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2500 − 1 = too many
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• Taking into account all possible flavour structures, complete 
set of dimension-6 Higgs effective theory (HEFT) operators 
consists of 1350 CP-even & 1149 CP-odd composites 

• Which are the dimension-6 operators that are most strongly  
(the least) constrained by existing data? In which cases can the 
LHC, in particular ATLAS & CMS, provide unique insights?

[Buchmüller & Wyler, NPB (1986) 268; Grzadkowski et al., 1008.4884]  
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†figure assumes Wilson coefficients cpr = 1, i.e. a generic flavour structure

Bounds on ψ4 operators†

3/50

101

102

103

104

105

106

(b� d)(s� d) (b� s) (c� u)
�md, sin 2��mK , �K �ms, As

SL D – D̄

CP

CP

CP

�
[T

eV
]



Bounds on ψ4 operators
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• (Multi-)TeV constraints also apply in case of lepton-flavour 
violating operators giving rise e.g. to µ→3e as well as contact 
interactions that lead to di-lepton & di-jet signatures. LHC 
will further tighten restrictions on all light-quark operators
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 4 : Q(1)
LL = (q̄p�µqr)(q̄s�

µqt) , . . .

 2HX : QeB = (l̄p�µ⌫er)HBµ⌫ , . . .

BH

lp er



⇤ & 1.3 · 105
q
|c21eB |TeV ' 1.3 · 104 TeV (weak loop)

†applies to normal ultraviolet (UV) completions 

Bounds on ψ2XH operators 
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[MEG, 1303.0754]

†

Br
�
µ ! e�

�
= 1.5 · 108 |c21eB |2

⇤4
TeV4 < 5.7 · 10�13 (90%CL)



1) 

2) 

3) 

4) 

5) 

6) 

Operator classes

7/50

 4 : Q(1)
LL = (q̄p�µqr)(q̄s�

µqt) , . . .

 2X2 : QHB = (H†H)Bµ⌫B
µ⌫ , QHB̃ = (H†H)Bµ⌫B̃
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 2HX : QeB = (l̄p�µ⌫er)HBµ⌫ , . . .
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From h→γγ  to …
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• X2H2 operators alter Higgs physics. 
For instance di-photon decay: 
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… electron electric dipole moment

• Attaching electron line to QHB 

generates electric dipole moment 
(EDM) for electron de. As SM 
background 3-loop suppressed, 
EDMs offer unique indirect probe 
of CP-violating (CPV) operators
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• X2H2 operators alter Higgs physics. 
For instance di-photon decay: 



Bounds on CP-odd X2H2 operators  
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[ACME, 1310.7534]
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Bounds on CP-even X2H2 operators  
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����
�(h ! ��)

�(h ! ��)SM
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���� ' 530 |cHB |
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⇤2
. 20%

[ATLAS, 1507.04548;  
 CMS-PAS-HIG-14-009]
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L = LSM �
⇣cpr
⇤2

(H†H)(q̄purH̃) + h.c.
⌘

• Adding ψ2H3  operators to SM will change Yukawa couplings 
& generically induce flavour-changing & CPV interactions: 

Physics of ψ2H3 composites

L � � (Ytu t̄LuRh+ Yut ūLtR + h.c.)

Ypr =
mp

v
�pr +

v2p
2⇤2

c̃pr , c̃ = ULcU
†
R //1
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htt couplings in de

• de induced via two-loop diagrams of Barr-Zee type

• Constraint vanishes if Higgs does not couple to electron

Electron EDM

h
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t

e

EDM induced via “Barr-Zee” diagrams [Weinberg 1989, Barr & Zee 1990]

|de/e| < 8.7× 10−29 cm (90% CL) [ACME 2013] with ThO molecules

Constraint on κ̃t vanishes if Higgs does not couple to electron

Joachim Brod (University of Cincinnati) Constraints on top (and bottom) couplings 9 / 24
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htt couplings in Higgs physics
Constraints from Higgs production and decay

Both gg → h, h → γγ generated at one loop
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• CP-odd top-Higgs does not interfere with SM contributions



• At 90% CL have |dn/e| < 2.9·10-26 cm [Baker et al., hep-ex/0602020]

htt couplings in neutron EDM (dn)Neutron EDM
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cm .

w ∝ κt κ̃t subdominant

|dn/e| < 2.9× 10−26 cm (90% CL) [Baker et al., 2006]
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Fits to htt couplings
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• Projection for 3000 fb-1 at HL-LHC [Olsen, talk at Snowmass2013]

• Factor 90 (300) improvement on de (dn) [Hewett et al., 1205.2671]
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[Brod, UH & Zupan, 1310.1385]



de in Randall-Sundrum models
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Figure 2: Predictions for the Higgs couplings to top quarks as a function of the KK
gluon mass Mg(1) in the custodial RS model. The green, red, and blue scatter points
correspond to model points obtained using y? = 0.5, 1.5, and 3, respectively. The
overlaid lines in the left plot show fits to the various distributions as explained in the
text. The gray band in the right plot shows the experimental bound on |ct5| derived
from the electron EDM (at 90% CL).

y? 0.5 1.5 3

at 0.050 0.131 0.381

ab 0.033 0.085 0.243

a⌧ 0.030 0.076 0.223

Table 1: Fit coe�cients af for di↵erent values of y?.

be replaced according to (35) and have a vanishing expectation value. While the remaining
terms in (32) still give rise to small negative corrections, the corresponding scatter plots would
show points scattered more or less around the central value ci = 1, and which can become
larger than 1 for not too small values for y? due to the indefinite sign of the three-Yukawa
terms. Although they are not as pronounced as in the conventional brane-Higgs scenarios,
significant e↵ects on the Higgs coupling to the top quark are still possible. For example, with
y? = 3 a modification of ct by 20% is possible for KK excitations as heavy as 7.5 TeV.

