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Our understanding of irrelevant perturbations of integrable quantum field theories has greatly 
expanded over the last decade. In particular, we know that, from a scattering theory viewpoint 
at least, their effect is realised as a modification the two-body scattering amplitudes by a CDD 
factor. While this sounds like a relatively small change, this CDD factor incorporates a non-trivial 
dependence on the perturbation parameter(s) and alters substantially the high-energy physics of 
the model. This occurs through the introduction of a natural length scale and is associated with 
phenomena such as the Hagedorn transition. In this paper we discuss how all these features extend 
to boundary integrable quantum field theories and propose a construction for the building blocks 
of matrix elements of local fields. We show that the same type of building blocks are also found 
in the sinh-Gordon model with Dirichlet boundary conditions.

1. Introduction

Given an integrable quantum field theory, it has been known since 2016 that a perturbation by TT and higher spin versions thereof 
introduces a deformation of the two-body scattering matrix [1,2]. If the theory is diagonal, that is there is no back-scattering, then 
the deformation takes the form

𝑆𝜶
𝑎𝑏
(𝜃) ∶= 𝑆𝑎𝑏(𝜃)Φ𝜶

𝑎𝑏
(𝜃) with logΦ𝜶

𝑎𝑏
(𝜃) = −𝑖

∑
𝑠∈

𝑚𝑠
𝑎
𝑚𝑠

𝑏
𝛼𝑠 sinh(𝑠𝜃) , (1)

where 𝑆𝑎𝑏(𝜃) is the original 𝑆-matrix associated to the process 𝑎 + 𝑏 ↦ 𝑎 + 𝑏, with 𝑎, 𝑏 particle quantum numbers. The masses of 
these particles are denoted by 𝑚𝑎,𝑚𝑏 and 𝛼𝑠 are couplings such that the combinations 𝑚𝑠

𝑎
𝑚𝑠

𝑏
𝛼𝑠 are dimensionless. The values of 𝑠 are 

drawn from the set  of (integer) spins of local conserved quantities in the IQFT. The bold symbol 𝜶 indicates the set of parameters 
𝛼𝑠 in the sum.

Starting from this 𝑆-matrix, various techniques commonly associated with integrable quantum field theories (IQFTs) have been 
applied to TT-perturbed models. This includes the thermodynamic Bethe ansatz (TBA) [3--8], and, most recently, the form factor 
program [9--13]. If we put our focus on the scattering theory of these models, and on the traditional pathway to studying IQFTs, it is 
natural to also consider the effect of a TT perturbation and its generalisations on IQFTs in the presence of integrable boundaries. The 
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study of this problem was initiated in [14] (see also the more recent study [15]) as we discuss later. In the following, for brevity, we 
will use the denomination ``TT deformation'' for both the original deformation of [2,5] and for the generalised, higher-spin versions, 
confident that the context-awareness of the reader will avoid potential confusions.

It has been know for a long time that, in the presence of a boundary, a new set of functions 𝑅𝑎(𝜃) come to play a prominent role 
in the formulation of the scattering theory of the model. The 𝑆-matrix remains unchanged but scattering processes off the boundary 
now need to be accounted for, while retaining integrability. In this context, the function 𝑅𝑎(𝜃) is the reflection amplitude off the 
boundary. Unitarity and crossing relations lead to the constraints [16]:

𝑅𝑎(𝜃)𝑅𝑎(−𝜃) = 1 and 𝑅𝑎(𝜃)𝑅𝑎̄(𝜃 + 𝑖𝜋) = 𝑆𝑎𝑎(2𝜃) , (2)

where 𝑎̄ is the particle conjugate to 𝑎. As we can see, reflection amplitudes are related to the scattering phase. Thus, when this changes, 
like in the presence of irrelevant perturbations, we expect 𝑅𝑎(𝜃) to also change. In the presence of stable bound states [17,18] there 
are additional requirements for the functions 𝑅𝑎(𝜃) in the form of boundary bootstrap equations. These take the form:

𝑅𝑎(𝜃 + 𝑖𝜂𝑏
𝑎𝑐
)𝑅𝑏(𝜃 + 𝑖𝜂𝑎

𝑏𝑐
)𝑆𝑎𝑏(𝜃 + 𝑖𝜂𝑎

𝑏𝑐
+ 𝑖𝜂𝑏

𝑎𝑐
) =𝑅𝑐(𝜃) , (3)

where 𝜂𝑐
𝑎𝑏

are values related to the position of the poles of the scattering matrix. If the 𝑆-matrix 𝑆𝑎𝑏(𝜃) has a pole at 𝜃 = 𝑖𝑢𝑐
𝑎𝑏

corresponding to the formation of the bound state 𝑐 in the process 𝑎 + 𝑏 ↦ 𝑐, then 𝜂𝑐
𝑎𝑏

∶= 𝜋 − 𝑢𝑐
𝑎𝑏

. Systematic solutions to these 
equations have been famously constructed for a˙ine Toda field theories [19--21].

This program can be further extended by considering the possibility of a ``dynamical'' boundary, namely a boundary which can be 
excited to a different state by particle collision. This is associated with a pole of the reflection amplitudes themselves. This possibility 
was first put forward in [22]. Notably, it is fully compatible with integrability. If we label the type of boundary by capital letters, 
then we can see this as the process 𝑎 +𝐴↦ 𝐵. In this case, boundary reflection amplitudes acquire an extra index 𝑅𝐴

𝑎
(𝜃) and there 

are additional boundary bootstrap equations

𝑅𝐴
𝑎
(𝜃) =𝑅𝐵

𝑎
(𝜃)𝑆𝑎𝑏(𝜃 + 𝑖𝜂𝐵

𝑎𝐴
)𝑆𝑎𝑏(𝜃 − 𝑖𝜂𝐵

𝑎𝐴
) , (4)

where 𝜃 = 𝑖𝜂𝐵
𝑎𝐴

is a pole of the amplitude 𝑅𝐴
𝑎
(𝜃). The solutions to these equations in Toda field theories were studied in great detail 

in [23].

Once solutions to these equations have been found, they can be employed as input data in the study of the thermodynamic 
properties of massive boundary IQFTs as done in [24,25]. They can also be employed in the context of computing correlation functions 
and their building blocks (form factors). This may be done either by employing the boundary state as proposed in [16] or by developing 
a form factor program for boundary IQFTs, as done in [26] and employed for example in [27--33].

This paper is organised as follows: In Section 2 we review the construction of deformed reflection amplitudes, starting from (1). 
This overlaps with the work [14] but is presented here in the more restrictive setting of IQFT. In Section 3 we review the boundary 
form factor program, focusing only on one-particle form factors, particularly the so-called minimal part. In Section 4 we introduce 
the set of reflection amplitudes of the sinh-Gordon theory and discuss the special case of Dirichlet boundary conditions. In Section 5
we show that the minimal form factor admits a representation of the TT type. This representation is functionally similar to the results 
of [13]. In Section 6 we discuss the extension of our construction to more general boundary conditions. We conclude in Section 7.

