV
1.4 TeV
3.0 TeV

ILC/CLIC

LHC:  Tensor resonances in 
longitudinal W/Z LHC:  transversal W/Z (EFT/dim-8)

[Kilian/Ohl/Reuter/Sekulla, 2015-2016]
 [Fleper/Kilian/Reuter/Sekulla, 2016-2017]
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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
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Probe large regions of parameter space that are inaccessible to conventional
mono-jet or di-jet searches
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Belle II Sensitivity for Axion-like Particles (ALP).
[Dolan, Ferber, Hearty, Kahlhoefer, Schmidt-Hoberg ’17]
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ALPs coupling only to photons are an interesting possibility
In the MeV-GeV range could play the role of the mediator to dark matter

Both visible and invisible decays are possible

⇒ Detailed calculation of the expected sensitivity of Belle II for both cases
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Summary and Outlook.

Theory group is very active and visible

Many new and important results
(with many more I could not show ...)

Making maximal use of current and coming collider data

Being able to cover a broad and complementary range of topics is key

Strong connections with cosmology, string, and lattice

Direct interactions with experimental groups at DESY are essential

Thanks for your attention!
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