The CP-odd couplings of the Higgs to two fermions cf5 in the RS model are given by
the second expression in (32). For random complex Yukawa matrices with entries bounded
by |(Yf)ij |  y?, we find an approximately Gaussian distribution with zero mean and non-
Gaussian tails, which can be reduced by imposing a lower bound on the magnitude of

��(Yf )33

��.
In the vicinity of the peak the distribution is approximately normal, with standard deviation
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[Malm et al., 1408.4456]

�̃
t

• In flavour-anarchic custodial Randall-Sundrum model, existing 
de constraint on κt  probes multi-TeV Kaluza-Klein masses∼

de (90% CL)
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Fits to htt couplings
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[Brod, UH & Zupan, 1310.1385]

• But even if electron & light-quark couplings vanish, effects due 
to Weinberg operator will lead to stringent future constraints



hbb couplings in dn

• dn suppressed by small bottom-quark Yukawa coupling   

• Prediction plagued by sizeable scale uncertainty (factor of 3). 
Calls for resummation of large logarithms αs ln(mb/mh) 22
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Fits to hbb couplings

• If Higgs couples SM-like to electron & light quarks then future 
bounds from EDMs superior to HL-LHC constraints
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[Brod, UH & Zupan, 1310.1385]



Fits to hbb couplings
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[Brod, UH & Zupan, 1310.1385]
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• For κe,d,u  = 0, contributions associated to Weinberg operator 
expected to lead to competitive constraints in future scenario
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Top FCNCs

• In SM, flavour-changing neutral current (FCNC) top decays 
one-loop, GIM & CKM suppressed. Finding t→c(u)h, would 
thus imply new physics, presumably of TeV-scale origin 
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Br(t� ch) � 3 · 10�15 , Br(t� uh) � 2 · 10�17
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LHC searches

2

u, c h

b

W

h
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Figure 1: Example Feynman diagrams contributing to the LHC production of pp ! (t ! W+b)h (left)
and pp ! [(t ! W+b)(t̄ ! hq̄), (t̄ ! W�b̄)(t ! hq)] (right) through flavor violating top-Higgs interactions
in Eq. (1) (marked with gray dots).

In the present work, we explore the LHC sensitivity to non-standard flavor violating top–
Higgs interactions (tch and tuh) further. Building upon related theoretical [3–6] and experimen-
tal [7, 8] studies, we explore three main directions: (1) We demonstrate the importance of the
single top+Higgs production processes in addition to t ! hj decays. (2) We demonstrate how
these processes can be exploited to distinguish tch and tuh couplings in leptonic t + h events by
studying lepton rapidity distributions and charge assignments. (3) we consider several novel search
signatures including hadronic top decays and Higgs decays to bb̄ and ⌧+⌧�. While this leads to
more challenging signatures requiring e�cient discrimination against the large SM backgrounds,
the final sensitivity is compensated by increased signal yields.

The remainder of the paper is organized as follows: In Sec. II we set up the notation and
introduce our main physics ideas. Then we explore and quantify these insights in more detail
using several top and Higgs decay modes. Multilepton searches [3] are particularly sensitive to
(t ! b`⌫) + (h ! W+W�, ZZ, ⌧+⌧�) final states, and in Sec. III A we recast a recent CMS
analysis [7] to constrain these final states. In doing so, we demonstrate the importance of including
the anomalous single top production process gu ! th. In Sec. III B we recast a recent CMS
search [2] for flavor violating tch coupling in the diphoton plus lepton final state to set an improved
bound on tuh coupling. In Sec. III C we show that a competitive sensitivity can be obtained
focusing specifically on h ! ⌧+⌧� decays by recasting a CMS search [9] for associate W + Higgs
and Z+Higgs production. We then proceed to future searches, showing in Sec. IVA how a detailed
analysis of kinematic distributions in multilepton searches can be used to improve the sensitivity
to both tuh and tch couplings, and to discriminate between them. Finally, in Sec. IVB, we develop
a search strategy for the fully hadronic final state (t ! bq̄q0) + (h ! bb̄), where for highly boosted
processes jet substructure techniques can be employed to identify top quarks and Higgs bosons.
We summarize our results in Sec. V.

II. FLAVOR VIOLATING TOP–HIGGS COUPLINGS

We parameterize the flavor violating top–Higgs interactions in the up-quark mass eigenbasis as

�Ltqh = ytu t̄LuRh + yut ūLtRh + ytc t̄LcRh + yct c̄LtRh + h.c. . (1)

At tree level, this Lagrangian gives rise to the non-standard 3-body Higgs boson decays h ! t⇤q !
Wbq as well as the more interesting 2-body top quark decays t ! qh, where q = u, c (see Fig. 1).
Neglecting the light quark masses and assuming the top quark decay width is dominated by the
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In the present work, we explore the LHC sensitivity to non-standard flavor violating top–
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a search strategy for the fully hadronic final state (t ! bq̄q0) + (h ! bb̄), where for highly boosted
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Figure 3: Pseudorapidity distributions for the Higgs boson in various flavor violating processes at 13 TeV
for ytq = yqt = 0.13 (corresponding to B(t ! hq) ' 1%) and an integrated luminosity of 1 fb�1. The results
are obtained using a FeynRules v1.6.16 [16] implementation of the e↵ective interactions in Eq. (1) and using
MadGraph 5, v1.5.11 [17] for MC simulation. Events are normalized to corresponding state of the art QCD
corrected cross sections as discussed in the Sec. II.

of mass energy and luminosity, the sensitivity to tuh couplings is in general better than the one to
tch couplings.

In addition, the presence or absence of a significant contribution of qg ! th production in
single top plus Higgs final states can be used to distinguish between couplings to up quarks and
couplings to charm quarks. A good discriminating variable is the Higgs boson pseudorapidity,
⌘h, as illustrated in Fig. 3. The relevance of this variable can be understood from the fact that
in ug scattering, the interaction products tend to be boosted in the direction of the incoming
valence u quark, which on average carries a larger fraction of the proton momentum than the
gluon. In addition, the Higgs boson in such a scattering process is preferentially produced in
the direction of the up quark in the partonic center of mass frame due to angular momentum
conservation combined with the quark chirality flip at the tuh vertex. These e↵ects add up to
make the resulting ⌘h distribution peak at large rapidities. For initial states not containing valence
quarks (gluon fusion-induced tt̄ production as well as single top + Higgs production in cg, c̄g, or ūg
collision), both the top quark and Higgs boson are produced more centrally. Another useful handle
on tagging single top plus Higgs production in searches with leptonic top decays is the enhanced
abundance of positively charged leptons.

In the following sections we demonstrate the relevance of associated th production for probing
flavor violating top–Higgs couplings using several promising experimental signatures.