2. Reflection amplitudes and irrelevant perturbations

Consider for simplicity a theory with no bound states. Let 𝑅𝑎(𝜃) be a reflection amplitude which preserves integrability and has 
no pole leading to excited boundary states. In this case the only relevant equations for 𝑅𝑎(𝜃) are (2). We will now promote 𝑅𝑎(𝜃) to 
𝑅𝜶

𝑎
(𝜃) to denote the deformed solution to equations (2) corresponding to the deformed 𝑆-matrix (1). We expect that

𝑅𝜶
𝑎
(𝜃) =𝑅𝑎(𝜃)Λ𝜶

𝑎
(𝜃) , (5)

for some function Λ𝜶
𝑎
(𝜃) which satisfies

Λ𝜶
𝑎
(𝜃)Λ𝜶

𝑎
(−𝜃) = 1 and Λ𝜶

𝑎
(𝜃)Λ𝜶

𝑎
(𝜃 + 𝑖𝜋) = Φ𝜶

𝑎𝑎
(2𝜃) . (6)

It is very easy to see that these equations are solved by

Λ𝜶
𝑎
(𝜃) =

√
Φ𝜶

𝑎𝑎
(2𝜃) . (7)

This is the standard type of solution, namely a 2𝜋𝑖 periodic, odd function of 2𝜃 and it agrees with the boundary scattering factor 
found in [14]. This gives the universal change of the reflection amplitudes in boundary IQFTs after a TT perturbation. The solutions 
for Λ𝜶

𝑎
(𝜃) can however be more general than this. While the factor 

√
Φ𝜶

𝑎𝑎
(2𝜃) needs to be there, any function of the type sinh(𝑘𝜃)

with 𝑘 odd can be added to the exponent, providing a new solution to (2). In general we have

Λ𝜶
𝑎
(𝜃) =

√
Φ𝜶

𝑎𝑎
(2𝜃) exp

[
−𝑖
∑
𝑘∈ℤ

𝛾𝑘𝑚
2(2𝑘+1) sinh((2𝑘+ 1)𝜃)

]
. (8)
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Therefore we obtain multiple possible deformations for the same reflection amplitude. The presence of this type of ambiguities or 
CDD factors is also common when computing two-body scattering amplitudes using the bootstrap program. This is because the 𝑆

matrix bootstrap equations generically have many distinct solutions. However, in most cases, the solution can be narrowed down by 
utilising additional information about the theory, such as its semiclassical spectrum or UV limit. Typically, we can then identify a 
unique solution. In the context of TT-like deformations, the 𝑆-matrix deformation can be uniquely defined for example by employing 
the 𝐽𝑇 -like gravity formulation [3]. Once an 𝑆-matrix is fixed, multiple solutions for the reflection amplitudes are still expected since, 
in general, there are several integrable boundary conditions allowed for one single scattering amplitude.1 Furthermore, as shown in 
[21] for a˙ine Toda field theories, reflection amplitudes associated to the same 𝑆-matrix but distinct boundary conditions can be 
related to each other by simple multiplication with hyperbolic function blocks, that is, once more CDD factors. It is this property that 
the exponential in (8) represents. From here onwards, we will take the simplest solution 𝛾𝑖 = 0.

The question of how the reflection amplitudes are deformed under irrelevant perturbations has already been discussed in the 
literature a few years ago [14] and then employed to develop a generalised boundary thermodynamic Bethe ansatz. In their work, 
the ambiguity (8) is fixed by construction. Here we proceed instead to discuss the form factor program in the presence of boundaries.

3. Boundary form factor program and minimal form factor

The boundary form factor program was proposed in [26] and subsequently applied to several models and fields [27--33]. The main 
idea of the program is to address the computation of correlation functions in the presence of a boundary. There are two viewpoints 
we may take. If the boundary is located at the origin of time it can be represented by a boundary state in the Ghoshal-Zamolodchikov 
sense [35]. In this case matrix elements of local fields may be computed in terms of the matrix elements obtained in the absence of a 
boundary, assuming these are known via the standard form factor program [36,37]. This can be achieved by expanding the boundary 
state in terms of bilinears of the Zamolodchikov-Fadeev algebra. It is also possible to think of the boundary as located in space, say 
at the origin. In this case, one can derive a set of modified form factor equations for the matrix elements of local fields which now 
must take into account scattering processes off the boundary. These equations were presented in [26]. In this paper we focus mainly 
on the fundamental building blocks for higher particle form factors, that is the one- and two-particle form factors of a local field .

3.1. One-particle form factors

The one-particle form factor equations are simply:

𝐹
𝑎
(𝜃) =𝑅𝑎(𝜃)𝐹

𝑎
(−𝜃) and 𝐹

𝑎
(𝜃) =𝑅𝑎(𝑖𝜋 − 𝜃)𝐹

𝑎
(2𝜋𝑖− 𝜃) , (9)

where

𝐹
𝑎
(𝜃) ∶= ⟨0|(0)|𝜃⟩𝑎 , (10)

with |𝜃⟩𝑎 an in-state containing a single particle of species 𝑎 and |0⟩ the vacuum state. Due to breaking of translation invariance, 
the one-particle form factor is rapidity dependent, even for spinless fields. Thus, it is the simplest non-trivial form factor that may be 
computed and a building block for higher particle form factors.

Let us denote by 𝑟min
𝑎

(𝜃) a minimal solution to the equations (9). The solution procedure was presented in [26] and follows the 
usual construction. Starting with an integral representation for 𝑅𝑎(𝜃), a corresponding integral representation of 𝑟min

𝑎
(𝜃) can be found. 

The minimal solution to the equations, without poles in the physical strip, is entirely determined by 𝑅𝑎(𝜃) whereas the pole structure 
of 𝐹

𝑎
(𝜃) is related to the operator . In [26] it was shown that the full solution to the form factor equations must take the form:

𝐹
𝑎
(𝜃) = 𝑟min

𝑎
(𝜃)𝑄

𝑎
(𝑦) with 𝑦 = 2cosh𝜃, (11)

with 𝑄
𝑎
(𝑦) and operator-dependent function.

Let 𝑟min
𝑎

(𝜃) be a minimal solution of (9). What would be its deformed version in the presence of a generalised TT perturbation? 
Following [10--12] we observe that the equations (9) are linear and factorised. Therefore, we expect that the modified minimal form 
factor to be of the form

𝑟min
𝑎

(𝜃;𝜶) = 𝑟min
𝑎

(𝜃)𝜑𝜶
𝑎
(𝜃) , (12)

with

𝜑𝜶
𝑎
(𝜃) = Λ𝜶

𝑎
(𝜃)𝜑𝜶

𝑎
(−𝜃) and Λ𝜶

𝑎
(𝜃)𝜑𝜶

𝑎
(𝜃) = 𝜑𝜶

𝑎
(2𝜋𝑖− 𝜃) , (13)

which is solved by

log𝜑𝜶
𝑎
(𝜃) = 2𝜃 − 𝑖𝜋

2𝜋 
𝑖 logΛ𝜶

𝑎
(𝜃) = 2𝜃 − 𝑖𝜋

4𝜋 
𝑖 logΦ𝜶

𝑎𝑎
(2𝜃) . (14)

1 Many interesting examples are known. The simplest cases are the Ising field theory, where a family of distinct boundary conditions exist parametrised by the 
boundary magnetic field [16]. Similarly, the sinh-Gordon model admits a two-parameter family of solutions, as found in [34]. We will discuss these two models in 
Sections 4-6.
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However, there is a larger family of solutions. Indeed, the exponent above, can be modified by a sum of cosh(𝑘𝜃) functions with 
𝑘 ∈ℤ, and still satisfy all requirements. We therefore find that the most general minimal solution to (9) is

𝑟min
𝑎

(𝜃;𝜶,𝜷) = 𝑟min
𝑎

(𝜃)𝜑𝜶
𝑎
(𝜃)𝐶𝜷

𝑎
(𝜃) , (15)

with 𝜑𝜶
𝑎
(𝜃) given by (14) and

log𝐶𝜷
𝑎
(𝜃) =

∑
𝑠∈′

𝛽𝑠𝑚
2𝑠
𝑎
cosh(𝑠𝜃) . (16)

Thus, the solution is parametrised by parameters 𝜶, which are determined by the deformation of the 𝑆-matrix, and 𝜷 which can in 
principle be freely chosen.

The presence of free parameters in the minimal form factor is an issue that we also encountered when considering theories without 
boundaries [9--12] and whose meaning, for the time being, is not fully understood. Traditionally, we would expect the minimal form 
factor to be entirely fixed by analyticity and asymptotics requirements. Indeed, this is the case for standard IQFTs, as we shall see in the 
next section. However, for models perturbed by a finite number of irrelevant perturbations finding the natural choice of parameters 
𝜷 remains difficult. Progress in this direction will be reported soon [38].