III. IMPROVED LIMITS ON tuh AND tch COUPLINGS FROM CURRENT LHC
SEARCHES

A. Recasting the CMS Multilepton Search

Multilepton searches at the LHC profit from relatively low SM backgrounds and are therefore
sensitive to new physics processes producing final states with many leptons. A good example is
a final state with a top quark and a Higgs boson [3], where the top quark decays to b`⌫, and

[Greljo et al., 1404.1278]

• tc(u)h couplings have been looked for in tt & single-top samples

• Best LHC Run I bound reads Br(t→qh) < 0.56% at 95% CL

• Can distinguish t→c/uh by e.g. Higgs rapidity or charm tagging 
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Ypr contributions to dn
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• tuh interactions contribute to dn at 1-loop level, while tch couplings 
first enter at 2-loop order (dominant effect due to charm threshold)
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Summary of constraints on Ypr

Observable Coupling Present bound Future sensitivity

LHC searches
p|Ytc|2 + |Yct|2 0.14 2.8 · 10�2

p|Ytu|2 + |Yut|2 0.13 2.8 · 10�2

dn
|Im (YtcYct)| 5.0 · 10�4

1.7 · 10�6

|Im (YtuYut)| 4.3 · 10�7
1.5 · 10�9

dD
|Im (YtcYct)| — 1.7 · 10�7

|Im (YtuYut)| — 1.7 · 10�11

�ACP |Im (Y

⇤
utYct)| 4.0 · 10�4 —

D– ¯

D mixing
p|Im (Y

⇤
tcY

⇤
utYtuYct)| 4.1 · 10�4

1.3 · 10�4

Table 1. Summary of the most powerful constraints on the tqh couplings with q = c, u. To obtain
the 95% CL upper limits we have assumed a Higgs-boson mass mh = 125GeV and neglected other
possible contributions to the processes under considerations beyond those arising from (1.1).

Future measurements of CP violation in D– ¯

D mixing at LHCb [47] and Belle II [48]
are expected to improve the current bound (2.34) by at least a factor of 10. Such an
improvement would result in

q
|Im (Y

⇤
tcY

⇤
utYtuYct)| . 1.3 · 10�4

, (2.36)

if one again allows the new-physics contribution (2.32) to saturated the future limit on CP
violation in the �C = 2 sector.

2.5 Summary of constraints

In Table 1 we summarise the most stringent limits on the FCNC Higgs-boson couplings (1.1)
arising from collider physics (see Section 2.1), hadronic EDMs (see Sections 2.2 and 2.3)
and CP violation in D-meson physics (see Section 2.4). Whenever possible we give both
the present bound and a projection of the future sensitivity.

3 Conclusions

The LHC discovery of the Higgs boson furnishes new opportunities in the search for physics
beyond the SM. Since in the SM flavour-changing Higgs couplings to fermions are highly
suppressed, discovering any evidence of a decay like t ! ch would strongly suggest the
existence of new physics not far above the TeV scale. In fact, both ATLAS and CMS have
already provided their first limits on the t ! c(u)h branching ratios (see e.g. [11–15]). While
these recent results still allow for branching ratios in excess of around 0.5%, the searches for
flavour-changing top-Higgs interactions will mature at the 14TeV LHC and it is expected
that the current limits on the t ! c(u)h branching ratios can be improved by roughly two

– 10 –
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[Gorbahn & UH, 1404.4873]

†based on projection Br(t→c/uh) < 2·10-4  [Agashe et al., 1311.2028]

†

†



t→ch in MSSM
[Dedes et al., 1409.6546]tan� = 6, MS = 1.1 TeV
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• Regions with Br(t→ch) > 10-6 require |AU| > 2MS. Such large 
AU terms naively trigger colour & charge breaking minima
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t→uh in MSSM
[Dedes et al., 1409.6546]tan� = 6, MS = 1.1 TeV
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• Even for real AU & δRR, higher-order terms in mass insertion 
expansion depend on δCKM. dn rules out Br(t→uh) > 10-7
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4) 
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5) 

6) 

 2H3 : QuH = (H†H)(q̄purH̃) , . . .

H4D2 : QT = (H†$
DµH)(H†$

D
µ
H) , . . .

Operator classes
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H H



⇤ & 5.5
p

|cT | TeV '

8
<

:
5.5TeV (tree level)

550GeV (weak loop)

Bounds on H4D2 operators  

�⇢ = ↵T =
v2

⇤2
cT 2 [�1.5, 2.2] · 10�3 (95%CL)

31/50

[Gfitter, 1209.2716]
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H2D2X : QHW = (DµH)†⌧ i(D⌫H)W i,µ⌫ , . . .

4) 

5)

6)

 2H3 : QuH = (H†H)(q̄purH̃) , . . .

H4D2 : QT = (H†$
DµH)(H†$

D
µ
H) , . . .

Operator classes
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B,W
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B,W



LWWV = �igWWV

�
gV
1

�
W+

µ� W�µV � �W+
µ V� W�µ�

�

+ �V W+
µ W�

� V µ� +
�V

m2
W

W+
µ� W���V�

µ

�

W± W�

�

��� ,��

Z

�gZ
1 ,��

W± W�

Triple gauge couplings
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[Hagiwara et al., NPB (1987) 282; PRD (1993) 48]

• H2D2X operators contribute to triple gauge couplings (TGCs):



Direct probes of anomalous TGCs

W

We�, q

e+, q̄
�

�

�
�

Z

Z

h

g

g

t

t

t
�, Z

• Searches for anomalous TGCs have been performed at LEP, 
Tevatron & LHC (WW, WZ, Wγ, Zγ, … production). They 
can also be probed in Higgs physics (pp→h→ZZ, …) 
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b s
u, c, t

W W

�

b s
u, c, t

W W

Z

µ+

µ�

Indirect tests of anomalous TGCs

• Anomalous TGCs contribute to observables such as B→Xsγ,   
B→K∗µ+µ-, Bs→µ+µ-, K→πνν & εʹ′/ε as well as Z→bb from      
1-loop level & beyond
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Anomalous TGCs from flavour
[Bobeth & UH, 1503.04829] 

-���� -���� ���� ���� ���� ����-���

-���

-���

���

���

���

���

���

Δ���

Δ
κ γ

Z ! bb̄

B ! Xs�

Bs ! µ+µ�

B ! K(⇤)µ+µ�

SM

• b→sµ+µ- anomalies lead to 3σ deviation of best fit from SM
36/50



†applies to regular UV completions

Bounds on H2D2X operators  

37/50

�gZ1 =
M2

Z

2⇤2
cHW =

8
<

:
0.017± 0.023 (direct)

�0.003± 0.007 (indirect)

[Bobeth & UH, 1503.04829] 

[Falkowski et al., 1508.00581] 

⇤ & 550

p
|cHW |GeV ' 55GeV (weak loop)

†
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up ur

H H

B,W

 2H2D : QHu = (H†i
$
DµH)(ūp�

µur) , . . .

Operator classes
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Anomalous Ztt couplings
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Z

t

s
W

µ+

µ�

b

g

g
t

t

Z

• ψ2H2D composites involving 3rd generation quarks can be 
constrained directly (single-top production, pp→Ztt, …),   
but also contribute to B & K decays, Z→bb & T via loops



Ztt couplings: Comparison

• Indirect bounds stronger than direct limits for Ztt couplings. Still 
worth looking at pp→Ztt, as cancellation in former case possible

13 TeV, NLO QCD

95% C.L. limitt t + Z
e1

eb

300 fb-1

3000 fb-1

-0.2 0.0 0.2 0.4

-0.2

-0.1

0.0

0.1

v2

L2
Re Cf u

33

v2

L
2

R
e
C
f
qH3,3

3L

SM

indirect

direct

[Röntsch & Schulze, 1404.1005; Brod et al., 1408.0792] 
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Bounds on t2H2D operators
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v2

⇤2
|c33Hu| ln

⇤2

M2
W

. 2.5 · 10�2 (indirect)

⇤ & 2
q
|c33Hu|TeV ' 2TeV (tree level)

[Brod et al., 1408.0792] 
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DµH)(ūp�

µur) , . . .

Operator classes
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H6 : Q6 = (H†H)3

H H

H H

HH



c̄6 = � v2

⇤2

c6
�

, � =
m2

h

2v2
' 0.13

Di-Higgs production
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� (pp ! 2h) ' (9.9± 1.3)
�
1� 0.87c̄6 + 0.33 c̄26

�
fb (LHC 8TeV)

h

g
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h

hh

g

g

h

t t

t

t
t

t

t

[de Florian & Mazzitelli, 1309.6594;
 Gorbahn & UH, 16xx.xxxxx] 



First bound on H6 operator

44/50

c̄6 2 [�18.2, 15.6] (95%CL)

⇤ & 170
p
|c6|GeV ' 170GeV (tree level)

[ATLAS, 1509.04670;
 Gorbahn & UH, 16xx.xxxxx] 

� (pp ! 2h) < 0.69 pb (95%CL)



HL-LHC bounds on H6 operator
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• At 14 TeV LHC with 3ab-1 may be possible to set a 95% CL 
bound on c6 of 

if Q6 is only relevant operator If other operators like QuH 

contribute (i.e. top Yukawa deviates from SM) then limits 
on c6 typically worsen by a factor of a few. Removing non-
SM solution seems also challenging at HL-LHC

[an incomplete list of relevant references includes   
 …; Goertz et al., 1410.3471; …; 
Azatov et al., 1502.00539; …] 

c̄6 2 [�0.9, 1.6] [ [4.5, 6.9]



Indirect bounds at e+e- machines
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h h
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e�

e+ e+

e�

Z

FIG. 1: NLO vertex corrections to the associated production
cross section which depend on the Higgs self-coupling. These
terms lead to a linear dependence on modifications of the self-
coupling �h.

recourse to the details of renormalization of the irrelevant
operator in Eq. (3), however proceeding to NNLO in this
case would require the counter-term to this operator.

The dominant Higgs production process at an e+e�

collider at the energies considered here is Higgs associ-
ated production. At NLO the Higgs self-coupling en-
ters the associated production amplitude in two ways. It
enters quadratically via a modified Higgs wavefunction
counter-term, feeding into associated production at NLO
as a modification of the hZZ coupling. The self-coupling
also enters into the amplitude linearly through diagrams
such as Fig. 1. Depending on gauge choice there are also
diagrams with internal Goldstone lines.

The full NLO corrections to e+e� ! hZ are deter-
mined using the FeynArts, FormCalc, and Loop-

Tools suite of packages [18, 19] by calculating the full
one-loop electroweak corrections to associated produc-
tion (see Refs. [20–23]) and extracting the dependence
on the self-coupling parameter. The counter-terms for all
SM-Higgs couplings are calculated automatically follow-
ing the electroweak renormalization prescription of [24].
The analytic form of the correction at a CM energy

p
S

can be extracted from the FeynArts and FormCalc

[18, 19] output in terms of the various one-loop integrals

B(p2, M2
1 , M2

2 ) =

Z
KdDq

[q2 � M2
1 ][(q + p)2 � M2

2 ]
, (4)

and

Cµ1,..,µN
(k2

1, (k1 � k2)
2, k2

2, M
2
1 , M2

2 , M2
3 ) =

Z
Kqµ1 · · · qµN

dDq

[q2 � M2
1 ][(q + k1)2 � M2

2 ][(q + k2)2 � M2
3 ]

, (5)

where

K =
µ4�D

i⇡D/2r�
, r� =

�2(1 � ✏)�(1 + ✏)

�(1 � 2✏)
. (6)

The two-point scalar function encountered here is defined
as

B0 = B(M2
H , M2

H , M2
H), (7)

and the first derivative of this function as

B0
0 = @B(p2, M2

H , M2
H)/@p2|p2=M2

H
. (8)
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FIG. 2: Corrections to �(e+e� ! hZ), for a given variation
in the self-coupling, �h, as a function of the CM energy from
220 to 500 GeV.

The three-point scalar functions are

C0 = C(M2
H , S, M2

Z , M2
H , M2

H , M2
Z), (9)

and C1, which is the scalar coe�cient of k1 in Cµ1 with
the same arguments. C00, C11, C12 are the scalar coef-
ficients of gµ,⌫ , k1k1, and k1k2 in Cµ1,µ2 . All of these
functions can be easily evaluated using the LoopTools

package [18, 19]. With these definitions the full form of
the self-coupling correction is

��(S) =
��h 6=0

��h=0
� 1 (10)

=
3↵M2

H�h
16⇡ sin(✓W )2M2

W�
⇥

Re


2
�
S + M2

Z � M2
H

�
(12M2

ZS � �) � ⇣�

�
,

where

� = (M2
H � M2

Z)2 + 10M2
ZS + S2 � 2M2

HS, (11)

⇣ = B0 � 4C00 + 4C0M
2
Z + 3B0

0M
2
H (12)

and

 = C1 + C11 + C12. (13)

Eq. (10) was calculated in the R⇠ gauges, and the absence
of the ⇠ parameter demonstrates the full gauge invariance
of the result. Furthermore, although a number of UV-
divergences appear individually, the final result is UV-
finite as these divergences cancel in B0 � 4C00 and also
in .

At various CM energies the fractional corrections to
the associated production cross section, ��h(e+e� !
hZ), relative to the SM rate are found to be

�240,350,500
� = 1.4, 0.3,�0.2 ⇥ �h% , (14)

where only the lowest-order term in �h has been retained
as other higher-dimension operators may contribute at
O(�2

h), and the coe�cient of this term is unknown. The
full energy dependence is shown in Fig. 2.