3.2. Two-particle form factors

The boundary form factor equations for the two-particle form factors take the form:

𝐹
𝑎𝑏
(𝜃1, 𝜃2) = 𝑆𝑎𝑏(𝜃1 − 𝜃2)𝐹

𝑏𝑎
(𝜃2, 𝜃1) , 𝐹

𝑎𝑏
(𝜃1, 𝜃2) =𝑅𝑏(𝜃2)𝐹

𝑎𝑏
(𝜃1,−𝜃2) (17)

and

𝐹
𝑎𝑏
(𝑖𝜋 + 𝜃1, 𝜃2) =𝑅𝑎(−𝜃1)𝐹

𝑎𝑏
(𝜋𝑖− 𝜃1, 𝜃2) (18)

where

𝐹
𝑎𝑏
(𝜃1, 𝜃2) ∶= ⟨0|(0)|𝜃1𝜃2⟩𝑎𝑏 , (19)

with |𝜃1𝜃2⟩𝑎𝑏 and in-state containing two particles of species 𝑎 and 𝑏 and rapidities 𝜃1, 𝜃2. Note that, contrary to the bulk case, the 
two-particle form factor is no longer just a function of rapidity differences. In [26] a strategy was presented to find a minimal solution 
to these three equations. It was found that the two-particle form factor must generally have the form:

𝐹
𝑎𝑏
(𝜃1, 𝜃2) = 𝑟min

𝑎
(𝜃1)𝑟min

𝑏
(𝜃2)𝑓min

𝑎𝑏
(𝜃1 − 𝜃2)𝑓min

𝑎𝑏
(𝜃1 + 𝜃2)𝑄

𝑎𝑏
(𝑦1, 𝑦2) , (20)

where 𝑓min
𝑎𝑏

(𝜃) is the two-particle minimal form factor in the bulk, that is the minimal solution to the equations

𝑓min
𝑎𝑏

(𝜃) = 𝑆𝑎𝑏(𝜃)𝑓min
𝑎𝑏

(−𝜃) = 𝑓min
𝑎𝑏

(2𝜋𝑖− 𝜃) , (21)

and 𝑄
𝑎𝑏
(𝑦1, 𝑦2) is an operator-dependent function, which would include any poles present in the form factor and must be a function 

of the variables 𝑦𝑖 ∶= 2cosh𝜃𝑖. We can say that there is a boundary two-particle minimal form factor which we can define as the 
universal part of (20)

𝑟min
𝑎𝑏

(𝜃1, 𝜃2) ∶= 𝑟min
𝑎

(𝜃1)𝑟min
𝑏

(𝜃2)𝑓min
𝑎𝑏

(𝜃1 − 𝜃2)𝑓min
𝑎𝑏

(𝜃1 + 𝜃2) . (22)

In this work, we assume that the form factor equations remain unchanged in the presence of irrelevant perturbations.2 It follows then 
that for the deformed theory, the function above should just be lifted to:

𝑟min
𝑎𝑏

(𝜃1, 𝜃2;𝜶,𝜷, 𝜷̂) ∶= 𝑟min
𝑎

(𝜃1;𝜶,𝜷)𝑟min
𝑏

(𝜃2;𝜶,𝜷)𝑓min
𝑎𝑏

(𝜃1 − 𝜃2;𝜶, 𝜷̂)𝑓min
𝑎𝑏

(𝜃1 + 𝜃2;𝜶, 𝜷̂) , (23)

where the minimal one-particle form factors are those found above (15) and the deformed two-particle minimal form factor in the 
bulk, was found in [9,10]

𝑓min
𝑎𝑏

(𝜃;𝜶, 𝜷̂) = 𝑓min
𝑎𝑏

(𝜃)𝜑𝜶
𝑎𝑏
(𝜃)𝐶 𝜷̂

𝑎𝑏
(𝜃) , (24)

with 𝑓min
𝑎𝑏

(𝜃) the underformed two-particle minimal form factor in the bulk, and

log(𝜑𝜶
𝑎𝑏
(𝜃)) = 𝜃 − 𝑖𝜋

2𝜋 
𝑖 log(Φ𝜶

𝑎𝑏
(𝜃)) , and log(𝐶 𝜷̂

𝑎𝑏
(𝜃)) =

∑
𝑠∈′

𝛽𝑠𝑚
𝑠
𝑎
𝑚𝑠

𝑏
cosh(𝑠𝜃) , (25)

where 𝜷̂ are arbitrary parameters.

2 Note that this is a non-trivial assumption which we have also made in our previous works [9,10]. We plan to investigate this point further in future works [38].
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3.3. Higher particle form factors and correlation functions

The construction of subsections 3.1 and 3.2 can be continued to higher particle form factors by starting with the natural ansatz 
that the solutions above suggest, namely

𝐹
𝑎1…𝑎𝑛

(𝜃1,… , 𝜃𝑛) =𝑄
𝑎1…𝑎𝑛

(𝑦1,… , 𝑦𝑛)
𝑛 ∏

𝑗=1 
𝑟min
𝑎𝑖

(𝜃)
∏

1≤𝑖<𝑗≤𝑛

𝑓min
𝑎𝑖𝑎𝑗

(𝜃1 + 𝜃2)𝑓min
𝑎𝑖𝑎𝑗

(𝜃1 − 𝜃2) , (26)

once more, this can be easily extended to the TT perturbed case by introducing dependencies on the parameters 𝜶, 𝜷 and 𝜷̂ . As 
discussed also in [26], in the unperturbed case, the 𝑄

𝑎1…𝑎𝑛
(𝑦1,… , 𝑦𝑛) are rational functions which incorporate the pole structure, 

including both bulk and boundary kinematic poles. The latter give rise to denominators involving products of 𝑦𝑖 +𝑦𝑗 with 𝑖 < 𝑗 and/or 
products of just 𝑦𝑗 , respectively. We will leave the systematic study of the solutions to these equations in the TT-perturbed case for 
future work.

We would like to end this section by making a general observation about correlation functions. It is well known that the form 
factors are building blocks for correlation functions. The minimal form factors presented above have a distinct feature that will play 
a key role in the asymptotics of correlators. Consider for simplicity the case 𝜷 = 𝜷̂ = 𝟎 and one single non-vanishing 𝛼𝑠, say 𝛼 ∶= 𝛼1, 
the TT perturbation. We have that

|𝑟min
𝑎

(𝜃;𝛼,𝟎)|2 = |𝑟min
𝑎

(𝜃)|2|𝜑𝛼
𝑎
(𝜃)|2 = |𝑟min

𝑎
(𝜃)|2𝑒 2𝑚𝑠

𝑎𝑚𝑠
𝑏
𝛼

𝜋
𝜃 sinh(2𝑠𝜃)

, (27)

and, similarly,

|𝑟min
𝑎𝑏

(𝜃1, 𝜃2;𝛼,𝟎,𝟎)|2 = |𝑟min
𝑎

(𝜃)|2|𝑟min
𝑏

(𝜃)|2||𝑓min
𝑎𝑏

(𝜃1 − 𝜃2)|2|𝑓min
𝑎𝑏

(𝜃1 + 𝜃2)|2
× 𝜑𝛼

𝑎
(𝜃)|2|𝜑𝛼

𝑏
(𝜃)|2|𝜑𝛼

𝑎𝑏
(𝜃1 − 𝜃2)|2|𝜑𝛼

𝑎𝑏
(𝜃1 + 𝜃2)|2

= |𝑟min
𝑎

(𝜃)|2|𝑟min
𝑏

(𝜃)|2||𝑓min
𝑎𝑏

(𝜃1 − 𝜃2)|2|𝑓min
𝑎𝑏

(𝜃1 + 𝜃2)|2
× 𝑒

2𝛼
𝜋
(𝑚2𝑠

𝑎 𝜃1 sinh(2𝑠𝜃1)+𝑚2𝑠
𝑏

𝜃2 sinh(2𝑠𝜃2))+
𝛼𝑚𝑠

𝑎𝑚𝑠
𝑏

𝜋
((𝜃1+𝜃2) sinh(𝑠(𝜃1+𝜃2))+(𝜃1−𝜃2) sinh(𝑠(𝜃1−𝜃2)) . (28)