2

self-coupling is modified.
By extending the assumed parameter modifications by

only one parameter to include a modification to the hZZ
vertex by a constant energy-independent factor, and mo-
mentarily assuming that that possible energy-dependent
modifications vanish, then this LO modification alone
would typically swamp the NLO e↵ect from a modified
Higgs self-coupling. In this case a measurement of the as-
sociated production cross section at

p
s = 240 GeV, �240

� ,
can constrain a linear combination of the deviations in
the self-coupling, �h, and also the deviation in the hZZ
coupling, �Z , as

�240
� = 100 (2�Z + 0.014�h) % , (1)

but not the self-coupling alone. Thus in order to set a
constraint on �h from a single measurement it would be
necessary to make additional assumptions on �Z . In this
particular case in Sec. III B it is shown that combinations
of precision associated production measurements at dif-
ferent center of mass energies may be used to determine
ellipse-plot constraints on the combined parameter space
of �Z and �h, which could be used to set constraints on
some strongly-coupled Higgs models.

Continuing to study specific model scenarios it is inter-
esting to consider whether there are any renormalizable
UV-complete models where it can be demonstrated that
the NLO e↵ects of a modified self-coupling may domi-
nate over the possible LO e↵ects from a modified hZZ
coupling. In Sec. III C it is shown that such a scenario
in fact arises in the decoupling limit of a two Higgs-
doublet model (2HDM). In these models in the decou-
pling limit the modification of the hZZ coupling scales
approximately as �Z ⇠ v4/m4

A, where v is the electroweak
breaking Higgs vacuum expectation value and mA is the
mass of the additional pseudoscalar in a 2HDM. On the
other hand the self-coupling modification decouples less
rapidly as �h ⇠ v2/m2

A. Due to this, for mA & 750
GeV the additional NLO loop factor in the self-coupling
modification of the associated production cross section is
larger than the additional factor of v2/m2

A suppressing
the LO modification of the hZZ vertex, and the self-
coupling NLO modification in fact dominates over the
LO modification. Thus in this parameter range in the
well-motivated class of 2HDMs the NLO e↵ect described
here may be used to set indirect constraints on the Higgs
self-coupling.

Finally, in Sec. III D more general, model-independent
scenarios are discussed. Typically a large number of dif-
ferent energy dependent deviations may enter the as-
sociated production cross section1 and contrive to can-
cel e↵ects between each other in the final cross section,
meaning that in a truly model-independent sense it is
not possible to extract an unambiguous constraint on the

1 I am grateful to two anonymous referees for bringing this to my
attention.

self-coupling in this way. This is a general weakness of
indirect constraints on higher dimension operators and
the usual caveats about various di↵erent contributions
from di↵erent operators canceling in the final result are
discussed. This also demonstrates that an indirect con-
straint cannot unambiguously single out a modified Higgs
self-coupling as the cause of a deviation in the cross sec-
tion measurement. Nonetheless, subject to these caveats,
this indirect constraint could be used to place interest-
ing bounds on deviations of the Higgs self-coupling, and
would give invaluable information complementary to the
direct measurements possible at other colliders. Conclu-
sions are presented in Sec. IV.

II. THE ONE-LOOP CORRECTION

In studies aimed at measuring the Higgs self-coupling
through di-Higgs production it is often assumed that all
other Higgs couplings take SM values and the Higgs is
not coupled to any new BSM fields. This is a useful
assumption since a number of di↵erent Higgs couplings,
and fields, enter the di-Higgs production process, lead-
ing to some degeneracy between the e↵ects of a mod-
ified Higgs self-coupling and other modified Higgs cou-
plings. Solely for calculational simplicity this simplifying
assumption is employed in this section and readers are di-
rected to Sec. III for a discussion of the relevant assump-
tions in theoretically realistic scenarios. The interactions
are given by the following Lagrangian

L = LSM � 1

3!
�hAh,SMh3 . (2)

Such a modification can arise from the following non-
renormalizable addition to the Higgs potential

Vh = Vh,SM +
1

⇤2

�
v2 � |H|2�3 , (3)

where the scale ⇤ is associated with the scale of new
physics in the Higgs sector, such as the mass scale of new
fields or the scale of strong dynamics. This modification
enters the calculation of Higgs processes at LO and NLO.
Eq. (3) shows that scenarios which are purely SM-like
with the exception of non SM-like Higgs self-couplings are
in fact completely consistent with electroweak symmetry
in the UV. Thus no pathologies related to the underlying
gauge symmetry will arise with a modified self-coupling.
If processes involving the Higgs self-coupling at tree-level
are considered, such as in di-Higgs production, then the
modified coupling can be simply included in LO calcu-
lations. However if an NLO calculation encounters the
Higgs self-coupling at LO and at NLO, as in di-Higgs
production, then a suitable counter-term for the irrel-
evant operator in Eq. (3) must be calculated following
procedures for loop calculations in e↵ective field theories
[17]. In processes where the Higgs self-coupling does not
contribute at LO but does enter at NLO, as in the sin-
gle Higgs production considered here, the modified self-
coupling can be included in one-loop diagrams without

5
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FIG. 3: Indirect 1� constraints possible in �Z � �h param-
eter space by combining associated production cross section
measurements of 0.4% (1%-estimated) precision at

p
s = 240

GeV, (350 GeV) in solid black. For large values of |�h| this
ellipse can only be considered qualitatively as the calculation
is only valid to lowest order in �h. The di↵erent scales should
be noted. Direct constraints possible at the high luminosity
LHC and 1 TeV ILC (with LU denoting luminosity upgrade)
are also shown for comparison. This plot only applies to the
specific model discussed in Sec. III B and if energy-dependent
hZZ couplings were allowed then such a constraint could not
be determined.

the deviation in the associated production cross section
from a modified hZZ coupling at tree level would be of
a similar magnitude to the loop-level e↵ect from modi-
fied self-coupling.4 However for clarity in this work the
loop-suppression of the deviation from the self-coupling
will be explicitly written and the NDA factors will not
be included.

This type of scenario where the SM Higgs couplings,
in this case hZZ and h3, are rescaled by some common
factor is often considered in modified Higgs coupling anal-
yses rather than considering the e↵ects of higher dimen-
sion operators, making this section analogous to these
re-scaled coupling scenarios. Now including these modi-
fications, and taking the leading-order coe�cients of �Z
and �h and only expanding to first order in any �, the
associated production cross-section would vary as

�240
� = 100 (2�Z + 0.014�h) % , (17)

Thus in this specific model a single precision measure-
ment of the associated production cross section can con-
strain this linear combination of couplings. Also, if

4 See e.g. [34] for an explicit example where this would be the case.

�Z ⇠ �h, as would typically be expected in perturbative
scenarios, the LO modification of the associated produc-
tion cross section from �Z would completely dominate
the NLO modification from �h.