These quantities will enter the form factor expansion of a typical two-point function in the ground state. What is important is that 
these are functions that are rapidly increasing/decreasing in the rapidity variables for 𝛼 positive/negative. In the 𝛼 > 0 case this means 
that any form factor expansion of the correlation function will be divergent, whereas for 𝛼 < 0 it will be very rapidly convergent. 
Indeed, convergence is so strong for 𝛼 < 0 that higher particle form factors will provide negligible contributions to the form factor 
expansion. This behaviour has also been found in the bulk case [9,10] and is consistent with the observation that there is a stark 
difference between the regimes of positive and negative coupling, as found in the TBA analysis [5,14]. This behaviour is robust under 
the reintroduction of the 𝜷 and 𝜷̂ parameters, as long as their number is finite. As we shall see in the following section, when the 
number of such parameter is infinite, the asymptotic properties of the minimal form factor can be radically different.

In the next two Sections we will focus our attention on a known integrable quantum field theory (the sinh-Gordon model) and 
demonstrate that its boundary one-particle minimal form factors admit a new representation which consists of blocks of the form 
(15). In this representation, the ``unperturbed'' minimal form factor is the minimal form factor of the Ising field theory with specific 
boundary conditions. The idea that the sinh-Gordon theory (with and without boundaries) may be seen as a perturbation of the Ising 
field theory was also exploited in [13] to find a new representation of the bulk form factor. This result is significant for two main 
reasons: it confirms that the structure of the deformations in (15) is widespread in IQFT and it provides a more numerically efficient 
representation for a function which plays a key role in evaluation of correlation functions.

4. The sinh-Gordon model with Dirichlet boundary conditions

The sinh-Gordon model with Dirichlet boundary conditions was one of the examples considered in [26] and later in [28]. This 
particular choice of boundary conditions has the advantage that the minimal form factor 𝑟min

𝑎
(𝜃) coincides with the one-particle form 

factor, that is, there are no additional poles to be included, which makes calculations particularly simple. In this case non-vanishing 
form factors associated with odd particle numbers can be identified as corresponding to the operator 𝜕𝑥𝜙, where 𝜙 is the sinh-Gordon 
field. More generally, as reported in [34], there is a two-parameter family of solutions for the reflection amplitudes of the sinh-Gordon 
model. They can be written in terms of fundamental blocks (𝑥)𝜃 , [𝑥]𝜃 as

𝑅(𝜃,𝐸,𝐹 ) =
(1
2

)
𝜃

(2 +𝐵

4 

)
𝜃

(
1 − 𝐵

4 

)
𝜃

[
𝐸 − 1
2 

]
𝜃

[
𝐹 − 1
2 

]
𝜃
, (29)

where3

3 Note that there is a minus sign difference between the definitions of [𝑥]𝜃 in [26] and [13]. Here we are using the same definitions as in [13]. Compared to [34] 
the blocks (𝑥)𝜃 differ by a factor 1∕2 in the definition of 𝑥.
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(𝑥)𝜃 ∶=
sinh 1

2 (𝜃 + 𝑖𝜋𝑥)

sinh 1
2 (𝜃 − 𝑖𝜋𝑥)

, [𝑥]𝜃 = −(𝑥)𝜃(1 − 𝑥)𝜃 =
tanh 1

2 (𝜃 + 𝑖𝜋𝑥)

tanh 1
2 (𝜃 − 𝑖𝜋𝑥)

. (30)

The sinh-Gordon two-body scattering matrix is simply

𝑆(𝜃) =
[
−𝐵

2 

]
𝜃
=

sinh𝜃 − 𝑖 sin 𝜋𝐵

2 
sinh𝜃 + 𝑖 sin 𝜋𝐵

2 
, (31)

with 𝐵 ∈ [0,2] a coupling constant [39--41]. The simplest version of (29) is obtained by removing the 𝐹 -dependent factor and by 
setting 𝐸 = 0, while introducing an overall minus sign (this is due to the particular definition of our [𝑥]𝜃 symbol, as explained in 
footnote 2). This corresponds to Dirichlet boundary conditions that fix the boundary field to 0. In that special case, the amplitude 
(29) reduces to

𝑅(𝜃) = −
(
−1
2

)
𝜃

(2 +𝐵

4 

)
𝜃

(
1 − 𝐵

4 

)
𝜃
. (32)

This choice also cancels out the pole of the reflection amplitude at 𝜃 = 𝑖𝜋

2 that is present in (29) due to the block ( 12 )𝜃 . A special 
property of this amplitude is that for 𝐵 = 0 it reduces to 𝑅(𝜃) = 1 which corresponds to a free boson solution (the sinh-Gordon 
𝑆-matrix reduces to 1 for 𝐵 = 0). The minimal form factor solution corresponding to this free boson case is proportional to sinh 𝜃. In 
[26], the minimal form factor solution corresponding to (32) was given as

𝑟min(𝜃) = sinh𝜃 
𝑖+ sinh𝜃

𝑢(𝜗,𝐵) (33)

with

𝑢(𝜗,𝐵) = exp
⎡⎢⎢⎣−2

∞ 

∫
0 

𝑑𝑥

𝑥 

(
cos 𝜗𝑥

𝜋
− 1

) cosh 𝑥

2 
sinh2 𝑥

(
sinh 𝑥𝐵

4 
+ sinh

(
1 − 𝐵

2 

)
𝑥 
2
+ sinh 𝑥

2 

)⎤⎥⎥⎦ , (34)

where 𝜗 = 𝑖𝜋

2 − 𝜃. The normalisation is chosen so that 𝑢(0,𝐵) = 1. We have that

𝑢(𝜗,0) = exp
⎡⎢⎢⎣−2

∞ 

∫
0 

𝑑𝑥

𝑥 

(
cos 𝜗𝑥

𝜋
− 1

) cosh 𝑥

2 
sinh2 𝑥

(
2 sinh 𝑥

2 

)⎤⎥⎥⎦ = − 𝑖 
2
(𝑖+ sinh𝜃) , (35)

so that for 𝐵 = 0 we recover the free boson solution 𝑟min(𝜃) = − 𝑖 
2 sinh𝜃. For our purposes however, it is interesting to emphasise the 

connection with free fermions instead. The sinh-Gordon model is a fermionic theory, in the sense that 𝑆(𝜃 = 0) = −1 and if we factor 
out this −1 from the 𝑆-matrix [−𝐵∕2]𝜃 what remains can be seen as a CDD factor. This means that the sinh-Gordon 𝑆-matrix is of 
the type (1) with a CDD factor given by a sum over all odd integers and coefficients 𝑚2𝑠𝛼𝑠 which are functions of 𝐵. The precise 
formulae were discussed in [13]. Hence, according to our derivation in Section 3, the minimal form factor (34) should also admit a 
representation of the type (15) with (14). We will now show that this is indeed the case.

5. A new minimal form factor representation

Let

𝜔(𝜗,𝐵) ∶= log𝑢(𝜗,𝐵) , (36)

then, the derivative w.r.t. 𝜗 is,

𝜔′(𝜗,𝐵) = ℎ(𝜗,𝐵) + ℎ(𝜗,2 −𝐵) + 𝑔(𝜗) , (37)

with

ℎ(𝜗,𝐵) = 2 
𝜋

∞ 

∫
0 

𝑑𝑥
sin 𝜗𝑥

𝜋
cosh 𝑥

2 sinh
𝑥𝐵

4 
sinh2 𝑥 

and 𝑔(𝜗) = 1 
𝜋

∞ 

∫
0 

𝑑𝑥
sin 𝜗𝑥

𝜋

sinh𝑥 
. (38)

We have that 𝑔(𝜗) can be easily integrated to 𝑔(𝜗) = 1
2 tanh

𝜗

2 , while ℎ(𝜗,𝐵) can be computed using contour integration, along the 
same lines of the computations presented in [13]. For example, we have the integral

𝐼(𝑎, 𝑏) =

∞ 

∫
−∞

𝑑𝑥
𝑒(𝑏+𝑖𝑎)𝑥

sinh2 𝑥 
= 𝑖𝜋(𝑏+ 𝑖𝑎) 1 + 𝑒𝑖𝜋(𝑏+𝑖𝑎)

1 − 𝑒𝑖𝜋(𝑏+𝑖𝑎) , (39)

from where it follows
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ℎ(𝜗,𝐵) = 1 
8𝜋𝑖

[
𝐼( 𝜗 

𝜋
,
2 +𝐵

4 
) + 𝐼( 𝜗 

𝜋
,
−2 +𝐵

4 
) − 𝐼( 𝜗 

𝜋
,
2 −𝐵

4 
) − 𝐼( 𝜗 

𝜋
,−2 +𝐵

4 
)

− 𝐼(− 𝜗 
𝜋
,
2 +𝐵

4 
) − 𝐼(− 𝜗 

𝜋
,
−2 +𝐵

4 
) + 𝐼(− 𝜗 

𝜋
,
2 −𝐵

4 
) + 𝐼(− 𝜗 

𝜋
,−2 +𝐵

4 
)
]

=
4𝜗 sin 𝜋𝐵

2 − 4𝜋 sin 𝜋𝐵

4 sinh𝜗+ 𝜋𝐵 sinh(2𝜗)

4𝜋(cosh(2𝜗) + cos 𝜋𝐵

2 ) 
. (40)

Integrating gives

𝜔(𝜗,𝐵) = log𝑎(𝐵) + log cosh 𝜗

2 
− 𝑖𝜗 

2𝜋
log

[
sin 𝐵𝜋

2 + 𝑖 sinh(2𝜗)

sin 𝐵𝜋

2 − 𝑖 sinh(2𝜗)

]

+1
2
log

[
cos 𝐵𝜋

4 
+ cosh𝜗

]
+ 1

4
log

[
cosh𝜗+ sin 𝐵𝜋

4 
cosh𝜗− sin 𝐵𝜋

4 

]
− 𝐵

8 
log

[
cosh(2𝜗) − cos 𝜋𝐵

4 
cosh(2𝜗) + cos 𝜋𝐵

4 

]
+ 𝑖 
4𝜋

(
Li2(−𝑖𝑒

−𝜗− 𝑖𝜋𝐵

4 ) + Li2(𝑖𝑒
−𝜗− 𝑖𝜋𝐵

4 ) − Li2(−𝑖𝑒
−𝜗+ 𝑖𝜋𝐵

4 ) − Li2(𝑖𝑒
−𝜗+ 𝑖𝜋𝐵

4 ) + 𝜗↦ −𝜗

)
− 𝑖 
4𝜋

(
Li2(−𝑒

−𝜗− 𝑖𝜋𝐵

4 ) + Li2(𝑒
−𝜗− 𝑖𝜋𝐵

4 ) − Li2(−𝑒
−𝜗+ 𝑖𝜋𝐵

4 ) − Li2(𝑒
−𝜗+ 𝑖𝜋𝐵

4 ) + 𝜗↦ −𝜗

)
. (41)

Here log𝑎(𝐵) is an integration constant which can be fixed by asymptotic requirements. Requiring that 𝜔(0,𝐵) = 0 and after some 
simplifications, we obtain

log𝑎(𝐵) = −1
2
log

⎛⎜⎜⎝
sin 𝜋(2+𝐵)

8 
sin 𝜋(2−𝐵)

8 

⎞⎟⎟⎠− log
(
2cos 𝐵𝜋

8 

)
+ 𝐵

4 
log tan 𝐵𝜋

4 

+ 𝑖 
2𝜋

(
Li2(−𝑒

𝑖𝜋𝐵

2 ) − Li2(𝑒
𝑖𝜋𝐵

2 )
)
− 𝑖𝜋(𝐵 − 1)

8 
. (42)

It is interesting to consider the various contributions to (41):

• The contribution

log cosh 𝜗

2 
= logcos 1

2

(
𝑖𝜋

2 
− 𝜃

)
, (43)

is such that when taking exponential of 𝜔(𝜗,𝐵) it gives a factor cosh 1
2

(
𝑖𝜋

2 − 𝜃

)
in the minimal form factor that combines with 

the prefactor sinh𝜃 
sinh𝜃+𝑖

in (33) to give

𝑟f ixed(𝜃) = − 𝑖 
2

sinh𝜃 

cosh 1
2

(
𝑖𝜋

2 − 𝜃

) , (44)

which is the minimal form factor corresponding to the Ising model with reflection amplitude

𝑅𝟎(𝜃) =
(
−1
2

)
𝜃
. (45)

This is known as the fixed boundary condition of the Ising model, and corresponds to the limit of infinite boundary magnetic 
field, as discussed in [16,26] (see also Section 6 for further discussion).

• The contribution

− 𝑖𝜗 
2𝜋

log

[
sin 𝐵𝜋

2 + 𝑖 sinh(2𝜗)

sin 𝐵𝜋

2 − 𝑖 sinh(2𝜗)

]
= 2𝜃 − 𝑖𝜋

4𝜋 
𝑖 log(−𝑆(2𝜃)) = 2𝜃 − 𝑖𝜋

4𝜋 
𝑖 logΦshG(2𝜃) , (46)

where ΦshG(𝜃) is minus the scattering matrix of the sinh-Gordon model, which can be seen as a CDD factor. Hence, sinh-Gordon 
emerges as a perturbation of the Ising field theory.

• The remaining terms in (41) add up to an even function of 𝜃 which admits a formal expansion as a sum of cosh(𝑠𝜃) functions 
with 𝑠 integer, both odd and even. This is similar to the computations presented in the Appendix of [13].

In summary, the minimal form factor 𝑟min(𝜃) introduced in (33) can be rewritten as

𝑟min(𝜃) = 𝑎(𝐵)𝑟f ixed(𝜃)𝑒
2𝜃−𝑖𝜋

4𝜋 𝑖 log(−𝑆(2𝜃))
𝐶𝜷 (𝜃) , (47)

with 𝑟f ixed(𝜃) given by (44), 𝑆(𝜃) the sinh-Gordon 𝑆-matrix and 𝐶𝜷 (𝜃) given by

log𝐶𝜷 (𝜃)
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Fig. 1. The absolute value squared of the function 𝑢̂(𝜃,𝐵) ∶= 𝑢(𝜗,𝐵) 
𝑖+sinh𝜃

with 𝑢(𝜗,𝐵) = exp𝜔(𝜗,𝐵) evaluated numerically from (41). The colours correspond to different 
values of 𝐵: 𝐵 = 1 (red), 𝐵 = 0.7 (blue), 𝐵 = 0.5 (green) and 𝐵 = 0.2 (black).