However, from Eq. (14) it is clear that the NLO self-
coupling correction is energy-dependent, meaning that
measurements at di↵erent energies constrain di↵erent lin-
ear combinations of coupling modifications, which may
lead to ellipse-plot constraints in the space of �Z � �h
couplings.5 In Fig. 3 the indirect ellipse constraint that
would result from precision measurements at 240 GeV
and 350 GeV is shown. A cross section precision of
0.4% at 240 GeV has been assumed [16]. Studies of the
cross section precision at 350 GeV have not yet been per-
formed, and a rough estimate of 1% precision has been
assumed here. This ellipse only applies to the specific
model assumptions employed in this section, but demon-
strates that under the assumption of a rescaled hZZ cou-
pling and Higgs self-coupling interesting constraints may
be imposed on deviations of both parameters, with rele-
vance to strongly coupled Higgs scenarios.

C. Two Higgs-Doublet Scenarios

Precision measurements of Higgs associated produc-
tion at a lepton collider may play an important role in
constraining the Higgs self-coupling in two Higgs-doublet
models (2HDMs). In 2HDMs there are a number of free
parameters which determine the couplings of the SM-like
Higgs boson to other fields. This section will only be con-
cerned with the couplings to SM fields, which, in a CP-
conserving 2HDM, may be parameterized with ↵, �, and
the pseudoscalar mass mA.6 Assuming that the observed
SM-like Higgs boson is the lightest CP-even scalar of the
2HDM and making the replacement cos(��↵) = �, which
measures the deviations of the Higgs couplings from the
SM values, then in terms of these parameters the tree-
level Higgs coupling to the Z-boson is modified from the
SM value to

1 + �Z = sin(� � ↵) =
p

1 � �2 , (18)

and the Higgs self-coupling is modified from the SM value
by the factor

1 + �h =
p

1 � �2
�
1 + 2�2

�
+ 2�3 cot(2�) �

2�2 m2
A

m2
h

⇣
� cot(2�) +

p
1 � �2

⌘
. (19)

5 Similar multiple-energy measurements have been proposed to
disentangle the e↵ects of hhZZ and h3 modifications in di-Higgs
production at the ILC [29].

6 For simplicity it is assumed that the 2HDM couplings such as

|H1|2H1 ·H†
2 are set to zero. Including these couplings does not

change the conclusions of this section.

[McCullough, 1312.3322] 

• Precision measurement of associated hZ production at future e+e- 

machines may also allow to test c6  values of O(1)
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Figure 1. Two 2-loop graphs that contribute to the HH ! BB matrix element of O6. The
operator insertions are depicted by a black square, while the black dots indicate regular SM vertices.

to the HH ! BB transition are shown in Figure 1. The pole parts of the graphs have
been evaluated using the method described for instance in [30, 31]. Specifically, we have
performed the calculation off-shell in an arbitrary R⇠ gauge which allows us to explicitly
check the ⇠-independence of the mixing among physical operators. To distinguish between
infrared (IR) and UV divergences, a common mass M for all fields is introduced, expanding
all loop integrals in inverse powers of M . This makes the calculation of the 2-loop UV
divergences straightforward, because after Taylor expansion in the external momenta, M

becomes the only relevant internal scale and 2-loop tadpole integrals with a single non-zero
mass are known [32]. Further technical details of the renormalisation of the effective theory
are given in Appendix A.

We find that the only non-vanishing anomalous dimensions that encode the 2-loop
mixing of O6 into the operators of (2.2) are [Uli: Check!]

�66 = ? , �6H = � �

16⇡4
,

�6BB =
g2

512⇡4
, �6f = � �

16⇡4
.

(3.1)

These results imply that the weak-scale Wilson coefficients of O6, OH , OBB and Of alone
receive logarithmically-enhanced contributions ln

�
⇤2/µ2

w

�
proportional to c̄6 at the 2-loop

level. In this context it is also important to realise that the higher-dimensional interactions
introduced in (2.2) provide just a subset of the dimension-6 operators of the full SM effective
Lagrangian (cf. [33, 34]). In particular, operators that are composed out of three field
strength tensors such as O3W = 4g2 ✏ijkW i

µ⌫W
j,⌫
⇢ W k,⇢µ with ✏ijk the Levi-Civita tensor are

not included in LEFT. Since O6 involves three powers of H†H it however cannot give rise
to amplitudes like W ! WW at two loops, because one has to contract all H fields to
obtain a non-zero matrix element. Since this is first possible at the 3-loop level, all 2-loop
anomalous dimensions describing the mixing of O6 into dimension-6 operators containing
only field strength tensors vanish identically. Beyond that order such mixings are likely to
be present, but a computation of these logarithmic 3-loop corrections is beyond the scope
of this work.
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Figure 2. Example of a 2-loop diagram with a h3 vertex that contributes to the gg ! h amplitude.

gg ! h amplitudes that does not rely on the heavy-quark expansion. Such a computation
is however beyond the scope of our article.

In the case of the h ! �� transition, we write

c� =
↵

⇡

✓
c(0)� � �c̄6

(4⇡)2
c(1)�

◆
, (4.5)

where the 1-loop contribution is given by

c(0)� = AW +
X

f

2Nf
CQ2

f Af ' �0.82� 0.01 i . (4.6)

Here N q
C = 3 and N `

C = 1 are colour factors, the sum runs over all electrically charged
fermions carrying charge Qu = 2/3, Qd = �1/3 and Q` = �1, Af has been introduced
in (4.3) and

AW = �1

8


2 + 3⌧W + 3⌧W (2� ⌧W ) arctan2

1p
⌧W � 1

�
, (4.7)

with ⌧W = 4m2
W /m2

h. In order to obtain the numerical result in (4.6), we have employed
mW ' 80.4GeV and m⌧ ' 1.777GeV. Numerically, one has furthermore AW ' �1.04,
while in the limit ⌧W ! 1 (⌧W ! 0) the on-shell 1-loop form factor AW tends to the
constant value �7/8 (�1/4). In the infinite mass limit ⌧t,W ! 1, one therefore finds that
c(0)� = �47/72 ' �0.65.

Notice that compared to the case of Af the heavy-mass expansion works less well
for AW , but still captures around 85% of the exact 1-loop result. We thus believe that the
hard-mass expansion is also a sufficiently accurate approximation (at least for our purpose)
in the case of the 2-loop corrections to c� involving W± (�±) exchanges. Since after
EWSB the operator O6 modifies both the trilinear Higgs coupling as well as the coupling
between two Higgses and two charged would-be Goldstone bosons (see Appendix B), one
naively has to consider diagrams that contain both a h3 and a h2�+�� vertex. A possible
graph of each type is depicted in Figure 3. To maintain gauge invariance at the level of
off-shell Green’s functions, we use the ’t Hooft-Feynman version of the background field
gauge for the external photon fields (see e.g. [37]) when calculating these diagrams. In
this gauge there is no �W±�⌥ vertex and as a result all 2-loop graphs involving a h2�+��

interaction necessarily also contain a h�+�� vertex. Since the Feynman rule of the h�+��
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Figure 3. Left: Example of a 2-loop diagram involving a h3 vertex that in the limit mW � mh

gives rise to h ! �� at O(↵sc̄6). Right: A possible 2-loop graph with a h�+�� vertex. For mh = 0,
diagrams of this type do however not contribute to h ! �� at O(↵sc̄6). For additional explanations
see text.

coupling is proportional to m2
h/mW , it then follows that diagrams with a h2�+�� vertex

do not contribute to c(1)� in the limit ⌧W ! 1. Combining the gauge boson and the top-
quark contributions, we find for ⌧t,W ! 1 the following analytic expression [Uli: Check
normalisation! Check large logarithm!]

c(1)� = � 1

16s2w
ln

⇤2

µ2
w

� 7

8

✓
�9

7
+

22

7
ln

µ2
w

m2
W

◆
+

8

3
c(1)g , (4.8)

with c(1)g given in (4.4). The necessary ingredients to obtain the above result are briefly
described in Appendix C. [Uli: Add LL contribution to (4.8) and comment on the indvidual
parts!]

5 Constraints from double-Higgs production

In the next section will derive existing and possible future limits on the modifications of
the h3 coupling that arise from indirect 2-loop probes. All the numbers that we will present
below should be compared to the bounds on the trilinear Higgs coupling that one can obtain
by studying double-Higgs production at the LHC.

In fact, the ATLAS collaboration has recently combined the full 8TeV data set cor-
responding to 20.3 fb�1 of integrated luminosity to search for 2h ! 2b2⌧, 2�2W, 2�2b and
4b [38–40]. While no evidence for double-Higgs production is observed, a 95% confidence
level (CL) upper limit of 0.69 pb is set on the production cross section, which is about 70

times above the SM expectation of (9.9 ± 1.3) fb [10]. To derive a bound on c̄6, we utilise
the MadGraph5_aMC@NLO [41] implementation of cross section computations for loop-induced
processes [42] as well as HPAIR [43, 44]. Taking into account theoretical uncertainties, we
find that the ATLAS limit on the pp ! 2h production cross section translates into the
following 95% CL bound

� 18.2 < c̄6 < 15.6 , (5.1)

if only the Wilson coefficient c̄6 is allowed to be non-zero, but the remaining coefficients c̄k
of the operators entering (2.2) are taken to vanish. This limit thus implies that the com-
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Q6 Q6

• Indirect bounds on Q6 arise from gg→h & h→γγ at 2-loop level. 
Mixing vanishes, so need to calculate finite 2-loop matching 

[Gorbahn & UH, 16xx.xxxxx]
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g = 0.98± 0.08 , � = 1.07± 0.09

c̄6 2 [�135, 76] (95%CL)

• Naive combination of ATLAS & CMS Run I Higgs signal strengths 
leads to:  

†very preliminary results; bounds amazingly close to NDA limit |c6| < (4 π)2/ λ δκ  



Prospects of fits to Higgs data

49/50

• With 3ab-1 of HL-LHC data it may be possible to improve present 
knowledge of ggh & hγγ couplings by factor 3 to 4:

g = 1.00± 0.03 , � = 1.00± 0.02

|c̄6| . 16.9 (95%CL)

Indirect probes of Q6 via gg→h & h→γγ not as strong as di-Higgs 
production, but maybe still useful to resolve blind directions



Conclusions

• Operators leading to flavour or CP violation have to be 
strongly suppressed to avoid stringent low-energy bounds. 
Limits range from 20 TeV (2-loop) to 105 TeV (tree level)

• Present bounds on operators modifying electroweak precision 
or Higgs observables in ballpark of a few TeV. HL-LHC will 
allow to improve some of these limits by a factor of O(2)

• Operators that give rise to anomalous triple gauge or Higgs 
couplings only have to be suppressed by O(100 GeV). New 
ideas of how to better bound these interactions very welcome 
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Taming de constraint 
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, mh2 � mh1
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mh1

, mh2 ' mh1

• In limit mψ > mh2 >> mh1, one finds scaling as expected from 
HEFT analysis. Yet, if Higgs masses are close to degenerate, 
i.e. mψ > mh2 ≃ mh1, one looses logarithm & contribution turns 
out to be suppressed by mass splitting mh2 - mh1
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Stop contribution to gg→h
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Stop contribution to gg→h

�(gg ! h)

�(gg ! h)SM
'

8
>>><

>>>:

1 +
m2

t

m2
t̃

, Xt = 0

1� 2
m2

t

m2
t̃

, Xt =
p
6mt̃

• In MSSM, correct Higgs mass easier to obtain for large stop-
mixing Xt & as a result Higgs production typically suppressed 
compared to SM. In fact, can choose mixing such that even a 
very light stop will lead to no effect in σ(gg→h)
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Stops in Higgs + jet 

• Can use momentum dependence of h+j form factor in SM to 
gain higher sensitivity to new physics via interference effects
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Stops in Higgs + jet 

• Improvement in sensitivity to new physics has obvious price: 
strong cuts will lead to very small fiducial cross sections 
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†applies to regular UV completions

Bounds on CP-odd TGCs 
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SM

= (16.6± 2.3) · 10�4

• εʹ′/ε can provide additional constraints on anomalous TGCs
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κ γ

[Bobeth & UH, 1503.04829] 

Z ! bb̄

B ! Xs�

SM

✏0/✏

Bs ! µ+µ�

Anomalous TGCs from εʹ′/ε 

[NA48 & KTeV]
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Anomalous TGCs from εʹ′/ε 
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• εʹ′/ε can provide additional constraints on anomalous TGCs

[Buras et al., 1507.06345]
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Anomalous ttZ couplings
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Open ttZ couplings
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Recent result on de

Order of Magnitude Smaller Limit on the Electric Dipole
Moment of the Electron

The ACME Collaboration⇤: J. Baron1, W. C. Campbell2, D. DeMille3, J. M. Doyle1, G. Gabrielse1, Y. V. Gurevich1,⇤⇤, P.
W. Hess1, N. R. Hutzler1, E. Kirilov3,#, I. Kozyryev3,†, B. R. O’Leary3, C. D. Panda1, M. F. Parsons1, E. S. Petrik1, B.
Spaun1, A. C. Vutha4, and A. D. West3