= 1
2
log

[
cos 𝐵𝜋

4 
+ cosh𝜗

]
+ 1

4
log

[
cosh𝜗+ sin 𝐵𝜋

4 
cosh𝜗− sin 𝐵𝜋

4 

]
− 𝐵

8 
log

[
cosh(2𝜗) − cos 𝜋𝐵

4 
cosh(2𝜗) + cos 𝜋𝐵

4 

]

+ 𝑖 
4𝜋

(
Li2(−𝑖𝑒

−𝜗− 𝑖𝜋𝐵

4 ) + Li2(𝑖𝑒
−𝜗− 𝑖𝜋𝐵

4 ) − Li2(−𝑖𝑒
−𝜗+ 𝑖𝜋𝐵

4 ) − Li2(𝑖𝑒
−𝜗+ 𝑖𝜋𝐵

4 ) + 𝜗↦ −𝜗

)
− 𝑖 
4𝜋

(
Li2(−𝑒

−𝜗− 𝑖𝜋𝐵

4 ) + Li2(𝑒
−𝜗− 𝑖𝜋𝐵

4 ) − Li2(−𝑒
−𝜗+ 𝑖𝜋𝐵

4 ) − Li2(𝑒
−𝜗+ 𝑖𝜋𝐵

4 ) + 𝜗↦ −𝜗

)
, (48)

with 𝜗 = 𝑖𝜋

2 − 𝜃 as before. As indicated by (16), this function admits a formal expansion in terms of cosh(𝓁𝜃) functions. We can show 
that

log𝐶𝜷 (𝜃) = −1
2
log2 −

∞ ∑
𝓁=1

1 
𝓁
cos

(
𝐵

4 
𝓁𝜋

)
cosh(𝓁𝜃)

−
∞ ∑
𝓁=0

(−1)𝓁

2𝓁 + 1
sin

(
𝐵

4 
(2𝓁 + 1)𝜋

)
cosh((2𝓁 + 1)𝜃)

+ 𝐵

2 

∞ ∑
𝓁=0

1 
2𝓁 + 1

cos
(
𝐵

4 
(2𝓁 + 1)𝜋

)
cosh(2(2𝓁 + 1)𝜃)

−
∞ ∑
𝓁=0

1 
𝜋(2𝓁 + 1)2

sin
(
𝐵

2 
(2𝓁 + 1)𝜋

)
cosh(2(2𝓁 + 1)𝜃) .

(49)

Comparing to (16) we identify the coefficients (we take the mass scale 𝑚 = 1)

𝛽0 = − 1
2
log(2) ,

𝛽2𝓁+1 = −
cos

(
𝐵

4 (2𝓁 + 1)𝜋
)
+ (−1)𝓁 sin

(
𝐵

4 (2𝓁 + 1)𝜋
)

2𝓁 + 1 
,

𝛽4𝓁 =− cos(𝐵𝓁𝜋)
4𝓁 

,

𝛽4𝓁+2 = −
cos

(
𝐵

2 (2𝓁 + 1)𝜋
)
+𝐵 cos

(
𝐵

4 (2𝓁 + 1)𝜋
)

2(2𝓁 + 1) 
− 1 

𝜋(2𝓁 + 1)2
sin

(
𝐵

2 
(2𝓁 + 1)𝜋

)
.

(50)

We note that the representation (41) is completely explicit and involves only elementary functions and a small number of special 
functions (dilogarithms). These are nonetheless functions that are efficiently implemented in all mathematical packages and therefore 
it is extremely easy and quick to evaluate (41) numerically with very high precision. We expect that this property will make our 
representation useful in the numerical evaluation of correlation functions and form factors (Fig. 1).

6. More general boundary conditions

We have just seen that the simplest boundary condition/reflection amplitude (32) in the sinh-Gordon theory admits a new inter

pretation. In can be seen, at the level of the minimal form factor at least, as resulting from irrelevantly perturbing the boundary Ising 
model with fixed boundary conditions. The fixed boundary condition corresponds to taking the magnetic field ℎ, which parametrizes 
all Ising boundary conditions, to infinity. Indeed, the most general reflection amplitude in the Ising model can be written as [16]

𝑅𝑥(𝜃) = −[𝑥]𝜃
(
−1
2

)
𝜃
, (51)
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where 𝑥 is related to the magnetic field ℎ as sin(𝜋𝑥) = 1− ℎ2

2𝑚2 . There are two simple boundary conditions known as ``free'' an ``fixed''. 
They correspond to

• ℎ = 0 (𝑥 = 1
2 ) with reflection amplitude

𝑅 1
2
(𝜃) =

(1
2

)
𝜃
. (52)

This is the free boundary condition. As in the general case, this reflection amplitude has a pole at 𝜃 = 𝑖𝜋

2 . This pole is dynamical, 
i.e. it changes position when changing the value of ℎ.

• ℎ→∞ (𝑥→ 𝑖∞− 𝜋

2 ), with reflection amplitude

𝑅𝑖∞− 𝜋

2 (𝜃) =
(
−1
2

)
𝜃

(53)

this is called fixed boundary condition and it is the simplest configuration. It corresponds to moving the pole away from the 
physical strip. Notice that in this case the factor −[𝑥]𝜃 → 1 while in the free case it is non trivial.

It is not difficult to generalise the construction of the minimal form factor (47) to the case of generic reflection amplitudes (29). One 
viewpoint is to consider the Ising field theory with generic boundary conditions itself as a ``perturbation'' of the Ising field theory 
with fixed boundary conditions. Again, this is meant in the sense of how we compute the minimal form factor. This viewpoint allows 
us to both generalise the Ising and the sinh-Gordon results, to more general boundary conditions. We discuss this below.

6.1. A TT picture of the boundary Ising model with generic boundaries

Let 𝑟𝑥(𝜃) be the minimal form factor of the Ising field theory with generic boundary conditions, corresponding to the reflection 
amplitude (51). The minimal form factor should be a modified version of the solution for fixed boundary conditions such that

𝑟𝑥(𝜃) = 𝑟f ixed(𝜃)𝜑𝑥(𝜃), (54)

which implies

𝜑𝑥(𝜃) = −[𝑥]𝜃𝜑𝑥(−𝜃) , −[𝑥]𝜃𝜑𝑥(𝜃) = 𝜑𝑥(2𝜋𝑖− 𝜃) . (55)

The task is now to compute the new function 𝜑𝑥(𝜃). Employing the standard integral representations that can be found in many 
places, such as [26], we have that

−[𝑥]𝜃 = (𝑥)𝜃(1 − 𝑥)𝜃 = exp
⎧⎪⎨⎪⎩2

∞ 

∫
0 

𝑑𝑡

𝑡 
sinh 𝑡𝜃 

𝑖𝜋

sinh2 𝑡 
(sinh 𝑡𝑥+ sinh 𝑡(1 − 𝑥))

⎫⎪⎬⎪⎭ (56)

so we can write

𝜑𝑥(𝜗) = exp
⎧⎪⎨⎪⎩2

∞ 

∫
0 

𝑑𝑡

𝑡 
(sinh 𝑡𝑥+ sinh 𝑡(1 − 𝑥)) cosh 𝑡 

2

sinh2 𝑡 

(
1 − cos 𝑡𝜗

𝜋

)⎫⎪⎬⎪⎭ (57)

where we again use the variable 𝜗 = 𝑖𝜋

2 − 𝜃. As before we take the logarithmic derivative

𝑑

𝑑𝜗
log𝜑𝑥(𝜗) =

2 
𝜋

∞ 

∫
0 

𝑑𝑡

𝑡 
(sinh 𝑡𝑥+ sinh 𝑡(1 − 𝑥)) cosh 𝑡 

2

sinh2 𝑡 
sin 𝑡𝜗 

𝑖𝜋

= ℎ(𝜗,4𝑥) + ℎ(𝜗,4 − 4𝑥) , (58)

where ℎ(𝜗,𝑥) is the same function defined earlier in (38). We can therefore use the same formula (40) to write

ℎ(𝜗,4𝑥) = 𝜗 sin 2𝜋𝑥− 𝜋 sin𝜋𝑥 sinh𝜗+ 𝜋𝑥 sinh(2𝜗)
𝜋(cosh(2𝜗) + cos2𝜋𝑥) 

. (59)

Until now everything is pretty much the same as in previous sections. However, the sum (58) simplifies greatly, so that after integra

tion, we have simply

log𝜑𝑥(𝜗) = ∫ 𝑑𝜗[ℎ(𝜗,4𝑥) + ℎ(𝜗,4 − 4𝑥)] = log (cosh𝜗+ sin𝜋𝑥) + 𝑐 . (60)