The Standard Model (SM) of particle physics fails to
explain dark matter and why matter survived annihila-
tion with antimatter following the Big Bang. Extensions
to the SM, such as weak-scale Supersymmetry, may ex-
plain one or both of these phenomena by positing the
existence of new particles and interactions that are asym-
metric under time-reversal (T). These theories nearly al-
ways predict a small, yet potentially measurable (10�27-
10�30 e cm) electron electric dipole moment (EDM, d

e

),
which is an asymmetric charge distribution along the spin
(~S). The EDM is also asymmetric under T. Using the
polar molecule thorium monoxide (ThO), we measure
d
e

=(�2.1± 3.7stat ± 2.5syst)⇥ 10�29 e cm. This corresponds
to an upper limit of |d

e

| < 8.7⇥ 10�29 e cmwith 90 percent
confidence, an order of magnitude improvement in sensi-
tivity compared to the previous best limits. Our result
constrains T-violating physics at the TeV energy scale.

The exceptionally high internal e↵ective electric field (Ee↵) of
heavy neutral atoms and molecules can be used to precisely probe
for d

e

via the energy shift U = �~d
e

· ~Ee↵ , where ~d
e

= d
e

~S/(~/2).
Valence electrons travel relativistically near the heavy nucleus,
making Ee↵ up to a million times larger than any static labo-
ratory field1–3. The previous best limits on d

e

came from ex-
periments with thallium (Tl) atoms4 (|d

e

| < 1.6 ⇥ 10�27 e cm),
and ytterbium fluoride (YbF) molecules5,6 (|d

e

| < 1.06 ⇥ 10�27

e cm). The latter demonstrated that molecules can be used to
suppress the motional electric fields and geometric phases that

is prepared using optical pumping and state preparation lasers.
Parallel electric (~E) and magnetic ( ~B) fields exert torques on the
electric and magnetic dipole moments, causing the spin vector to
precess in the xy plane. The precession angle is measured with a
readout laser and fluorescence detection. A change in this angle
as ~Ee↵ is reversed is proportional to d

e

.

PMT

Spin PrecessionElectric Field Plates

Beam of ThO
Molecules

Optical Pumping

State Preparation

State Readout

Fluorescence
Collection
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Spin PrecessionElectric Field Plates
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Fluorescence
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25 mm25 mm

L ⇡ 22 cm, ⌧ ⇡ 1.1 ms

FIG. 1. Schematic of the apparatus (not to scale). A collimated pulse
of ThO molecules enters a magnetically shielded region. An aligned spin
state (smallest red arrows), prepared via optical pumping, precesses in
parallel electric and magnetic fields. The final spin alignment is read
out by a laser with rapidly alternating linear polarizations, X̂, Ŷ , with
the resulting fluorescence collected and detected with photomultiplier
tubes (PMTs).
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Effective theory playground

higher-dimensional Higgs 
effective operators

modified Higgs couplings

de θ, dq, dq, w

neutron EDMgπNN

EDMs of 
diamagnetic 

atoms

EDMs of 
paramagnetic atoms 

& molecules

TeV
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QCD

nuclear

atomic

∼

energy scale
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Mercury EDM

dHg

e
� �1.8 · 10�4

�
4+8
�2

� �
d̃u(µH)� d̃d(µH)

�

� �
�
4+8
�2

� �
3.1 �̃t � 3.2 · 10�2 �t�̃t

�
· 10�29 cm

• |dHg/e| < 3.1·10-29 cm at 90% CL [Griffith et al., PRL (2009) 102]

• κt κt contributions due to Weinberg operator subdominant ∼

• Dominant corrections from CP-odd isovector πNN interactions 
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Neutron & deuteron EDM

[Lebedev et al., hep-ph/0402023; Pospelov & Ritz, hep-ph/0504231]

dD

e
= (0.5 ± 0.3)

�
dd(µH)

e
+

du(µH)
e

�
+

�
5+11
�3 + (0.6 ± 0.3)

��
d̃d(µH)� d̃u(µH)

�

� (0.2 ± 0.1)
�
d̃d(µH) + d̃u(µH)

�
+ (22 ± 10) · 10�3 GeV w(µH)
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dd(µH)

e
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du(µH)
e

�
+ 1.1

�
d̃d(µH) + 0.5 d̃u(µH)
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+ (22 ± 10) · 10�3 GeV w(µH)
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µ̂b̄b = 0.72± 0.53 , µ̂�̄� = 1.02± 0.35 , µ̂�� = 1.14± 0.20 ,

µ̂WW = 0.78± 0.17 , µ̂ZZ = 1.11± 0.23†

hbb couplings in Higgs physics

†values as of October 2013

Br(h� b̄b) =
�
�2

b + �̃2
b

�
Br(h� b̄b)SM

1 + (�2
b + �̃2

b � 1) Br(h� b̄b)SM
,

Br(h� X) =
Br(h� X)SM

1 + (�2
b + �̃2

b � 1) Br(h� b̄b)SM

• Corrections in gg→h & h→γγ due to κb, κb subleading. Main 
effect from modifications of bb branching ratio/total rate:

∼
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el. EDM
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Fits to hττ couplings

• Via angular correlations in h→ττ, LHC may be capable to probe 
κτ values of O(0.1) without assumption about hee coupling∼

SM

[Berge et al., 0801.2297, 0812.1910, 1108.0670; Harnik et al., 1308.1094]
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Constraints from dn on t→ch
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[HFAG]

Constraints from D→π+π-,K+K- 
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|�ACP| � Im
�
�C8(mt)

�
� |Im (Y �

utYtc)|
3.7 · 10�4

% � 1%

�ACP = �(0.33± 0.12)%

• Top-Higgs couplings contribute to difference ∆ACP between 
direct CP asymmetries in D→π+π- & D→K+K- :
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[Gedalia et al., 0906.1879]

Constraints from D-D mixing
• Also D-D mixing receives contribution from Higgs-top loops. 

Dominant effect due to mixed-chirality operator:
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u u

t t

h

h

�C4(mt) �
1

32�2

�
2

4GF

1
3m2

h

Y �
tcY

�
utYtuYct

|Im (�C4(mt)) | � 3.4 · 10�10
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Present & future limits

[Belle & LHCb]

[Agashe et al., 1311.2028]Br (t� qh) 0.56% 2 · 10�4

[Hewett et al., 1205.2671]

����
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e

���� 2.9 · 10�26 cm 10�28 cm

����
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���� � 10�29 cm [Storage Ring EDM]

�ACP

D–D̄

theory limited

O(10) improvement
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