The constant is easily fixed to 𝑐 = −log (1 + sin𝜋𝑥) so as to ensure that log𝜑𝑥(0) = 0. Therefore, writing everything back in terms of 
𝜃 we get
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𝜑𝑥(𝜗) =
sin𝜋𝑥− 𝑖 sinh𝜃

1 + sin𝜋𝑥
= sin𝜋𝑥− 𝑖 sinh𝜃

sin𝜋𝑥+ 𝑖 sinh𝜃

sin𝜋𝑥+ 𝑖 sinh𝜃

1 + sin𝜋𝑥
, (61)

or

log𝜑𝑥(𝜗) = log(−[𝑥]𝜃) + log (sin𝜋𝑥+ 𝑖 sinh𝜃) − log (1 + sin𝜋𝑥) . (62)

This gives the generic factor that has to be added any time the boundary condition is changed. In particular, for 𝑥 = 1
2 we can obtain 

the modification of the minimal form factor with fixed boundary conditions that corresponds to free boundary conditions in the Ising 
case. Since the factor 𝜑𝑥(𝜗) accounts for the contribution to the minimal form factor of a generic square block −[𝑥]𝜃 in the reflection 
amplitude, it can also be adapted to deal with the blocks [ 𝐹−1

2 ]𝜃 and [𝐸−1
2 ]𝜃 in the sinh-Gordon amplitude (29).

7. Conclusion and outlook

In this paper we have studied boundary IQFTs perturbed by TT and higher spin irrelevant operators. We discussed how the 
deformation of the two-body scattering matrix (1) propagates to a deformation of the reflection amplitudes off the boundary (5)-(8) 
and how these give rise to a deformation of the one-particle minimal form factor (12)-(16). While the deformation of the reflection 
amplitudes had already been discussed in [14,15], this work initiates the study of form factors of irrelevantly perturbed boundary 
theories.

We find that the form factor deformation is very similar to the bulk case. A further analogy is that this deformation suggests a 
factorised minimal form factor structure that is also reproduced for more standard boundary IQFTs. We show this to be the case 
for the sinh-Gordon model with Dirichlet boundary conditions, which we discuss in detail here. Through a computation which is 
analogous to that presented in [13] we show that the boundary one-particle minimal form factor admits a new representation which 
forgoes integrals or infinite products, is very explicit and numerically efficient. In this representation, the boundary sinh-Gordon 
model with Dirichlet boundary condition can be interpreted as the Ising field theory with fixed boundary conditions in the presence 
of infinitely many irrelevant perturbations with specific coupling constants which are functions of the sinh-Gordon coupling 𝐵. The 
effect of adding irrelevant boundary operators in the Ising and sine-Gordon models was studied in [42]. Indeed, similar to our case 
and to the results of [14,15], it was shown that such perturbations induce deformations of the reflection amplitudes which modify 
the UV properties of the theory. A similar conclusion has also been reached in the context of gravity, where it has been shown 
that TT deformation of 2D conformal field theory can be seen as coming from a modification of the boundary conditions in a 3D 
(Chern-Simons) gravity theory [43,44].

Our construction easily generalises to other models and boundary conditions. More importantly, it should now be possible to 
progress to constructing non-minimal form factor solutions, as done for the bulk case in [9,10]. We hope to return to this problem in 
the near future.

CRediT authorship contribution statement

Olalla A. Castro-Alvaredo: Writing -- original draft, Supervision, Project administration, Methodology, Investigation, Conceptu

alization. Stefano Negro: Writing -- review & editing, Validation, Supervision, Methodology, Investigation, Formal analysis. Fabio 
Sailis: Writing -- review & editing, Methodology, Investigation, Formal analysis.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Acknowledgement

Fabio Sailis is funded through a PhD studentship from the School of Science and Technology of City St George’s, University of 
London, which he gratefully acknowledges.

Data availability

No data was used for the research described in the article.

References

[1] A.B. Zamolodchikov, Expectation Value of Composite Field T Anti-T in Two-Dimensional Quantum Field Theory, 2004.

[2] F.A. Smirnov, A.B. Zamolodchikov, On space of integrable quantum field theories, Nucl. Phys. B 915 (2017) 363--383.

[3] S. Dubovsky, R. Flauger, V. Gorbenko, Solving the simplest theory of quantum gravity, J. High Energy Phys. 09 (2012) 133.

[4] M. Caselle, D. Fioravanti, F. Gliozzi, R. Tateo, Quantisation of the effective string with TBA, J. High Energy Phys. 07 (2013) 071.

[5] A. Cavaglià, S. Negro, I.M. Szécsényi, R. Tateo, 𝑇 𝑇̄ -deformed 2D quantum field theories, J. High Energy Phys. 10 (2016) 112.

[6] S. Dubovsky, V. Gorbenko, G. Hernández-Chi˙let, 𝑇𝑇 partition function from topological gravity, J. High Energy Phys. 09 (2018) 158.

http://refhub.elsevier.com/S0550-3213(25)00133-6/bib491C8EA203AD42AD141F5054679056B5s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bib495B5E4CE885B667B864AC5E026035D1s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bib6FF39662F3E69665946216A28060B821s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bib2A91EE5000CDFC1BB83C3A1F53141891s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bib942DE162C6A4E7DF540DD777FE0AC2F2s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bib17BA314D06D1E92AD8E22E6048D2D37Fs1


Nuclear Physics, Section B 1017 (2025) 116924

11

O.A. Castro-Alvaredo, S. Negro and F. Sailis 

[7] G. Camilo, T. Fleury, M. Lencsés, S. Negro, A. Zamolodchikov, On factorizable S-matrices, generalized TTbar, and the Hagedorn transition, J. High Energy Phys. 
10 (2021) 062.

[8] L. Córdova, S. Negro, F.I. Schaposnik Massolo, Thermodynamic Bethe Ansatz past turning points: the (elliptic) sinh-Gordon model, J. High Energy Phys. 01 
(2022) 035.

[9] O.A. Castro-Alvaredo, S. Negro, F. Sailis, Completing the bootstrap program for TT̄-deformed massive integrable quantum field theories, J. Phys. A 57 (2024) 
265401.

[10] O.A. Castro-Alvaredo, S. Negro, F. Sailis, Form factors and correlation functions of TT-deformed integrable quantum field theories, J. High Energy Phys. 09 
(2023) 048.

[11] O.A. Castro-Alvaredo, S. Negro, F. Sailis, Entanglement entropy from form factors in TT-deformed integrable quantum field theories, J. High Energy Phys. 11 
(2023) 129.

[12] M. He, J. Hou, Y. Jiang, 𝑇𝑇 -deformed entanglement entropy for IQFT, J. High Energy Phys. 03 (2024) 056.

[13] O.A. Castro-Alvaredo, S. Negro, I.M. Szécsényi, On the representation of minimal form factors in integrable quantum field theory, Nucl. Phys. B 1000 (2024) 
116459.

[14] Y. Jiang, F. Loebbert, D.-l. Zhong, Irrelevant deformations with boundaries and defects, J. Stat. Mech. 2204 (2022) 043102.

[15] N. Brizio, T. Morone, R. Tateo, A Note on 𝑇 𝑇̄ Deformations and Boundaries, 2024.

[16] S. Ghoshal, A.B. Zamolodchikov, Boundary S matrix and boundary state in two-dimensional integrable quantum field theory, Int. J. Mod. Phys. A 9 (1994) 
3841--3886; Erratum: Int. J. Mod. Phys. A 9 (1994) 4353.

[17] I.V. Cherednik, Factorizing particles on a half line and root systems, Theor. Math. Phys. 61 (1984) 977--983.

[18] E.K. Sklyanin, Boundary conditions for integrable quantum systems, J. Phys. A 21 (1988) 2375--2389.

[19] E. Corrigan, P.E. Dorey, R.H. Rietdijk, Aspects of a˙ine Toda field theory on a half line, Prog. Theor. Phys. Suppl. 118 (1995) 143--164.

[20] P. Bowcock, E. Corrigan, P. Dorey, R. Rietdijk, Classically integrable boundary conditions for a˙ine Toda field theories, Nucl. Phys. B 445 (1995) 469--500.

[21] O. Castro-Alvaredo, A. Fring, Universal boundary reflection amplitudes, Nucl. Phys. B 682 (2004) 551--584.

[22] A. Fring, R. Koberle, Boundary bound states in a˙ine Toda field theory, Int. J. Mod. Phys. A 10 (1995) 739--752.

[23] V. Riva, Boundary bootstrap principle in two-dimensional integrable quantum field theories, Nucl. Phys. B 604 (2001) 511--536.

[24] A. LeClair, G. Mussardo, H. Saleur, S. Skorik, Boundary energy and boundary states in integrable quantum field theories, Nucl. Phys. B 453 (1995) 581--618.

[25] Z. Bajnok, C. Rim, A. Zamolodchikov, Sinh-Gordon boundary TBA and boundary Liouville reflection amplitude, Nucl. Phys. B 796 (2008) 622--650.

[26] Z. Bajnok, L. Palla, G. Takacs, On the boundary form-factor program, Nucl. Phys. B 750 (2006) 179--212.

[27] O.A. Castro-Alvaredo, Form factors of boundary fields for A(2)-a˙ine Toda field theory, J. Phys. A 41 (2008) 194005.

[28] O.A. Castro-Alvaredo, Boundary form factors of the sinh-Gordon model with Dirichlet boundary conditions at the self-dual point, J. Phys. A 39 (2006) 
11901--11914.

[29] M. Kormos, G. Takacs, Boundary form-factors in finite volume, Nucl. Phys. B 803 (2008) 277--298.

[30] G. Takacs, Form-factors of boundary exponential operators in the sinh-Gordon model, Nucl. Phys. B 801 (2008) 187--206.

[31] M. Lencses, G. Takacs, Breather boundary form factors in sine-Gordon theory, Nucl. Phys. B 852 (2011) 615--633.

[32] Z. Bajnok, L. Hollo, On form factors of boundary changing operators, Nucl. Phys. B 905 (2016) 96--131.

[33] L. Hollo, Z.B. Laczko, Z. Bajnok, Explicit boundary form factors: the scaling Lee–Yang model, Nucl. Phys. B 886 (2014) 1029--1045.

[34] E. Corrigan, A. Taormina, Reflection factors and a two parameter family of boundary bound states in the sinh-Gordon model, J. Phys. A 33 (2000) 8739--8754.

[35] D.J. Gross, J. Kruthoff, A. Rolph, E. Shaghoulian, 𝑇𝑇 in AdS2 and quantum mechanics, Phys. Rev. D 101 (2020) 026011.

[36] M. Karowski, P. Weisz, Exact form-factors in (1 + 1)-dimensional field theoretic models with soliton behavior, Nucl. Phys. B 139 (1978) 455--476.

[37] F.A. Smirnov, Form Factors in Completely Integrable Models of Quantum Field Theory, vol. 14, World Scientific, 1992.

[38] F. Sailis, O.A. Castro-Alvaredo, S. Negro, Complete minimal form factors for irrelevant perturbations, 2025, in preparation.

[39] B. Schroer, T. Truong, P. Weisz, Towards an explicit construction of the sine-Gordon theory, Phys. Lett. B 63 (1976) 422--424.

[40] I. Arafeva, V. Korepin, Scattering in two-dimensional model with Lagrangian 𝑙 = 1∕𝛾(1∕2(𝜕𝜇𝑢𝑢)2 +𝑚2(cos𝑢− 1)), Pis’ma Zh. Eksp. Teor. Fiz. 20 (1974) 680.

[41] S. Vergeles, V. Gryanik, Two-dimensional quantum field theories having exact solutions, Yad. Fiz. 23 (1976) 1324--1334.

[42] R. Egger, A. Komnik, H. Saleur, Effect of irrelevant boundary scaling operators, Phys. Rev. B 60 (1999) R5113--R5116.

[43] E. Llabrés, General solutions in Chern-Simons gravity and 𝑇𝑇 -deformations, J. High Energy Phys. 01 (2021) 039.

[44] S. Ebert, C. Ferko, H.-Y. Sun, Z. Sun, 𝑇 𝑇̄ in JT gravity and BF gauge theory, SciPost Phys. 13 (2022) 096.

http://refhub.elsevier.com/S0550-3213(25)00133-6/bib65B02633F56E0E69D4CFF8DD896CEBB0s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bib65B02633F56E0E69D4CFF8DD896CEBB0s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bib65C33325109CD8E86510B425004CDD6Ds1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bib65C33325109CD8E86510B425004CDD6Ds1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bib9AF47EE0C5F4D523156CB00C9B724B22s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bib9AF47EE0C5F4D523156CB00C9B724B22s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bibAB8FCB2267A847D1D4FD71A6732612D4s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bibAB8FCB2267A847D1D4FD71A6732612D4s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bib43BAD0B6ED4E8C6CB962DB14EA66F2D7s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bib43BAD0B6ED4E8C6CB962DB14EA66F2D7s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bib32E6A89D305ADF06E0D8EF1FAEEB7110s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bibC1692A82454404286A41F5644137750Cs1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bibC1692A82454404286A41F5644137750Cs1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bibB933D3B57B13E3D2C39662DA2237B5F4s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bib2976ECD3307569B97E707467171C3960s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bibEEBC9AF59C546C1A3889972F162A8967s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bibEEBC9AF59C546C1A3889972F162A8967s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bib4CF881710A47BBD2EF075C3C218EF0B9s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bibA4E269980FF64CD9DC6708157717098Es1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bib406CC0250BCE83E615F5DCF033C3900Bs1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bibC4FA0FED830611C13C418DEE9E2A15B4s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bibFA1F942A5EA4B6517B05D0AC212280D1s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bib09041546CB204E12D21109EA46938A45s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bib89498C2250794EF60A207DA3042BE988s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bib1C062830A71403CCF441E80A937A6374s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bib9EF60B722168495F7A661ED61802818Fs1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bibE73905CD82A0ACDCF983421B46DC88FDs1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bib810E3E2758E03520F0710A2AC59AF1A5s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bib9C92657C63229966B3313CAA0173C7A1s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bib9C92657C63229966B3313CAA0173C7A1s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bib150517A01FF3E95BFC46300AA7CF33E9s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bib081ADF9AA18BDEEA3F676A64257BD057s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bibE1F19D38C7117D47487E3046078410CBs1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bib618F8E933E1B6EA61DCF41EBADD95D63s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bib4EAA722C92187596D162DC401F26AA94s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bib607A16B0F4CC4E4E25202BC0925D416Cs1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bib01A00B7E0BC91BFD2EC86D8EE3DD0516s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bib7EBAD1705B511B65DD97C12EDD3AB669s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bibD108F59A27F65AB6648B14B705D3870Es1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bibE8BC3CDD23CF1D80EA8BEB474A73283Cs1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bibE078B2732C5921EAF20A90B8F68D9410s1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bib9EC2FF7475AD671AFBBF8B6CF230BF3Cs1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bibAC3F799D0B0C568F7D75B9BA0A3330ECs1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bibB5F4D81F35D62364367178679CEFF66Es1
http://refhub.elsevier.com/S0550-3213(25)00133-6/bibE93C44DAC92989708C4601113E66E278s1

	Boundary quantum field theories perturbed by TT: Towards a form factor program
	1 Introduction
	2 Reflection amplitudes and irrelevant perturbations
	3 Boundary form factor program and minimal form factor
	3.1 One-particle form factors
	3.2 Two-particle form factors
	3.3 Higher particle form factors and correlation functions

	4 The sinh-Gordon model with Dirichlet boundary conditions
	5 A new minimal form factor representation
	6 More general boundary conditions
	6.1 A TT picture of the boundary Ising model with generic boundaries

	7 Conclusion and outlook
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	Data availability
	References


